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Efficacy of focal muscular vibration in the treatment of upper limb spasticity in subjects with
stroke outcomes: randomized controlled trial

I. Aprile!, C. Tacovelli!, C. Pecchioli?, A. Cruciani!, L. Castelli* and M. Germanotta'

'IRCCS Fondazione Don Carlo Gnocchi, ONLUS, Florence, Italy, ’IRCCS San Raffaele Pisana,
Department of Neuroscience, Rome, Italy,; *Fondazione Policlinico Universitario A. Gemelli
IRCCS, UOC Neuroriabilitazione ad Alta Intensita, Rome, Italy

Focal muscular vibration (FMYV) is a non-invasive technique that showed positive effects on spasticity
of the upper limb in stroke subjects but different protocols have been proposed so the studies are not
comparable and, to date, it is not clear which muscles should be treated, agonist, or antagonist muscles to
obtain the better result on spasticity. The objective of this study is to evaluate the effects on spasticity of
FMYV on the upper limb flexor spastic muscles compared to the effects of FMV on the upper limb extensor
muscles in subacute stroke patients. We treated 28 subacute stroke patients (mean age 64.28+13.79)
randomized into two groups: Group A and Group B. Group A was treated by applying FMV to the flexor
muscles of the upper limb, while Group B was treated by applying FMV to the extensor muscles of the
upper limb. The effects on spasticity were assessed by Modified Ashworth Scale (primary outcome) and
the upper limb motor function by instrumental robotic outcomes; moreover, muscle strength and pain
were evaluated using Motricity Index and Numerical Rating Scale, respectively (secondary outcomes).
Patients were subjected to FMYV for three consecutive days and were evaluated three times: before
treatment (T0), after a week (T1) and after a month (T2) from the end of treatment. Within group,
analysis showed statistically significant changes over time of the MAS at the three joints (shoulder, elbow
and wrist) in both groups, but post-hoc analysis showed that, only in Group A, MAS was significantly
lower at T2, when compared with T0 at the shoulder and elbow. NRS, significantly changed over time
only in the Group B. Motricity Index, did not change over time neither in the Group A, nor in the Group
B. No statistically significant differences were detected in the between group analysis. Regarding the
instrumental robotic outcomes, we detected a statistically significant reduction of the time required to
complete the task (Duration) in both group a T2. In conclusion, this study highlighted how the same
treatment protocol can determine an improvement in muscle tone and in the Duration to perform a task,
regardless of the muscles treated, while the pain improves if we treat the agonist muscles.

Stroke is the major cause of permanent disability
with an incidence in Italy of 293 affected persons
per 100,000 inhabitants. The onset of spasticity
following stroke, affecting about 20-40% of patients,
is one of the most disabling conditions and has a
negative influence on the patient’s autonomy and

quality of life. Upper limb spasticity due to a stroke
is one of a common complication and it can lead to
abnormal limb posture with flexion of the arm and
hand. Furthermore, it can interfere with both active
and passive functions, causing a reduction in quality
of life (1). The development of spasticity during
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the rehabilitation process of these patients is a very
limiting factor for the functional recovery of the
affected side (2-4).

Focal muscular vibration (FMV) is a non-invasive
technique that showed positive effects on spasticity
and pain with an improvement of the strength in the
upper limb of stroke subjects (5, 6). Introduced by
Hagbarth and Eklund at the end of the 1960s, FMV
is based on the tonic vibration reflex, i.e. a reflex
muscular contraction in response to a vibratory
In people without tone alterations,
mechanical vibration (with a frequency of 100
cycles per second and amplitude 3 mm) produce
a reflex contraction; this slowly increases until it
reaches the plateau. The duration of contraction thus
generated is linked to the presence of vibration, and
it finishes once the stimulus is removed. Based on
this mechanism, some authors (7, 8) suggest that the
FMYV should be applied to the antagonist muscles to
obtain a significant reduction in spasticity.

However, the literature shows a reduction in
spasticity through the application of FMV directly
on the spastic muscle (9, 10). These effects seem to
be related to the stimulation of cortical motor areas
because the effects of vibration on the target muscles
result from the activation of the Ia spindle afferents
(11) and the Ia inputs can alter the excitability of the
cortico-spinal pathway (12) modulating intracortical
inhibitory, facilitating inputs to the primary motor
cortex, and augmenting proprioceptive inputs to the
central nervous system. These effects on the central
nervous system are important for enhancing motor
control and performance. Moreover, Marconi
et al. (13) using transcranial magnetic stimulation
showedthatarepetitive focalmuscle vibrationtherapy,
combined with physiotherapy, may help to reduce
abnormalities of the corticospinal excitability and of
the intracortical inhibitory systems in the damaged
hemisphere of post-stroke patients. Nevertheless, it
remains unclear which approach is most effective in
reducing spasticity: to treat the agonist or antagonist
muscles? Considering the prevalence of spasticity
in stroke patients and the effects on their functional
recovery, it is important to identify the most effective
treatment to guarantee a more suitable rehabilitation
process. In addition to this, it is worth remembering

stimulus.
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that FMV is less invasive and has lower costs than
botulinum toxin, the current gold standard in the
treatment of spasticity.

The objective of the study is to evaluate, in
subjects with subacute stroke, the effects of FMV
on the upper limb flexor spastic muscles compared
to the effects of FMV on the upper limb extensor
muscles. Specifically, the two approaches will be
compared on the effects on spasticity and upper
limb motor function, assessed by clinical scales and
instrumental robotic outcomes; moreover, muscle
strength, and pain will be evaluated.

MATERIALS AND METHODS

This was a randomized (1:1), controlled, parallel-
group clinical trial on subacute stroke subjects. The study
was conducted at the Fondazione Don Carlo Gnocchi
of Rome and it was registered with ClinicalTrials.gov
(NCT04087928). Twenty-eight patients with subacute
stroke, with mean age 64.28 years (SD 13.79), were
recruited. Informed consent was obtained from each
patient before starting the study. Inclusion criteria were
subacute stroke (within 1 year of the event), single cortical
and subcortical event, spastic paresis of upper limb
(Modified Ashworth Scale Score > 2 at the flexor muscles
of the hand and arm). Exclusion criteria were comorbidity
of the paretic upper limb (fractures, trauma, or peripheral
neuropathies); treatment with focal or systemic antispastic
drugs. Patients were randomized into two groups: group A
was treated by applying FMV to the flexor muscles of the
upper limb, while group B was treated by applying FMV
to the extensor muscles of the upper limb. Homogeneity
between the two groups was guaranteed by randomizing
the patients on the Modified Ashworth Scale (MAS).

This work followed the ethical standards of the
Helsinki Declaration of 1964 and its subsequent
amendments; moreover, it was approved by the ethics
committee of the Don Carlo Gnocchi Foundation (date:
May 3, 2019; FDG 15/2019/CE_FdG/FC/SA). The data
of patients enrolled in the study were collected in special
password-protected Computerized Report Forms (CRFs).
Each participant has been assigned a code not identifiable
by unauthorized personnel. All participants were
evaluated by an independent observer who was blinded to
the intervention performed in the protocol.
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Study procedures

Treatment with FMV was performed using a device
capable of providing a vibratory stimulus (EVM,
Endomedica, Italy), applying specific transducers to
the muscles. Patients were subjected to FMV for three
consecutive days. Each session consisted of three sessions
of 10 minutes each, interspersed with one minute of rest. A
vibration frequency of 100 Hz has been applied, according
to the literature (14-16). For the group A the flexor muscles
of the arm (biceps muscle and flexor muscles of the hand)
were treated; for the B group, extensor muscles of the arm
(triceps and extensor muscles of the hand) were treated.
So, group A was the group in which agonist muscles were
treated while group B was the group of patients in which
antagonist muscles were treated.

Patients were evaluated three times: before treatment
(TO), after a week (T1), and after a month (T2) from the
end of treatment. The primary outcome was the change
in spasticity assessed through MAS, a six-point ordinal
scale used for grading hypertonia: a score of 0 on the scale
indicates no increase in tone while a score of 4 indicates
rigidity. Muscle tone is scored by passively moving the
individual’s limb and assessing the amount of resistance
to movement felt by the examiner (17). The secondary
outcomes were the changes in the Motricity Index (MI),
and in the Numerical Rating Scale (NRS). The MI aims
to evaluate upper limb motor impairment after stroke,
considering three different movements: pinch-grip, elbow
flexion, and shoulder abduction. These were each scored
(0-33) according to the instructions of Collin and Wade
(18) and the total upper extremity score involved adding
one to the sum of the three actions (maximum possible
score=100) (19).

The NRS is a quantitative one-dimensional numerical
scale of pain assessment at 11 points; the scale requires
the operator to ask the patient to select the number that
best describes the intensity of his pain, from 0 to 10,
at that precise moment (20). Other outcomes were the
evaluation of reaching movements, by robot MOTORE
(Mobile roboT for upper limb neurOrtho Rehabilitation,
Humanware, Italy) (21), and the evaluation of tone and
fingers strength, obtained by Amadeo (Tyromotion,
Austria) (22).

MOTORE is a robotic device that allows passive,
active, and active-assistive planar movements of the
shoulder and elbow joints; is a planar end-effector device

(S3)3

designed for application in neuro-rehabilitation protocols

and it adopts specific mechanical, electrical, and control

solutions to meet the requirements of neuro-rehabilitation.

The device can help the patient when he/she is not able to

accomplish the task, prevent movements different from the

ideal trajectories, provide different weight and viscosity
behaviors, maintain a proper orientation on the plane. The
device generates force feedback without any intermediate
link to the ground or frame, thanks to the motion of the
wheels and using the information obtained from the load
cell. It provides several rehabilitation exercises and an

Evaluation Task, based on a center-out point-to-point

reaching activity: following visual feedback, subjects are

asked to move the device from the center to a peripheral

target and come back to the center, making a total of 16

reaching movements. Once the test is completed,

these indices are computed:

* Duration (s): time required to complete the task;

*  Velocity (m/s): average velocity of the device during
the test;

* Length (m): length of the path traveled by the subject
toward the i-th target (i = 1:8);

* Score: mean of the ratios between the actual distance
covered by the patients and the required distance to
be traveled, computed for each required movement. It
ranges from 0 (no movement) to 10 (the patient can
fully perform the required task);

o Useful Work (J): the amount of total work directed
towards the target.

Amadeo is a robotic device specifically designed
for hand rehabilitation that allows passive, active, and
active-assistive finger flexion and extension movements,
it is an end-effector robot, with 5 degrees of freedom
(DOF), it provides the motion of one or all five fingers,
thanks to a passive rotational joint placed between the
fingertip and an entity moving laterally. The set-up
involved securing a small magnetic disc to the pulp of
each finger with adhesive tape for connection with the
end-effector, which would move back and forth within
sliders aligned with the finger movement direction. The
wrist is immobilized using a Velcro strap so that the elbow
and shoulder are inhibited from moving. The robot can
calibrate the full passive range of motion (pROM) for
each finger before the start of a session and supply the
assistive force to patients to complete the remaining range
of motion during an exercise. Moreover, the maximum
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flexion and extension force for each finger are recorded to
calibrate the exercise when a strength control is required.
It provides rehabilitation exercises and evaluation tasks.
These evaluations were carried out: force assessment
(Hand Flexion and Hand Extension) and muscle tone
assessment (Tone).

Statistical Analysis

Within-group changes in clinical scales over time (T0
vs T1 vs T2) were assessed using Friedman’s ANOVA
test. When the test was significant, pairwise comparisons
with Bonferroni adjustment were performed. To compare
the effects of the two approaches (flexor muscles versus
extensor muscles vibration) we first computed the
absolute changes of the clinical scales (T1-TO; T2-TO;
T2-T1), and then we compared each change in the two
groups by using the Mann-Whitney U test. Concerning

I. APRILE ET AL.

the instrumental outcome measure, a two-way mixed
ANOVA test was carried out, with time (three levels: TO,
T1, and T2) as the within-group variable, and group (2
levels: flexor versus extensor muscles) as the between-
group variable. Statistical analyses were performed with
built-in functions of SPSS 21 (IBM, Armonk, NY).

RESULTS

Between September 2019 and December 2019,
40 subjects were assessed for eligibility (Fig. 1).

The reasons for exclusion were the comorbidity
of the paretic upper limb (4 subjects, 50%), the
degree of spastic paresis of upper limb (2 subjects,
25%), and a time since stroke outside inclusion
criteria range (2 subjects, 25%). According to the
inclusion criteria, we recruited 28 subacute stroke

Assessed for eligibility (n=40)

Excluded (n=12)
+ Not meeting inclusion criteria (n=8)

+ Declined to participate (n= 2)
+ Other reasons (n= 2)

Randomized (n=28)

}

h 4

Allocated Group A (n=14)
+ Received allocated intervention (n=14)

Evaluated at Baseline (T0) (n=14)

y

Evaluated a week after Treatment (T1) (n=14)

h 4

Evaluated a month after Treatment (T2) (n=14)

Fig.1. CONSORT Flow Chart.

l

Allocated Group B (n=14)
+ Received allocated intervention (n=14)

Evaluated at Baseline (T0) (n=14)

Evaluated a week after Treatment (T1) (n=14)

A4

Evaluated a month after Treatment (T2) (n=14)
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patients comprising 19 males and 9 females, aged
between 42 and 91 years (mean age 64.28+13.79
years), 18 ischemic and 10 hemorrhagic stroke; 14
with left hemiparesis and 14 with right hemiparesis.
Time post the acute event ranged from 62 to 173
days (mean days 129.28+25.19).The patients
were randomized in Group A or Group B and the
demographic characteristics at baseline of each
group are shown in Table 1.

Clinical scales

As reported in Table II, the within-group analysis
showed statistically significant changes over time
of the MAS at the three joints (shoulder, elbow, and
wrist) in both groups. Post-hoc analysis showed that,

Table 1. Characteristics of the sample.

(83)5

in Group A, MAS is significantly lower at T2, when
compared with TO at the shoulder and elbow. Instead,
due to the Bonferroni correction, post hoc analysis
did not show any significant difference between
evaluation neither in the MAS at the wrist in the
group A, nor in the MAS at the three joints in the
Group B. Moreover, pain, as measured by the NRS,
significantly changed over time in Group B only;
however, the Bonferroni correction caused the lack
of significant differences in the post-hoc analysis.
Finally, strength, as measured by the Motricity
Index, did not change over time either in Group A
or in Group B. Comparing the changes (T1-T0; T2-
T1 and T2-TO) in the clinical scale of muscle tone
(MAS), motor function (MI) and pain (NRS) in the

Group A

Group B

n (%) Mean+SD p-value

Subjects 14 (50.00) 14 (50.00)

Gender. Male/Female 12 (85.71) / 2 (14.29) 7 (50.00) / 7 (50.00) 0.072
Age (vears) 62.47+14.34 66.38+13.38 0.413
Time post the acute event (days) 133.40+21.57 124.53+28.97 0.339
Aetiology.

el i 8 (57.14) /6 (42.86) 10 (71.42) / 4 (28.58) 0.467
Lesion Side. Left/ Right 6 (42.86) /8 (57.14) 8 (57.14) / 6 (42.86) 0.525

Table I1. Within-group analysis of clinical scales: descriptive statistics and results of the non-parametric Friedman
Anova tests. T0: baseline; T1: afier a three-day treatment; T2.: one month after the end of the treatment.

TO T1 T2 P TOvsT TOvsT T1vsT
1 2 2
MAS shoulde 2.4(0.2) 09(0.3) 0.7(0.2) 0.00 0.142 0.032 1
r 6
Group MAS elbow 2.6(0.3) 1.1(0.2) 0.8(0.2) 0.;)0 0.176 0.01 0.896
A MAS wrist  2.3(0.2) 1(0.2) 0.6(0.1) 0.04 1 0.142 0.771
(flexor 2
muscles) NRS 4.5(0.6) 4.2(0.5 3.4(0.6) 0.13 - -
2
MI 42.4 46.4 47.1(5) 0.12 - -
(5.8) (6.1) 5
MAS shoulde 2.4(0.2) 0.8(0.2) 09(0.2) 0.01 0.718 0.233 1
r 8
Group B MAS elbow 23(02) 0.9(0.2) 08(0.2) 0.03 0.509 0.187 1
(extenso 1
r MAS wrist  2.1(0.3) 0.6(0.1) 0.6(0.2) 0.01 0.35 0.287 1
muscles) 6
NRS 49(0.8) 3.7(0.8) 3.4(0.6) 0.00 0.187 0.150 1
5
MI 33.8 43.4 (4) 39.6 0.08 -
(6.9) 4.5 4
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two groups (Group A and Group B), no statistically
significant differences were detected (Table III).

Instrumental outcomes

In Table IV, the results of the statistical
analysis related to the data provided by the two
robotic devices are reported. The interaction
factor time*group was not significant for all the

I. APRILE ET AL.

investigated outcomes, meaning a similar trend
over time in the two groups. The main effect Time
was statistically significant for the Duration;
post-hoc analysis highlighted a statistically
significant reduction a T2 when compared to
both TO (p=0.007) and T1 (p=0.013), while no
differences were identified between TO and Tl
(p=0.949).

Table I11. Between-group analysis of clinical scales: descriptive statistics and results of the Mann-Whitney U tests comparing the
improvement between the two groups. T0: baseline; T1: after a three-day treatment, T2: one month after the end of the treatment.

Group A Group B P
Mean (SD) Mean (SD)

Absolute changes (T1-T0)

MAS_shoulder -0.5(0.8) -0.6 (0.8) 0.964
MAS _elbow -0.5 (0.6) -0.4 (0.7) 0.751
MAS_wrist -0.3 (0.8) -0.5(0.7) 0.555
NRS -0.3(2.3) -1.2 (1.7) 0.413
MI 3.7(9.9) 9.5(16.1) 0.856
Absolute changes (T2-T0)

MAS_shoulder -0.7 (0.9) -0.5(0.9) 0.375
MAS _elbow -0.9 (0.8) -0.5(0.8) 0.280
MAS_wrist -0.6 (0.9) -0.5(0.5) 0.458
NRS -1.1(1.9) -1.5(2.1) 0.867
MI 4.8 (8.8) 5.8(13.2) >0.999
Absolute changes (T2-T1)

MAS_shoulder -0.2 (0.9) 0.2 (0.4) 0.169
MAS_elbow -0.3 (0.6) -0.2 (0.6) 0.616
MAS_wrist -0.4 (0.7) 0.0 (0.6) 0.280
NRS -0.8 (2.0) -0.3(2.3) 0.458
MI 0.8 (11.1) -3.8 (6.5) 0.302

Table IV. Instrumental outcome measures: descriptive statistics and results of the two-way mixed Anova tests. T0:
baseline; TI: after a three-day treatment; T2: one month after the end of the treatment. SE: standard error.

TO

T1 T2

Outcome Group Mean (SE) Mean (SE) Mean (SE) time time*group
T S A1 5 R 7 R P
Veloy () Grouy B oosTO0M  oowoo  oosl@oy  0H 07
Gues DO e anen g
seare Grom 7500 76009 Tsoy Mo o
RSP - S 1 SR (- BN .1t S YR
Fiedon (0 aronp 3 050D e BIOD o o
oy T B 4 N - (YR
oty o I T
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DISCUSSION

Spasticity is a motor disorder characterized by a
velocity-dependent increase in muscle tone or tonic
stretch reflexes associated with hypertonia (23).
Spasticity negatively influences the impaired and
performance of the upper limb in stroke patients. In
some studies, FMV has been used in patients after
stroke showing a reduction of upper limb spasticity,
as well as an improvement in motor performance
and a reduction of pain (5, 6). Regarding the effect
on spasticity of the upper limb in stroke patients, in
some studies agonist muscles were treated (9, 10, 24)
while in others antagonist muscles were treated (7
,8, 25). However, it is not clear which mechanism is
behind these effects.

Focal muscle vibration stimulates the muscle
spindles and alpha-motoneurons, which initiate a
muscle contraction caused by the tonic vibration
reflex. Moreover, the vibrations are perceived by
the mechanoreceptors of the skin and of the joint,
which can facilitate the gamma-system and promote
the activation of the motoneurons. Sensory stimuli
can cause improvements in strength and decrease
muscle tone in chronic stroke patients, confirming
that the somatosensory stimulation may influence
motor recovery, due to the stronger connections
that might form between somatosensory neurons
and functionally related motor output neurons in
the cortex (26). To date a clear explanation about
the neurophysiological mechanisms underlying the
observed improvement of the upper limb spasticity
in stroke patients are not available. Some studies
showed neurophysiological reorganization of the
cerebral cortex following muscular vibration (12,
13). Presumably, this neurophysiological effect is
mediated through the activation of muscle spindles
input via la-afferent fibers.

The afferent signals reach cortical area 3, but they
also activate directly the neurons in area 4 of the
motor cortex (27) and it could reduce abnormalities
of the corticospinal excitability and the intracortical
inhibitory systems in the damaged hemisphere of
poststroke patients (13). Several authors showed
positive effects of the Focal muscle vibration on
spasticity but different protocols have been proposed
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so the studies are not comparable and, to date, it is
not clear which muscles should be treated, agonist,
or antagonist muscles.

In our randomized trial, we observed that a
significant reduction of the upper limb spasticity was
observed in all segments of the upper limb, shoulder,
elbow, and wrist, and in both groups (group A and
group B). This result means that we observed a
significant reduction of the tone muscles either in
patients underwent to the vibration of the biceps and
hand flexor muscles or in the patients underwent
to the vibration of the triceps and hand extensor
muscles. So, the muscle target of the FVM seems not
to significantly change the positive effect observed
about spasticity reduction. This data sustains a
possible central mechanism related somatosensory
stimulation through the FMV that could influence
motor recovery, due to the new connections between
somatosensory neurons and motor neurons in the
cortex.

It should be noted that even if the vibration
treatment consists of three sessions on consecutive
days, its effect is prolonged for the month following
the end of the treatment, indeed when the flexor
muscles were treated (group A) the post-hoc analysis
showed a significant change between T2 and TO
evaluation. In the group B, because of the statistical
correction, it was not possible to identify the time
interval when most of this improvement happen.

Other studies previously reported an improvement
of the pain after focal muscle vibration (6, 16)
but using different protocols. In our study, pain
significantly improved when agonist spastic muscles
were treated. Constantino et al. reported a reduction
of pain using an FMV but, differently from us, they
treated the antagonist muscles and used a vibration
frequency of 300 Hz. We hypostasized that the
positive effect of FMV on pain of the upper limb in
our cases is due to the positive effects of FMV on the
flexor muscles spasticity, this latter is the main cause
of upper limb pain in stroke patients.

Instrumental evaluation of our patients showed
a reduction of the time required to complete the
required reaching task, measured using a robotic
device, in both groups. Therefore, this result suggests
a positive effect of FVM (both on agonist, and
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antagonist muscles) on motor performance. On the
contrary, hand strength, as measured by the robotic
device, did not improve, probably because the motor
deficit in our patients was more severe distally (at the
hand) then proximally (shoulder and arm).

This is the first RCT in which the same protocol
of FMV was used to treat agonist or antagonist
muscles of the spastic upper limb in stroke patients
and it highlighted how the same treatment protocol
can determine an improvement in muscle tone and
in the duration of performance regardless of the
muscles treated, while the pain improves if we treat
the agonist muscles.

The limits of our work are the small sample size
and the lack of long term follow-up after several
months but despite of these limitations these
preliminary data can be useful in clinical practice
sustaining the use of focal muscle vibration to treat
spasticity in the upper limb and suggesting the side of
treatment also considering the presence of pain in the
patient to be treated. Moreover, our results suggest
further studies in which a combined the treatment of
agonist and antagonist muscles of spastic upper limb
could be experimented.
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Robotic treatment of the upper limb in chronic stroke and cerebral neuroplasticity: a
systematic review

F. Bressi, M. Bravi, B. Campagnola, D. Bruno, A. Marzolla, F. Santacaterina,
S. Miccinilli and S. Sterzi

Physical Medicine and Rehabilitation Department, Campus Bio-Medico University of Rome, Italy

Stroke is the second cause of mortality and the third cause of long-term disability worldwide. Deficits
in upper limb (UL) capacity persist at 6 months post-stroke in 30-66% of hemiplegic stroke patients with
major limitations in activity of daily living (ADL), thus making the recovery of paretic UL function the
main rehabilitation goal. Robotic rehabilitation plays a crucial role since it allows to perform a repetitive,
intensive, and task-oriented treatment, adaptable to the patients’ residual abilities, necessary to facilitate
recovery and the rehabilitation of the paretic UL. It has been proposed that robot-mediated training
may amplify neuroplasticity by providing a major interaction of proprioceptive and/or other sensory
inputs with motor outputs, with significant modifications in functional connectivity (coherence) within
the fronto-parietal networks (inter- and intra-hemispheric functional connectivity) related to processes
of movement preparation and execution. However, the neurophysiological mechanisms underlying this
reorganization are not entirely clear yet. Therefore, the aim of this study is to revise the literature, which
assesses the effect of robotic treatment in the recovery of UL deficits measured in terms of neuroplasticity
in patients affected by chronic stroke. This systematic review was conducted using PubMed, PEDro,
Cinahl (EBSCOhost), Scopus and Cochrane databases. The research was carried out until February
2020 it included articles written in English language, published between 2009 and 2020, and the outcomes
considered were neuroplasticity assessments. We included 23 studies over 6145 records identified from
the preliminary research. The selected studies proposed different methods for neuroplasticity assessment
(i.e. transcranial direct current stimulation (tDCS), EEG-Based Brain Computer Interface (BCI) and
Neuroimaging (fMRI)), and different Robotic Rehabilitation treatments. These studies demonstrated a
positive correlation between changes in central nervous circuits and post-treatment clinical outcomes.
Our study has highlighted the effectiveness of robotic therapy in promoting mechanisms that facilitate
re-learning and motor recovery in patients with post-stroke chronic disabilities. However, future studies
should overcome the limitations of heterogeneity found in the current literature, by proposing a greater
number of high-level RCTs, to better understand the mechanisms of robot-induced neuroplasticity,
follow the clinical progress, estimate a prognosis of recovery of motor function, and plan a personalized
rehabilitative programme for the patients.

Description of the condition: stroke applied, is “rapidly developing clinical symptoms
The current World Health Organization (WHO) and/or signs of focal, and at times global, disturbance
definition for stroke, introduced in 1970 and still of cerebral function, lasting more than 24 hours or
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leading to death, with no apparent cause other than
that of vascular origin”. It is characterized by “a
sudden ischemic or hemorrhagic interruption in the
blood flow to the brain” (1). This acute condition
determines an irreversible brain tissue damage
leading to a partial or total neurological loss (2-4).
According to the AHA/ASA Guidelines (1), only a
low percentage of patients fully recover the upper
extremity function: this leadstoaloss ofindependence
and a lower quality of life for most stroke survivors
(5). Kwakkel et al. (6) have demonstrated that, at
six months from acute onset, only 11.6% out of a
total of 102 stroke patients have recovered function
and hand dexterity, while 38% only had a partial
recovery. It should also be considered that according
to WHO forecasts (7), stroke events will increase by
30% between 2000 and 2025.

After-stroke rehabilitation is a life-long process:
following an acute rehab phase, it takes place at
different times during a chronic period, depending on
the patient’s needs and on the phases of the illness.
Furthermore, motor recovery of the post-stroke upper
limb (UL) represents a challenge for rehabilitators.
Firstly, the UL has different degrees of freedom;
secondly, hand and finger movements are subject to
a complex and specific cortico-motoneuronal control.
Thirdly, it is classically known that the upper limb
has a more extensive cortical representation than the
lower limb, so it is easier for the area responsible for
its control to be damaged (8). Additionally, current
literature shows that there is a stronger correlation
between hand function and execution of normal ADLs
than with the function of other limbs (9). Therefore,
the strategies that favor its recovery need to be further
studied and understood. The goal of post-stroke
rehabilitation should be to promote the recovery of
lost function, regain independence and achieve early
reintegration into social and domestic life.

Description of interventions: robots/rehabilitation
Rehabilitation is an important and essential
step of post-stroke recovery. It combines different
techniques and therapeutic strategies, without the
proof of superiority of one over the other. The current
literature suggests that an effective intervention
must be intensive, task-specific, repetitive, and
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multisensorial (3). These characteristics are the basic
requirements to facilitate motor learning in order to
stimulate the process of “neuroplasticity” (10, 11).

The American Heart Association’s 2016
Guidelines for Adult Stroke Rehabilitation and
Recovery (12) recommend that robot-assisted
training promote motor function and recovery after
a stroke in association with conventional therapy
(Level of Evidence A). Robotic rehabilitation can
have a number of advantages in terms of reduced
socio-economic burden and accessibility to care
for most patients, and also allows healthcare
professionals to monitor and treat patients at home
in the chronic phase (3,12). The robotic assistive
device has the advantage of several modalities for
facilitating the voluntary movement according to
the motor command: passive, active-aided, active,
counter-resistance adjusted for each session, unior
bimanual work. In the active-aided mode, the
training is “‘errorless’ since the robotic devices can
complement the voluntary movement for each try
(13). Robotic rehabilitation is a field in ever-growing
evolution, so new devices are constantly designed for
rehabilitation treatments, to go beyond the historical
limits of those already on the market and stimulate
the best motor recovery of patients.

Neuroplasticity

Neural plasticity is the basis for an adaptation
process of functional and structural characteristics
of the nervous system in response to a changing
environment and/or after brain damage, like stroke.
It represents an intrinsic characteristic of the CNS
(14), which promotes recovery and learning of new
information (15). The main authors are in favor of
the hypothesis that development of neuroplasticity
is based on mechanisms of cortical reorganization,
structural and regenerative changes, and genetic
factors (16-18). In addition, it seems that phenomena
of cerebral plastic remodeling involve not only
the perilesional area, but also the contralateral
cortex, through strengthening of connections (19)
and mechanisms known as long-term potentiation
(LTP) and long-term depression (LTD) (20-23)
Considering the human being in its complexity,
a purely routine exercise is not as compelling and
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necessary as the learning of a challenging motor
skill (22). In this context, robotic rehabilitation is a
highly stimulating method for stroke patients, as it
provides a type of haptic interaction, which varies
the types of assistance, gravitational relief, intensity
and impedance, and allows to associate methods of
virtual reality (8, 22). In addition, robots provide
feedback on the performance achieved, which
motivates the patient and further strengthens the
relearning process in the motor cortex (24).

landolo et al. (25) pointed out how robot-
therapy induce changes in neural plasticity and
behavioral performance, and how they can be
quantified by multimodal assessments of both
sensorimotor performance and brain/muscular
activity pre/post or during intervention. In fact,
modern neuroimaging techniques play an important
role in order to characterize the neural correlates
of neurorehabilitation to obtain a clear picture of
the underlying complex mechanism of neuroplastic
changes accompanying the recovery. Oujamaa et
al. (13), also showed that techniques promoting
distal motor capacities (EMG-stim, robot-aided
therapy, bilateral movements) seem efficient and
that the emergence of central neuromodulation can
complement motor training.

Based on these last affirmations,
of this study is to review the current literature
about the effects of upper limb robotic treatment
measured in terms of neuroplasticity in patients
with chronic stroke, in order to better understand
the mechanisms of robot induced neuroplasticity
underpinning motor improvement. This may be
important to monitor clinical improvement, predict
a recovery prognosis for motor function, and design

the aim

Table I. The PICO format.
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potentially personalized rehabilitation methods for
the patient. Moreover, the neuroplasticity reservoir
comprehension in post-stroke patients can be used to
implement neuromodulation strategies (26-28)

MATERIALS AND METHODS

Inclusion criteria

We have considered clinical trials in English
language, published between 2009 and February 2020.
All the included studies investigated the effects of upper
limb robotic rehabilitation on neuroplasticity in patients
affected by chronic stroke from six months on. All the
studies considered have been conducted on adult subjects
(>18 years) affected by chronic stroke and they evaluated
neuroplasticity data.

Search strategy

We have developed our search question using the
PICO framework (Population, Intervention/Exposure,
Comparison, and Outcome) (Table I). Scientific research
has been based on PubMed/Medline, PEDro, Cinahl
(EBSCOhost), Scopus and Cochrane databases using the
following MeSH terms: “upper limb AND rehabilitation
AND EEG AND stroke”, “Plasticity AND upper limb
robot therapy AND stroke”, “TMS and chronic stroke”,
“Neuronal Plasticity AND Stroke Rehabilitation AND
“Plasticity AND “Plasticity AND
upper limb rehabilitation”, “Robotic AND upper limb
rehabilitation AND stroke”, “Upper Extremity AND Stroke
Rehabilitation AND Robot AND Electroencephalography
AND  Magnetic  Resonance  Imaging, “Stroke
Rehabilitation AND Upper Extremity AND robot AND
fMRI AND Clinical Trial”, “Stroke Rehabilitation AND
Upper Extremity AND Magnetic Resonance Imaging

robot”, robot”,

Population
stroke

Male or Female Adults aged 18 years or older, affected by chronic

Intervention/Exposure

Upper limb robotic therapy or upper limb robotic therapy associated
with any intervention that provided neuroplasticity

Comparison Healthy subjects or sham treatment or exclusively robot-assisted
therapy
Outcome Neuroplasticity documented with exams/interventions (tDCS, fMRI)




14 (S3)

AND Electroencephalography”, “Stroke Rehabilitation
AND Upper Extremity AND robot* AND eeg AND
Clinical Trial AND Humans”, “Robotic rehabilitation
AND stroke AND MEG”, “Robotic rehabilitation AND
stroke AND EEG”, “stroke rehabilitation AND upper
extremity AND robot AND EEG”, “stroke rehabilitation
AND upper extremity AND robot AND fMRI”, “stroke
rehabilitation AND functional neuroimaging AND
robot”, “Robotic AND upper limb rehabilitation AND
chronic stroke”, “Functional Neuroimaging AND Stroke
Rehabilitation AND Robotics”.

DATA COLLECTION AND ANALYSIS

Study selection and eligibility criteria
Two independent authors have examined all studies.
Records found in databases were first verified in their
titles and abstracts, rejecting all non-significant works.
Subsequently, the remaining articles were analyzed
and discussed in their full text, to assess if they met the
following eligibility criteria:
- Participants were adults (>18) with stroke in chronic
phase (> 6 months after the event);
- All the studies were published from January 2009;
- Studies were written in English language;
- Studies involved robot devices for upper limb (29);
- Neuroplasticity documented using data provided by
exams (i.e. EEG, fMRI).
Every different opinion among the reviewers was
debated to reach a common consensus for the included
studies.

Data extraction and synthesis

Eligible studies were analyzed to detect the following
data: population studied (age, gender, handedness),
characteristics of stroke (type, time from stroke onset,
affected hemisphere, type of lesion), grade of impairment,

Table 1. The PICO format.

F. BRESSI ET AL.

intervention (rehabilitation protocol, type of robot, number
of sessions), other intervention (if present), control group
treatment, outcomes and results. The acquired data were
subsequently synthetized in a tabular form (Table II).

Methodological quality assessment

Two different reviewers rated methodological quality
of selected studies using The PEDRO Scale (30) and
Levels of Evidence by Oxford Centre for Evidence-based
Medicine (31). Disagreements were argued to reach a
common judgment.

Assessment of risk of bias

We used the Risk of bias Assessment Tool of the
Review Manager - RevMan (version 5.3. Copenhagen: The
Nordic Cochrane Centre, The Cochrane Collaboration,
2014) to determine the risk of bias for each selected study.

Measurements of treatment effect

The effects of the treatment had to be measured by
clinical results and neuroplasticity to address two main
aspects: motor improvements and neuroplasticity evidence.

RESULTS

Search results / Description studies

The selection process of the studies analyzed in
this review was carried out by applying the PRISMA
Statement. Every step is explained in Fig. 1. We
identified 6145 records from a preliminary research,
2279 from PubMed/Medline, 859 from Cochrane
Library, 1498 from CinaHL, 1421 from Scopus and
88 from PEDro respectively. By screening their
titles and abstracts, 768 records were considered
eligible, however, once duplicates across databases
were removed, 81 articles remained. After abstract
review, 51 of them were investigated as potentially

Population
stroke

Male or Female Adults aged 18 years or older, affected by chronic

Intervention/Exposure

Upper limb robotic therapy or upper limb robotic therapy associated
with any intervention that provided neuroplasticity

Comparison Healthy subjects or sham treatment or exclusively robot-assisted
therapy
Outcome Neuroplasticity documented with exams/interventions (tDCS, fMRI)
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appropriate for manual review, of which 28 were
excluded: 13 did not evaluate neuroplasticity, 3
did not include robotic treatment, 6 did not include
patients in chronic phase and 6 associated brain
stimulation with treatment. Ultimately, after full-text
reading, 23 articles were included. Based on the type
of trial, 2 records were RCTs, 18 record was a pilot
study, 1 record was a proof-of-principles study, 1
record was a multidomain analysis and 1 record was
a clinical study.

Study participants

A total number of 258 patients, affected by
chronic stroke, was involved in the selected studies,
with 6 drop out: one from Vlaar et al. (32); one
(33) because of transient nausea; two (34) because
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they did not complete the training; one (35) because
of hand fracture and one (36) did not complete
the training. Patients’ clinical characteristics are
specified on table n. II, except for Tung et al. (37)
who did not report them in the article. According to
the inclusion criteria, time from stroke onset is > 6
months for every selected study. Furthermore, some
studies (32, 38-40) used healthy subjects as a control
group matched for characteristics (e.g. age, gender)
with study group. The total number of volunteers
recruited is 30, of which 10 are women.

Robot devices

The devices used in the various studies can be
classified according to the treated district: eleven
studies (36-46) have rehabilitated the entire upper

PRISMA 2009 Flow Diagram

3
.g Records identified through database searching (n = 6145)
_g Pubmed/Medline (n = 2279) PedRO (n = 88)
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oo Full-text articles assessed .
w for eligibility » No neuroplasticity assessment (n = 19)
(n=51) No robotic treatment (n = 3)
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Fig. 1. Prisma 2009 flow diagram.
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Table I1. Data extraction and synthesis.
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Number and

Author, characteristics Interventions/
Year, Type of patients, Outcomes Protocol Control Results
of study Characteristics of
stroke, Impairment
26 (1 drop out);
Gender: 16 M +
10F. .
Age:51.4+11.6y. BCl screening-
Handedness: 23R ~Randomization
3L ' in BCI-Manus or FMA at week 4 improved in both
Type of stroke: FMA: Manus Group ->r Manus groups, with no intergroup differences
. . Group: 12 (p 0.51). FMA scores at week 12
Ang KK et | 10 ischemic + 16 EEG data e e L .
. Rehabilitation Therapy were attained in more subjects from
al., 2014, | hemorrhagic. from BCI- . .
. ; session: 18 hours sessions BCI-Manus (7 of 11 [63.6%]) than
RCT Site of lesion: Manus . . . o .
8 Cortical + 18 (rBSI) of intervention, with MIT- Manus (5 of 14 [35.7%]). Negative
. ' delivered over 4 Manus 2. correlation between rBSI and FMA
Subcortical. .
. weeks (1.5 hours score improvement (p .044)
Time from each, 3 times per
stroke: 297.4 + woek) P
238.7 d. Affected
Hemisphere: 11 L
+15R.
: +
9 Gender: 8 M+ 1 F Recruitment -> robot
Age: 45.3y; trainin
Handedness: R & Passive wrist movements by robot
Type of stroke: | session divided caused cortical activation of the
Bae SJ et al 1 Ischemic + 8 fNIRS in 3 cveles with controlesional SM1, PMA and SAC
ae 5 e ab | Hemorrhagic (AOxyHb) |12 No control | (mainly observed in the SM1 and SAC
2017, pilot : ; . different speeds L
ud Site of lesion not during (0.25Hz - 0,5 Hz- group p<0,05). Greatest activation of the
stuay known; experiment 0 ; 5Hz)a ’ lied in SM1, PMA and SAC was observed
Time from stroke: rz;n dom orggr (with at a speed of 0.75 Hz. No significant
3745.56 + 1446,84 . differences of AOxyHbs in each ROI
each cycle consisting
d; Affected on rest-task-rest)
Hemisphere: 9 R
! First evaluation MRCPs were identified during
Gender: M -> experimental . . .
backdrives, passive and triggered
Age: 45y protocol -> final . .
. modes. There was a relatively high
Handedness not FMA, evaluation Three .
CA (medians around 75%) across
known MAS healthy . . . .
. . all training modes, in particular in
Baghat NA et | Type of stroke: A single session volonteers . .
. . . Triggered and Backdrive modes.
al, 2014 pilot | Ischemic EEG and of robotic who . .. .
. . . Accuracies were significantly higher
study Site of lesion: EMG treatment with four | underwent
. . . .. than chance levels (50%) for both
subcortical; during different training the same L
. ; . healthy and stroke participants
Time from stroke not | experiment | mode: Passive, treatment . .
. . (p<0.001; a-level adjusted using
known; Velocity Triggered, . . .
. Bonferroni correction multiple
Affected Observation and comparison: 0.0062)
Hemisphere: R Backdrive P T '
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Measure of clinical
outcomes and
MEG acquisition-
>Treatment ->

FMA improved significantly from

8 Measure of clinical 16.23 £ 6.79 [6.80+28.60] to 19.52 +
Gender: 7TM+1F 7.91 [10.85435.25] (p 0.0015, paired
Age: 57+11y; outor.n.ets. and MEG t-test). For 5 patients the amplitude
Handedness: R ;f)(_l;l;zlsilool? trainin of muscle activity was found to be
Type of lesion: FMA program (four J significantly increased (p 0.001). For 2
Belardinelli | 3 Ischemic + 5 weeks). Eve No control patients it was significan-tly decreased
Petal, 2017 | Hemorrhagic EEG data . try d (p 0.001). For 1 patient no signifi-cant
pilot study Site of lesion: not from BRI; ?;SIS’LOHI; Cg;cﬁli;es tin group changes (p 0.08) were recorded. All
known; MEG )3 mir,1 A run J patients showed significantly increased
Time from stroke: consis tea of 11 CMC in the B frequency band after
75.5436.8m; trials. (run: 2 s of the intervention by presenting a
Affected RN distributed, bihemisphe-ric pattern
Hemisphere: R rest per19d, 2s O.f with considerable interindividual
preparation period, P
6 s movement variability.
imagination period
and a 6 s rest period).
Patients enrollment - FMA, all patients gained at least 1 point
-> patient assessment (max pre-post A 9 points) (p 0.06).
5 -> robotic treatment - WMEFT scale, subjects reached at least
Gender: 5M with EEG recording 1 point of improvement (max A5 points)
Age: 61. Llly: -> patient assessment (p 0.06).The EEG analysis showed that
) ’ there was a desynchronization in cM1
Handedness: R FMA . . . o
. 12 sessions of robot- bilaterally, in pre- and post-rehabilitation
Belfatto A Tipe of stroke: not WMFT . .
assisted movements phases. The desynchronization spreads
et al,.2018 . kI.IOWn . ROM (3 sessions per No control from B band to o and P frequencies and
Multidomain | Site of lesion: not group
. . week), each one from part to the overall movement execu-
analysis known; Time of . . .. L
stroke: more than EEG lasting 40 min that tion 1n.both ipsi- and cont_ralateral areas.
6 months: A ffected comprf.:hended t.he Ther§ is .not a clear trend in the a—ba§ed
Hemisphére: ot execupon of p.omt- LC d1stnbpt10n pre/post-treatment since
Known to-point reaching both_ ERDi and ERDc decrease, while .
movements and LC in the beta band moves from negative
hand-to-mouth (TO) to positive (T1) values (ERDc
movements. decreades while ERDi seems stable).
Randomization ->
Training and EEG All subjects enrolled were able to
evaluation modulate sufficient sensorimotor
2 One group performed ERSP in the B-band and they had
Gender: 2 M BRI task, with very similar patterns of robot control
Age: 54+2,82y; participant’s arm regardless of the clinical condition
Handedness: R attached to the orthotic 3 healthy (healthy/patient) or the feedback
Type of lesion: exoskeleton. biect modality (pro-prioceptive/visual),
Brauchle D | 1 Ischemic + 1 The other one subjects but patients showed lower average
etal, 2015 Hemorrhagic BMI-EEG | performed a BRI task wlio Xerﬁ q performances than their healthy
pilot study Site of lesion: not identical to the first ?(:)tl?e ache contro-parts with proprioceptive
known; one except that their feedback for the full feed-back
Time of stroke: arms were not attached exoskeletron duration. A distributed cortical net-
117455,1d; to the exoskeleton. work of task-related coherent activity
Affected Each session lasted in the 6-band showed significant

Hemisphere: R

approximately 30 min
and consisted of five
runs, each consisting
of 10 trials.

differences between healthy subjects
and stroke patients as well as between
early and late periods of the task
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Evaluation of
the outcomes ->
randomization
35 -> training with In group-A there was a greater
Gender: 9M + 11 F (Group-A) or reduction of MAS (p 0.007, d:0.6) and
Age: 66+5y; without (group-B) HMR (p<0.001, d:0.7), and a more
Handedness: not MV-> evaluation evident increase of SICI (p<0.001,
known MAS, of outcomes 10 patient d:0.7) up to 4 weeks after the end
Calabro RS | Tipe of stroke: FMA-UE [ ->evaluation after 2 ( r(I:u B) of the treatment, as compared to
etal, 2017 Ischemic FIM months vagho (?1 dn't group-B. Likewise, group-A showed
pilot RCT Site of lesion: 40 daily sessions receive MV | 2 greater result in FMA-UE (p 0.007,
subcortical, SICI, HMR | (1 hour/session, d 0.4) up to 4 weeks after the end of
Time of stroke 5 sessions/week the treatment. A significant correlation
6+1m; for 8 weeks). was found between the degree of MAS
Affected Subjects performed reduction and SICI increase in the
Hemisphere: L repetitively a group agonist spastic muscles (p 0.004).
of exercises to
improve arm and
elbow movements.
Pre-T evaluation
(clinical outcomes
and EEG) -->
randomization in
50 AHT and CHT ->
Gender: 25 M+ 25 F rehabilitation -->
Age: 64+0.5y; post-T evaluation 25 patients The AHT group presented
Handedness: R41 (clinical outcomes hg improvements in FMA and 9HPT
+L9 and EEG) Wn derwent greater than CHT (both p <0.001).
Calabro RS | Type of lesion: FMA and | AHT group: ;lhera st These results were paralleled by a
etal, 2019 Ischemic 9HPT intensive robotic ; degl larger increase in the fronto-parietal
RCT Site of lesion: EEG training of the f;ln entional TRCoh in the AHT than in the CHT
subcortical; affected hand. han; group (p <0.001) and a greater
Time after stroke CHT group: trainin rebalance between the SAI of both the
10+0.6m; Affected intensive & hemispheres (p <0.001).
Hemisphere: 29 R conventional physio-
+21L therapy of the
affected hand.
40 sessions, 45 min
each, 5 times/week
for 8 weeks
The group-mean increase in the
Patients enrollment performance of the h-BRI, basis of
5 (1 dropout) . .
Gender 2 M + 3 F -> patient assessment CA, was 19.01% (p <0.05, paired
Age: 61. 64531y -> robotic treatment t-test). The last session the average
ge: o7 Y with EEG recording CA increased up to 77.17+£3.65. GS
Handedness: not ARAT, UE . .
-> patient assessment and ARAT also showed significant
known strength . . .
. Intervention: (p<0.05, paired t-test) improvements
Chowdury A | Tipe of stroke: . . . . .
. physical practice No control in hand functionnality (group-mean
etal, 2013 Ischemic EEG data . . . .
. . . stage using assist- group change in GS +9.83 kg and in ARAT
clinical study | Site of lesion: from BCI-
not known: Time robofic as-needed control +23.75). Results of the average
Wi of the exoskeleton ERD/ERS B-band for EEG every
of stroke: 21.8 + system . .
by the participant, channel for the first and last session
4,5m; Affected . . .
followed by an of intervention show significant

Hemisphere: not
known

h-BRI mediated
neurofeedback stage.

(p<0.05, paired t-test) reduction
in both ipsi- and contra-lesional
desynchronization.
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Z}en der M First evaluation
Age> 1' 8y -> experimental Eich
ngedness: R FMA, protoco'l -> final h::il t;l Changes in FMA were significant
Type of stroke: MAS eva.luatlon N VOlOHt};CI‘S at T2 (p 0008) and in MAS at T1
Gandolfi M | 5 Ischemic +2 A smgle session of . and T2 (both p0.017). After training,

. robotic treatment performing L .
etal, 2018 Hemorrhagic EEG and with four different the same Desynchronization on the ipsilesional
pilot study Site of lesion: EMG trainin de- . sensorimotor areas increased during

subcortical: duri Ing mode. experimental . dacti ¢
: ; uring Passive, Velocity passive and active movement, as
Time from stroke: i o motor ith T
experiment Triggered . compared with TO.
66.57 +36.61m; Ob t" d paradigm
Affected Hemisphere: Bacslig?vleon an
IR+6L
Assessed of clinical
outcomes and
1 fMRI acquisition ->
Gender: M training -> evaluation .
en' €r. of outcomes and At the follow-up evaluation, TFT
ﬁgﬁaggzess, L fMRI acquisition -> score improved from 2 to 1 for eye
Type of lesi(;n' FM. MAS evaluation of clinical level and from 3 to 1 for overhead
Nam HS et H}gr)norrha o JHF,T TF”I: out-comes at 2-month  f " level, other parameters revealed no
al, 2017 pilot Site of lesigo o ’ follow-up rou difference.
study cortical: Time from MRI 10-session robotic group The fMRI during the passive motion
stroke: 711m' TITor therapy: cach revealed a considerable increase in
Affected session consisted of brain activity at the lower part of the
Hemisphere: not 4tasks (ball in holes, right superior parietal lobule.
known soccer game, dot tracing
and moving a cup),
each performed for 5
minutes. (30 min total)
7 Clinical, hand motor
Gender: 5M + 2F control and EEG
Age: 60+18 y; evaluation = robotic Improvement of FMA scores and hand
Handedness: R; FMA, rehabilitation -> cinical, motor' control pe.rf‘orn.lanc.e and changes
Pelleorino G Type of lesion: Hand hand motor control and of brain connectivity in high frequency
etal g2 012 Ischemic; motor EEG evaluation No control rhythms (24-90 Hz). The improvement
; lot’ stud Site of lesion: control 1 hour/day for 3 days group of motor performance correlated with
p Y cortical; Time aweek. All subjects the modulation of the interhemispheric
after stroke: frome EEG underwent 6 weeks of S1 coherence in the high  band (24-33
1 to Sy; Affected training with InMotion2 Hz)
Hemisphere: 5 R robot and 6 weeks with
+2L the InMotion3 robot
All the participants increased in ARAT
score (p 0:00028). The MCID values for
GS were reported as 5.0 and 6.2 kg and
Patients enrollment for ARAT as 12 and 17 points (impaired
5(1 dropout) -> patient assessment dominant and nondominant UL).
Gen der'p2 M+3F -> robotic treatment Significant functional connectivity
Age: + o Handedness: with MEG recording sub-networks for alpha (8-15 Hz), beta-
n(i I;noz;n " | ARAT, UE [ -> patient assessment low (15-26 Hz), beta-high (26-35 Hz)
Rathee D et | Tine of stroke: strenght The intervention frequency bands; but these subnet-works
al. 2019 pilot Iscl:)hemic ' MEG data | consisted of two No control are stable only for beta-low (15-26 Hz)
sti{ J p Site of lesion: 2 from BCI- | stages. The first one | group band. For all the participants, the intra-
Y subcortical +'3 cortical: robotic was the PP stage of hemispherical FC values in motor corti-
> | system 30 min followed by cal regions involving M1, S1 and SMA

Time of stroke: =+ ;
Affected Hemisphere:
not known

a MP stage of almost
46 min including the
BCI calibration time
of around 16 min.

ipsi- and contralesional hemi-spheres
increase with UL functional recovery.
The group analysis showed increase in
node strengths in the motor cortex region
and decrease in the node strengths in the
frontal, parietal and occipital areas of the
contralesional hemisphere.
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At 2 weeks follow up: FMA
(p=0.043), ARAT scores (p=0.026),
Detailed clinical MAL score (p=0.018).
evaluation -> BTX-A At 4-months follow up: FMA
7. injection -> robot (p0.041), FMA-UE (p0.041), ARAT
G’en der 3 M + 4 F- rehabilitation -> scores (p0.018), MAL score (p0.018).
Age: 60' 6+ 8 4y ? home exercises (2 MAS score was not significally at
Hinae dr.leSS' f{'y’ weeks) -> follow-up follow ups. The analysis of AHbO
Tvpe of stroi(e" FMA at the end of home using NIRS-SP, showed an increase
3}?s)chemic N 4' M A’-UE exercises (T1) and of activity at the baseline activation
Saita K et al, . > | after 1 month (T2) maps of the primary sensorimotor area
. Hemorrhagic; ARAT, el No control . .
2016 pilot . o Rehabilitation of the controlesional hemisphere and
stud Site of lesion: MAL, isted i ted | &OUP th fontal £ the insilesional
ly subcortical: MAS consisted in repeate e prefontal area of the ipsilesiona
Time of s trZ)ke' 35.0 flexion and extension hemisphere (p<0.001). Compared
+ 44 0m: e FNIRS movement of elbow with baseline activation maps, activity
A ffe;: te d, joint at least 200 increased in the primary sensorimotor
Hemisphere: 5 R times at session. area of the ipsilesional hemisphere
oL P ' Therapy lasted 60 at 2 weeks and at 4-month follow up
min per session, 10 (p<0.001). At 4-month follow up,
times/week, for 2 activity addictionally increased in the
weeks contralesional hemisphere (p<0.001).
HHb changes were not significant on
the t-statistic map
Evaluation of
the outcomes ->
training while EEG
) was recorded->
Gender: 1 M+ 1F; ::;?ll;z::;n of Improvements were found in FMA,
Age: 65.5 + 13.43y; 30 sessions lastin BBT, ROM and MI whereas a
Handedness: not FMA, 45 min each. 5 £ decrease was found on the MAS.
known BBT, davs a eek’ for 6 In EEG datas were observed: reduced
Sale P et al, | Tipe of stroke: MAS, weyeks Vl:eha’bili tative delta rhythms (1-4 Hz) and increased
2015, pilot Hemorrhagic ROM and o toc.ol' exercises No control alpha rhythms (8—12 Hz) during the
study Site of lesion: MI P S . group resting state eyes-closed condition;

. . aimed at improving . L
cortical; Time both movement increased alpha desynchronization to
of stroke: not EEG tvpe an. dvmo de of eyes opening; and decreased alpha
known; Affected ype an desynchronization during the robotic

. execution of the o
Hemisphere: 1 R . rehabilitation task
C1L movement itself,
with progression
from passive to free
movement.
Clinical assessment
2 and fMRI collection
) ~ . s
Gender: M .rf’b"“C training Both the FMA gain and FCCs
Age: 58.5+10.6y; clinical assessment . . .
. were numerically higher in the MI-
Handedness: R and fMRI collection .
WMFT, . BCI group. Increases in FC of the
Type of stroke: not NJIT-RAVR training:
JTHFT and . . supplementary motor area, the contra-
Saleh S et al, | known subjects play video S
. . . FMA . No control and ipsilesional motor cortex, and
2012 pilot Site of lesion: games to improve . . .
. . group parts of the visuo-spatial system with
study subcortical; subjects’ hand/ e .
Time after stroke: arm coordination mostly association cortex regions
' fMRI . D and the cerebellum correlated with
more than 6 reaching, grasping, individual upper-extremity function
months; Affected and finger im rovemerﬂp Y
Hemisphere: 1 R individuation. (3 p ’
+1L hours/day, 4 days/
week, for 2 weeks.)
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Gender: 14 M +5F
Age: 59.6+10.6y
for RAVR group,
57+12,8y for RTP
group;

Handedness: not

Measure of clinical
outomes and

fMRI acquisition->
randomization in
RAVR and RTP
group -> Treatment
-> Measure of
clinical outomes and

Both groups improved in the JTHFT
score, with the percentage change
reaching statistical significance in
the RAVR (Z =-2.8, p 0.005). No
significant between-group difference
in the change in JTHFT scores.

Known MRI acquisition 9 patients The activation magnitude in the
Saleh Setal | T 0‘:0 flesion:18 ITHFT cqusttio who cerebellum, left temporal lobe, and
2017 pilot ’ Is};rk)lemic 1 ' 4 davs a week. 3 h underwent right precentral gyrus was significantly
P . Y ’ repetitive reduced after RAVR-based training,
study Hemorrhagic fMRI per day for 2 weeks. . L .
Site of lesion: RAVR group: task practice | also a significant decrease in the
8 cortical 11 ’ training pr farnm (RTP) extent of activity in the RAVR group
Su%‘iorfical, Time it rogbg ti"cg ¢ after training (Z = —2.894, p 0.0038).
from s troké' 90453 assistance The change in LI after training was
- ' RTP group: training significantly different between groups
Affected with repetitive task %?)Vljogmi}; ;ig}:glinozo;o'zl 2=5’
Hemisphere: 8 R + practice (RTP) reach ) 21g lf 0.027) o
1L and grasp exercises ~LP=L
and functional tasks
2 healthy
2; Pre-T evaluation volunteer
Gender: F; (motor function participated
Age: 68-77y; testing and fRMI) to 1 MRI . .
Handedness: R; FMA; --> rehabilitation -> | session to Pf;zrel; l;jcr?snilf:zgzi(:: g;téfin(:nzz’l:gd
. Type of lesion not MRC; Grip | post-T evaluation determine £ & L . .
Sergi F et al, . . . . . greater reduction in interhemispheric
. known %, planar | (kinematic analysis | brain regions . .
2017 pilot . . . functional connectivity between the
Site of lesion:2 coordinates | and fMRI) normally P .
study mixed stroke: active ipsilesional and controlesional M1
Time of stroke: 1.85- [ fMRI Robot therapy (Mit | during UE during the resting-state
1.18y; Manus InMotion movement
Affected 2¢3): 12-week, 3 with the
Hemisphere: dx times/ week. MRI
compatible
Outcomes and EEG S . .
10 recording -> Training Significant negative correlation
between PRITO and the AFMA (p
Gender: 8 M + 2F -> outcomes and
Age: 55.7416.2 y: EEG recording —0.77, P 0.009). DARTO also showed
Han;ie dﬁeSS' ;10 h ’ a negative relationship with AFMA,
Kn ) ' 12 traini . not significant. A significant negative
. oW, TAlning sessions, correlation between PRI(TO) and the
Trujillo P et | Type of stroke: FMA each one lasting AFMAY% (p—0.69, P0.03), and a trend
al, 2017 pilot | Ischemic 40 minutes, 3 No control t0 a ne aﬂtis o c.orr;lati.on l;etween
study Site of lesion: fMRI sessions a week group &

not known; Time
after stroke: 5.7
+4.92; Affected
Hemisphere: not
known

for 4 weeks. Each
session consisted in
20 min of intensive
repetition of reaching
movement and hand
to mouth movement

DARTO and AFMA% (p —0.54, P
0.11). BSITO did not correlate with
neither the AFMA nor the FMA% The
comparison between TO and T1 for
PRI and DAR indices did not show
any significant variation.
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6 Assessement of
Gender: not known clinical outcome ->
Age: not known; robotic therapy with
Handedness: not BCI- EEG recording Significant improvement in the FMA
known; FMA -> follow up after 2 scores was reported for five patients
Tune SW et Type of lesion: not weeks from the end (p =0.01). The analysis showed that
al 2% 13 pilot known EEG data of treatment No control the number of sessions with CI > 0.5
stud p Site of lesion: not from BCI- group are correlated with the change in the
Y known; Manus 10-sessions of 1-hour FMA scores (Pearson’s correlation
Time from stroke: BCI therapy for 2 coefficient of 0.819, which is
not known; weeks, 5 times/week. statistically significant with p 0.046).
Affected 160 trials of EEG
Hemisphere: not per session were
known collected.
Initial reaching test
+ fMRI acquisition
-> somatosensory
10 (dropout 2) tralp ing with rOb.OHC For 8 patients training resulted in
assistance -> active . .
Gender: 8 M + 2F robotic reachin more accurate perception of right-
Age: 62 +8.84y; movements -> f%mal left boundary at the body midline
Handedness: not . (t(7)=2.71, p< 0.05). For 6 patients’
evaluation and fMRI . .
known acquisition reaching movements following
Vahdat S Type of lesion: 4 perceptual learning became straighter
. _ -
etal, 2019 Is.chemlc . FMA Patients underwent No control than before (1(5)=4.333, p O.Ql).
proof-of- Site of lesion: one session rou FMA scores was correlated with
principles 7 cortical + 3 fMRI of 4 blocks of group training-induced FC changes in a
study subcortical; somatosenso network comprising SMG, (seed) and
Time of stroke: 47 + . Y ipsi-lesional SMG and S1. A post-
training. After .
42.1m; a second brain hoc analysis of FC values before and
Affected . . after training showed that these areas
. scanning session, .
Hemisphere: 3 L + . became more positively correlated
TR patients returned to post training
the robotic lab to ’
perform a final block
of 50 trials of active
reaching movements.
evaluation of level
of sensory and
motor impairment
30 (dropout 1) -> classification in Under passive conditions, wrist
Gen der?l SM+12F no sensory, mild and manipulation resulted in contralateral
Age: 6 4 Ly FMA severe impairment cortical responses in unimpaired
Hinae dneSS'}i’7 R -> experimental and mild and no sensory impairment
T 3L ' EEG protocol Ten unpaired | group. In severe sensory impairment
Tvpe of lesion: Signal- age-matched | group cortical responses were strongly
Vlaar MP et Is};ll)lemic : to-noise Rehabilitation volonteers reduced in amplitude, which related to
al, 2017 pilot Site of lesion: ratio and consisted in active who anatomical damage.
study Cortical- Tim.e of laterality task lasts 12.5 s. For | underwent Under active conditions patients with
stroke: 4’1 07 + index each task 20 trials the same mild sensory impairment showed
4838 m ' during were recorded. The | training reduced responses compared to
A ffecte d’ training first two periods the passive condition, unimpaired
Hemisphere: 13 R were discarded to and participants without sensory
17 Lp ' reduce the influence impairment did not show this
of transient effects, reduction.
resulting in a total of
160 periods for each
task.
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4 + 3 y; Affected
Hemisphere: 15 R
+9L

Assessed of clinical
outcomes ->
Randomization in
Robot-EEG-Text
and Robot-noEEG-
text -> rehabilitation

that was completed
within 5-7 weeks.
During each session,
100 repetitive

hand movements
were performed by
each subject with
intermittent rest after
every 10 trials.

=11)

After the interventions, RobotEEG
AO group showed significant

24 programme differrence in paretic UL motor
Gender: 20 M +4 F -> evaluation 11 patients functions across the longitudinal
Age: 54 = 9y; immediately after p evaluation [X"2 (2) = 7.659, p 0.022].
who . . .
Handedness: not and 6 months after nderwent Significant improvements in the
known intervention b paretic motor functions between pre-
. FMA robot-hand . . -
Type of lesion: .. and post-intervention (Z =—2.135, p
Wang X et al, . . training N . .
. 14 Ischemic + 10 20-session robot- . =0.033) and between preintervention
2018 pilot . EEG . without AO -~
ud Hemorrhagic fMRI (16 assisted hand and EEG and 6-month follow-up (Z =—2.451,
stuay Site of lesion: training, with an . p =0.014) in the RobotEEG_AO
. of 24) . . guidance . =,
mixed stroke; intensity of 3-5 group. The proportion of subjects
. . (Robotnon— . . .
Time from stroke: sessions per week EEG Text. n exceeding the MCID was higher in

the RobotEEG_AO group (pre vs.
post: 53.8%; pre vs. 6-month: 54.5%)
compared with the Robotnon—EEG
Text group (pre vs. post: 36.4%; pre
vs. 6-month: 36.4%).

limb; elbow rehabilitation only in Saita et al.(47);
wrist rehabilitation in two studies (32, 48) and hand
rehabilitation was considered in six studies (28, 35,
49-52). The remains studies combined the treatment
of two different districts: Nam et al. (53) focused on
wrist and elbow rehabilitation, while Ang et al. (33)
and Vahdat et al. (34) on shoulder and elbow one.
Regarding the technical characteristics (i.e. name,
model and industry) of robot, eight trial (35,36,47-51,
53) didn’t specify them, while two (43, 46) indicated
only the name of the robot (Mitsubishi Pal0-7).
InMotion2 (Massachusetts Institute of Technology,
Boston, USA) was used in four studies (33, 34, 37,
45), while Sergi et al. (42) and Pellegrino et al. (41)
structured their rehabilitation program combining
InMotion2 and InMotion3 (Massachusetts Institute
of Technology, Boston, USA). Other devices
used are: Amadeo (28, 52) (Tyromotion GmbH,
Graz, Austria), ArmeoPower (40, 44) (Hocoma,
Volketswil, Switzerland), Bi-Manu-Track (39)
(Rehastim Co, Berlin, Germany), Mahi Exo-II (38)
(MAHI Ilab, Houston, USA) and Wristalyzer (32)
(MOOG, Nieuw-Vennep, Netherlands).

Outcome assessments
Outcomes were divided into two categories:
motor aspects and neuroplasticity.

Motor aspects

The outcome measures used among all the
studies were different, but they met the same aim: to
access UL function and sensory-motor parameters.
Two studies (40,48) did not analized motor aspect.
Except of them, all studies used the Fugl-Meyer
Assessment (FMA). Four studies (35, 36, 39, 47)
used the Action Research Arm Test (ARAT) and one
study (45) utilized the Box and Block score (BBT).
Modified Ashworth Scale (MAS) was used in six
studies (38, 39, 44, 45, 47,53) while Motricity Index
(MI) was used in two studies (39, 45) as well as
Wolf Motor Function Test (WMFT) (46, 50). Four
studies (35, 36, 42, 44) also used a dynamometer to
assess strength upper limb and grip, one study (41)
measured hand motor control, while in one study
(53) Thumb Finding Test (TFT) was performed.
Three studies (50, 51, 53) also performed Jebsen
Taylor Hand Function Test (JTHFT). One study (42)



24 (S3)

used the Medical Research Council (MRC) scale to
measure 18 muscles of the UL. In Saita et al. study
(47) Motor Activity Log (MAL) was performed and
Calabro et al. used the Nine-Hole Peg Test (9HPT)
in 2019 study (28) and Functional Indipendence
Measure (FIM) in 2017 study (44). Furthermore,
joint kinematic and muscle activity were recorded
by robot in four studies (32, 38, 44, 46).

Neuroplasticity

Each trial assessed neuroplasticity using different
modalities; the most used is EEG but performed
in different ways. Six studies (32, 39, 41, 45, 46)
investigated cortical activity and excitability,
including Trujillo et al. (43) who also quantified
cortical activity. One study (38) analyzed the
intention to movement during robotic therapy and
another one (28) used EEG to highlight cortical
activation event related and motor potential
evocked. Three studies utilized the EEG-based BRI
system: one study (35) extracted the correlation of
bandlimited power time-courses (CBPT features);
Brauchle et al (40). registered task-related network
changes of cortical functional connectivity by EEG
via the imaginary part of the coherence function,
while Belardinelli et al.(52) utilized this system to
open and close the paralyzed hand when triggered
by ipsilesional oscillatory brain activity and MEG
to investigate cortical activation. Furthermore, two
studies examined the EEG-based MI-BCI data:
Ang et al. (33) quantified EEG data using revised
Brain Simmetry Index (rBSI) and Tung et al. (37)
analyzed the coherences of the EEG in the lesion
and contralesion side of the hemisphere from
each session and the coherence index of the lesion
hemisphere. Instead, Rathee et al. (36) used a BCI-
MEG system to estimate the brain connectivity
networks in conjunction with rehabilitative training.
Seven studies used fMRI: one study (53) analyzed
cortical activity related to movement; three studies
(34, 42, 50) investigated connectivity and functional
connectivity related to training; one study (51) used it
to characterize neural reorganization while Wang etal.
(49) focused on BOLD-fMRI to observe which areas
of'brain were found to be active during rehabilitation.
Vahdat et al. (34) also analyzed structural changes
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in cerebral cortex. In Saita et al. (47) and Bae et
al. (48) studies fNIRS (AOxyHb) was measured to
verify cortical activity. Finally, in Calabro et al. (44)
study, the neurological assessment used were MEP
and SICI (short intracortical inhibition) magnitude
to measure cortical excitability.

Interventions

Theanalysis ofthe studiesrevealed aheterogeneity
of protocols and evaluations. Nevertheless, all
studies described the number of sessions and the
overall duration of robotic rehabilitation treatment.
Table II summarize the study partecipants, oucomes
and results.

The pilot study by Baghat et al. (38) focused on
the elbow rehabilitation: the aim of the study was to
create aneural interface using slow movement-related
cortical potentials (MRCPs) for an exoskeleton
(MAHI-Exo II, MAHI lab, Houston, USA). One
subject with chronic stroke underwent a single session
of robotic treatment with four different training
mode: Passive, where no volitional movements are
required from users; Active or Backdrive mode,
a resistance-training mode in which the user must
move their limb without any assistance from robot;
Velocity Triggered or Triggered, where the user
self-initiates movement, following which the robot
completes the movement and Observation, wherein
the subject only observed an experimenter operate
the Exo in “Triggered” mode. Each mode consisted
of 80 movements (elbow flexion/estension) split into
four blocks of 20. The order of the modes for each
subject was randomized. Breaks were given between
each block and mode to minimize user fatigue.

During training, EEG was recorded to verify
neural activity. Three healthy volunteers were
enrolled as control group and they underwent the
same stroke patients’ protocol. Gandolfi et al. (39)
wanted to evaluate changes in upper limb function
and EEG power after a robot-assisted bilateral arm
training (R-BAT). Seven chronic stroke patients
with upper limb paresis received 21 sessions (3 days/
week) of R-BAT: the protocol consisted of six tasks
involving unilateral, bilateral, passive, and active
movements of wrist flexion/extension. During each
session, patients performed up to 800 repetitions:
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400 in passive-passive mode and 400 in active-
passive mode (200 prono/supination and 200 wrist
flexion/extension respectively).

EEG assessments and clinical outcomes were
carried out at baseline, after training and at 1
month follow up. Control data was collected from
eight healthy volunteers who performed the same
experimental motor paradigm. Bae et al. (48)
attempted to investigate differences in cortical
activation according to the speeds of passive wrist
movements performed by a rehabilitation robot for
stroke survivors. Nine stroke patients participated in
this study. Passive movements of the affected wrist
were performed by the rehabilitation robot at three
different speeds: 0.25 Hz, slow; 0.5Hz, moderate and
0.75 Hz, fast.

The authors wused functional near-infrared
spectroscopy (fNIRS) to measure the brain activity
during the passive movements performed by a robot.
Group-average activation map and the relative
changes in oxy-hemoglobin (AOxyHb) in primary
sensory-motor cortex (SM1) and premotor area
(PMA) and somatosensory association cortex (SAC)
were measured. No control group was enlisted. Wang
et al. (49) explored the clinical improvement and the
neurological changes after 20-sessions guided or
non-guided robot hand training using two measures:
changes in brain discriminant ability between motor-
imagery and resting states revealed from EEG signals
and changes in brain network variability revealed
from resting-state fMRI data collected in 24 chronic
stroke subjects.

The subjects were randomly assigned to receive
either combined action observation (AQO) with
EEG-guided robot-hand training (RobotEEG AO,
n=13), in which robot hand was activated only when
significant L suppression (8—12Hz) was detected from
subjects’ EEG signals in ipsilesional hemisphere or
robot-hand training without AO and EEG guidance
(Robotnon—EEG_Text, n=11), where robot hand was
randomly activated regardless of their EEG signals.
During each session, 100 repetitive hand movements
were performed by each subject with intermittent
rest every 10 trials. Saleh et al. (50) investigated
the effect of 2 weeks of robot-aided virtual reality
(RAVR) therapy for the paretic upper limb in stroke
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patients on changes in brain activation. Brain
activation was acquired during the resting state and
during visually guided hand movement.

FMRI analysis focused on characterizing
functional connectivity with ipsilesional primary
motor cortex (iM1) at rest and during execution of
paretic hand movement. Two subjects participated
and they played video games in a RAVR setup.
This setup works on retraining subjects’ hand/
arm coordination, reaching, grasping, and finger
individuation. The training was conducted for two
weeks (3 hours/day, 4 days/week). In a following
study, Saleh et al. (51) aimed to compare the effect of
the same RAVR protocol and repetitive task practice
training (RTP). They compare neural reorganization
elicited in stroke patients participating in these two
interventions. Ten chronic stroke subjects participated
in eight 3-h sessions of RAVR therapy, while another
group of nine stroke subjects participated in eight
sessions of matched RTP therapy: training included
repetitive reach and grasps exercises and functional
tasks. FMRI datas were acquired during paretic hand
movement, before and after training.

The authors compared the difference between
groups and sessions (before and after training) in
terms of BOLD intensity, laterality index (LI) of
activation in sensorimotor areas, and the effective
connectivity between ipsilesional motor cortex
(iMC), contralesional motor cortex, ipsilesional
primary somatosensory cortex (iS1), ipsilesional
ventral premotor area (iPMv) and ipsilesional
supplementary motor area. Also in Calabro et al.
(28) compared robotic and conventional treatment:
50 patients with a first-ever stroke in chronic phase,
were enrolled and randomized into two groups.

The experimental group was provided with the
Amadeo (Tyromotion GmbH, Graz, Austria) hand
training (AHT), whereas the control group underwent
occupational therapist-guided conventional hand
training (CHT). Both of the groups received 40 hand
training sessions (5 times a week, for 8 weeks).
The aim of this study was the evaluation of the
clinical and neurophysiological effects of intensive
robot-assisted hand therapy compared to intensive
occupational therapy in the chronic recovery phase
after stroke.
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For this reason, all participants underwent a
clinical and electrophysiological assessment (task-
related coherence, TRCoh, and short-latency afferent
inhibition, SAI) at baseline and after the completion
of the training.

Brauchle et al. (40) tested the feasibility of
three-dimensional robotic assistance for reaching
movements with a multi-joint exoskeleton during
motor imagery (MI)-related during brain-states in
which both the participant’s effort to move and the
responsiveness of the brain for peripheral input were
reflected. They also registered task-related network
changes of cortical functional connectivity via the
imaginary part of the coherence function. Two stroke
survivor and six healthy volunteers performed the
first BRI task: each participant’s arm was attached
to the orthotic exoskeleton. Three healthy volunteers
performed a second BRI task, which was identical to
the first one except that their arms were not attached
to the exoskeleton. Each session consisted of five
runs, each composed of 10 trials. Changes in cortical
physiology were recorded during therapy in both
groups by electroencephalography.

In Sale et al. (45) work, the objective was to
study neural underspinning of robot-aided upper
limb rehabilitation in stroke patients. Two subjects
underwent a program of 30 daily rehabilitation
sessions: the rehabilitative protocol consisted of
exercises aimed at improving both movement type
and mode of execution of the movement itself, with
progression from passive to free movement. EEG
was recording before and after the rehabilitation
program.

Truyjillo et al. (43) focused on quantitative EEG
(QEEG), and in particular the relationship between
QEEG measures and the motor outcome in chronic
stroke survivor that underwent a robot-assisted
rehabilitation program. The objective of this program
was to evaluate the utility of QEEG indices to predict
motor recovery. Ten post-stroke patients underwent
the rehabilitation protocol that consisted of 12 training
sessions, each one lasting 40 minutes: 20 minutes of
intensive repetition of reaching movements and 20
minutes of hand to mouth movements. Before and
after training programme, resting-state EEG signals
were acquired and the power ratio index (PRI), delta/
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alpha ratio (DAR), and brain symmetry index (BSI)
were calculated.

Belardinelli et al. (52) aimed to investigate the

functional relevant mechanisms of neural plasticity
by evaluate cortico-muscular coherence (CMC). A
brain-robot interface turned event-related beta-band
desynchronization of the lesioned sensorimotor
cortex during kinesthetic motor-imagery into the
opening of the paralyzed hand by a robotic orthosis:
training consisted in 20 sessions of 15 runs, everyone
composed by 11 trials. Simultancous MEG/EMG
recordings and individual models from MRIs were
used for CMC detection and source reconstruction of
cortico-muscular connectivity to the affected finger
extensors before and after the training program. No
control group were enrolled.
Chowdhury et al. (35) also investigated CMC
and if this has a role in providing meaningful
neurofeedback of the therapeutic task performance
leading to a faster recovery. They realized a 5-week-
long clinical study on four chronic stroke patients
where they used correlation of band-limited power
time-courses (CBPT), a measure of corticomuscular
coupling, as a feature for providing multimodal
neurofeedback for hand exoskeleton-based therapy.
The intervention was composed of a physical
practice stage using assist-as-needed control of the
exoskeleton by the 4 participants, followed by an
h-BRI mediated neurofeedback stage.

In Rathee et al. (36) pilot study, the authors
examined the longitudinal changes in band-
limited resting-state (RS) functional connectivity
(FC) networks in association with post-stroke UL
functional recovery achieved by a multimodal
intervention involving motor attempt (MA) based
BCI and robotic hand-exoskeleton. Four adults
were rehabilitated with the intervention for a period
lasting up to 6 weeks. The intervention consisted
of two stages. The first stage consisted of repetitive
finger grasping and extension exercise provided by
home-grown hand-exoskeleton device, followed
by a second stage where participants were given
a hybrid-BCI based multimodal contingent to the
simultaneous activations in the EEG and EMG
signals. Resting state MEG signals and clinical
outcomes were recorded during five equispaced
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sessions over the intervention period.

Belfatto et al. (46) proposed a multiparameter
approach, included EEG and EMG, to evaluate post-
stroke patients before and after robotic therapy: five
subjects underwent 12 sessions of robotic therapy,
that comprehended the execution point-to-point
reaching movements and hand-to-mouth movements.
The study did not enroll a control group.

Pellegrino et al. (41) aimed to assess the brain
plastic reorganizations and their association with
clinical progresses induced by a robot-aided
rehabilitation program in chronic stroke patients.
Seven patients with an upper limb motor impairment
underwent a 12-weeks neurorehabilitation program:
all subjects submitted six weeks of training with
InMotion2 robot and six weeks with InMotion3
robot (Interactive Motion Technologies, Watertown,
MA). 32-channel EEG focusing on ipsi- and contra-
lesional resting state properties investigating
both bipolar derivations overlying the middle
cerebral artery territory characterized cerebral
reorganizations and the primary somatosensory
sources (S1) obtained through the Functional Source
Separation (FSS) method. Power Spectral Density
(PSD) and interhemispheric coherence (IHCoh) at
rest were measured and correlated with clinical and
hand control robot-induced improvements.

The pilot study by Sergi et al. (42) aimed to prove
if robot-aided motor rehabilitation could enhance
functional connectivity of the sensorimotor networks.
Two patients affected by chronic stroke were firstly
evaluated in motor function testing while functional
connectivity was assessed by three scans of fMRI
during the use of a MRI-compatible manipulandum,
that was similar to the robot used during the robotic
session. Later, patients undertook a 12 weeks
robotic rehabilitation program, using InMotion2
shoulder-elbow robot and the InMotion3 wrist robot
(Interactive Motion Technologies, Watertown, MA)
(54, 55), similar to the Pellegrino et al. (41) one.

At the end of the rehabilitation, a single resting-
state MRI scan was collected. Two healthy subjects
were enrolled as a control group, performing a
single MRI to study which brain area is normally
activated during upper limb movements using the
manipulandum described above. The collected
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data were then used as a standard for the analysis
of patients’ fMRI. In Tung et al. (37) pilot study
the authors aimed to track the effect of the BCI
technology on brain plasticity.

In this study, the EEG signals recorded during
upper limb stroke rehabilitation using motor imagery
BCI were analyzed to better understand the effect of
BCI therapy in post-stroke rehabilitation. Six stroke
patients underwent 10 sessions of 1-hour BCI with
robotic feedback for 2 weeks.

A total of 160 trials of EEG per session
were collected. The analysis was performed by
computing the coherences of the EEG in the lesion
and contralesion side of the hemisphere from
each session. The coherence index of the lesion
hemisphere, the rate of activation of the lesion
hemisphere, was computed and its correlation with
the Fugl-Meyer assessment (FMA) before and after
the BCI therapy was investigated. Also, Ang et
al. (33) aimed to explore the efficacy of an EEG-
based Motor Imagery-Brain Computer Interface
(MI-BCI) system associated with a shoulder-elbow
MIT-Manus (BCI-Manus) in subjects with chronic
stroke. The enrolled patients were randomized into
two groups, one underwent BCI-Manus treatment
and the other underwent Manus treatment alone.

As previously presented by Sergi’s trial (42),
patients performed point-to-point movements based
on a clock-game system: the robot initiated the
movement if not actively initiated by the subject
after 2 seconds. In the experimental group (BCI
Manus), upper limb robot-assisted treatment was
guided by MI-BCI after a calibration period, that
was first performed to collect the reference EEG
data to train a subject-specific MI detection model
that was used in the subsequent 12 therapy sessions
to evaluate neuroplasticity effects in chronic stroke
patients. The BCI-Manus therapy session included
4 sessions of 40 trials each with an interval break of
3 to 5 minutes. The control group session consisted
of 320 trials grouped into 3 robot assisted sessions,
alternating with 5 non-assisted runs of 16 trials.

Some studies focus on somatosensory system
recovery: the goal of Vlaar et al. (32) pilot study was
to assess the integrity of the somatosensory system
in individuals with chronic hemiparetic stroke with
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different levels of sensory impairment, through a
combination of robotic joint manipulation and high-
density EEG. A robotic wrist manipulator applied
continuous periodic disturbances to the affected
limb, providing somatosensory (proprioceptive and
tactile) stimulation while challenging task execution.
The integrity of the somatosensory system was
evaluated during passive and active tasks, defined
as ‘relaxed wrist’ and ‘maintaining 20% maximum
wrist flexion’, respectively: 20 trials were recorded
in that period. The evoked cortical responses in the
EEG were quantified using the power in the averaged
responses and their signal-to-noise ratio. Thirty
individuals with chronic hemiparetic stroke and ten
unimpaired age-matched individuals participated in
this study.

Vahdat et al. (34) valued whether somatosensory
training induced changes in sensory-motor
connectivity in stroke patients and if these changes
result in improved movement accuracy. Ten chronic
stroke survivors first underwent an initial test of
reaching accuracy. Afterwards, they were transferred
to the brain-imaging center for structural and
functional MRI scans. The next day, one session of
four blocks of somatosensory training was performed:
each block consisted of 50 trials, in which robot
moved the arm outward on one of a set of fan shaped
trajectories that deviated from the body midline.
Following the sensory training, patients underwent
a second brain scanning session. Finally, patients
returned to the robotic lab to perform a final block of
active reaching movements. Unlike Vlaar study (32),
no control group were enrolled. Nam et al.(53) carried
out a clinical pilot study to prove if robotic mirror
therapy can provide proprioceptive stimulus to the
sensory cortex and thus facilitate neuroplasticity and
functional recovery on the hemiplegic arm. A stroke
survivor underwent a 10-sessions robotic mirror
therapy: each session consisted of four tasks (ball in
holes, soccer game, dot tracing and moving a cup).
Clinical outcomes and fMRI were performed before
and after the intervention.

Other studies have provided the combination of
rehabilitation therapies of different types compared
to what has already been stated: Calabro et al. (44)
associated robotic therapy with muscle vibration
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(MV) to verify if could be possible to strengthen
the effect of robotic rehabilitation by coupling
MV. Patients were randomized into two groups of
10 individuals and underwent 40 daily sessions
of Armeo-Power training (Hocoma, Volketswil,
Switzerland) (1 hour/session, 5 sessions/week, for
8 weeks) with (group A) or without (group B) the
application of MV on the spastic antagonist muscles
(i.e., triceps brachialis, supraspinatus, and deltoid).
Robot therapy consisted in a repetitively customized
group of exercises to improve arm and elbow
movements. Short intracortical inhibition (SICI),
and Hmax/Mmax ratio (HMR) were measured
before and after (immediately and 4 weeks later) the
end of the treatment as well as clinical outcomes.

Saita et al. (47) investigated the combination of
robot-assisted rehabilitation (RT) using a single-
joint hybrid assistive limb (HAL-SJ) and botulinum
toxin A (BTX-A, BOTOX®, GlaxoSmithKline,
UK) as therapy for paretic arm with spasticity
in post-stroke patients. BTX-A was injected into
target muscle in order to the grade of spasticity in
each case (dose max: 240 units, as determined by
the upper limit set by health insurance in authors’
country). Participants were seven patients who had
spastic hemiplegia following chronic stroke. On
the day following BTX-A injection, they started a
two-week of RT: rehabilitation consisted in repeated
flexion/extension movement of elbow joint at least
200 times at session. Cortical activity and clinical
outcomes were measured via fNIRS at baseline, and
two weeks and four months after following BTX-A
injection.

RESULTS

Despite the heterogeneity of the proposed
protocol treatments and systems/modalities to
evaluate neuroplasticity, all studies have obtained
good results: robotic therapy seemed to have positive
effects on clinical improvements correlated with
neuroplasticity changes. Table II summarizes the
results obtained.

In Baghat et al. (38) study, the movement-
related cortical potentials (MRCPs) were identified
during three of four training modes (Backdrives or
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Active, Passive and Triggered), while there was no
MRCP during “Observation” mode in the healthy
participants as well as in the stroke survivor. Also,
there was a relatively high classification accuracy
(medians around 75%) across all training modes.
Particularly, it appears that classification was more
successful in Triggered and Backdrive modes across
all subjects. Accuracies were significantly higher
than chance levels (50%) for both healthy and
stroke participants (p<0.001; a-level adjusted using
Bonferroni correction for multiple comparisons:
0.0062).

Gandolfi et al. (39) highlighted that significant
improvement in all outcomes were measured during
the study. Changes in FMA were significant at T2
(p 0.008) and in MAS at T1 and T2 (both p 0.017).
Before training, passive movement of the affected
hand resulted in bilateral or contralesional alpha and
beta desynchronization of the primary sensorimotor
cortex in most patients, as quantified by laterality
index (LI). After training, desynchronization shifted
from bilateral to ipsilesional sensorimotor areas, and
active movement of the affected hand shifted from
contralesional to ipsilesional sensorimotor areas,
as compared with pretreatment assessment. No
significant correlation was observed between LI or
ERD/ERS and clinical scales, but a marked trend was
detected over time: associated to a good recovery,
changes in clinical scales are paralleled with changes
in LI values, which evidence of ERD modifications
from contralesional to ipsilesional side.

Bae et al. (48) results showed passive wrist
movements by robot caused cortical activation of the
controlesional sensory-motor cortex (SM1), primary
motor cortex (PMA) and somatosensory association
cortex (SAC) (mainly observed in the SM1 and
SAC, p<0,05): greatest activation of these areas was
observed at a speed of 0.75 Hz. The authors also
highlighted that there are no significant differences
of AOxyHb among three speeds in each region of
interest and they gave two possible explanations:
first, neural activities caused by passive robot
movement in moderated speed could produce a
decrease in cerebral blood flow; second, there is
possibility that sufficient oxygen is not supplied to
the area where the neuronal activity increases due to
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transient ischemia in the moderated speed condition.
In Wang et al. (49) study, only RobotEEG AO group
showed significant difference in paretic upper-limb
motor functions across the longitudinal evaluation
[X"2 (2) =7.659, p = 0.022], after the interventions:
significant improvements in the paretic motor
functions between pre- and post-intervention (Z
= —2.135, p = 0.033) and between preintervention
and 6-month follow-up (Z =-2.451, p =0.014). The
proportion of stroke subjects exceeding the minimal
clinically important difference (MCID, that was
4 for FMA-UE) was higher in the RobotEEG_AO
group (pre vs post: 53.8%; pre vs 6-month: 54.5%)
compared with the Robotnon—EEG_Text group (pre
vs post: 36.4%; pre vs 6-month: 36.4%). For brain
network variability, the whole brain was first divided
into six functional subnetworks, and significant
increase in the temporal variability was found in four
out of the six subnetworks (sensory-motor areas,
attention network, auditory network, and default
mode network) after intervention. These results
revealed the differences in the long-term training
effect and the neuroplasticity changes following
the two interventional strategies: with and without
neural guidance.

Sale et al. (45) wanted to evaluate whether
a specific robot-aided rehabilitation can induce
beneficial cortical plasticity in stroke patients.
Clinical outcomes showed a decrease in motor
impairment in the paretic upper limb after the
robot-aided treatment in both patients enrolled. In
particular, improvements after the rehabilitative
treatment were found on the FMA, BBT, ROM and
MI whereas a decrease was found on the MAS. In
EEG datas were observed a reduced delta rhythms
(1-4 Hz) and increased alpha rhythms (8-12 Hz)
during the resting state eyes-closed condition;
increased alpha desynchronization during eyes
opening; and a decreased alpha desynchronization
during the robotic rehabilitation task. For this reason,
the authors speculated that a specific robot-aided
rehabilitation can modulate cortical activity during
resting state and a motor task in stroke patients.

Pellegrino et al. (41) aimed to assess the
brain plastic reorganizations and their association
with clinical progresses induced by a robot-
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aided rehabilitation program in chronic stroke
patients. In fact, after the robotic rehabilitation
there were improvements in FMAS scores and
hand motor control performance and changes of
brain connectivity in high frequency rhythms (24—
90 Hz). In particular, the improvement of motor
performance correlated with the modulation of the
interhemispheric S1 coherence in the high beta band
(24-33 Hz).

The study confirmed that an upper limb robot-
based rehabilitation improved motor performance in
stroke patients and demonstrated that a robot-aided
rehabilitation program induced brain reorganizations.
Specifically, interhemispheric connectivity between
primary somatosensory areas got closer to a
‘physiological level” in parallel with the acquisition
of more accurate hand control.

Sergi et al. (42) investigated the neural correlates
of motor recovery promoted by robot-mediated
therapy in chronic stroke. Before initiation of
the rehabilitation program, the resting-state scan
showed strong functional connectivity between the
seed region in the ipsilesional M1 and many regions
of the SMN, including the target-of-interest in the
contralesional M1. After training, Patient 1 showed
greater reduction in functional connectivity between
the seed and target regions as a result of the point-
to-point movements compared to Patient 2. Motor
function testing showed that Patient 1 made greater
gains in the FMA, MRC and grip strength compared
to Patient 2. Therefore, the efficacy of the robot-aided
rehabilitation as well as the magnitude of change in
functional connectivity between the right and left
M1 in response to the bout of the rehabilitation was
greater in Patient 1 compared to Patient 2.

Trujillo et al. (43) wanted to evaluate the utility
of QEEG indices to predict motor recovery. Their
results showed that there is a significant negative
correlation between QEEG indices at TO and motor
outcome (PRI and the AFMA (p =—-0.77, P =0.009).
DAR also showed a negative relationship with
AFMA but was not statistically significant. Similarly,
there was a significant negative correlation between
PRI(TO) and the AFMA% (p =—0.69, P = 0.03), and
a trend to a negative correlation between DAR(TO)
and AFMA% (p = —0.54, P = 0.11). As regards to
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the brain symmetry index at TO (BSI(T0)), it did not
correlate with neither the AFMA nor the AFMA%.
FMATO was not correlated with PRI(TO), DAR(TO0),
nor BSI(T0). Analogously, FMATI was not
correlated with the same QEEG indices at T1. There
was also no statistical correlation between FMATO
and AFMA, nor between FMATO and AFMA%,
suggesting that motor improvements were not
related to initial condition. In addition, the AFMA
and AFMA% were not correlated with neither the
age of the patients nor the time since injury.

Regarding the tests to verify whether the relative
powers in each frequency band was correlated with
the AFMA, there was a negative correlation between
the AFMA and the relative power of the delta (p
= —0.62, P = 0.06) and theta (p = —0.68, P = 0.03)
bands, and a positive correlation between AFMA
and the relative power of the alpha band (p =0.61, P
= 0.06). When comparing the relative band powers
between TO and T1, no significant changes were
found. Consequently, the comparison between TO
and T1 for PRI and DAR indices did not show any
significant variation.

Belardinelli et al. (52) investigated cortico-
muscular coherence (CMC) and if it could be used to
detected neural plasticity. The FMA- UE improved
significantly from 16.23 +6.79 (6.80+28.60) to 19.52
+7.91 (10.85+£35.25) (p = 0.0015, paired t-test). For
five patients the amplitude of muscle activity was
found to be significantly increased (p 0.001), for
two patients it was significantly decreased (p 0.001)
and for one patient no significant changes (p 0.08)
were recorded. All patients showed significantly
increased CMC in the beta frequency band after the
robotic intervention. Furthermore, group analysis
of the cortical overlap showed that all patients had
significantly increased ipsilesional premotor CMC
after the intervention. This extended from the
superior to the middle and inferior frontal gyrus,
together with a confined area of increased CMC
in the contralesional premotor cortex. Decreased
CMC occurred in bilateral parietal areas and in the
contralesional motor/premotor cortex. Premotor
beta-band CMC may serve as a biomarker and
therapeutic target for novel treatment approaches in
this patient group.
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In Saleh et al. (50) work, clinical outcomes
(WMFT and JTHFT) improved after training in
both subjects enrolled. The resting state functional
connectivity (rsFC) maps and task-related
functional connectivity (trFC) with iM1 showed
different magnitudes of activation, however, the
general directionality of the pattern (increases
versus decreases) was similar. Specifically, both the
rsFC and the trFC between iM1 and contralesional
primary motor cortex (cM1) decreased after the
therapy for the first subject and increased for the
second subject. These results were confirmed in the
2017 study (51): results showed that both groups
improved in the Jebsen Taylor Hand Function Test
(JTHFT) score, with the percentage change reaching
statistical significance in the RAVR (robot-assisted
virtual reality) group (Z =-2.8, p = 0.005).

No significant between-group difference in the
change in JTHFT scores. The activation magnitude
in the cerebellum, left temporal lobe, and right
precentral gyrus was significantly reduced after
RAVR-based training, also a significant decrease
in the extent of activity in the RAVR group after
training (Mann—Whitney U test, Z = —2.894, p =
0.0038). The change in laterality index (LI) after
training was significantly different between groups
(RAVR group LI median = —0.125, RTP group LI
median = 0.07, Z = —2.21, p = 0.027). In addition,
BOLD signal in multiple regions of interest was
reduced and re-lateralized to the ipsilesional side
and these changes correlated with improvement in
JTHFT scores. These findings suggest that RAVR
training may lead to different neurophysiological
changes when compared with traditional therapy.

Calabro et al. pointed out different results from
their studies. In 2019 (28) the objective was the
evaluation of the clinical and neurophysiological
effects of intensive robot-assisted hand therapy
(AHT) compared to intensive occupational therapy
(CHT) in the chronic recovery phase after stroke.
Results showed that the AHT group presented
improvements in both primary outcomes (FMA-UE
and the 9-Hole Peg Test) greater than CHT (both p
< 0.001). These results were paralleled by a larger
increase in the frontoparietal TRCoh in the AHT
than in the CHT group (p < 0.001) and a greater
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rebalance between the SAI of both the hemispheres
(p <0.001). These data suggest a wider remodelling
of sensorimotor plasticity and interhemispheric
inhibition between sensorimotor cortices in the
AHT compared to the CHT group and provide
neurophysiological support for the therapeutic
impact of intensive robot-assisted treatment on hand
function recovery in individuals with chronic stroke.
In 2017 (44), their focus was to improve upper
limb spasticity and function by combining muscle
vibration (MV) and robotic therapy. After training,
all patients of group-A (experimental group) showed
a greater reduction of MAS (p = 0.007, d = 0.6) and
Hmax/Mmax ratio (HMR, p<0.001, d = 0.7), and a
more evident increase of short intracortical inhibition
(SICI, p<0.001, d = 0.7) up to 4 weeks after the end
of the treatment, as compared to group-B. Likewise,
group-A showed a greater functional outcome
of upper limb (FIM p = 0.1, d = 0.7; FMA-UE p
= 0.007, d = 0.4) up to 4 weeks after the end of
the treatment. A significant correlation was found
between the degree of MAS reduction and SICI
increase in the agonist spastic muscles (p = 0.004).
Also, Saita et al. (47) investigated the combination
of robot-assisted rehabilitation (RT) using a single-
joint hybrid assistive limb (HAL-SJ) and botulinum
toxin A (BTX-A). After therapy, FMA, Motor
Activity Log (MAL), and Disability Assessment
Scale (DAS) scores significantly improved at two
weeks and four months (p 0.05), except DAS scores
at four months (p 0.068). The fNIRS study showed
that cortical activation increased in the ipsilesional
primary sensorimotor area at two weeks and at the
four months follow-up.

Belfatto et al. (46) results showed: in FMA, all
patients gained at least 1 point (max pre-post diff of
9 points) (p = 0.06), while in Wolf Motor Function
Test (WMFT) scale, every subject reached at least 1
point of improvement (max A 5 points) (p = 0.06).
The EEG analysis showed that a desynchronization
was recognizable in primary motor cortex
bilaterally, in pre- and post-rehabilitation phases.
The desynchronization spreads from beta band to
all frequencies (alpha and beta) and from part of
the movement execution to the overall movement
execution in both ipsilateral and contralateral areas.
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After training, ERD occurs even in the PRE-
MOYV window. Despite this result, a decreasing trend
is evident in the alpha band for the ipsilateral and
contralateral hemispheres, meaning that ERDi(T1)
< ERDi(T0) and ERDc(T1) < ERDc(T0), while
an average ERD intensification occurred for the
contralateral side only in the beta band. There is not
a clear trend in the alpha-based laterality coefficient
(LC) distribution pre/post-treatment since both
ERDi and ERDc decrease, while LC in the beta
band moves from negative (T0) to positive (T1)
values (ERDc decreades while ERDi seems stable).
this study, some of the EEG findings suggested that
neuroplastic processes are taking place at the cortical
level. In particular, the enhancement of the ERD in the
contralateral side, in the alpha band, and the increase
of the LC, in the beta band, suggest the possible
partial reorganization of the cortical lesioned areas,
that are reflected, at a lower hierarchical level, by a
modified proximal kinematics and, consequently, by
slightly altered motor module recruitment patterns.

In Brauchle et al. (40) tested the feasibility of
three-dimensional robotic assistance for reaching
movements with a multi-joint exoskeleton during
motor 1imagery (Ml)-related desynchronization
of sensorimotor oscillations in the B-band. All
participants had very similar patterns of robot control
regardless of the clinical condition (healthy/patient)
or the feedback modality (proprioceptive/visual),
but patients showed lower average performances
than their healthy counterparts with proprioceptive
feedback for the full feedback duration, A distributed
cortical network of task-related coherent activity in
the 0-band showed significant differences between
healthy subjects and stroke patients as well as
between early and late periods of the task. Also
Chowdury et al. (35) have used a BRI system: the
group-mean increase in the performance of the
h-BRI, basis of its classification accuracy (CA), was
19.01% (p value<0.05, paired t-test). The last session
the average CA increased up to 77.17£3.65% shows
that correlation of band-limited power time-courses
(CBPT) based h-BRI have a positive impact on the
control of a robotic device in stroke patients.

Grip Strength (GS) and ARAT also showed
significant (p value<0.05, paired t-test) improvements

F. BRESSI ET AL.

in hand functionality (group-mean change in GS
+9.83 kg and in ARAT score was +23.75). Results
of the average beta band ERD/ERS for every EEG
channel in the first and last session of treatment
showed significant (p value<0.05, paired t-test)
reduction in both the ipsi- and contra-lesional beta
desynchronization for all the participants.

Instead Rathee et al. (36) used a BCI system
driven robot-assisted to verify neurophysiological
patterns associated with this system. Results showed
an increase in the ARAT score was observed for all
the participants (p =0:00028). The minimal clinically
important difference (MCID) values for grip strength
were reported as 5.0 and 6.2 kg and for ARAT as 12
and 17 points (impaired dominant and nondominant
UL). MEG connectivity analysis provided significant
functional connectivity sub-networks for alpha (8-
15 Hz), beta-low (15-26 Hz), beta-high (26-35 Hz)
frequency bands; however, these sub-networks were
stable only for beta-low (15-26 Hz) band. For all
the participants, the intra-hemispherical FC values
in motor cortical regions involving M1, S1 and
SMA ipsilesional and contralesional hemispheres
increased with UL functional recovery. Thus, the
group analysis showed increase in node strengths
in the motor cortex region and decrease in the node
strengths in the frontal, parietal and occipital areas
of the contralesional hemisphere.

These findings were consistent with the theory
of bilateral motor cortical association with UL
recovery and predict novel FC patterns that could be
important for higher level cognitive functions. BCI
system was also used in Ang et al. (33) and Tung
et al. (37) studies. In the first one (33) the purpose
was to investigate the efficacy of an EEG-based MI
BCI system coupled with MIT-Manus shoulder-
elbow robotic feedback for subjects with chronic
stroke with upper-limb hemiparesis to detect inter-
hemispheric asymmetry (56).

Results pointed out that mean total FMA scores at
weeks 0,2, 4, and 12 weeks improved for both groups
(Manus with or without BCI): 26.3 + 10.3, 27.4 +
12.0,30.8+13.8,and 31.5+13.5 for BCI-Manus and
26.6+£18.9,29.9+20.6,32.9+21.4,and 33.9+20.2
for Manus, with no intergroup differences (P =.51).
More subjects attained further gains in FMA scores
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PEDRO Criterion Ang et al. 2014 Bae et al. 2017 Baghat et al. Belardinelli et al | Belfatto et al. Brauchle et al
2014 2017 2018 2015
Eligibility criteria 1 0 1 1 1 0
Random allocation 0 0 0 0 0 0
Concealed allocation 0 0 0 0 0 0
Baseline comparability 0 0 0 0 0 0
Blind subjects 0 0 0 0 0 0
Blind therapists 0 0 0 0 0 0
Blind assessors 1 1 1 1 1 1
Adequate follow up 1 1 1 1 1 1
Intention-to-treat analysis 1 1 1 1 1 1
Between-group 1 0 1 0 0 0
comparison
Point estimates and 1 1 1 1 1 1
variability
Total 6/10 4/10 6/10 5/10 5/10 4/10
Percentage score 60% 40% 60% 50% 50% 40%
PEDRO Criterion Calabro et al. Calabro et al. | Chowdury et al. | Gandolfi et al. Nam et al. 2017 | Pellegrino et al
2017 2019 2013 2018 2012
Eligibility criteria 1 1 0 1 1 1
Random allocation 1 1 (] 0 0 0
Concealed allocation 0 1 0 0 0 0
Baseline comparability 1 1 0 0 0 0
Blind subjects 1 0 0 0 0 0
Blind therapists 0 0 0 0 0 0
Blind assessors 1 1 1 1 1 1
Adequate follow up 1 1 1 1 1 1
Intention-to-treat analysis 0 1 1 1 1 1
Between-group comparison 1 1 0 0 0 0
Point estimates and variability 1 1 1 1 1 1
Total 8/10 8/10 4/10 5/10 5/10 5/10
Percentage score 80% 80% 40% 50% 50% 50%
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PEDRO Criterion Rathee et al Saita et al. Sale et al. 2015 | Saleh et al. Saleh et al. Sergietal. 2011
2019 2016 2012 2017
Eligibility criteria 0 0 0 1 1
Random allocation 0 0 0 1 0
Concealed allocation ] 0 ] 1 0
Baseline comparability 0 0 0 1 0
Blind subjects 0 0 0 0 0
Blind therapists 0 0 0 0 0
Blind assessors 1 1 1 1 1
Adequate follow up 1 1 1 1 1
Intention-to-treat analysis 1 1 1 1 1
Between-group comparison 0 0 0 1 0
Point estimates and variability 1 1 1 1 1
Total 4/10 4/10 4/10 4/10 8/10 5/10
Percentage score 40% 40% 40% 40% 80% 50%
PEDRO Criterion Trujillo et al. Tung et al. Vahdat et al. Vlaar et al. Wang et al
2017 2013 2019 2017 2018
Eligibility criteria 0] 0 (0] 1 1
Random allocation 0 0 0 (o] 0
Concealed allocation 0o 0 (o] (o] (o]
Baseline comparability ] 0 o] 0 [o]
Blind subjects o] 0 o] (o} [o]
Blind therapists ] 0 o] 0 [o]
Blind assessors 1 1 1 1 1
Adequate follow up 1 1 1 1 1
Intention-to-treat analysis 1 1 1 1 1
Between-group comparison [0} 0] [0} 0] [0}
Point estimates and variability 1 1 1 1 1
Total 4/10 4/10 4/10 5/10 5/10
Percentage score 40% 40% 40% 50% 50%
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at week 12 in BCI-Manus (7 of 11 [63.6%]) versus
Manus (5 of 14 [35.7%]). A negative correlation was
found between the rBSI and FMA score improvement
(P=.044). The rBSI captures the asymmetry in spectral
power between the two cerebral hemispheres and is
normalized between 0 for perfect symmetry and 1 for
maximal asymmetry: the results showed that patients
with higher asymmetry on EEG tend to gain less
motor improvement. In Tung et al. study (37), the EEG
signals recorded during the course of upper limb stroke
rehabilitation using motor imagery BCI were analyzed
to better understand the effect of BCI therapy for post-
stroke rehabilitation. Significant improvement in the
FMA scores was reported for five of the six patients
(p =0.01). The analysis showed that the number of
sessions with cortical index (CI) > 0.5 correlated with
the change in the FMA scores (Pearson’s correlation
coefficient of 0.819, which is statistically significant
with p = 0.046). Improvement in motor recovery was
associated generally with increasing activation in the
lesion hemisphere during the BCI therapy.

Table IV. Levels of evidence by Oxford Centre for
Evidence-based Medicine.

Author and year of pubblicati Levels of Evidence

Ang KK et al. 2014 1b
Bae SJetal. 2017 3
Baghat NA et al. 2014 3
Belardinelli P et al. 2017 3
Belfatto A et al. 2018 3
Brauchle D et al. 2015 2b
Calabro RS et al.2017 2b
Calabro RS et al.2019 1b
Chowdury A etal.2013 3
Gandolfi M et al.2018 2b

Nam HS et al.2017

Pellegrino G et al.2012

Rathee D et al.2019

Saita K et al.2016

Sale P et al.2015 3

Saleh S et al.2012 2b

Saleh S et al.2017

Sergi et al..2011

Tung SW et al 2013

3
3
Trujillo P et al.2017 3
3
3

Vahdat S et al.2019

Vlaar MP et al.2017 2b

Wang X et al.2018 2b
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Regarding the studies that investigated the
somatosensory system, Vlaar et al. (32) showed that,
under passive conditions, wrist manipulation resulted
in contralateral cortical responses in unimpaired and
chronic stroke participants with mild and no sensory
impairment. In participants with severe sensory
impairment the cortical responses were strongly
reduced in amplitude, which related to anatomical
damage. Under active conditions, participants with
mild sensory impairment showed reduced responses
compared to the passive condition, whereas
unimpaired and chronic stroke participants without
sensory impairment did not show this reduction.
Vahdat et al. (34) investigated if proprioceptive
training modulates functional
sensory-motor networks and improves reaching
accuracy in chronic stroke. Two networks showing
training-associated functional connectivity (FC)
change were identified. Network C1 was present
in all patients and network C2 only in patients with
FM scores > 7. Relatively larger C1 volume in the
ipsilesional hemisphere was associated with less
impairment (r=0.83 for NSA, r=0.73 for FMA).
This association was driven by specific regions in
the contralesional hemisphere and their functional
connections (supramarginal gyrus with FM scores
r=0.82, S1 with NSA scores r=0.70 and cerebellum
with NSA score r=10.82). Also Nam et al.(53)
evaluated recovery of proprioception, but using
mirror therapy: at the follow-up evaluation, thumb
finding test (TFT) score improved from 2 to 1 for
eye level and from 3 to 1 for overhead level, other
parameters revealed no difference before and after
treatment. The fMRI during the passive motion
revealed a considerable increase in brain activity
at the lower part of the right superior parietal
lobule, suggesting the possibility of proprioception
enhancement.

connectivity of

Methodological quality assessment

Methodological quality assessment was rated
using The PEDRO Scale (30) and Levels of Evidence
by Oxford Centre for Evidence-based Medicine
(31). As regards the PEDro score percentage, it
ranged from 40% to 80% (Table III), while Level of
Evidence varied between 1b and 3 (Table 1V).
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Fig. 2. Risk of bias Assessment

Manager — RevMan.

Tool of the Review

Risk of bias in included studies

The Risk of bias Assessment Tool of the Review
Manager - RevMan (version 5.3. Copenhagen: The
Nordic Cochrane Centre, The Cochrane Collaboration,
2014) has been used by the reviewers to classify the
risk of bias for each selected study (Fig. 2). All the
included studies show a low risk of attrition bias
thus pointing out a comprehensive description of
outcome measures and a complete data analysis (no
missing data were reported) and a high risk of other
bias. Conversely, a clear discrepancy exists among
studies about other bias: mostly presented a high risk
of selection bias ad allocation bias due to the lack of
randomization sequence generation and allocation
concealment. Moreover, in many studies it has not
been specified whether the evaluator of the outcomes
was blind. It is important to highlight that reporting bias
were considered unclear for nineteen studies out of 24.
This is because most of the studies are pilot, so often a
control group has not been randomized. This is because
it was not possible to carry out a check of the outcomes
evaluated in the various studies due to the lack of a
registered clinical protocol and the lack of studies to
compare them given the novelty of the subject matter.

DISCUSSION

Stroke is the second most common cause of
death and the third most common cause of disability
worldwide. It often results into impairment of
upper limbs’ function (57). This leads to a loss of
independence in ADLs, a reduction in patients’ QoL,
and, considering the geriatric population growth in
future, it will bring to a high healthcare burden. The
recovery of the motor function of the paretic limb
has always been a challenge for rehabilitation. In
this field, robotic rehabilitation constitutes a valid
therapeutic response. Several studies report the
effectiveness of robotic treatment in recovery after
stroke outcomes and these effects would be due to
its role in stimulating neuroplasticity. However, the
precise mechanisms underlying this reorganization
remain to be explained. Therefore, the purpose of
this study was to review the current literature that,
through clinical studies, investigates the effect of
robotic treatment of the upper limb on neuroplasticity
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development in patients affected by chronic stroke.

In past years, the chronic stage of stroke was not
considered as a phase of possible recovery: it was
thought that patients could recover lost abilities only
in the acute/subacute phase (< 6 months). The patients
reached a “plateaux”, a maximum level of recovery
beyond which they could not recover. With the
advent of new technologies (i.e. robots) it was seen
how this obstacle could be overcome: patients are
stimulated in a different way than traditional therapy,
with repetitive movements and intense training,
that activate and promote motor recovery and brain
reorganization (25). Calabro et al. (28) highlight this
aspect, stating that robotic hand training stimulated
a more evident reshaping of movement-related brain
oscillations and connectivity, a stronger rebalance
of the mechanisms of sensorimotor integration and
plasticity of corticospinal excitability between the
affected and unaffected hemispheres.

These mechanisms suggest that, after training,
there is a more efficient interhemispheric
information transfer in robotic rehabilitation group.
Also, Pellegrino et al. (41) highlight changes in
inter-hemispheric functional connectivity: in their
study robotic treatment improved hand motor
control ability in patients and modulated the inter-
hemispheric connectivity in resting state. In this way,
patients can reach a better motor performance and, in
this case, improve their fine hand control.

Like Pellegrino, Sergi et al. (42) speculate that
the observed reduction in functional connectivity
between the Mls during the resting state may
underlie gains in motor function after the robot-
aided rehabilitation program: as suggested by
previous studies (58), motor recovery after stroke is
promoted by a reduction in the inhibitory influence
of the contralesional M1 on the ipsilesional M1. This
statement is shared by the results of the above article,
confirming a possible neuronal reorganization even
in chronic stroke. Furthermore, these results agree
with several neuroimaging studies that have proposed
that the effectiveness of motor rehabilitation could
be predicted by changes in SMN activity (59, 60).
Trujillo et al. (43) evaluate changes in EEG, in
particular the utility of QEEG indices to predict
motor recovery.
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High PRI and DAR values are associated to
poorer outcomes in patients that underwent robot-
assisted therapy. This study pointed out that there is
a tendency of better outcomes for patients that have
low DAR and PRI values and that reduced delta and
theta activity seemed to be associated with favorable
outcomes: these results suggest that better clinical
outcomes come from higher frequency bands in brain
activity. Therefore, it is possible that QEEG indices
may be useful to predict motor outcomes, offering
valuable information for clinical decision-making.

Since the robot is a machine, it can be used in
different modalities: generally, the most used are the
passive, in which it is the robot that carries out the
movement, and the active, in which the patient has
to carry out the movement (13). There is converging
evidence that training protocols consisting of both
active and passive movements (with or without visual
feedback) tend to be more beneficial than passive
movementalone in functional and neurophysiological
outcomes (61, 62). However, there is initial evidence
suggesting that passive training may induce cortical
reorganization, providing evidence for the notion
that proprioceptive training could improve motor
function. Robots might increase the sensorimotor
experience by providing novel patient-environment
interactions through passive and passive-mirrored
repetitive training. This is provided by Gandolfi et
al. (39): passive robot-assisted bilateral arm training
(R-BAT) may sustain improvement in upper limb
functioning in chronically impaired stroke patients
and induce specific changes in the sensorimotor
network. This process may be facilitated by two
mechanisms: one consists of the simultaneous
activation of both hemispheres, which is thought to
facilitate activation of the damaged hemisphere by
reducing transcallosal inhibition from the unaffected
hemisphere; the second mechanism involves
facilitation of the controlesional uncrossed spinal tract
and spared indirect corticospinal pathways. For these
reasons, R-BAT programme could be considered as
an adjuvant in physical therapy. Instead Bae et al. (48)
focused on the optimal condition of speed for passive
wrist movement performed by a robot in chronic
stroke: this was identified in 0.75 Hz, because it was
the speed associated to the greatest activation of the
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SM1, PMA and SAC as demonstrated from the luck
of significant differences of AOxyHb.

When the patients are unable to perform the tasks
in the training, some robots present the assisted
mode, in which the same robot starts or completes
the movements when the patient cannot make them.
In this way, the patient still manages to make the
experience of movement and, consequently, to
receive and process information that, without the
help of the robot, would not have (13).

Baghat et al. (38) use four different training
modalities: Active or Backdrive, Passive, Velocity
Triggered and Observation. In this study the
author aimed to investigate MRCP, movement-
related cortical potentials, in order to differentiate
movement intention in participants compared to
rest with relatively high accuracy. MRCP were
identify in three of four modalities (Backdrive,
Passive & Triggered): this provides initial evidence
for the potential applicability of MRCP as a neural
control signal for a brain-machine interface to
robotic systems in stroke survivors and encourages
combining neural-robotic intervention to increase
active patient engagement during rehabilitation.
This resultis shared with Wang et al. (49) study: their
findings might imply that the neuroplasticity could
be promoted more profoundly by the intervention
with neurofeedback and might be shaped to achieve
better motor skills acquisition. In fact, the group
who received combined action observation with
EEG guidance obtained significant improvements
in the paretic motor functions and significant
increase in the temporal variability in the analyzed
subnetworks respect the one without it. Feedback
can make robotic treatment more effective: virtual
reality, somatosensory stimulation and integration
with peripheral and central interfaces could help to
improve recovery results.

Interfaces

Several interfaces are used in robotic rehabilitation
in chronic stroke: most common are brain computer
interface (BCI) and brain robot interface (BRI). BCI
was used in three studies: Ang et al. (33), Rathee
et al. (36) and Tung et al. (37). The last one (37)
suggested that improvement in motor recovery most
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likely comes from increasing activation in the lesion
hemisphere during BCI therapy and the result agrees
with existing multimodal studies.

Results obtained suggest that aside from the natural
recovery of the subjects, the 2 weeks BCI therapy is
generally effective for post-stroke rehabilitation. It
seems possible to track the effect of BCI technology
on brain plasticity directly using EEG signals.
According with these findings, Ang et al. (33) showed
a negative correlation between rBSI and FMA score:
patients with higher asymmetry on EEG had lower
motor improvements. ERD is an index of neuronal
desynchronization: considering that anodal tDCS
increases cortical excitation of the ipsilesional M1
(63) tDCS may contribute to increased activity in
desynchronized neurons during MI.

The increased excitability of the affected
hemisphere could contribute to the rebalancing of
interhemispheric inhibitory competition, which as
previously mentioned, is altered after a stroke. In
addition, the online accuracy readings of MI-BCI
were greater in subjects who had performed tDCS.
These results confirm the existence of a facilitatory
effect of tDCS on MI-BCI with robotic feedback in
post-stroke rehabilitation. In this case, the movement
initially imagined by the patient through the MI
and subsequently reproduced by the MIT-Manus
passively, providing visual and motor feedback,
closed the proprioceptive loop. These results are
in accordance with the discovery of an activity-
dependent competition between injured and non-
injured corticospinal systems, resulting in persistent
asymmetry and associated poor healing (64).

The discovery of a correlation between rBSI on
the EEG and motor disability reduction suggests the
potential use of rBSI as a prognostic measure for BCI-
based stroke rehabilitation. BCI could potentially be
used as an objective measurement and feedback tool
for an accurate assessment of the effects in terms of
functional recovery of the MI and could be a viable
alternative for subjects unable to attend intensive
robotic training. Rathee et al. (36) estimate the brain
connectivity networks using resting-state (RS) MEG
signals at five different sessions in conjunction with
a multi-modal rehabilitative therapy.

The authors observe a lateralized reorganization of a
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fronto-parietal network wherein the ipsilesional and
the contralesional hemispheres showed enhanced and
reduced connectivity strengths, respectively. Fronto-
parietal connectivity is known to be involved in top-
down attentional control and visuospatial processing.
These findings are consistent with the theory of
bilateral motor cortical association with UL recovery
and predict novel FC patterns that can be important
for higher level of cognitive functions.

Three study (35, 40, 52) based their rehabilitation
programme on BRI. Brauchle at al. (40) illustrated
that BRIs may successfully link three-dimensional
robotic training to the participant’s effort and allow for
task-oriented practice of activities of daily living with
a physiologically controlled multi-joint exoskeleton.
Changes of cortical physiology during the task might
also help to make subject-specific adjustments of task
difficulty and guide adjunct interventions to facilitate
motor learning for functional restoration, a proposal
that warrants further investigation in a larger cohort
of stroke patients.

Chowdhury et al. (35) affirmed that the
neurophysiological changes, measured by beta band-
power change, supported the motorrecovery outcome,
which further reinforces the feasibility of the CBPT
based h-BRI system for hand functional recovery.
CBPT, correlation of band-limited power time-
courses, is a measure of cortico-muscular coupling
and it is used as a feature for providing multimodal
neurofeedback for hand exoskeleton based therapy:
the fact that, in last session, classification accuracy
increases significally shows that CBPT based
h-BRI have a positive impact on the controllability
of a robot device by stroke patients. This leads to
a higher motivation level for the patients that helps
them engage more with the task, follow by a higher
motor recovery and confirmed by a reduction in both
ipsi- and contra-lesional desynchronization. Like
previous study, Belardinelli et al. (52) investigated
and confirmed the role of cortico-muscular coherence
using a BRI: results show that non-primary motor
cortex and contralesional sources of CMC are
dynamically modulated by therapeutic interventions
despite severe and persistent motor impairments in
the chronic stage after stroke.

The results of these studies demonstrate the
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importance of an integrated rehabilitation approach:
BCI, MI-BCI, BRI and Robot. These systems propose
that the assistance follows the user’s motor intention,
with the consequence being that stronger cortical
changes are induced. These evidences pave the way
for new combined and personalized interventions,
where closed loop decoding of brain activity plays
a key role for maximizing the sensorimotor recovery
(27). Therefore, we can see that cortico-muscular
coherence was analyzed in two BRI studies: CMC
could be considered a biomarker and therapeutic
target for supporting recovered function with novel
treatment approaches in severely impaired stroke
patients, however more research are necessary to
confirm this results.

Virtual reality

In the two studies (50,51) carried out by
Saleh et al., visuomotor feedback received by
the subjects in the RAVR (robot-assisted virtual
reality) group may have facilitated a re-activation
of the lesioned hemisphere that is not present in the
control group. The patterns of brain reorganization
suggest that an adaptive compensatory process in
the contralesional hemisphere might have driven
clinical improvement in the control group. Instead,
improvement in the RAVR group may have been
attributed more to reinstatement of activity of
ipsilesional sensorimotor networks, which results
in a diminished overactivation of the unaffected
hemisphere required to compensate the lost function
of injured areas. This effect may be attributed to
the influence that augmented visual and haptic
feedback during RAVR training exerts over higher-
order somatosensory and visuomotor areas. These
results show that virtual reality combined with
robotic assisted training were identified as viable
means of providing therapy to reinstate desirable
changes in the brain.

Somatosensory system

Somatosensory system was analyzed in three
study (32,34,53). In two studies (34,53), patients
improved in proprioception, however there are
mixed results regarding motor recovery. Vahdat et
al. (34) demonstrated that even a single session of
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robt controlled proprioceptive training can induce
connectivity changes in respective networks, which
are associated with residual motor and sensory
function, and translates into improved motor function
in most individuals. Instead, Nam et al. (53) suggested
the possibilities of enhancing proprioceptive function
by using the robotic mirror system, but the capacity
for recovery of motor power have been too small. To
date, it is impossible to say which of the two theories
is superior to the other: if Vahdat got results both at the
motor and proprioceptive level, his claims are due to a
single session of treatment. On the other hand, Nam et
al. have enlisted only one patient, so it is not possible
to generalize the results obtained. Further studies
are necessary to verify the role of proprioception on
recovery of motor function in stroke patients. Instead
Vlaar et al. (32) quantitatively assessed the integrity
of the somatosensory system using EEG and a robotic
manipulator that applies periodic disturbance to wrist
joint: this system allows quantitative assessment of
evoked cortical activity reflecting proprioceptive and
tactile information during meaningful upper limb
control tasks executed under both passive and active
conditions.

Combined therapy

Robotic therapy is associated with other therapies,
which often amplify the result. Two articles combine
different therapies with robotic therapy: Calabro et
al (44), associates muscle vibration (MV) and Saita
et al. (47) injections of botulinum toxin. Both have
obtained positive results. Calabro et al. (44), MV
induced a MAS decrease, paralleled by an HMR
decrease and a SICI strengthening in all the patients
of group-A who underwent MV-robot rehabilitation
(ArmeoPower, Hocoma, Volketswil, Switzerland).
The stronger effect of the combined approach on
spasticity and upper limb functions may depend on a
sort of associative plasticity between the two coupled
trainings, which could have reshaped corticospinal
plasticity with a consequent reduction of segmental
excitability at the spinal level and an entrainment
of recovery processes at the cortical level. Saita
et al. (47) work demonstrates clinical efficacy of
combining robot therapy with BTX-A injection.
Robotic therapy motivates patients and facilitated use-
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dependent neuroplasticity: the present study showed
increased cortical activation of the ipsilesional
hemisphere following 2 weeks of training and of both
hemispheres at the 4-month follow-up, associated
with changed motor-related cortical activity, even 4
months after BTX-A injection.

Both combined approach led to a greater
improvement in mood, anxiety, and upper limb
motor function (FMA-UE increase in both studies,
DAS score improve statistically in Saita study),
moreover the recovery of motor-related cortical
activity and the improvement of spasticity may have
stimulated patients motivating them to continue
using their affected limb, even after the end of robotic
rehabilitation (as confirmed by results obtained in
MAL scores in Saita et al. study).

Implications for practice

This review confirms that robotic therapy can
be used in clinical practice and in particular in
association with other rehabilitative strategies for the
recovery of upper limb impairment in chronic stroke
patients, because of its effectiveness in promoting
motor control and stimulating neuronal plasticity.
Moreover, robotic therapy has also proved to be safe
and well tolerated. In addition, the use of feedback
and biofeedback (e.g. proprioception, virtual reality
and BRI/BCI) can be of support to improve the
rehabilitative result.

Implications for research

The present systematic review opens the way to
further research in the field of robot assisted post-
stroke therapies of the upper limb. Firstly, the present
review emphasises the lack of a clear definition and
a common classification of robotic rehabilitation
devices. As regards treatment protocols, future
studies should be more detailed in the description
of the type of robot used, dosage, start times and
duration of treatment and in the stratification of the
population being treated. To achieve a reduced risk
of bias, future trials should include a population
of patients with similar characteristics. In the near
future, scientists should increase the number and
quality of RCTs; they should also include kinematics
parameters (mostly measured by the robot itself) as an
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additional measure to better monitor the improvements
due to robotic therapy in post-stroke patients.

Future robotic treatments should improve upper
limb capacity in ADL/IADL in addition to motor,
muscle and tone gains. A longer-term follow-up is
required to analyze the permanence of the robotic
treatment over time. A systematic safe procedure
for robot uses similar to that of drugs should
be considered. Finally, in order to describe and
understand the precise mechanism of neuroplasticity
and the recovery of the disability of the upper
limb on the basis of robotic therapy, future studies
should use internationally shared neuroimaging and
neurophysiological measures.

Limitations of this study

Evenifthisreview canhave importantimplications
for future research, there are some limitations.
Firstly, the low number of articles included link to
the fact that few researchers investigates the effect of
robotic treatment of the upper limb on neuroplasticity
development in patients affected by chronic stroke.
Other important limitations are correlated with the
enrollment: the small sample size, the absent of a
control group, the lack of follow up and the different
characteristics of subjects (e.g. type of stroke and
time of stroke) do not allow having sharable results.
Even the heterogeneity of robots and rehabilitation
protocols could be a limitation as there are no
shareable results: most of the studies only perform
one session of robotic rehabilitation, so it is not
possible to say with certainty that results obtained
are linked to this kind of therapy. In addition, the
outcome measures used to assess the effectiveness
of robotic therapy are not always the same as well as
neural imaging.

The data emerging from our review show the
effectiveness of robotic therapy in promoting
mechanisms that facilitate re-learning and motor
recovery in patients with chronic post-stroke
disabilities, especially when combined with other
methods (i.e. VR, BRI and BCI) in an integrated
rehabilitation approach. However, the precise
mechanisms underlying neural reorganization and
neuroplasticity require further study. The understanding
of the processes of neuroplasticity induced by robots
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may have useful clinical implications, allowing us to
follow the progress of patients, estimate a prognosis of
recovery of motor function, and plan more personalized
rehabilitation methods.
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Hand motion analysis during robot-aided rehabilitation in chronic stroke
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A high percentage of post-stroke patients reports spasticity and no functional use of the upper limb. To adapt
the therapy in the most patient-specific manner, it is of paramount importance to objectively assess motor
improvement during rehabilitation therapy. In this paper, a quantitative evaluation of the results obtained
by using a commercial exoskeletal glove for hand rehabilitation (i.e. Gloreha Sinfonia®) is performed. A
camera-based calibration procedure for the bending sensors embedded in the Gloreha Sinfonia robotic glove
for hand rehabilitation is introduced to retrieve the range of motion (i.e. the flexion angle excursion of the
finger metacarpophalangeal joints) of the patients’ hand. Once calibrated, the sensors embedded in the glove
have been used to objectively assess the motor performance of chronic post-stroke patients that underwent
a robotic treatment with the Gloreha Sinfonia glove. The preliminary results obtained on ten post-stroke
patients demonstrated i) that the camera-based procedure permits to retrieve joints’ angular values from

bending sensors embedded in the glove ii) an improvement in motor performance.

Stroke can significantly affect people quality of
life, representing one of the leading causes of long-
term disability (1). In 2016, the Global Burden of
Diseases, Injuries, and Risk Factors Study (GBD)
found that worldwide there were 80 million of
stroke cases (2). Among 60% of survivors report
very limited or no functional use of the upper-limb
contralateral to the affected cerebral part. The hand
is characterized by a diminution of the Range of
Motion (ROM), expressed also in terms of spasticity,
which severely affects the level of autonomy of
these subjects (3). This highlights the importance
of restoring basic hand functions such as opening,
closing, grasping and releasing movements (4).

Over the years, it has been demonstrated that
repetitive exercises are suitable for recovering
some degree of hand motion after stroke. In this

perspective, robot-aided rehabilitation represents a
valid aid to conventional rehabilitation guaranteeing
not only an intensive motor tasks-based training,
but also providing a quantitative measure of motor
improvements (5). In the conventional rehabilitative
therapy, patients’ functional improvements are
monitored only by clinical scales and by therapists,
which make patient evaluation strongly subjective
and error prone. A quantitative evaluation lets the
therapist to assess the ROM of each single hand
finger, that could be affected by different degrees of
impairments, and consequently to intervene on the
deficit in a more precise manner.

End-effector machines/robots and exoskeletons
have been proposed in the literature to rehabilitate
the hand district of post stroke patients (6) and
different measures have been introduced to assess
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patient motor state (7, 8). It is therefore fundamental
to reconstruct the hand kinematics correctly and
accurately during treatment to extract performance
measures such as ROM, motion velocity, smoothness,
and inter-joint coordination (9). A variety of sensors,
such as accelerometers and extensometers, have
been embedded into robotic devices to extract
kinematic parameters and evaluate the effectiveness
of clinical treatments (6). Nevertheless, only a few
studies have been performed to clinically validate the
rehabilitation devices by also providing quantitative
measures of the motor performance. Frequently,
commercial devices do not provide kinematic data
to the users and it is therefore necessary to find an
alternative solution to acquire this information.

This work is focused on the quantitative evaluation
of the results obtained by using Gloreha Sinfonia®
(Idrogenet, Italy) (10), a commercial exoskeletal
glove for hand rehabilitation. A few studies have
been performed to investigate the efficacy of this
device mainly on subacute patients (11). However,
these studies do not provide quantitative measures of
patients’ motor improvements.

Therefore, the objective of this study is to
retrieve hand joint angles from the angular sensors
embedded in the Gloreha Sinfonia to objectively
evaluate motor performance of chronic post-stroke
patients that underwent a robotic treatment with
the Gloreha Sinfonia. To this purpose, a specific
calibration procedure that associates voltage from
glove bending sensors to angles obtained from an
optoelectronic motion capture system has been
developed. It has been used for acquiring hand
joint angles during therapy. Motor improvements
of the subjects’ hands have been measured by
comparing patients’ ROM at the beginning and at
the end of the treatment. Clinical scales have been
also submitted to patients.

The paper is organized as follows: in Section 3
the experimental setup and protocol are described so
as the calibration procedure of the bending sensors
embedded in the glove. Section 4 is focused on the
preliminary experimental results obtained during the
therapy with post-stroke patients. The discussion is
provided in Section 5 and Conclusions and future
directions are in Section 6.

F. CORDELLAET AL.

MATERIALS AND METHODS

Gloreha Sinfonia
Gloreha Sinfonia® is a robotic exoskeleton for robot-

aided neurorchabilitation (Fig. 1). It is composed of three

independent modules:

* A motorized glove for hand mobilization driven by
five permanent magnetic actuators (LA12 Actuator,
TECHLINE). Each actuator commands the tension
of a cable connected to the corresponding finger. This
glove is controlled by a motor unit placed distant from
patient, to maximize patient safety and ergonomics of
the glove. The motor unit is connected to the computer
by means of USB protocol.

* An instrumented glove in which five Bend-Sensors
(Flexpoint Inc.) are positioned. The sensors are placed
on the glove fingers in proper positions. Sensors are
connected to an electronic board, that decodes signals and
send them to the computer by means of USB protocol.

* A software for acquiring sensors data and controlling
motors, installed on a touchscreen computer. It
integrates virtual reality environments to replicate
activities of daily living (ADLs) in a simulated
scenario. This software implements different kinds of
tasks, as grasping and moving objects. The motorized
glove can be used as an independent module for passive
mobilization of the hand or in combination with the
instrumented glove to perform one-handed or bimanual
tasks. Gloreha Sinfonia is equipped with two passive
arm-weight supports fixed to an ergonomic table, to
provide relief of limb weight force during the execution
of the tasks. Moreover, the software of the Gloreha
Sinfonia can record success rate of different tasks to
allow monitoring patient improvements.

Fig. 1. The Gloreha Sinfonia®.
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Calibration procedure

To perform an objective evaluation of hand motion
improvements, a calibration of the bend sensors embedded
in the Gloreha Sinfonia has been performed. In fact,
the sensors return a voltage value corresponding to the
different joint angles, but this correspondence is not
directly provided by the manufacturer, therefore, in order

Fig. 3. Protocol for marker placement. Marker names are
outlined in red and the reference frames are shown in yellow.
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to measure the joint angles, and consequently the ROM
(i.e. the difference between the maximum and minimum
flexion angles of the hand fingers), of each finger during
therapy, the need for a procedure that associates voltage
to angles is evident.

The BTS Smart D optoelectronic system has been
adopted to acquire the 3D coordinates of retroreflective
markers positioned on the glove (Fig. 2). The BTS is made
of 8 optoelectronic cameras with an acquisition rate of 60 Hz
and <0.2mm accuracy. A modified version of the protocol
presented in (12) has been implemented for retroreflective
marker positioning and angle reconstruction. Due to the
mechanical structure of the Gloreha Sinfonia, only the
flexion/extension (F/E) angles of the MetaCarpoPhalangeal
(MCP) joints have been reconstructed. In fact, the
underactuated mechanisms guarantee that when MCP
joints flex, also the other hand joints flex. Furthermore, the
cables present on the glove make the reconstruction of the
other joint angles not reliable.

Eighteen markers have been positioned on the glove
as shown in Fig. 3. The markers B1, B2 and B3 have been
positioned on the hand dorsum and constitute the reference
frame of the system. Three markers have been positioned
on each finger in correspondence of the MCP and Distal
Inter-Phalangeal (DIP) joints, and of the fingertips (TIP).
The reference frames of each joint are outlined in yellow.

The F/E angles of the MCP joints are retrieved by
means of a sequence of three elementary rotations (with
respect to X, Y and Z axes) expressed by a set of Euler
angles. The Gloreha Sinfonia is characterized by gloves
of different sizes (i.e. XS, S, M, L, XL) to be adopted with
hands of different dimensions. Five people whose hands
fit the glove size have been involved in the calibration
procedure. The sensors of both left and right glove of each
size have been calibrated. After wearing the glove, the
subject hand has been actively moved by the motorized
glove to reach the maximum closure configuration.

Once the maximum flexion angle was reached with all the
five fingers, the glove has been opened till to its maximum
aperture. This action has been repeated 8 times and each
time both the voltage from the glove bending sensors and the
marker 3D coordinates have been synchronously acquired.
A second order polynomial function has been used to fit
voltage and angles. The obtained polynomial coefficients
have been used to retrieve joint angles of each hand from the
bending sensor voltage during therapy.
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Experimental protocol

Ten chronic stroke patients have been involved in this
study. All enrolled subjects referred to the Department of
from October 2017 to December 2017 and were examined
by a Physical and Rehabilitation Medicine specialist.
All the subjects enrolled met the following inclusion
criteria: ischemic or hemorrhagic chronic stroke (>6
months) confirmed at brain imaging; absence of cognitive
impairment (MMSE>24), Modified Ashworth Scale
<3. The exclusion criteria were chronic arm deformity;
muscle-skeletal or peripheral nerve disorders, complex
regional pain syndrome; severe neglect. The characteristics
of the subjects and the type of treatment they underwent
are listed in Table I.

Subjects were divided into two groups of treatment
according to their ability of actively extend the wrist of
20 degrees (group A) or not (group B): group A received
active robotic Gloreha Sinfonia treatment (i.e. the robotic
glove assists patient motion only when needed), group
B received passive robotic Gloreha Sinfonia treatment
(i.e. the robotic glove moves the patients’ hand, and he/
she is completely passive). All participants underwent

Table L. Data of the involved patients.

F. CORDELLAET AL.

the following clinical evaluations at TO (before starting
the treatment) and at T1 (end of the treatment): Modified
Ashworth Scale (MAS), Fugl-Meyer Assessment Upper
Extremity (FMA-UE). The former is adopted to measure
the increase of muscle tone, and therefore, the level
of spasticity, the latter is used to assess sensorimotor
impairments in post-stroke patients. For the FMA-UE
only the section related to the wrist/hand is considered,
and for the MSA only the section about the fingers is
considered.

Group A (5 patients of 57+14.5 years old) underwent 20
consecutive daily sessions of treatment lasting 40 minutes
each (from Monday to Friday). Each session consisted of
8 minutes of object grasping; 8 minutes of water pouring;
8 minutes of cubes stacking; 8 minutes of tridigital grip;
8 minutes of opening and closing of the hand. During
active treatment, sensors installed on each glove finger
recognized active movements, returning assistance only
in case of need.

Group B (5 patients of 64.4+12 years old) underwent
20 consecutive daily sessions of treatment lasting 40
minutes each (from Monday to Friday). Each session

subject | gender | age | time from | lesion affected |[treatment

no. event side
1 F 54 8y hemorrhagic|  left active
2 F 77 6y ischemic left passive
3 F 57 6y ischemic right passive
4 M 61 4y hemorrhagic left active
5 F 57 26y ischemic left passive
6 M 50 Ty ischemic left active
7 F 53 10y ischemic left passive
8 F 79 ly ischemic left active
9 M 40 6y ischemic left active
10 M 78 17y ischemic right passive
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consisted of: 7 minutes passive flexion and extension of
each single finger; 7 minutes of passive counting (from 1
to 5); 7 minutes of passive opposition of the thumb to the
other fingers (from the second to the fifth); 7 minutes of
opening and closing the hand with a wave movement; 7
minutes of opening and closing the hand; 5 minutes of
random flexion and extension of each finger.

Furthermore, two evaluation sessions were performed:
each patient, at TO and T1, was required to wear the
instrumented glove (see Sect. 3.1) on the injured limb
and, therefore, to open and close the hand five times in
order to evaluate the maximum extension capacity of the
limb. The study was conducted under Ethical Committee
approval (Ethical Approval N. 41/17 OSS Com Et CBM)
and in accordance with the Declaration of Helsinki. All
patients gave their written informed consent.

RESULTS

Voltage and angles have been fit by means of a
second order polynomial function with a R*=0.97,
demonstrating the goodness of the fitting. In order
to measure motion improvements due to the therapy
by means of Gloreha Sinfonia, the ROM of the
patients’ hand joints has been measured during the
two evaluation sessions, i.e. at the beginning (TO0)
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and at the end (T1) of the treatment. In Fig. 4, mean
value and standard deviation of the ROM of all the
fingers measured for each patient at 70 and 7'1 are
shown. The ROM mean value (+ standard deviation)
computed on all the involved subjects at TO is equal
to 35.74£9.8 degrees and the one computed at T1 is
equal to 44.8+1 degree.

Due to the spasticity, the hand starting position
(in which the finger joint angles should be equal to
0) is different for each subject. The increase of the
final ROM value should be therefore considered as
an increase of the patient capacity to vary the hand
aperture.

The FMA-UE value for the hand/wrist district
and the MAS for the fingers at TO and T1, measured
for all the subjects, are reported in Table II. Mean
and standard deviation computed on all the involved
subjects is also reported.

To wunderstand if the FMA-UE values are
correlated with the increase of the ROM and to
verify if the rehabilitation treatment with the Gloreha
Sinfonia improves patients’ motor performance, a
statistical analysis has been carried out. Since data
are not normally distributed, the correlation has been
measured through the Spearman’s rank correlation
coefficient p, and the statistical analysis has been
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Fig. 4. Mean value and standard deviation of the ROM of all the fingers measured for each patient at T 0 (up) and T 1
(bottom). Statistical significance between ROM computed at T0 and at T1 is indicated with *.
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Table I1. FMA-UE value for the hand/wrist district and MAS for the fingers at T0 and T1, measured for all the subjects.

subject no. [FMA-UE at TO[FMA-UE at T1| MAS at TO|MAS at T1

1 37 48 2 1

2 25 27 1 1

3 23 25 2 1

4 34 37 3 2

5 21 38 2 1

6 39 45 2 1

7 14 17 2 1

8 45 51 1 1

9 36 48 2 1

10 13 24 2 1
mean £sdv | 287+ 11%* 36 £12%* 2+047 | 1.2+0.42

Statistical significance between FMA-UE computed at T0 and at T1 is indicated with*.

performed by using the Wilcoxon signed-rank test.
The correlation between the array with the mean
values of the ROM computed on all the fingers for
each subject at T1 and the array with the FMA-UE
values at T1 is p = 0.63, meaning that there is a strong
correlation between the two values. The Wilcoxon
signed-rank test applied to the ROM and to the FMA-
UE values computed at TO and at T1 demonstrated
that there is a statistically significant difference in the
ROM and in the FMA-UE (p-value = 0.003 for the
ROM and p-value=0.002 for the FMA-UE) before
and after the therapy.

DISCUSSION

Although this paper reports preliminary results,
given the small number of involved post-stroke

patients, it is possible to make some interesting
observations. As evident from the data reported in
Table II and from the ROM values shown in Fig.
4, for the subjects with a higher improvement in
the FMA-UE score an increment of the ROM is
correspondingly found. It also corresponds to a
decrease in the spasticity level meaning that a better
clinical evaluation is reflected in an increase of the
patients’ capacity to actively reach higher closure/
aperture hand configurations. This is confirmed by
the presence of a correlation between the ROM and
the FMA-UE values.

Another interesting aspect is to study if the value
of the FMA-UE at TO can be used as a predictor
of the motor improvements the patient could reach
with the therapy. This information could be also
useful to identify the most appropriate rehabilitation
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treatment for each patient. Four of the five patients
(i.e. patients number 2, 3, 7, 10) with a pre-
treatment FMA-UE value at TO less than 30 showed
a ROM increment between TO and T1 less than 10
degrees (mean value is equal to 4.7+3.1), whereas
four of the five patients (i.e. patients number 1, 4, 6,
9) with FMA-UE value at TO higher than 30 showed
a ROM increment between TO and T1 higher than
10 degrees (mean value equal to 12.8+3.3). This
preliminary analysis confirms the possibility of
using the value of FMA-UE measured before the
treatment as an indicator of the motor improvements
the patient could reach after the therapy.

For all the involved subjects a statistically
significant difference in the ROM measured at TO and
at T1 has been found. It means that, independently
from the initial patient state, the therapy with the
Gloreha Sinfonia has positive effects on motion
performance. It is confirmed by the fact that a
statistically significant difference has been found
also in the FMA-UE measured at TO and at T1.

In this paper, a camera-based calibration
procedure to retrieve hand joint angles from data
obtained from bending sensors embedded in the
Gloreha Sinfonia robotic glove is presented. The
adopted procedure has been used to assess the
variation of the MCP joints ROM of 10 chronic
post-stroke patients due to a rehabilitation treatment
with the Gloreha Sinfonia glove and allowed us to
objectively evaluate patients’ motor improvements
during the robotic treatment. These values have
been measured during two evaluation sessions, i.e.
at the beginning (TO0) and at the end (T1) of the
treatment. FMA-UE and MSA related to the hand
district have been also submitted to the patients
during the evaluation sessions. The obtained results
demonstrated a statistically significant improvement
in the ROM and in the FMA-UE and a correlation
between the ROM and the FMA-UE. Future work
will be devoted to better validating the performed
analysis on a higher number of patients.
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Sensorized assessment of bilateral hand movements in patients with stroke driven by
rhythmic auditory or visual-auditory stimulation

S. Ghanbari Ghooshchy'?, M. Tosa'?, 1. Ciancarelli’, A. Cereatti*, P. Zoccolotti'?,
U. Della Croce®, S. Paolucci® and G. Morone?

'Department of Psychology, Sapienza University of Rome, Italy; ’IRCCS Fondazione Santa Lucia,
Rome, Italy, *Department of Life, Health and Environmental Sciences, University of L ’Aquila, Italy,
‘PoliToBIOMed Lab, Department of Electronics and Telecommunications, Politecnico of Turin,
Italy, °Department of Biomedical Sciences, University of Sassari, Italy

There is a growing body of literature about the efficacy in neurorehabilitation of the devices providing
rhythmic auditory stimulations or visual-auditory stimulations, such as videogames, for guiding the
patients’ movements. Despite being presented as tools able to motivate patients, their efficacy was not
been proven yet, probably due to the limited knowledge about the factors influencing the capability of
patients to move the upper limbs following an external stimulus. In this study, we used a marker less
system based on two infrared sensors to assess the kinematics of up and down in-phase and anti-phase
bilateral hand oscillations synchronized or not with an external stimulus. A group of stroke survivors,
one of age-matched healthy subjects and one of young healthy subjects were tested in three conditions:
no stimulus, auditory stimulus, and video-auditory stimulus. Our results showed significant negative
effects of visual-auditory stimulus in the frequency of movements (p = 0.001), and of auditory stimulus
in their fluidity (p = 0.013). These results are conceivably related to the attentional overload required
during the execution of bilateral movements driven by an external stimulus. However, a positive effect
of external stimulus was found in increasing the range of movements of the less functional hand in
all subjects (p = 0.023). These findings highlight as the type of stimulus may play a crucial role in the

patient’s performance with respect to movements that are not-externally driven.

In recent years, neurorchabilitation has been
supported more and more by technological devices.
The movements previously asked of the patients by the
physiotherapist to the patients, and manually assisted as
needed, often became guided by an external stimulus,
such as in training based on rhythmic auditory stimuli
(1, 2) or in video-game based therapy (3, 4). These
approaches provide auditory or visual-auditory stimuli
with the idea that these stimuli act as facilitators in
neurorchabilitation. Some studies reported motor but
also cognitive improvements following video-game

based therapy especially in stroke survivors (4, 5),
even though conclusive evidence is still needed (3).
Some studies were related to a single hand approach,
with the task involving only the paretic side (6, 7).
Other studies had a bilateral approach with the non-
paretic hand useful for helping and guiding the
movements of the paretic one (8). However, the role
of the non-paretic hand could more so, be related to
neural networks. Kinaesthetic afferences from one
limb can influence the motor pathways to the other
one (9-12).
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The orchestration of simultaneous reaching
movements could be controlled by one single motor
program, because of the isomorphic movements of two
limbs (13). Furthermore, coupled bimanual training,
in stroke survivors, has proven as a therapeutic
intervention more effective than the unilateral training
of the impaired hand (14-15). Some other studies
reported a positive training effect of the non-affected
hand on the affected hand thanks to the so-called
bilateral transfer, id test, the ability to transfer the skill
acquired with a hand to the other one (16).

The type of bilateral movement is also crucial. Some
studies have shown as in-phase bilateral movements
are easier to perform than anti-phase movements
(17-19). A recent study showed as similar parameters
between single hand movements and in-phase coupled
movements, whereas anti-phase coupled movements
resulted less ample, less sinusoidal but more frequent
with respect to single hand movements (20). These
features were particularly evident for stroke survivors
who in general showed reduced similarity of bilateral
movements in all conditions, but especially for anti-
phase movements performed under visual control
(20). Visuomotor integration in patients who suffered
a stroke could be less effective than in healthy
subjects, probably because of the attentional overload
required by the two limbs moving in an alternating
fashion (20). The capacity of such patients to interact
with external stimuli (visual or visual-auditory), such
as during video-game based therapy may therefore be
questioned. Furthermore, also age could play a role
for its influence on the visuo-motor integration: older
adults typically use visual information less effectively
than younger adults to reduce force control error in
bimanual pinch tasks (21).

The aim of this study was to investigate the
performance of manual and bimanual movements
when stroke survivors were asked to follow either a
rhythmic auditory or visual-auditory stimulation.

MATERIALS AND METHODS

Participants

Seventy-six participants (40 females: 53%) were
enrolled in this study: 48 young healthy adults (YG,
mean age: 27+5), 10 stroke survivors (PG, mean age:
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63+11, time from stroke: 105+82 days), and 18 healthy
adults age-matched with patients (AG, mean age: 58+11,
p=0.278). Inclusion criteria for the healthy subjects were
the age (YG: 18-39; AG: 40-80), the absence of any motor
or cognitive pathology, and normal vision or corrected for
normal with glasses. The inclusion criteria for the patients
were a positive clinical diagnosis of stroke confirmed by
neuroimaging, age between 40 and 80 years old, a time
from acute event lower than 9 months, the presence of
residual movement of paretic hand allowing to perform
the task. Exclusion criteria were comorbidities such
as parkinsonisms or orthopaedic pathologies of upper
limb, moderate to severe cognitive deficits (highlighted
by a Mini-Mental State test score <24), and presence of
unilateral spatial neglect. The study was approved by
the Independent Local Ethical Committee and all the
participants provided the signed informed consent.

Experimental tasks

The experimental set-up was the same as one used in a
previous study on bilateral coordination with and without
visual control (20). Participants sat in front of a table on
which the sensor platform was placed and were asked
not to move their trunk from the back of the chair. Each
participant was asked to oscillate up and down his/her hands
over two sensors, up until a maximum height shown by a
horizontal sign on a vertical bar placed in proximity to the
sensors was reached. Subjects were required to perform
bilateral movements with the hands kept horizontal and
the palms downward, under different conditions. Three
stimulation responses were instructed: 1) no stimulus to
follow (NS), just spontaneous movements at self-selected
comfortable speed, 2) to follow the rhythm of an auditory
stimulus (AS), the frequency of which was set as the same
of the NS condition, 3) to follow the rhythm of a visual-
auditory stimulation (VAS), the frequency of which was
set as the same of NS. From a motor point of view,
two possible conditions were required: to perform the
bilateral movement in-phase or in anti-phase between
the two hands. The order of AS and VAS or of the in-
phase and anti-phase conditions was randomized among
subjects. The Researcher showed how to perform the task
to participants, the simplicity of which allowed them to
start the test without any training. Hence, six different
conditions were possible. The less functional hand was
considered that clinically assessed as paretic for patients
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who suffered a stroke and the non-dominant hand for
healthy subjects as evaluated by means of the Edinburgh
Handedness Inventory (22).

Instrumental apparatus

We used a Distance-Multi-Sensing platform, integrating
a magnetic and inertial measurement unit with a couple
of Infrared Time-of-Flight (IR-ToF) proximity sensors.
The IR-ToF provides an estimate of the distance between
the sensor and the target (the hand) based on the time
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Fig. 1. Mean data for amplitude (above), frequency (middle),

and R? (below) for the young (YG, solid black lines), elderly

(EG, dotted black lines), and patient group (PG, grey lines)
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(AS) and Visual-Auditory Stimulus (VAS).
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that an electromagnetic wave takes to travel that distance
estimated by measuring the phase shift between the emitted
and the reflected signals (23). It allowed it to avoid the
use of sensors placed on the hands, that could alter the
ecological performance of subjects. The accuracy of these
marker less systems has already been validated in human
movement analysis (24-25). The two IR-ToF sensors were
used to evaluate the distances of both hands from the table
on which the platform was placed. According to a previous
study (20), the sampling frequency of the IR-ToF proximity
sensors was set at 25Hz.

The duration of each trial was of 30s, but the first and
last part of the trial were not analyzed to avoid including
accelerating and decelerating portions of the signal: for
each trial, at least 15s of the steady state of the signal in the
middle part of the trial were analyzed. Then, the recorded
data were low pass filtered at 5 Hz using a fourth order
Butterworth filter. Both hands were recorded and the
filtered signal obtained by each hand was fitted with a
sinusoidal curve recording the amplitude and frequency of
the fitting curve, with the relevant R* used as an indicator
of how much the movement was represented by its first
sinusoidal harmonic. Two commercial apps were used on
a 10-inch screen tablet (with a 10 inches-screen) to provide
the rhythmic auditory stimulation (with an app simulating
the sound of a metronome) and visual-auditory stimulation
(with an app showing a bouncing balls together with a
sounds, similar to that of a metronome, for each bounce).

Statistical analysis

Data were reported in terms of mean and standard
deviation. A mixed Analysis of Variance (Anova) was used
for assessing the effects of the group as between-subjects
factor and of motor and visual conditions as within
subjects’ factors. Effect size (ES) was also evaluated as
partial eta squared, representing the proportion of variance
attributed to one effect. For all these analyses the alpha
level of significance was set at 5%.

RESULTS

In Fig. 1 the computed parameters with respect
to the main effects of the factor group and type of
stimulus are shown. Some other parameters are not
reported in the figure but were analysed. As expected,
the performances of patients were generally lower,
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but the group factor not always lead to a statistically
significant difference. For example, despite the
amplitude of movements was numerically lower
in patients, the effect of the group main factor was
not statistically significant. In fact, Anova showed
that the Amplitude of movements factor was only
close to the statistically significant threshold among
the three groups (F=2.618, p=0.080, ES=0.067).
Furthermore, no significant differences were found
between the two hands (side effect: F=0.750,
p=0.389, ES=0.010), among the three conditions
(F=0.225, p=0.109, ES=0.030), or between the in-
phase and the anti-phase movements (F=1.044,
p=0.310, ES=0.014). Neither the second level nor
the third level interactions showed statistically
significant results (p>0.05), but the side per phase
interaction did (F=5.414, p=0.023, ES=0.069); note
that this interaction is neither related to the group
nor to the stimulus condition factors. The side per
condition interaction was related to a difference in
VAS condition between higher amplitudes of the
more functional hand versus lower functional hand,
independently of group.

Conversely, frequency of movements resulted
significantly different among the three conditions
(F=7.347, p=0.001, ES=0.091), with the visual
feedback associated to a lower frequency (Fig. 1).
No significant differences were found for the other
factors such as side (F=0.252, p=0.618, ES=0.003),
phase (F=0.242 p=0.625, ES=0.003), group
(F=2.337, p=0.104, ES=0.060), or their interactions
(p>0.05 for all of them).

Condition also significantly
sinusoidal waveform of movements (R?: F=4.448,
p=0.013, ES=0.057), that resulted also significantly
different among the three groups (F=10.687,
p<0.001, ES=0.226) and between in-phase vs. anti-
phase movements (F=11.080, p=0.001, ES=0.132).
R? did not result significantly affected by side
(F=0.009, p=.925, ES=0.001) or by the interactions
among the above variables (p>0.05).

influenced the

DISCUSSION

The several conditions presented in this work
and the relevant analysis require a thorough

S. GHANBARI GHOOSHCHY ET AL.

discussion. The main interest of this study was
to investigate the different effects of different
types of stimulus. The VAS condition showed a
frequency of movements significantly reduced and
wider movements for patients (even though it was
not statistically significant). Then, the sinusoidal
waveform was reduced only in the AS condition.
Anti-phase movements resulted even less sinusoidal,
in accordance with a vast amount of literature (17-
20). This effect was explained with the simultaneous
and symmetrical recruitment of muscle groups
occurring during in-phase movements that may lead
to more accurate and effortless movements than anti-
phase ones, in which homologous muscle groups
are activated in an alternating fashion (17-19). As
expected, the performance was lower in patients.
However, the main effect of group was statistically
significant only for R? revealing that the waveform
of hand movements was less sinusoidal in patients
than in the two enrolled healthy groups.

These results can be summarized in a significant
negative effect of external stimulus for guiding
bilateral movements, of the VAS condition on the
frequency of movements and of AS on the fluidity
of movements. However, despite only close to
statistical significance, a positive effect of VAS was
observed on the movement amplitude, especially in
patients. This effect was significant only for least
functional hand independent on the group (paretic
hand in patients and non-dominant hand in healthy
subjects).

Despite complex because of the many factors
involved, our findings may provide interesting
insights on movements synchronized with external
stimuli. Video-game based therapy has been often
reported as highly motivating patients who suffered
a stroke (26), but a higher efficacy of interactive
video-gaming and virtual reality with respect to
conventional therapy has not been convincingly
proven (3). Indeed, external stimuli might require an
attentional workload that shifts the patient cognitive
attention from the execution of the movement to the
recording of the stimulus.

Our study supported the idea that visual-auditory
stimuli, such as those of videogames, may improve
some kinematic parameters, such as movement
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amplitude, and possibly increase the range of motion,
but less for enhancing speed. This may confirm the
idea that the external stimulus should be simple and
slow. It is also in line with the recent results of a
similar study showing that visual feedback has a
positive effect on increasing amplitude of movements
without changing their sinusoidal regularity (20).
Furthermore, visual control plays a fundamental role
for managing bimanual tasks (21).

Another aspect to take into account by designers,
involved in the development of bilateral devices
for neurorehabilitation having auditory or visual-
auditory stimuli, is that anti-phase movements
are often more difficult and require training to be
accurately performed (27). Furthermore, during fast
anti-phase movements, people unintentionally tend
to change into in-phase movements (28).

Our study has some limitations suggesting
caution in data interpretation. First, the sample size
was small especially for PG, making impossible to
differentiate among different types and severity of
stroke. Another limitation was that the visual control
during VAS condition was not taken into account;
by contrast, it could be very interesting, in further
studies, to investigate as to whether the attention
of subjects was only on the video monitor or also
shifted on hands.

In conclusion, our study confirmed previous
results showing that in-phase coupled movements
were more synchronized than anti-phase movements
in all subjects and added that external stimuli
not always act as facilitators, despite being very
simple. Video-game programmers involved in the
development of neurorehabilitation devices should
carefully take into account the findings of our study
for understanding how the type of the stimuli and the
relevant attentional overload may improve or worsen
the performance of patients who suffered a stroke.
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Antimicrobial efficacy of photodynamic therapy (PDT) in periodontitis and peri-implantitis:
A systematic review.
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To systematically review the literature regarding the antimicrobial effects of photodynamic therapy
(PDT) on multi-bacterial species in periodontitis and peri-implantitis disease. The addressed focused
question was: “Does PDT show antimicrobial efficacy against multi-bacterial species colonization in
periodontal pockets and on the surface of dental implants?” Electronic databases including MEDLINE
and EMBASE up to and including December 2018 were searched. Of the ninety studied analyzed, seven
were included, four for the study of PDT in peri-implantitis disease and three for periodontal disease.
All studies reported the multibacterial species outcomes after the application of antimicrobial PDT.
All studies showed a significant reduction in the bacterial load, both in studies based on periodontal
and peri-implantary disease, with an average reduction of the total amount of bacterial load of 99.3%.
Moreover, the change in clinical parameters is equally important, with an average reduction of PPD of
1.01 mm (from 4.92 to 3.49 = SD with a percentage reduction of 29%); of BoP of 50%; of RCAL of 1.19
mm (from 9.93 to 8.74, with an average percentage reduction of 12%); of PI of 0.3 (from 1 to 0.7 with a
percentage reduction of 30%) and of GI of 1.2 (from 1.8 to 0.6 with a percentage reduction of 66.6%).
This review demonstrated significant reduction in the bacterial load in periodontal pocket and dental
implant surface with the use of PDT. The results of this review should be considered preliminary and
further studies with standardized laser parameters are needed to obtain strong conclusions.

Periodontitis and peri-implantitis are inflammatory present in patient’s oral cavity (8-12). Such bacterial

problems related to periodontal or peri-implant
bone support tissue. The clinics and scientists are
still exploring the clinical, immunological, and
microbiological parameters around those diseases.
However, although there are certain local and systemic
risk factors such as tobacco smoking, diabetes mellitus
and surgical operations that may can contribute to the
onset of these pathologies (1-7), the primary hallmark
is the dental plaque and the quality of bacterial species

microflora causes inflammation of the soft structures
that may lead to erythema and bleeding, and if left
for longer period of time can cause loss of clinical
attachment level (RCAL) and consequently the loss
of the tooth or the prosthetic restoration (13, 14).
Non-surgical manual debridement, which is not
only the contemporary treatment choice, but regarded
as a gold standard therapy in the treatment of those
diseases (15-18). Together with a pharmacological
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therapy thatcanincludechlorhexidine, antimicrobials,
hydrogen peroxide, etc. (19) and which is not
particularly effective and not exempt from same
problems (20, 21). In modern dentistry, certain
adjunctive therapies are being extensively explored
that may add additional benefits for reducing bacterial
niche (22) and Photodynamic therapy (PDT) comes
as a possible support or replacement therapy for
the treatment of periodontitis and peri-implantitis.
Several clinical studies have investigated the
efficency of the application of PDT using various
laser lights and photosensitizers against various
kinds of bacteria (23), including the one who has
been demostrated causing periodontitis and peri-
implantitis (24-28).

The use of PDT involves a laser light of specific
wavelength with photosensitizer application which
further stimulates photosensitizer dye molecules.
This causes changes from ground singlet state to
excited triplet state in the dye molecule which
oxidizes to form highly reactive and cytotoxic singlet
oxygen resulting bacterial cell death (29). Since the
detoxification of periodontal pockets and dental
implants may require different methods and no
universally acknowledged treatment guidelines have
been established (30), this gray area remains an area
of further exploration. The current systematic review
systematically reviewed the literature regarding the
effect of antimicrobial PDT on the multi-bacterial
species known to be the main cause of periodontitis
and peri-implantitis.

MATERIALS AND METHODS

Focused question

A general protocol using the ‘Preferred Reporting Items
for Systematic Review and Meta-Analysis’ (PRISMA)
guidelines was followed (31). A focused question was
devised which adhered to the general selection criteria:
“Does PDT show antimicrobial efficacy against multi-
bacterial species colonization responsible for periodontitis
and peri-implantitis?”’

Selection criteria
Independent screening of the titles for potential
articles was assessed. The studies were included based on
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the following eligibility criteria;

* Population: Study sample consisting of patients
affected by periodontitis and peri-implantitis;

e Interventions: Treatment with antimicrobial PDT;

* Comparisons: Patients’ registered outcomes after
therapy were confronted with results obtained with
non-surgical SRP-therapy, chemical detoxification, no
treatment or the microbiological registrations obtained
by an investigation made at base line before starting
the therapy;

¢ Outcomes: bacterial load and clinical index;

e Study design: The review only contained studies
published in the English language. Animal studies,
letters to the editor, review articles and unpublished
abstracts were excluded.

Search strategy

Electronic databases including MEDLINE and
EMBASE up to and including December 2018 were
searched. The literature search was conducted using
the combinations of the following Medical Subject
Heading (MeSH) and text words: (Photochemotherapy
OR photosensitizing agents OR photodynamic therapy)
AND (bacteria OR infection) AND (periodontits OR
peri-implantitis OR dental implants OR surface). Manual
searching of the Photodiagn Photodyn Ther, Plos One, Int
J Oral Maxillofac Implants, Clin Oral Implants Res and
Lasers Med Sci was performed.

Screening methods and data abstraction

Titles and abstracts of studies that fulfill the inclusion
criteria were screened and assessed. Data were extracted
from the included studies as per following parameters:
author/country, study sample and groups, types of bacterial
species assessed, laboratory analysis, study outcome and
laser parameters.

RESULTS

Study selection

Based on titles and abstracts search, initially 90
studies were identified. After removing duplicates
(n=9) and screening of abstracts, a total of 57 articles
were not relevant to the objective of the review,
hence excluded. Twenty-four full-text studies were
selected for screening of which, 17 studies were
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eliminated because they did not match the inclusion
criteria. The final selection resulted in the inclusion
of 7 studies (32-38). All included studies (32-38)
were conducted at either health care centers or
university hospitals. Flow diagram of study selection
process and results of the literature search according
to PRISMA guidelines is shown in Fig. 1 (31).

General characteristics of included studies

All included studies originated from Croatia (32),
Iran (33), Italy (34), Brazil (35, 36), Korea (37) and
United States (38). Two studies used a total of 110
titanium dental implants (33, 35), while 1 study
included a total of 72 zirconia dental implants (32).
One study investigated the antimicrobial PDT effects
on titanium discs (34). Three studies investigated the
antimicrobial PDT effects in periodontal pockets
(36-38). All studies employed antimicrobial PDT
as test groups while control groups among the
studies included the use of chlorhexidine (33, 35),
photosensitizer alone (32), laser treatments (32-35),
curettes (38), salinesolution(33). Avariety of bacterial
species were assessed that includes Staphylococcus
Streptococcus  sanguinis, Streptococcus
Prevotella intermedia, Aggregatibacter

aureus,
mitis,
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actinomycetemcomitans, Fusobacterium nucleatum
and Porphyromonas gingivalis. Out of 7, in 5
studies there have been microbiological analysis,
in particular 2 studies (32, 34) employed scanning
electron microscopy, 3 studies evaluated microbial
culture analysis in colony forming units (CFU) (33-
35), while 1 study evaluated the outcomes using
fluorescence analysis, LPS inactivation (34), 1
viable cell count (37), and 2 studies there have been
clinical registration of attachment of epithelial cells
and clinical index (BoP, REC, RCAL, PPD, PI)(36,
38) (Table I). No meta-analysis could be performed
due to the methodological heterogeneity in the
included studies, for example, study groups, laser/
photosensitizer parameters and a variation in the
outcomes. Therefore, the outcomes are reported as
a narrative review.

Photochemotherapy related parameters

All studies used diode laser (32-38). Two studies
used separate photochemotherapy protocols (32, 33),
while 1 study (33) used LED lamp in addition to the
diode laser. The wavelengths of diode lasers used in
the included PDT studies ranged from 625 nm to 690
nm. Energy fluence was reported in 6 studies (32,

searching
(n=90)

Potentially relevant articles retrieved
through electronic and manual

(n=81)

Records after duplicates removed

r

. Records excluded after
< screening (n = 57)

(n=24)

‘ Full-text articles assessed for eligibility

v

Records excluded after
screening (n = 17)

(=T7)

Studies included in qualitative synthesis

[ Included ] [ Eligibility ] [ Screening ] [ldentiﬁmlion]

Fig. 1. Study selection process and results of the literature search (PRISMA flow diagram).
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Table 1. General description of the included studies.
Investigat Country ; i
vestigators oumd Sample size, tips of Groups Bacterial species or Laboratory analysis Main outcomes
pathology analyed clinical index analyzed
Azizi stal [32] Croatia 72 zirconia dental sPDT1 Prevotella intermedia, Aggregatibacter ~ Scanning electron microscopy PDT showed a significant reduction in the
plants: Lanitis «PDT2 actinemycetemcomitans and bacterial load without causing damage to the
TR oLT Porphyromonas gingivalis surface microstuctures compared with other
# Toluidine blue groups
* Positive contral
* No treatment
50 titanium dental _
Saffarpour =t al «PDT1 . P cant raduction in the
3] our fran implants; peri - implantitis N Aggregatibacter Number of CFU per implant ‘Bcterizl load 2: compased 10 contral groups
A9 *PDT2 actinomycetemcomitans
*LT
* CHX
* Saline solution
Giarmelli =t al Ttalr Titanium discs; «PDT Stphylococcus sursus Visble cell count, Scanning Comparable reduction in the bacterial load
1341 peri - implantitic + LED : electron microscopy, flucrescence  withont causing damage to the surface
analysis, LPS inactivation microstructures were seen in both groups
Mot et ol Erazil 80 titanium dental *PDT Na Number of CFU per implant PDT showsd s significant reduction in the
135] implants; peri - implantitis *LT bacterial load as compared to other groups
- * CHX
+ No decontamination
de Oliveira st al Brazil 10 patiences and a total of 20 tooths + PDT RCAL; PPD; PL, NA PDT shows similar results in the treatment of
ES] affected by aggressive pericdontitis; GI, BoP; GR periodentitis as SRP
pericdontitis
g is; - TBO-mediated aPDT with LED imadiation
Parlk 7] ; * Culture 1 Streptococcus sanguinis; Viable cell count
Park etal. [37] Korea Bactertal cultures; o Culture 2 Streptococcus mitis; shows effective antimicrobial activity withoul
pericdontitis wimre = Porminm alis: . ) 3 .
« Culture 3 arplyromeonas gingrvalis; damaging adjacent normal fissues or resident
o Culture 4 Fusobacterium nuclsatum flora.
+ Culture 5 and Aggregatibacter
ac F."FJDI}U'E etemcomitans
Andersen et al. United States 33 patiences affacted by «FDT PD. BoP and CAL Na PDT combined with SRP leads to
[38] aggressive pericdontitis; » SRP significant
periodontitis « SEP+ PDT improvements of the investigated

parameters over the use of SRP
alone.

33, 35-38). Power outputs registered were 100mW,
100mW, 30mW, 60mW, 90mW and 150mW cm?,
respectively. The duration of irradiation was
reported in all studies which ranged from 10 to 300
s (32-38). Only 4 PDT protocols reported optic fiber
diameter (32, 33, 35, 36). Different photosensitizers
were reported by different studies. Methylene blue
were used in 3 studies (34, 35, 38) whereas toluidine
blue (TBO) was used in 3 studies (32, 33, 37) and
phenothiazine chloride (PTC) was used in 2 studies
(32,36). Only 1 study reported the use of indocyanin
green (33). In all included studies (32-38),
photosensitizer was applied with the time duration
that ranged between 1- and 5-min. Concentration of
photosensitizer was reported only in 3 studies (32,
35, 37, 38). None of the included studies reported
about the number of laser sessions fired (Table II).

Main outcomes of the studies

All studies reported the multi-bacterial species
outcomes after the application of antimicrobial PDT
(32-38). All studies showed a significant reduction
in the bacterial load, both in studies based on
periodontal and peri-implantary disease, with an
average reduction of the total amount of bacterial

load of 99.3%. Moreover, the change in clinical
parameters is equally important, with an average
reduction of PPD of 1.01 mm (from 4.92 to 3.49 +
SD with a percentage reduction of 29%); of BoP of
50%; of RCAL of 1.19 mm (from 9.93 to 8.74, with
an average percentage reduction of 12%); of P of 0.3
(from 1 to 0.7 with a percentage reduction of 30%)
and of GI of 1.2 (from 1.8 to 0.6 with a percentage
reduction of 66.6%).

DISCUSSION

This systematic review investigated the antimicrobial
effects of PDT in the reduction of multi-bacterial
species in periodontitis and peri-implantitis disease.
Overall, all studies showed a significant reduction
in the bacterial load. While there have been no
secondary effect in the use of PDT in patients with
periodontal disease (36-38), the improvement in
the inflammatory response around dental implants
through the use of PDT (32, 34) one can speculate
being caused by its mechanism of action against
the bacterial load. The accumulation of microbial
plaque bacteria in the peri-implant sulcular area is
succeeded by the onset of immune inflammatory
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cells, like macrophages, lymphocytes, neutrophils
and other cells of the immunitary system. If not
cleaned, is responsible for an exalted response by
which these immune cells along with local peri-
implant tissues direct various inflammatory proteins
that can be responsible for tissue degradation and
bone resorption.

Thus, it may be assumed that the increased
bleeding on probing and peri-implant plaque index
recorded could be a direct impact of the reduction
in perio-pathogenic microbes in peri-implant
lesions following the application of PDT. Exept
for one study (36), all the considered studies were
missing information about laser, matherials specifics
or photosensitier parameters included, and the
methodological was significantly heterogen in all
the procedures performed (32-38). Previous studies
indicated the impact frequency of laser application
on the overall effect of laser treatment.

In the present review, none of the studies
regarding the use of PDT in peri-implantitis
described the number of laser applications, while in
the studies regarding periodontal disease (36-38),
just one application on each site has been performed.
It might be hypothesized that a single application
of laser in PDT alone might be difficult to maintain
anti-bacterial effect for a short follow-up period so it
would be interesting to include a study that performs
a new session of PDT after a period of time. Other
factors, like fiber diameter could influence power
density and energy output in the application of laser
during PDT and alter a certain amount of energy
released during the process, and consequently
affecting the anti-bacterial and anti-inflammatory
effect of photodynamic therapy.

In this review, all included studies for PDT
showed a significant reduction in the number of
bacteria. Therefore, it appears that PDT could play a
present role in reducing bacterial load in periodontal
pockets and around dental implants. Literature
suggests that the gram-negative bacteria are more
resistant to PDT compared with gram positive
bacteria because of the presence of outer membrane
in gram-negative bacteria, which hampers the
uptake of the photosensitizer (39). However,
because of the cationic charge of TBO, it binds to
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the outer membrane of the gram-negative bacteria
and interacts with the lipopolysaccharide (40).
It is noted that 3 studies of those whose has been
considered, used TBO in their therapy (32, 33, 37)
and showed significantly more substantial results
than others. It may be also hypothesized that TBO is
a suitable photosensitizer for destroying the bacteria
causing periodontal disease and peri-implantitis,
particularly the black pigmented bacteria (41). The
main limitation of the present study was the number
of included studies in the systematic review, the
use of a non-standardized source of light for the
activation of the photosensibilizer and no statistical
analysis of the data in the form of meta-analysis.
Due to significant heterogeneity in the outcomes of
data presented, the author was unable to perform
the meta-analysis. However, based on the results
of included studies, it is suggested that the role of
PDT in reducing bacterial load inside periodontal
pockets and around dental implants, is beneficial.
Additionally, further in-vitro and in vivo studies
should be undertaken to appreciate the treatment
outcome.

Therefore, studies with standardized control and
experimental (PDT and LT) groups are suggested to
validate the conclusive effect of PDT and lasers in
the reduction of bacterial load in both in vitro and
in vivo conditions. This systematic review
demonstrated significant reduction in the bacterial
load with the application of PDT in periodontal
and peri-implant disease. The results of this review
should be considered preliminary and further in-
vitro and in vivo studies with standardized laser
parameters are needed to obtain strong conclusions.
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Periodontitis represents a major problem for patients, since it is not possible to eliminate the bacteria
that are responsible for this pathology with a pharmacological treatment. The present study included
forty-four patients with periodontitis, who had undergone disinfection via photodynamic therapy (PDT)
using a laser source having a 635 nm wavelength associated with a photoactivable substance (methylene
blue). Clinical assessment of plaque index (PI), bleeding on probing (BOP), probing depth (PD), calculus
index (CI), gingival recession (REC) and clinical attachment level (CAL) were recorded at base line, 1
month (4 weeks) after treatment and again 3 months (12 weeks) after treatment, while site radiography
(RX) and microbiological test (MT) were recorded at base line and 3 months (12 weeks) after treatment.
The outcomes show a good efficacy of the PDT in the elimination of the periodontal pathogenic microflora
and in the improvement of the clinical parameters considered: from the base line to the final check after
12 weeks it has been observed a reduction in REC of about 16.9%, a reduction of CAL of about 17.85%,
a reduction of the BoP of about 93.3%, a reduction of the PD of about 17%, a reduction of the CI of
about 66.3%, a reduction of PI of about 44%, and microbiologically a reduction of the total amount of
bacteria with proven parodontopathic properties (red complex bacteria) of about 58.74%. Within the
limits of the present study, PDT can be reasonably considered as a good carrier that leads to significant

improvements in the parameters (clinical and microbiological) considered.

Periodontitis is an inflammatory reaction of the
bone support tissue of the tooth root. Resulting from
the extension of gingival inflammation, known as
gingivitis, periodontitis differs from it because of
the irreversible loss of support tissue that it entails,
which can evolve into loss of attachment, formation
of intraosseous defects and loss of elements, as well
as increased fragility of the periodontal support
structure. From the point of view of general health,
several studies (1-3) have proved the correlation

between periodontitis and increased risk of

systemic problems, with particular involvement
of the cardiovascular (4) and respiratory districts.
Although several contributing risk factors, both
systemic (5-7) and local (8, 9), are known for the
development of this disease, the responsibility of
some specific bacteria in the etiology of periodontitis
has been demonstrated (10, 11). The suppression of
the bacteria (12, 13) has being demonstrated to be
the state of the art in the prevention and treatment of
this pathology. This is not easy, and it represents a
particularly difficult challenge for the operator, due
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to the complexity of the bacterial aggregates that
compose the biofilm and the location in which it is
necessary to operate. The non-surgical mechanical
therapy scaling and root-planing (SRP) represents
the most used method, along with the surgical therapy
accompanied by a pharmacological supportive
therapy (14, 15), which is not particularly effective
if considered individually (16).

In fact, it has important contraindications which
can include gastrointestinal problems or disorders
and being subject to patient compliance (17), in
addition to the evident problem related to the drug
resistance of the biofilm which is continuously
increasing (17). Also, there is the difficulty of
defining which bacteria are sensitive to which
antibiotic (18, 19), in what dose and how long it must
be exposed. For these reasons, alternative therapies
that allow the elimination of the bacteria responsible
for periodontitis are been sought.

Photodynamic therapy (PDT) comes as a possible
supportive or substitutive therapy for the treatment
of periodontitis. PDT is based on the principle of
photoactivation, which exploits the ability of a
photosensitive agent to modify its electrical state
through exposition to a light source with a specific
wavelength (20). In the past few years, extensive
investigations into the antimicrobial action of

\

Fig. 1. Principle of photoactivation.
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photosensitizing agents and light have been carried
out. When these molecules absorb light, they
undergo an electronic transition to the excited state
(electron spins paired). The excited state can return
to the ground state through a triplet (electron spins
unpaired) and this triplet state transfers energy
directly to molecular oxygen (biological molecule
naturally present in a triplet ground state). The triplet
energy exchange causes oxygen electronic transition
to its singlet state, which is highly reactive and
causes microbial cell death by several mechanisms,
including lipid peroxidation, enzyme system
inhibition, protein agglutination and by reacting
with other biological systems. (Fig. 1)

Several authors (21, 22) have choosen Methylene
blue (a tricyclic phenothiazine) as a highly suitable
antimicrobial photosensitizer. It presents physical
and chemical properties which make it ideal for
this purpose, such as selective binding properties
to bacteria, the minimal coloring of the mucosal
surface, high quantum yield of free radicals. It has
a long history of safe use, low toxicity profile (23),
and proven efficacy against target pathogens (24).

This process was initially studied by Raab
(25) who highlighted the efficacy of PDT on
protozoa. Subsequently Wilson (26-28) and other
contemporary studies (29, 30) highlighted the
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efficacy of PDT on periodontal interest bacteria
in vitro and on rats, also revealing a decrease in
bone loss (31). The use of PDT in the treatment of
periodontal disease could overcome some present
problems in current therapies, such as the decrease of
the possibility to reduce plaque with the deepening
of the periodontal pocket for manual SRP (32, 33)
and the increase in drug resistance of the bacteria,
that has been observed more and more frequently
(17, 34). The aim of the present study is to verify
the microbicide capacity of PDT against periodontal
bacteria from a microbiological point of view.
To do that, measurements of the level of proven
periodontal bacteria present in the analyzed patients’
sites suffering from stage III - IV periodontitis has
been taken at base line and at a 12-week follow up.
Also, from a clinical point of view, measurements
of the diagnostic indices of the patients have been
taken, before and after the therapy, with a 4 and 12-
week follow-up.

MATERIALS AND METHODS

Patient selection

The present retrospective study included a population
of forty-four subjects (16 females and 28 males) with
periodontal disease, aged from 35 to 82 years (presenting
an average age of 50.4 years), who had undergone an SRP
session performed by the same operator who, immediately
after performed the PDT procedure at the Oral Surgery Unit
of Policlinico Universitario Agostino Gemelli (Rome, Italy)
between March and April 2019. We retrospectively analyzed
the clinical diagnostic indexes as well as microbiological and

Fig. 2. Sample of radiological investigation.
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radiographic data recorded (Fig. 2).

Due to the retrospective nature of the present study, it
was granted an exemption in writing by the institutional
review board of the Catholic University of Sacred Heart
of Rome. We have read the Declaration of Helsinki
and followed its guidelines in the present investigation.
The selection of the study population was based on the
following criteria:

- Subjects had to be over the age of 18, in good general
health conditions and with no allergy to methylene
blue;

- Subjects had to have at least 10 teeth, of which at least
2 molars;

- Subjects had to present bleeding on probing and
pockets of at least 5 mm;

- Pregnant or lactating women were excluded;

- Subjects with uncontrolled diabetes were excluded;

- HIV /AIDS positive subjects were excluded;

- Subjects who have had any periodontal instrumentation
or antibiotic therapy in the previous six months were
excluded;

- Subjects had to sign an Informed Consent to join the
study.

Preoperative measurements and treatment
At the baseline visit patient’s personal, medical and

dental informations were collected, along with clinical

diagnostic indexes:

« REC (Gingival Recession): detected on 2 sites
(vestibular and lingual)

* PPD (Probing Pocket Depth): detected on 6 sites
(Disto-Vestibular,  Vestibular,
Mesio-Lingual, Lingual, Disto-Lingual)

« CAL (REC + PPD)

*  BoP (Bleeding on Probing) (57): detected on 6 sites
(Disto-Vestibular, ~ Vestibular, = Mesio-Vestibular,
Mesio-Lingual, Lingual, Disto-Lingual) and measured

Mesio-Vestibular,

by a dichotomous index, positive/negative presence of
bleeding)

* CI (Calculus index) (58): detected on 6 sites (Disto-
Vestibular, Vestibular,
Lingual, Lingual, Disto-Lingual)

e PI (Plaque index) (59): detected on 6 sites (Disto-
Vestibular, Vestibular,
Lingual, Lingual, Disto-Lingual). Six sites per tooth

Mesio-Vestibular, Mesio-

Mesio-Vestibular, Mesio-

were analyzed (Disto-Vestibular, Vestibular, Mesio-
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Table 1. (4): Clinical diagnostic indexes recorded on the selected patients at base line; (B): and at 12-weeks follow-up.
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Vestibular, Mesio-Lingual, Lingual, Disto-Lingual)
and the sites of interest for the study were identified
(positive BoP, PPD> 5 mm, IP > 0.5) (Tab. I).

The subjects underwent a microbiological and
radiographic data collection, after which they underwent
the SRP and PDT procedures as mentioned above. A first
follow-up was performed at 4 weeks. The follow up ended
at 12 weeks with a new microbiological and radiographic
investigation, that has been compared to the ones made
at base line. To maintain the same quality standard when
performing SRP and PDT, all patients were treated by
the same operator. Microbiological investigations were
performed using salivary swab taken from the site of
interest and then submitted to PCR to identify bacterial
DNA (60).

Operative protocol

The photosensitizer chosen for PDT is a high viscosity
methylene blue 0.005% (w/v), suspended in a solution of
water and hydroxy-propyl-methylcellulose in addition
to a sodium phosphate tampon. The pre-dosed syringes
containing 1.2 mg of photosensitive gel were mixed for 90
seconds and then the solution was applied using a special
tip which presented ended side-port irrigating, possible
through two micro-holes placed laterally (Fig. 3) in order
to allow the gel to fill the pockets and overflow slightly, to
be delicately affixed and coat the mineralized surface of
the tooth, where the biofilm is formed.

A light from a LED presenting a wavelength at 635
nm and a maximum power of 750 W was channeled inside

Fig. 3. Photosensitizer being irrigated into periodontal
pocket.
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Fig. 4. [llumination of periodontal pocket with light
diffusing tip.

an optical tip, configured similarly to a periodontal probe,
which presented a minimum diameter of 1 mm in his
thinner extremity and a total length of 9 mm, feature that
allowed full access to the periodontal pocket. A uniform
light was emitted from the LED and channeled through
the optical tip. This allowed the complete and correct
distribution of the light throughout the periodontal pocket
and on the gel containing the photosensitizer, which has
been irradiated for 60 seconds in each site, with an average
energy density of 10-20 J/cm? per site, depending on the
size of the periodontal pocket (Fig. 4) (Table II). The tip
was gently slipped inside the pocket and around the tooth
during the lighting cycle.

Within the limit of this study, results suggest that
PDT is a valid non-surgical approach for the control of
periodontal problems with bacterial origin, since the
reduction of REC, CAL, PDD, CI, PI and BoP is clinically
evidenced, while an overall decrease of periodontogenic
bacteria of 58.74% is shown microbiologically. PDT can
be used in association with SRP procedure or singularly,
depending on the cases. The results are encouraging and
justify further studies that could include a larger number
of subjects, to confirm on large-scale, the results obtained.

RESULTS

The total number of sites analyzed was 5814,
with the identification of 748 sites with periodontal
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Table II. General parameters of the light source used.

Manufacturer Laser

Light source LED*
Wavelenght (nm) 635

Max Power (output) (mW) 750

Pulse mode (CW or Hz)* Ccw

Tipe of lamp used 2 (IEC 62471)
Esposure duration (sec) 60
Minimum diameter of the optical tip (mm) 1

Length of the optical tip (mm) 9

Radiand exposure (J/cm?) 10/20

Total number of sessions performed One session

REC

CAL

BoFP

CI

S

10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

U Base Line ¥4 weeks n 12 weeks
B Error Bar ( Standard Variation)

Fig. 5. Variation (numeric and percentage) of the average value of the mean clinical scores at baseline, after 4 weeks
and after 12 weeks. Numeric variations are reported inside the bars, percentage variations can be read referring to the
percentage scale at the bottom of the graphic.
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involvement. No treatment-related adverse events
were reported during or after the study. Clinically,
it was possible to observe a decrease of REC by
0.1+0.06 mm after 4 weeks and 0.5=0.3 mm at the
last control at 12 weeks, bringing its value from
2.96 to 2.46+0.5 mm with an average percentage
reduction of 16.9%.

The average PPD decreased by 0.77+0.37 mm
after 4 weeks and 1.11+£0.53 mm after 12 weeks
bringing its value from 6.06 to 4.95+0.63 mm with
an average percentage reduction of 17%. The average
CAL decreased by 0.86 + 0,41 mm in the first control
at4 weeks and 1.61£1.34 mm in the last control after
12 weeks, bringing its value from 9.02 to 7.41 + 1.34
mm with an average percentage reduction of 17.85%.
The BoP decreased by 68% after 4 weeks (from 748
sites affected to 239) and by 93.3% after 12 weeks
(down to 51). Average CI decreased by 71% after
4 weeks and by 66.3% after 12 weeks, bringing its
value from 0.89 to 0.3+0.09. Average PI decreased

Total amount

P. Gingivalis

T. Forsythia

T. Denticola

0% 10%  20% 30%  40%

S50%
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by 56% after 4 weeks and 44% after 12 weeks from
1.16 to 0.65+0.23. (Fig. 5)

The new microbiological inspections conducted
after 12 weeks, evidence a decrease in the total
microflora of bacteria belonging to the red complex
(Porphyromonas  Gingivalis (PG), Tannerella
Forsythia (TF), Treponema Denticola (TD) of
58.74%, passing from an average numeric value of
363020 to 149717+52382. More specifically, the
decrease observed in the number of PG was 73.14%
(the average numeric value went from 192225 to
51638428956), of TF was 26.73% (from 52690 to
3858744849) and of TD was 49.62% (from 118106
to 59492+18577) (Fig. 6).

DISCUSSION
Inthisstudy wehave investigated the antimicrobial

action of PDT in patients with evidenced presence of
periodontopathogenic bacteria (belonging to the red

60%  70%  80% 90%  100%

U Base Line ¥ 12 weeks

BN Error Bar (+ Standard Deviation)

Fig. 6. Variation (numeric and percentage) of the average value of the microbiological measurement at baseline and after
12 weeks. Numeric variations are reported inside the bars, percentage variations can be read referring to the percentage

scale at the bottom of the graphic.
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complex) outside and inside the periodontal pockets.
On the mineralized surface of the tooth, these
pathogenic bacteria assemble to form a complex
structure defined biofilm (35) that can penetrate the
soft tissue of the periodontium (36). While it is rather
difficult to disrupt the bacterial biofilm through SRP
procedure, several studies on dogs and rats (31,
37, 38) have shown that PDT is a valid alternative
in the elimination of periodontopathogenic
components from the bacterial biofilm without
any reported collateral effect. The same results
have been highlighted in this study, confirming
the fact that PDT could be excellently used to
eliminate pathogenic component from the biofilm.
Furthermore, it has been shown that the
periodontal disease has a fundamental infectious
component (10, 11, 39, 40), so it could be reasonable
to consider reducing the microbial load, that is
the main cause of the disease (12, 13), as a first
measure against periodontitis. Although mechanical
non-surgical therapy SRP is considered one of the
basic prerequisites for a long-term success of the
treatment (41-43), it should also be considered that
several problems related to this practice have been
highlighted. In particular, the study by Flemmig et al.
(44) shows how, without an adequate root-polishing
support performed subsequently and separately
from primary therapy, the SRP does not guarantee
satisfactory microbiological and clinical results,
even if supported by systemic antibiotic therapy.
Furthermore, more recently, a study by Sigusch et
al. (16) demonstrates that the only administration of
antibiotics in cases of generalized periodontitis does
not lead to a therapeutic long-term success, even
if preceded by a supra and subgingival mechanical
removal of plaque and calculus, since over time patient
will present an increasing of PPD, increasing of CAL
and recolonization of periodontogenic microflora. In
addition, the success of SRP therapy is closely linked
to the depth of the pocket on which action is taken (32,
33, 45) and to the skill of the operator.
Forthesereasons, although there is agreement
that SRP therapy has an active role to reduce the
bacterial count and is responsible for the switch to a
type of flora more compatible with a health condition
(46, 47), there are doubts about the possibility for this
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therapy to totally eradicate pathogenic bacteria from
treated sites. Particularly, Tannarella forsythensis
and Actinobacillus Actinomycetemcomitans, whose
presence has been shown by several studies (48,
49) in sites previously treated with SRP therapy
after a very short period, therefore, it is essential
to include the patient into a program of periodontal
support (SPT) (50) and the use of PDT could be
implemented and find a pratical application in this
context. Nonetheless, it should be noticed that in this
study a small percentage of patients (5 out of 44,
11.36%) did not respond positively to the therapy,
showing an amount of periodogenic bacterial load
during the follow-up higher than the one before
the therapy. However, these same patients were the
only ones who also presented an increased CI and
that have maintained a high index of BoP during
the follow-up. It seems likely to attribute the failure
of the therapy to a poor domiciliary compliance of
the patients, despite personalized indications of oral
hygiene had been given to all subjects.

It would be interesting to study the effects
of PDT in subjects with peri-implant problems,
considering that in implant-supported rehabilitation
a characteristic assessment of the clinical parameters
has been observed (51) requiring different and
innovative approaches (52). In fact, in cases of
perimplantitis the histological composition of the
tissues presents a greater collagenase content, less
blood supply (53) and less fibroblastic cellularity
(5% vs 16%), insufficient to limit the action of
inflammatory effects (54). In addition to the ease of
application and to the impossibility for the bacteria
to develop resistance to this therapy, the PDT has
also other advantages, such as: the fact of being an
atraumatic therapy and therefore helping avoid the
appearance or increasing of gingival recessions;
minimum treatment time (60 seconds); effective
removal of the bacterial microflora and decreased
correlation between operator’s ability and efficacy
of the therapy (compared to SRP therapy).

Finally, the possibility of using various substances
as photosensitizers makes it possible to overcome the
problems related to a possible allergy to methylene
blue. For example, excellent results using toluidine blue
as photosensitizer performing PDT have been obtained
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and no side-effects have been recorded, even exposing
the patients to a maximum concentration of toluidine
blue solution and maximum power of the light to which
the photosensitive agent reacts (31, 55, 56).
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Robotic hand treatment of patients affected by chronic stroke:
a monocentric longitudinal pilot study
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3 Biomedical Robotics Laboratory and Bio-microsystems, Biomedical Engineering Laboratory,
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Few studies investigated the effects of a robotic treatment in hand motor recovery after stroke.
Aim of the present study was to evaluate the efficacy of treatment by means of Gloreha Sinfonia®
robotic glove in hand motor recovery of a chronic stroke sample of patients with different impairment
severity. Thirteen chronic stroke subjects were assigned to either active-assisted robotic treatment or
passive robotic treatment according to their ability to actively extend wrist for at least 20 degrees. All
subjects underwent 20 sessions of treatment with Gloreha Sinfonia® and were evaluated before (T0),
after treatment (T1) and after one month (T2) with clinical scales testing motor performance [Motor
Power (MP); Fugl Meyer Upper-Extremity (FMUE)] and spasticity [Modified Ashworth Scale (MAS)].
Both groups showed significant motor recovery and spasticity reduction. Further randomized controlled

trials with larger samples are needed to confirm our results.

Robotic hand treatment in stroke

Stroke is the second cause of death and the third
cause of disability worldwide (1, 2). The incidence of
this pathology in Italy varies between 175/100.000
and 360/100.000 per year in men and between
130/100.000 and 273/100.000 in women, consisting
in 80% of cases of new episodes and in 20% of cases
of relapses (3). Stroke can result in severe disability
in 35% of cases, with frequent involvement of the
hand (4). As shown in previous studies, there is a
strong relationship between upper limb functioning
and quality of life (5). For this reason when stroke
involves the hand, patients experience reduction
of autonomy in Activities of Daily Living (ADLs)
and Instrumental ADLs (IADL) with significant
consequences in everyday life (6). Spasticity,

reduction of articular range of movement, functional
impairment, vascular and skin disorders are the main
post-stroke disorders of the hand (7). Hand recovery
after stroke is still a challenging objective during
rehabilitation since the hand is a very complex
system with more than 20 degrees of freedom,
allowing a wide variety of movements and with a
correspondent large cortical representation area (8-
10). For these reasons, rehabilitative therapists often
encounter difficulty in reproducing such a variety of
movements and of hand postures and in teaching the
patient how to control individual joints (8).
Intensive, repetitive and task oriented
rehabilitative treatment of the upper limb was proved
particularly effective in stroke patients, as shown in
literature (11, 12). Robotic treatment incorporates
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these features promoting recovery of motor function
(13). The application of robotics in the rehabilitation
of a target population of moderately to severely upper
limb-impaired chronic stroke subjects, in fact, proved
more effective than usual rehabilitation treatment
and equally effective as intensive conventional
rehabilitative treatment in recovering motor function
(13). Rehabilitative robots are also capable to guide
movements along an accurate pathway in order to
avoid the activation of wrong uncontrolled patterns
and can quantify with different accuracy motor
performances, returning useful information about the
trend of the rehabilitation treatment (14, 15)cerebral
vascular disorders, stroke, paresis, hemiplegia, upper
extremity, arm, and robot.

In the last three decades an important development
of robotics in the rehabilitation field was witnessed,
however there are still no equal advancements in
hand robotics, because of the extreme complexity
of projecting a system able to fully replicate
all possible hand movements (16). Gloreha®
(Idrogenet, Brescia, Italy) is a commercial device
for the robotic rehabilitation of the hand, conceived
at the University of Brescia (Italy) and prototyped
by Polibrixia, Brescia, Italy. To date, few studies
from 2014 on investigated the efficacy of a robotic
hand treatment delivered by means of Gloreha® in
impaired stroke subjects. Examined subjects were
mainly subacute post-stroke patients (<6 months
from stroke accident), receiving Gloreha® treatment
in passive modality together with other treatments
(traditional rehabilitation, passive hand mobilization
and occupational therapy) (17-21).

Only two studies investigated the effects of
Gloreha in a sample of chronic subjects, proving
improvements in spasticity and attention disorders
(22, 23). Studies overall concluded that in subacute
patients Gloreha ® robot is safe and feasible (17),
reduces pain (18), improves forearm perfusion
(20) and edema (19), whereas in chronic patients
Gloreha® decreases spasticity, heaviness and
stiffness of the impaired arm (22) and improves
visuospatial exploration and attention (23). The
efficacy of Gloreha® in recovering fine manual
dexterity and strength and in reducing arm disability
was proved only in one study considering a population
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of subacute patients (21). These are, to date, the
only available data about the effects of Gloreha®
in improving motor performance. Subacute stroke
patients, however, could have improved in manual
dexterity and strength, due to spontaneous recovery
or to concomitant traditional treatments, rather than
to robotic therapy, given the temporal proximity to
the acute ischemic event.

Therefore, so far, there is insufficient data to
conclude on the efficacy of Gloreha® robot in
improving motor performance in stroke-impaired
subjects. Since there is an urgent and compelling need
for a robot for the rehabilitative treatment of the hand,
aim of the present study is to evaluate the efficacy of
a robotic treatment by means of Gloreha Sinfonia®
in motor hand recovery of a chronic stroke sample
of patients with different impairment severity. Our
hypothesis is that Gloreha® treatment can improve
motor performance of the hand in chronic stroke
patients with different impairment severity.

MATERIALS AND METHODS

This longitudinal monocentric pilot study, carried
out at the Department of Physical and Rehabilitation
Medicine of Campus Bio-Medico University of Rome,
All enrolled
subjects referred to the Department from October 2017

was performed to test our hypothesis.

to December 2017 and were examined by a Physical
and Rehabilitation Medicine specialist, as explained in
Fig. 3. Inclusion criteria were ischemic or hemorrhagic
chronic stroke (>6 months) confirmed at brain imaging;
absence of cognitive impairment (MMSE>24), Modified
Ashworth Scale < 3; signed informed consent. Exclusion
criteria were chronic arm deformity; muscle-skeletal
or peripheral nerve disorders, complex regional pain
syndrome; severe neglect.

The study was conducted under Ethical Committee
approval (Ethical Approval N. 41/17 OSS Com Et CBM)
and in accordance with the Declaration of Helsinki. All
patients gave their written informed consent. Subjects
were not randomized, conversely they were assigned
to two groups of treatment according to their ability of
actively extend wrist of 20 degrees of freedom, in order to
adjust hand treatment to impairment severity, as already
done by Borboni A. in 2016 (19).
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Group A (able to extend wrist of at least 20 degrees)
received active-assisted robotic Gloreha Sinfonia® treatment;
group B (unable to extend wrist of at least 20 degrees)
received passive robotic Gloreha Sinfonia® treatment. A
trained physiotherapist delivered treatment individually. All
participants underwent the following clinical evaluations
at TO (before starting treatment), at T1 (end of treatment)
and at T2 (one month later): Modified Ashworth Scale
(MAS); Fugl-Meyer Assessment Upper Extremity (FMA-
UE); Motricity Index (MI); wrist and hand section of Motor
Power (MP) Scale. Clinical scales scores were outcome
measures considered. Compliance of patients to treatment
and evaluations was verified by presence registration. No
patient failed to accomplish treatment.

Gloreha Sinfonia
Gloreha Sinfonia® is a robotic glove for robot-

aided neurorehabilitation. It is composed of independent

modules:

* A motorized glove for hand mobilization driven by
five permanent magnetic actuators (LA12 Actuator,
TECHLINE). Each actuator controls tension of a cable
connected to the corresponding finger. The actuators
and control electronics are placed distant from patient,
in order to maximize patient safety and ergonomics of
the glove (Fig. 1);

e Inserire Fig. 1

* A sensorized glove embedding five Bend-Sensors
(Flexpoint Inc.) monitoring fingers flexion (Fig. 2);

* Inserire Fig. 2

* A software for acquiring sensors data and controlling
motors, running on a touchscreen computer. It includes

Fig. 1. Gloreha Sinfonia® system.
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Fig. 2. Gloreha Sinfonia® Glove.

virtual reality environments to replicate several tasks

and activities of daily living (ADLs) in a simulated

scenario;

« Two passive arm-weight supports fixed to an
ergonomic table, facilitating treatment also for
wheelchair users (Fig. 1).

The software of Gloreha Sinfonia is modular and can
work according to three main modalities: passive treatment
(the device moves fingers); active assisted treatment (the
patient starts moving fingers as much as he/she can and then
the robot completes the task); bilateral treatment (patients
wear the sensorized glove on the healthy hand which drives
the passive mobilization of the motorized glove on the
impaired hand). The system records both pre-treatments
set up data and treatment results, returning a graph output,
allowing real time monitoring of motor performance.

Treatment protocol

Group A underwent 20 consecutive daily sessions
of treatment lasting 40 minutes each (from Monday to
Friday). Each session consisted in the following exercises:
8 minutes of object grasping; 8§ minutes of water pouring;
8 minutes of cubes stacking; 8 minutes of tridigital grip;
8 minutes of opening and closing of the hand. During
active treatment, sensors installed on each glove finger
recognized active movements, returning assistance only
in case of need. Group B underwent 20 consecutive
daily sessions of treatment lasting 40 minutes each (from
Monday to Friday). Each session consisted in the following
exercises: 7 minutes passive flexion and extension of each
single finger; 7 minutes of passive counting (from 1 to 5);
7 minutes of passive opposition of the thumb to the other
fingers (from the second to the fifth); 7 minutes of opening
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and closing the hand with a wave movement; 7 minutes of
opening and closing the hand; 5 minutes of random flexion
and extension of each finger.

Statistical analysis

Since not all parameters passed the normality test
(Shapiro-Wilk test o > 0.05) and due to the small sample
size, nonparametric methods were applied. The differences
between baseline (T0), end of hand rehabilitation program
(T1) and follow-up (T2) were analyzed by a Friedman’s
Analysis of Variance performed on within-subject factors
at TO, Tl and T2. In case of significance, post hoc
comparisons were done using the Wilcoxon signed ranks
test. The level of significance was set at p <0.05.

RESULTS

Thirteen chronic stroke subjects satisfied
eligibility criteria and were enrolled. Flow chart
enrollment is provided in Fig. 3. Sample demographic
and anthropometric characteristics are described in
Table I. According to their ability to actively extend
wrist of 20 degrees, 6 subjects were assigned to
group A, the other 7 subjects to group B. Baseline
features of the two groups are described in Table II
and Table III.

Response to treatment

Outcome measures for Group A at T1 showed
statistically significant improvements in: FMA-
UE shoulder/elbow section (p=0.03); MP scale total
score (p=0.03); MP hand closure (p=0.02); MP wrist

Table 1. Descriptive data.

S. MICCINILLI ET AL.

Assessed for eligibility (n=13)

Evaluation (MAS, FMA-UE, MI, MP) and

o assignmento to groups of treatment

Group A (n = 6) Group B (n=7)
Active-Assisted Passive Rehabilitative
Rehabilitative protocol protocol

Group A (n=6)
Evaluation: MAS, FMA-UE, MI, MP.

Group B (n=7)
Evaluation: MAS, FMA-UE, MI, MP

Group A (n = 6)
Evaluation: MAS, FMA-UE, MI, MP.

Group B (n=7)
Evaluation: MAS, FMA-UE, MI, MP

Fig. 3. Participant flow diagram.

dorsiflexion (p=0.014); MI pinch grip (p=0.02); MAS
total score (p=0.04) (Table II). Outcome measures
for Group A at T2 showed statistically significant
improvements in: MP total score (p=0.03); MP wrist
dorsiflexion (P=0.03); MP palmar flexion (p=0.05);
MI pinch grip (p=0.04) (Table II). Outcome measures
for Group B at T1 showed statistically significant
improvements in: FMA-UE total score (P=0.01);
FMA-UE shoulder/elbow (p=0.02); FMA-UE wrist
(p=0.01); MP scale total score (p=0.01); MP hand

Active assistive group

Passive Group

(n=6) (n="7)
Participants
Gender, n males (%) 4(67) 2 (29)
Age (yr), mean + SD 55.00 £ 13.15 60.00 + 11.45
Type of stroke, n ischemic (%) 4(67) 7 (100)
Side Affected, n right (%) 1(17) 2 (29)
Months from stroke, mean + SD 44.83 £31.51 110.00 +102.82
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Table 1. Within active assisted group results.

Outcomes Pre-Treatment Post-Treatment 1 Month Follow Up Friedmann test
(T0) (T1) (T2) (p)
Fugl-Meyer Assessment Upper Extremity (FMA-UE)
Total, score + SD 41.17+5.15 47.33+£5.50 43.00 + 8.53 0.61
Shoulder/Elbow section, score = SD 27.50+1.22 31.67+1.63* 28.67 +3.61 0.01
Wrist section, score = SD 13.67 £4.84 15.67+4.37 1433 +£6.15 0.43
Motor Power (MP)
Total, score = SD 9.00 +4.94 13.00 +4.15* 12.33 £5.13* 0.00
Hand opening, score = SD 2.00+1.55 3.00+1.41 2.83+147 0.04
Hand closure, score + SD 2.83+1.17 4.00+ 0.89* 3.67+1.21 0.01
Wrist dorsiflexion score + SD 1.83+0.98 2.83 +£0.98* 2.83 +1.47* 0.01
Wrist palmar flexion, score + SD 2.33+1.51 3.17+1.17 3.00 + 1.26* 0.04
Modified Ashworth Scale (MAS)
Total, score = SD 7.67+1.75 517+6.67* 6.67 +3.08 0.03
Shoulder, score + SD 1.17+0.75 1.17+0.98 1.33+0.82 1.00
Elbow, score + SD 1.17+0.41 0.83+0.41 1.17+0.75 0.44
Wrist, score + SD 1.67+0.82 0.83+0.75 1.33+£0.82 0.07
Fingers, score + SD 1.83+£0.75 1.17+0.41 1.50 +0.55 0.07
Forearm supination, score + SD 1.83+0.75 1.17+£0.75 1.33+1.03 0.19
Motricity Index (MI)
Pinch grip, score + SD 21.17+£2.79 27.17 +2.86* 25.33 +£4.72% 0.00
Elbow flexion, score + SD 24.00 + 2.45 26.33+3.27 25.00 + 0.00 0.67
Shoulder abduction, score + SD 24.00 £2.45 24.00 +2.45 24.00 +2.45 1.00
Total arm, score + SD 71.50 +4.81 77.50 +3.21 7433 +3.14 0.07

*Wilcoxon test for paired samples compared to pre-treatment results: p<0.05.

Table II1. Within passive group results.

Outcomes Pre-Treatment Post-Treatment 1 Month Follow Up  Friedmann test
(T0) (T1) (T2) (»)
Fugl-Meyer Assessment Upper Extremity (FMA-UE)
Total, score + SD 16.57 £ 6.70 22.00 + 9.70* 22.14 +7.10% 0.00
Shoulder/Elbow section, score + SD 15.14£5.37 18.71 £ 8.32% 19.29 + 6.65* 0.00
Wrist section, score + SD 1.43+2.15 329+£221% 2.86 + 1.46% 0.00
Motor Power (MP)
Total, score = SD 3.29+525 6.14 £ 5.46% 6.00 £ 5.42% 0.00
Hand opening, score + SD 0.29+0.76 1.43+0.79* 1.43 +0.79* 0.00
Hand closure, score + SD 1.43+1.13 2.86 + 1.46* 271 +1.38* 0.00
Wrist dorsiflexion score + SD 0.86 + 1.86 1.00+1.83 1.00+1.83 1.00
Wrist palmar flexion, score + SD 0.71 £1.89 0.86 £ 1.86 0.86 = 1.86 1.00
Modified Ashworth Scale (MAS)
Total, score = SD 9.14+1.57 5.43 +1.72% 6.86 +2.67 0.01
Shoulder, score + SD 1.57+0.53 1.14+0.38 1.29+0.49 0.22
Elbow, score + SD 1.86 £ 0.69 1.14 £ 0.69* 1.43+£0.79 0.03
Wrist, score = SD 1.86 +0.69 1.29+0.76 1.43+£0.98 0.30
Fingers, score £+ SD 2.00+0.58 1.14+0.38* 1.43+0.53 0.02
Forearm supination, score + SD 1.86 +£0.38 0.86 £ 0.38* 1.29 £ 0.76* 0.00
Motricity Index (MI)
Total arm, score + SD 33.14+16.56 41.43 £23.09 34.14+17.63 0.40
Pinch grip, score £ SD 3.14+537 9.00+9.31 3.14+5.37 0.22
Elbow flexion, score = SD 15.86 + 8.55 15.86 + 8.55 16.00 +9.63 1.00
Shoulder abduction, score + SD 13.43 £6.37 15.86 +8.55 15.00+ 7.75 0.33

*Wilcoxon test for paired samples compared to pre-treatment results: p<0.035.
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opening (p=0.01); MP hand closure (p=0.01); MAS
total score (p=0.01); MAS elbow (p=0.03); MAS
fingers (p=0.01); MAS supination (p=0.01) (Table III).

Outcome measures for Group B at T2 showed
statistically significant improvements in: FMA-
UE total score (p=0.02); FMA-UE shoulder/elbow
(p=0.02); FMA-UE wrist (p=0.02); MP scale total
score (p=0.02); MP hand opening (p=0.01); MP
hand closure (p=0.02); MAS supination (p=0.05)
(Table III).

DISCUSSION

Previous studies conducted on chronic stroke
subjects with hand impairment, treated by means
of Gloreha®, highlighted improvements in local
muscle perfusion, spasticity, heaviness and stiffness
of the hand (22, 23). No study investigated the
efficacy of Gloreha® in motor recovery in chronic
stroke patients and, at the time of the studies,
Gloreha® Sinfonia was not yet commercialized,
therefore passive treatment was the only possible
treatment strategy. Other authors already observed
that a rehabilitative treatment delivered by a robotic
device, even if intensive, should not offer less
treatment options than a traditional one delivered by
a physiotherapist and that robotic devices should, on
the contrary, be equally or more effective (21).

Zan Yue et al. in a recent review about hand
rehabilitation robotic devices in post-stroke motor
recovery highlighted the importance of assessing
the basal conditions of treated subjects before
deciding the treatment strategy and the device to be
used (16). Muscular condition (atonia/spasticity),
distance from stroke (acute/subacute/chronic) and
stroke level (mild/severe) are relevant conditions
to be considered when using a robot (16). For these
reasons, we decided to assess baseline spasticity to
exclude unsuitable subjects for Gloreha glove and
adopted a clinical criterion to assign patients to
different groups of treatment according to baseline
impairment severity. Gloreha Sinfonia ®, on the
other hand, overcomes the previous limitation of the
exclusively passive treatment, since both passive
and active assisted treatment are now available,
and treatment can be adapted according to hand
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impairment severity. As expected, results of our
study show that, in both severely impaired and
moderately impaired subjects, Gloreha Sinfonia®
improves spasticity, as already observed in studies
conducted on chronic stroke subjects (22).

Results derived from clinical examination
quantified by means of FMA-UE, MI and MP
showed consistent and significant motor performance
improvements in both groups. We suppose that, as
already hypothesized by Gobbo M. in 2017 (20),
reduction in spasticity due to robotic treatment favors
active motion recovery. For these reasons more
severely impaired subjects (Group B), presenting
with higher MAS score at baseline, benefited from
Gloreha® passive treatment, presenting motor
function improvement likely due to the reduction of
spasticity. We believe that the passive modality of
treatment delivered by Gloreha® could normalize
muscle tone, releasing the hand and opening the way
to muscle recovery and motor learning.

Less severely impaired subjects also benefited
from Gloreha Sinfonia® treatment and showed
improvements in motor recovery. We believe
that in this group of patients the association of an
intensive, repetitive, task-oriented, assisted-as-
much-as-needed treatment with visual feedback,
in accordance with the action-observation-therapy
principles, resulted particularly effective. Gloreha
Sinfonia® infact, offers a complex modality of
human-robot interaction, containing several different
patterns of motor induction, which can be resumed in
a “task-specific induction” with real-life objects (for
example grasping a bottle and picking up blocks),
a “mirroring-induction”, since the patient observes
an avatar of his hand performing the same tasks on
the screen. Explicit visual and auditory cues (for
example counting during finger flexion) could also
contribute to attention capture.

Kwakkel et. al in review of literature about the
effects of robot-assisted therapy on upper limb motor
recovery in 2008 emphasized that to date there is no
certainty about the efficacy of robots in improving
ability of performing ADLs (17). We cannot assert
that Gloreha Sinfonia® can improve ability in ADLs
performance, however it offers some exercises based
on daily life scenarios. Extending Gloreha Sinfonia
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® software with other more complex exercises
could be a useful solution also for patients with mild
severity hand impairment.

As already observed in previous studies, also
in our study Gloreha Sinfonia® device confirmed
feasibility and safety, since patients well tolerated
therapy, no adverse events were registered and
all subjects completed treatment (17). Treatment
was easy to deliver and not demanding, nor time-
consuming for physiotherapists, which suggests a
possible future employment of this robot in clinical
daily routine. However, a randomized clinical trial,
comparing treatment delivered by means of Gloreha
Sinfonia® robot with a standardized and fully
replicable protocol of exercises, should be performed
in order to assess if this robotic treatment is equally
or more effective than traditional treatment in a
population of chronic stroke patients, which should
be stratified according to impairment severity.
Future studies should also concentrate on the effects
of this robotic therapy with kinematic analysis to
distinguish between therapy-induced recovery and
apparent recovery due to compensation strategies.

Gloreha Sinfonia® is a possible answer to the
request for a suitable robot for hand rehabilitative
treatment of chronic stroke subjects and our
results show that it favors motor recovery. Further
randomized controlled trials with larger samples and
a longer-term follow up are needed to confirm our
results.
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Use of wearable systems for the detection of chest-abdominal wall movement aimed at
respiratory monitoring in sport: a scoping review on available data
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There is a significant request for wearable systems for vital signs and athletic performance monitoring
during sport practice, both in professional and non-professional fields. Respiratory rate is a rather
neglected parameter in this field, but several studies show that it is a strong marker of physical exertion.
The aim of the present scoping review is to evaluate the number and kind of existing studies on wearable
technologies for the analysis of the chest wall movement for respiratory monitoring in sport and fitness.
The review included studies investigating the use of contact-based wearable techniques for the detection
of chest wall movement for respiratory monitoring during professional or amateur sport, during fitness
and physical activity. The search was conducted on PubMed/Medline, Scopus and Google Scholar
electronic databases using keywords. Data extracted were entered into a Microsoft Excel spreadsheet
by the leading author and then double-checked by the second author. A total of 25 descriptive studies
met the inclusion criteria. Few studies on small number of athletes were found, technologies were often
evaluated without a reference system, data on participants are sometimes missing. To date, we are not

able to draw conclusions on which is the best and most reliable device to use during sport practice.

Over the last few decades, a significant development
of wearable systems for monitoring of vital signs
and physiological functions was witnessed in sports
field (1, 2). Athletes and professional sporting teams
require, in fact, an assessment and monitoring of
physiological parameters for proper planning of
intensity and volume of training and are constantly
looking for tools to improve athletic performance and
to obtain a competitive advantage (3). Despite the
current technological effort, literature shows that the
simultaneous measurement, integration and analysis

of time-motion, biomechanics and physiological
variables is still a fairly unexplored field, which only
recently, thanks to the development of wearable and
miniaturized intelligent sensors, received the due
attention. Smart wearable devices consist of sensors
inserted into clothing or of accessories that can be worn
(4). Wearability is particularly important in sports
field since by means of wearable systems is possible
the continuous, personalized, and real time monitoring
of patients’ parameters under physiological conditions
and in any environment (5-6).
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The importance of respiratory monitoring in sport
and fitness

Commonly, vital signs and functions evaluated
during sport performance include heart rate,
respiratory rate, blood pressure, body temperature,
calories burned, steps count, sleep pattern, and so on.
Among these, respiratory rate (RR) can be considered,
according to literature, a rather neglected parameter
(7). There is, in fact, a wide range of wearable
sensors that can measure RR (8); however, this is not
a commonly monitored parameter during training.
RR is usually monitored to estimate the ventilation
threshold during incremental exercise (9). However,
further information can be obtained from RR. In
fact, there is a strong association between RR and
variables that can influence physical performance,
such as muscle fatigue, hypoxia, and glycogen
depletion (10-12). This suggests that RR is a strong
marker of physical exertion (7).

Respiratory monitoring technologies classification

RR canbeassessed in different ways. Technologies
for breathing monitoring and RR measurement are
classified in contact-based and contactless (8, 13).
Contact-based measurement techniques, where the
sensor is in direct contact with body surface, can
be classified depending on the characteristics of
the sensor, the body positioning and the physical
quantity measured by the sensor (8). Contact less
techniques include those that can detect air flows,
respiratory sounds, air temperature, air humidity, air
components, cardiac activity modulation and chest
wall movements. Chest wall movements sensors
can be furtherly classified according to the kind of
sensor, into deformation sensors, impedance sensors
and motion sensors (13).

Traditional techniques and gold standards for
breathing monitoring through chest wall movements

Currently,  optoelectronic  plethysmography
(OEP) represents the gold standard for the
detection of respiratory parameters through chest
wall movements (14). This method can accurately
and non-invasively measure chest-abdominal
wall’s volume and consequently evaluate patient’s
ventilation. The system was developed at the
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Bioengineering Department of the Politecnico
di Milano University (15, 16). It is based on the
motion analysis of reflective markers placed in
precise landmarks on the patient’s trunk. The three-
dimensional position of each marker is measured by
an automatic optoelectronic motion analyzer using
infrared video cameras. The enclosed volume is then
calculated by connecting the points to form triangles.

OEP can be used to study chest wall movements both
in healthy subjects during exercise and in patients with
chronic obstructive pulmonary disease, neuromuscular
disorders and in intensive care units. The limitation of
the method, however, is that it requires a structured
and dedicated environment, such as a motion analysis
laboratory, in which it is not always possible, to study
the mechanics of breathing in dynamic conditions,
such as during sports performance. Hence the need to
use wearable systems.

Why is it important to do this review?

Since there is a growing interest for vital and
functional parameters monitoring during sport
and since the importance of RR was already
demonstrated, a review on wearable systems for
the detection of chest-abdominal wall movement
described in literature is needed. To date, in fact,
there are no clear indications for the use of respiratory
monitoring systems in sport activities.

Objectives

The main purpose of this paper is to provide a
scoping review to evaluate the number and kind of
existing studies on wearable technologies for the
analysis of the chest wall movement for respiratory
monitoring in sport and fitness.

Search strategy (search methods for identification of
studies/ electronic searches)

A search of scientific studies concerning wearable
technologies for respiratory monitoring in sport
and fitness was performed in PubMed/Medline,
Scopus and Google Scholar electronic databases.
The following keywords were used: “Hexoskin;
Lifeshirt; Zephyr BioHarness; Learn Inspire Free
Entertain (L.I.LF.E.); Equivital LifeMonitor EQ02;
Wearable AND Respiratory AND Sport; Sensor



Journal of Biological Regulators & Homeostatic Agents

AND Respiratory AND Sport; Wearable Resistive
Sensor AND Respiratory; Wearable Capacitive
Sensor AND Respiratory; Wearable Inductive Sensor
AND Respiratory; Wearable Fiber Optic Sensor
AND Respiratory; Wearable Impedance Sensor
AND Respiratory; Wearable Accelerometer Sensor
AND Respiratory; Wearable Gyroscope Sensor
AND Respiratory; Wearable Magnetometer Sensor
AND Respiratory”.

Data collection and analysis - eligibility criteria

All included studies investigated the use of
contact-based wearable techniques for the detection
of chest wall movement for respiratory monitoring
during professional or amateur sport, during fitness
and physical activity. Exclusion criteria were studies
about the use of wearable contact-based techniques
not assessing respiratory parameters; studies about
the use of wearable contact-based techniques for
respiratory monitoring not detecting chest wall
movement; studies about contactless techniques for
respiratory monitoring. No language restriction was
applied, however, articles not in English were not
examined due to linguistic barriers. No limits neither
for time, nor for status of publication, nor for length
of follow up were applied to the search, since a
limited number of studies was expected to be found.

Information sources
The last search was conducted on the 30" of June 2020.

Study selection (selection of studies)

Two authors independently analyzed the titles,
the abstracts and the full-text articles respectively
emerged from the literature search, to determine
eligibility for their inclusion. Inclusion criteria were
applied to relevant studies. A consensus method
based on discussion was used to solve differences
in opinions concerning inclusion of studies. Studies
not meeting inclusion criteria were excluded since
potentially biased.

Data extraction and synthesis - data charting

After reading the full text article of each included
study, data extracted were entered into a Microsoft
Excel spread sheet by the leading author. Data
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collection included: first author and publication year,
title, study typology, technology used, kind of sensor
used, presence of a reference system, number and
kind of participants, male and female participants,
objective of the study, analyzed parameters and kind
of sport activity during measurements, technology
results in terms of reliability and of accuracy, any
limit in the study. These extracted data were arranged
in a tabular form and then double-checked by the
second author. All authors discussed together the
relevance of findings and results.

Evidence synthesis - search results

The four consulted databases yielded 670 records,
25 of which met the selection criteria. The study
selection process is outlined in Fig. 1.

The search conducted on techniques based on
strain measurement methods, produced 20 results.
Six of the 20 studies were related to techniques
using capacitive sensors and all of them regarded
the use of the technology “Zephir Bio-Harness”
(17-22). Eleven of the 20 studies were related to
techniques using inductive sensors. Seven of the
studies about inductive sensors were about the
technology “Hexoskin” (23-29), one was about the
technology “Equivital Lifemonitor EQ02” (30) one
was about the technology “Lifeshirt” (31), and one
about the technology “New Respiratory Inductive
Plethysmography” (32). One of the 20 studies was
related to the use of a smart garment with fiber optic
sensors (33) and 3 to the use of smart garments using
piezoresistive sensors (34-36).

The search conducted on techniques based on
movement measurements produced 5 results. One of
these was related to the use of accelerometers (37),
two for the use of a combination accelerometers
and gyroscopes (38, 39), one for the combination
of accelerometers and ECG signals (40) and 1 to
the use of magnetometers (41). The search did not
produce any study about the use of Transtoracic
Impedance  Sensors.  Respiratory  parameters
registered in included studies were: RR, average RR,
maximal RR, Tidal Volume (TV), minute ventilation,
respiratory volume, ventilation, median RR, minute
TV, inspiratory time and expiratory time.

All studies investigated RR, with exception for
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Mc Cool 2002 (41). Minute ventilation was measured
by Hexoskin (24, 28, 29) and Lifeshirt (31), TV
was measured by Hexoskin (26), New Respiratory
Inductive Plethysmograhy (32) and magnetometers
(41); inspiratory and expiratory time were measured
by New Respiratory Inductive Plethysmograhy (32)
and magnetometers (41), expiratory time was also
measured by Lifeshirt (31). Only 18 out of the 25
studies compared wearable systems to reference
ones. Table I describes reported results.

A total number of 484 subjects were analyzed
throughout all the included studies, 429 of which were

Table 1. Results

SENSOR TECHNOLOGY

Zephir Bio-Harness
Capacitive

Hexoskin
Inductive
Equivital Lifemonitor Eq02

Lifeshirt

New Respiratory Inductive
Plethysmograhy

STRAIN MEASUREMENTS

Fiber Optic Smart Garment

Resistive Smart Garment/ sensors in
contact with the chest and
abdomen

sensors in contact with the
chest and abdomen

Accelerometers

MOVE
MENT
MEASU
REMEN
s

NUMBER OF STUDIES
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healthy subjects, 55 of which were athletes. Seven
studies (19, 22, 26, 28, 30, 38, 41) did not report the
sex of enrolled subjects, therefore, as far as we know,
152 male healthy subjects and 11 male athletes were
enrolled, whereas 104 female healthy subjects and 22
female athletes were enrolled (Table II).

Respiratory  parameters were evaluated
during different physical activities, described,
and reported in Table III. Only 7 out of the
25 descriptive studies analyzed subjects in a
competition context, in real training programs and
during sport practice (19-23, 33, 34).

STUDYES VS REFERENCE MEASURED PARAMETERS FINAL AUTHORS’
SYSTEM JUDJMENT ON
TECHNOLOGY

No significant differences
between ZBH and reference
systems for the FR, both
under laboratory and in real
life conditions.

5 average RR, maximal RR, TV, = Poor reliability of Hexoskin for

minute ventilation, respiratory respiratory data monitoring in
volume real-life setting, especially
during maximal exercise.
The system can provide a
complete physiological
monitoring under laboratory
conditions.
ventilation, RR, expiratory time ~ Good reliability and validity of
LIfeshirt compared to the
reference system under
laboratory conditions.
1 Median one minute TV, The study showed good
inspiratory time, expiratory concordance between NRIP
time and the reference system at
rest and during mild to
moderate physical activity
under laboratory conditions.
Good performance in
measuring respiratory
frequency and heart rate
compared to the reference
system, both under laboratory
and in real life conditions.
Good accuracy of RR
measurement at rest and
during physical exercise,
under laboratory conditions,
but less accuracy of tidal
volume measurement. One
study also in real
environment.

Good accuracy of RR
measurement during various
body activities under
laboratory conditions.

1 RR

3 RR, TV

sensors in contact with the
chest and abdomen

Gyroscopes+ Accelerometers
Smart garment

Accelerometers+Ecg

sensors in contact with the
chest and abdomen

Magnetometers

Transtoracic Impedance Sensor

IMPEDANCE
MEASUREMENT

Good accuracy of RR
measurement during aerobic
exercise under laboratory
conditions.

Good accuracy of RR
measurement during various
activities under laboratory
conditions.

1 TV, inspiratory time, expiratory Good accuracy under
time laboratory conditions.




Journal of Biological Regulators & Homeostatic Agents

Table I1. Population
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Healthy Subjects= 429 subjects

Elite Athletes=55 subjects

Male Female

Male Female

152 104

11 22

Total unknown sex=173

Total unknown sex=22

Total number=486 subjects

Database search yield

Records after duplicate removed

Records after removal of articles not published in English

Records after title assessment

Full-text articles assessed for eligibility

Fig. 1. The study selection process.

Authors reached different final judgments about
used devices. Studies investigating Zephir Bio-
Harness showed no significant differences between
the system and the reference system for the RR,
both under laboratory conditions and in real world
conditions (17-22). Studies investigating Hexoskin
showed less reliability of the device for respiratory
data monitoring in real-life setting, especially during
maximal exercise and heat (23-29). A single study
investigating Equivital Lifemonitor Eq02 concluded
that the device can provide a complete physiological
monitoring under laboratory conditions (30).

A single study investigating  Lifeshirt
demonstrated good reliability and validity of
Lifeshirt in measuring respiratory parameters
compared to the reference system under laboratory
conditions (31). A single study investigating New
Respiratory Inductive Plethysmograhy showed
good concordance between the reference system at
rest and during mild to moderate physical activity

under laboratory conditions (32). A single study
investigating a fiber optic smart garment showed
good performance compared to the reference system,
both under laboratory and in real life conditions (33).

Studies conducted with resistive smart
garments or sensors showed good accuracy of RR
measurement at rest and during physical exercise
under laboratory conditions, but less accuracy of
tidal volume measurement (34-36). A single study
investigating the use of accelerometers showed
good accuracy of RR measurement during various
body activities under laboratory conditions
(37). Studies investigating the combined use of
accelerometers and gyroscopes demonstrated a
good accuracy of RR measurement during aerobic
exercise under laboratory conditions (38, 39).
A single study on magnetometers showed good
accuracy of RR measurement during various
activities under laboratory conditions (41). Results
are resumed in Table I.
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DISCUSSION

This study aimed at gaining information
from literature about the use in sports and fitness
of technologies for the detection of respiratory
parameters. Given the vastness of the topic and the
countless types of existing technologies and sensors,
our research focused on contact-based technologies
and, in the context of these, in particular on systems
based on the detection of chest wall and abdomen
movements. Confirming what previously stated by
Nicolo in 2017 (7) and by other authors even before

(42-43), there are not many studies focusing on the

Table II1. Main physical activities described in studies.
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detection of the RR in sports. Reviews on wearable
technologies used in sport found in literature, in fact,
do not address this topic or only marginally deal with
it, reflecting the poor interest in the study of respiratory
performance during sport practice (3, 44).

Moreover, the spread of easily accessible wearable
technologies, led to great expenditure and investments
in the field of pedometers and technologies for
calculation of energy consumption (3, 44). Market
reasons have often prevailed over the need to develop
accurate and targeted technologies that could be
reliable and useful to monitor athletic performance.
In addition to the poor interest for RR, reasons for

Activity ZBH HSK LS

RIP

EQV FO RES ACC GYROS

Mild physical exercise +

Incremental exercise test at +
cycloergometer

Parabolic flight and parachute
jumps

Walking and running activities on + ++

a treadmill

++ +++ +

Graded exercise up to VO2 max + +
and sustained exercise (also in a
hot environment)

Taekwondoo fights +

mCAFT test +

Incremental treadmill test + + +

Constant work rate test +

Training programs in soccer ++

female players

Aerial skills, basketball crossfit, +
fitness, tennis, Zumba, middle
distance running

Running

Intense running +

bounding +

jumps +

Trail hiking +

Maximal aerobic cycle ergometer +
test in elite cyclists

Walking on the spot

Trail run +

High intensity functional training +

Shooting sessions in archery

Aerobic exercise
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the poor development of this kind of technologies
can also be found in the difficulty in carrying out an
accurate analysis of the respiratory system in dynamic
conditions, such as during sport practice.

The common gold standard systems, such as
spirometry, pneumotacography and optoelectronic
plethysmography are not suitable in sport context
since they need structured environments and
devoted laboratories. These technologies often
require mouthpieces or bulky instruments that
cannot be used during a real performance, but only
under test conditions. To this end, bio-medical
research is focusing on the development of wearable
technologies that can be used in real contexts and
during athletic performances. Our search in literature
resulted difficult and probably produced only a
part of the existing results. Study titles, in fact,
often do not recall in the text the name or the kind
of technology or sensor used or the word “sport”.
For this reason, keywords used for this search,
necessarily included commercial names of some
known technologies (7). A study included in
our search discuss the technological characteristics
of the system, the development of mathematical
algorithms for the extrapolation of data, but little
attention is often reserved to the validation of the
techniques compared to gold standard reference
systems on a sufficiently large number of subjects.
Studies on real professional athletes are few, on very
small samples and, in most cases, concern already
commercialized technologies.  In most cases,
devices are tested in a laboratory setting, not during
real sport performance. Many variables, such as heat
and sweat, which influence adherence of sensors
and smart garments to the skin during athletic
performance, during test conditions, are therefore
neglected in the general judgment of the technique.
Many studies do not accurately describe the study
population and differentiate between female and
male subjects.

In our opinion this information is essential
because wearability and, therefore, reliability of the
devices are influenced by anatomical characteristics
of subjects, which are different between male and
females. Capacitive and inductive systems are,
to date, the most widespread and tested devices.
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Commercial devices based on these technologies are
already existing and used in sports field. Capacitive
systems, such as Zephir Bio-Harness can measure
RR, whereas inductive systems, can also measure
other parameters such as TV, minute ventilation,
respiratory volume, inspiratory and expiratory time.
However, among inductive systems, commercial
devices, such as Hexoskin, suffer from poor reliability
in respiratory data monitoring and recording in real-
life situations, especially during maximal exercise.
Smart garments integrating fiber optic or resistive
sensors, accelerometers, magnetometers, and
gyroscopes are generally described by authors as
reliable. However, studies regarding these kinds of
smart garments are very few.

Accelerometers are used to derive breathing
rate by measuring movements of the chest wall,
however, they suffer from motion artefacts and their
use in dynamic conditions can result difficult. For
this reason, accelerometers are often coupled with
gyroscopes or magnetometers to gain better results.
According to what we found in literature, we are
not able, at the moment, to draw conclusions about
which is the best and most reliable device to use
during sport practice and to express preference on
which kind of technology to use during different
kind of sports.
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Non-implantable bone conduction device for hearing loss: a systematic review
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There are different treatment options that employ a bone conduction transmission of the sound, for
different types of hearing loss, as well as hearing aids, medical intervention via prostheses and surgically
implanted medical devices. A middle ear disease causes a decline in the conductive mechanism of hearing.
The current possibilities of compensating Conductive Hearing Loss (CHL) solutions include both
surgical and no surgical Bone Conduction Devices (BCDs). Due to the invasiveness of the implantable
devices and their specific requirements in terms of the temporal bone anatomy, non-implantable BCDs
are in some cases preferred in the clinical routine. The goal of this review is to investigate the beneficial
effects and safety of non-implantable BC devices, analysing the different type of solutions found so far.
A systematic review was performed to identify all the clinical studies evaluating the use of non-invasive
BCDs. A qualitative analysis based on data extracted was conducted. From 37 articles, 11 prospective
studies and 1 retrospective study were selected for a full analysis, for a total of 173 patients from 4- to
77-years-old. Eight of these studies included adult patients, while the other four are paediatric studies.
All the studies analyse non-implantable BCDs commonly used in case of CHL, sensorineural HL and
single side deafness. Three of them analyse an adhesive device, six compare the adhesive device with
a sound processor mounted on a support fitted on the head, one compare it also with an implant, one
analyse the sound processor mounted on different type of support, and one compare different type
of sound processor. All the studies showed advantages from the use of non-invasive BCDs, both on
adults and children. The non-invasive BCDs analysed in this review show good results both from the
audiological and subjective point of view and could be considered a safe and effective solution for patients
suffering from conductive hearing loss, sensorineural hearing loss or single-side deafness. More studies
are required to confirm these promising results.

The WHO reported that around 466 million
people worldwide (34 million children) suffer
from disabling Hearing Loss (HL), defined as
HL greater than 40 dB in the better hearing ear
in adults and 30 dB in the better hearing ear in
children. Advances in medicine and technology

have led to many new treatment options for all
different types as well as severities of hearing aids,
medical intervention via prostheses and surgically
implanted medical devices such as cochlear, middle
ear, or as currently reviewed, bone conduction
implants (1). While most patients with moderate
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to severe HL can be supplied with conventional
hearing aids, some patients either do not benefit
enough from hearing aids or cannot wear them due
to anatomical or skin-related issues. When a middle
ear disease is present, it initially causes a decline
in the conductive mechanism of hearing, as shown
by the presence of a mild-to-moderate air-bone
gap in pure tone audiometry. Although this type
of HL is less disabling than purely sensorineural
hearing loss, a conductive loss that affects both
ears can also compromise communication skills
and quality of life. The most frequent permanent
causes of Conductive HL (CHL) are related to
Chronic Otitis Media (COM) with or without
cholesteatoma, ear malformations, otosclerosis
and adhesive process. Current possibilities of
compensating CHL solutions include both surgical
and no surgical Bone Conduction Devices (BCDs).
Surgically implanted direct-drive BCDs, either
percutaneous or active transcutaneous, provide
the best hearing rehabilitation, because they are
directly fixed to the skull (2). Moreover, because
of the size of the transducer, these implants
have more specific requirements in terms of the
temporal bone anatomy, which reduces the number
of potential users.

Non-implantable BCDs transmit the sound to the
inner ear with direct conduction through the bone,
bypassing external and middle ear. Typically, non-
implantable BCD allows a more natural perception
of the sound with less distortion and whistle when
compared to traditional air conduction hearing
aids. This device guarantees a better speech
comprehension and sound localization in noisy
These hearing aids are located
outside the ear, leaving the hearing channel free for
a better comfort, and helping to reduce problems
due to chronic ear infections or allergies that can
limit its use (3, 4, 5). The indications for this system
are patients with unified or bilateral CHL or Single
Sided Deafness (SSD), without any age limitations.
Thereafter, considering technological innovations
in sound processors, the initial indications have
been extended to mild/moderate forms of mixed
HL, with bone conduction threshold levels of 35
dB or better.

environment.

A.MOFFA ET AL.

MATERIALS AND METHODS

For the first time, a review was conducted on the only
non-implantable BCDs described in the literature for
the HL treatment. This work helps to provide a clearer
picture of the effects of the interventions, as well as
assisting clinicians in forming their opinions and giving
recommendations. The study was performed according
to the Preferred Reporting Items for Systematic Reviews
and
Meta-Analyses (PRISMA) guidelines (6).

Data source and study searching

An electronic search was performed on PubMed/
MEDLINE and Google Scholar. An example of a search
strategy is the one used for PubMed/MEDLINE: “bone
conduction”, “hearing aid”, “bone conduction device”,
“eyeglasses”, “adhesive device”, “not implantable”,
“softband”, “headband”, ‘“hearing loss”, “single side
deafness”, “contralateral routing of sound system”,
“speech perception in noise”, “sound localization”,
“quality of life”. The other searches were adjusted to fit
the specific requirements for each database. Then, a cross-
reference search of the included studies was performed
to minimize the risk of missing relevant data. The last
research was run in April 2020.

Inclusion/exclusion criteria

The selection of the studies was based on clinical
studies of non-implantable BC devices, made both on
adult and paediatric patients affected by different types
of hearing loss, for example different type of CHL, SHL
and SSD. Exclusions criteria were studies not in English,
reviews, conference abstracts, letters and studies with
unclear and/or incomplete data. Moreover, clinical studies
on the use of implantable devices, except if compared to
non-implantable ones, were excluded from this review.

Data extraction and data analysis

All articles were initially screened by title and
abstract, then the full-text version of each publication
was assessed and those whose content was judged not
to be strictly related to the subject of this review, were
excluded. Data extraction of the studies included the
population demographics and baseline characteristics,
details on intervention and control conditions, study
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designs, outcomes, and time of measurement as well as
risk estimates.

Statistical analysis and summary of findings

It was not possible to perform the intended statistical
analysis and summary of findings as described in our
protocol, due to heterogenic reporting style and lack of data
in individual studies included in this review. Thus, the effect
on individual outcomes and overall quality assessment
were solely narratively described. Available data in the
retrospective studies were used. Authors of the included
studies were not contacted for further information.

RESULTS

Search criteria returned 37 articles, which were
reduced to 20 after the removal of irrelevant articles
and duplicates. These were screened and further
8 were excluded, resulting in 12 articles fulfilling
criteria for inclusion in this review. The flow diagram
shown in Fig. 1 (PRISMA Flow Diagram) depicts the

m PRISMA 2009 Flow Diagram

—

selection process. All the original articles included
were prospective studies, except for one retrospective
case-control study. Eight of these studies included
adult patients, while the other four are paediatric
studies. The population in the included studies
consisted of 173 patients aged 4 to 77 years. The
baseline characteristics of these studies are reported
in Table I, while a further description of the studies
conducted in the reports can be found in Table II.

Primary outcomes

Dahm V. et al evaluated the hearing benefit,
advantages, and disadvantages in twelve patients
suffered from CHL for at least 3 months, using
ADHEAR, an adhesive device. Results of the
Freiburg monosyllables word test and the mean
speech recognition threshold (SRT) in quiet, show
a statistically significant difference between the
unaided and aided condition. Contrary, for the
masking-noise situation, OlISa revealed a not
statistically significant improvement of the SRT
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Fig. 1. Flowchart outlining the paper selection process of

the systematic review (based on PRISMA guidelines). PRISMA

indicates preferred reporting items for systematic review and meta-analyses.
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Table 1. General characterizes of included studies.

Authors

Prospective

Academic,
prospective,
randomized

CroSs-over

trial

Retrospective
case-control
study

Prospective
study with
repeated-
measure design

Prospective
nonrandomized
crossover study

Prospective

Prospective

Prospective
study with
a single-
subject,
repeated-
measure
design

13

30

10

15

15

8 of 12 of the
partecipants
done
additional
measurment
with Contact
Mini

Each subject
serves as its
own control

Each
subject
serves as
its own
control

(5/7)

(3/10)

(18/12)

(4/6)

(9/6)

(9/6)

(6/3)

(7/4)

A.MOFFAET AL.

44+30

37.5425.5

48+29

10.5+6.5

26.5+7.5

26+8

43.5+25.5

5.24+4.5

Chronic otitis media (n=8).
Otosclerosis (n=1). Middle
ear malformation (n=1).
Chronic external otitis
(n=1). Persistent traumatic
eardrum perforation (n=1).

Unilateral CHL (n=10),
bilateral CHL (n=3): Canal
wall down (n=3), chronic
otitis media (n=6), external
auditory canal stenosis
(n=1), atresia (n=3)

SSD

Uni or bilateral CHL:
CHL due to a congenital
malformation of the pinna
and/or ear canal (n=7),
CHL due to a tympanic
perforation (n=3), CHL

in combination with
tympanosclerosis (n=2).
Six out of ten subjects had
previous experience with a
bone-anchored hearing aid.

Induced bilateral CHL

Simulated bilateral CHL

Hearing loss due to:
bilateral middle ear
anomaly (n=1), bilateral
aural atresia (n=3),
unilateral aural atresia
(n=2), and single-sided
deafness (n=3)

CHL.: bi- (n=1) and
unilateral (n=8) aural
atresia, one of the
latter combined
with a malformed
contralateral middle
ear, or frequently
discharging

ears (n=1)

2 weeks

4 weeks

from 2
to 73
weeks

3 weeks

1
session

1
session

months

8
weeks

N. Se Mean age Follow-
Type of study : Control - B Type of deafness = Abbreviations
partecipants (M/F) (range) up

SSD = single
side deafness

CHL=CHL
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A prospective,

Osborne sinale-subiect Each subject
M.S. et al gie-subject, 21 serves asits  (10/11)
2019 fepeat measure, own control
cohort study
Skarzynski Each subject
P.H. et al. Prospective 10 serves as its (5/5)
2019 own control
Urik M et .
al. 2019 Prospective 17 - (11/6)
Prospective,
Weiss R. et | single-subject,
al. 2019 reapeted- 10 - (6/4)

measure study

in the aided condition compared to the unaided
condition (7). The next year, Dahm V, with another
research group, compared the average daily wearing
time of a Contact Mini processor mounted on a
softband with ADHEAR. This study involved 13
subjects between 12- and 63-years-old with CHL
that were fitted all with both devices. The results
show a statistically significant difference concerning
the daily usage, while there was no statistically
significant audiological difference between the
two devices. Comparing the two devices in this
study, audiologic assessment of aided sound field
thresholds, WRS, and SRT in quiet and in noise
showed no statistically significant differences (8).
About the ADHEAR system, also Favoreel A. et
al. evaluated the audiological benefit of this device
in ten of children (4-17 years old) with CHL during
a short-term exposure of three weeks and compared
it to a BCD on a softband. The children achieved
significant audiological improvement with the
ADHEAR immediately after the first attachment,
with no acclimatization time, and this remained stable
over a time period of three weeks (9). Moreover,
Gawliczek et al. studied the audiological benefit
of the ADHEAR system in subjects with induced
bilateral CHL, to evaluate the additional benefit of
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CHL: unilateral (n=20),
bilateral (n=1) and
congenital (n=14), acquired
(0=T7)

From
4to012
weeks

9.5+4.5 CHL=CHL

The main etiologies for the
CHL were cholesteatoma,
chronic otitis media, and
congenital malformations of
the outer or middle ear.

1

40.5+24.5 q
session

CHL=CHL

Bilateral CHL (n=5).
Unilateral CHL (n=6).
Unilateral SHL (n=6).

2 weeks CHL=CHL

el SHL=SHL

Underwent middle ear
surgery with transient
hearing loss due to auditory
canal tamponade.

41.5+£20.5 3 weeks

bilateral fitting compared with unilateral fitting and
to compare the outcomes with BC devices attached
to a softband (BAHA 5 sound processor). For the
sound field thresholds and the speech understanding
in quiet and in noise, no statistically significant
differences between the devices or between treatment
conditions were found. For the sound localization a
statistically significant difference of approximately 7
degrees (p=0.043) was observed between ADHEAR
and BAHA in the bilateral treatment conditions (3).

Neumann et al. also evaluated the audiological
and clinical outcome of the ADHEAR system,
comparing it with conventional BCDSs (BAHA 5
sound processor) in a short- and mid-term follow-
up in ten children under 10 years old. As a result,
this system significantly improved the functional
hearing gain and speech perception in quiet and
noise in paediatric patients with CHL due to aural
atresia or chronic otitis media with discharging ears
(2). A similar study was conducted by Osborne et
al. assessing the audiological effectiveness of the
ADHEAR system when compared with the child’s
unaided thresholds and those obtained with a BC
hearing aid worn on a softband. Twenty-one children
aged between 5 and 15 years old with a CHL were
enrolled. The results of paired test analysis of the
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Table I1. Summary of studies specifically involving the use of non-implantable BCD:s.

Dahm V et
al. 2018

Dahm V et
al. 2019

Faber H.T.
et al. 2012

ADHEAR.
Contact
Mini.

ADHEAR.
Contact
Mini.

BAHA
Intenso.
BAHA
Classic.
BAHA
Divino.

ADHEAR: attached to

the hairless skin behind
the ear. It functions by

the connection of two
components, the audio
processor (AP) and the
adhesive adapter (AA). The
single-use, water resistant
AA is placed behind the
auricle in the mastoid
area and remains there for
3-7 days. The AP is then
connected via the snap
connector on the AA, and
transfers vibrations to the
inner ear without applying
pressure.

CONTACT MINTI: digital
miniature BC system that
does not required surgery.
It can be incorporated into
a wide range of headpieces
and hair bands.

ADHEAR: attached to
the hairless skin behind
the ear. It functions by

the connection of two
components, the audio
processor (AP) and the
adhesive adapter (AA). The
single-use, water resistant
AA is placed behind the
auricle in the mastoid

area and remains there for
3-7 days. The AP is then
connected via the snap
connector on the AA, and
transfers vibrations to the
inner ear without applying
pressure.

CONTACT MINI: digital
miniature BC system that
does not required surgery.
It can be incorporated into
a wide range of headpieces
and hair bands.

The Baha Intenso: is a BC
sound processor and the
most powerful of our head
worn devices.

Baha Divino: offers an
advanced elaboration of the
digital sound ensuring the
best amplification possible.
The Baha Divino directional
system guarantees an
execellent signal to noise
ratio in noisy enviroment.

A.MOFFA ET AL.

A sound field
audiometry. Freiburg
monosyllables word
test.

Oldenburg sentence
test. SSQ12. AQoL-
8D.

At the first visit:
pure-tone thresholds,
SSQ12 and AQoL-8D.
After 2 weeks wearing
the first device: sound
field measurements,
Freiburg monosyllables
word test, and OlSa

in quiet and in noise.
Tests carried out in
aided and unaided
conditions. SSQ12
and AQoL-8D. After 2
further weeks with the
second device: same
tests.

Air and BC
threasholds.
Questionnaires:
APHAB GHABP SSD
questionnaire SSQ.
After the trial patients
were divided into two
groups: BCD+ and
BCD-

Average aided threshold
=30.8 dB HL (£7.1 SD),
unaided threshold = 45.1

dB HL (+7.0 SD) with the
adhesive BCD.

Freiburg monosyllables word
test in the unaided condition:
mean WRS =29% at 65 dB
SPL (+25 SD) and 40% at

70 dB SPL (26 SD). In the
aided condition: mean WRS
=59% at 65 dB SPL (+30 SD)
and 68% at 70 dB SPL (27
SD). SRT in quiet = 56.8 dB
SPL (+6.1 SD). SRT in quiet
aided = 44.5 dB SPL (+6.4
SD).

Masking-noise situation:
OlSa: SRT =-1.2 dB (0.9
SD) in the aided condition.
SRT =-0.4 dB (2.1 SD) in the
unaided condition.

Median average aided
thresholds: with adhear =
35dB HL, with BCD = 30

dB HL. Median average
functional hearing gain:

with adhear = 17 dB, with

the control device = 19 dB,
Median WRS: unaided =
25.0% at 65 dB SPL and
40.0% at 70 dB SPL, with the
device = 47.5% at 65 dB and
52.5% at 70 dB, OlSa: without
adhear median SRT in quiet =
54.3 dB S/N . With the BCD
median SRT = 41.9 dB.

In noise SRT in the unaided
condition = 0.4 dB S/N,

In noise SRT with adhear =
-0.65 dB S/N. In noise SRT in
the unaided condition = 0.8dB
S/N, In noise SRTwith BCD. =
-0.2dB S/N

Mean air conduction
threshold: BCD+=31.2 dB.
BCD- = 16.9 dB. Mean bone-
conduction threshold: BCD+ =
22.4 dB. BCD-=9.7 dB.

First visit: mean
SSQ12 =4.4(+1.6 SD),
mean AQoL-8D = 0.75
(£0.17 SD).After 2
weeks: mean SSQ12 =
6.1 (2.5 SD),

mean AQoL-8D = 0.88
(£0.14 SD).

SSQ 12: statistically
significant
improvement for the
total score as well

as for the subscores
with both devices
compared with the
baseline visit TO (all
p<0.001). Only for

the qualities subscore,
the improvement with
the adhesive BCD
compared with the
conventional BCD was
statistically significant
(p<0.039). AQoL-8D:
statistically significant
improvement with both
devices compared with
TO (p<0.001 in both
cases).

Satisfied with the BCD

headband: BCD+

= 8 patients (57%),
BCD- =3 (19%).
Dissatisfied with the
BCD headband but
chose a BCD: BCD+ =
4(29%). Conversation
in noisy environments:
no significant
difference between
groups. Almost always
able to understand

a conversation with

1 person in a noisy
environment: BCD- =
10 (63%), BCD+=2
(14%).

SSQ = Speech,
Spatial, and
Qualities of Hearing
OlSa = Oldenburg
sentence test

AQoL = Assessment
of Quality of Life
SRT = speech
recognition
threshold.

WRS = word
recognition score

SSQ = Speech,
Spatial, and
Qualities of Hearing
OlSa = Oldenburg
sentence test

AQoL = Assessment
of Quality of Life
SRT = speech
recognition
threshold

WRS = word
recognition score

APHAB =
Abbreviated Profile
of Hearing Aid
Benefit

GHABP = Glasgow
Hearing Aid Benefit
Profile

SSQ = Speech
Spatial Qualities of
Hearing scale
BCD+ = opt for BC
device

BCD- = do not opt
for BCD
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ADHEAR.
BAHA on
softband

ADHEAR.
BAHA 5
softband.

Baha
SoundArc
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ADHEAR: attached to
the hairless skin behind
the ear. It functions by

the connection of two
components, the audio
processor (AP) and the
adhesive adapter (AA). The
single-use, water resistant
AA is placed behind the
auricle in the mastoid
area and remains there for
3-7 days. The AP is then
connected via the snap
connector on the AA, and
transfers vibrations to the
inner ear without applying
pressure.

BAHA 5 on softband: the
BAHA 5 is a processor
of bone-anchored hearing
aid attached to an elastic
headband

ADHEAR: attached to
the hairless skin behind
the ear. It functions by

the connection of two
components, the audio
processor (AP) and the
adhesive adapter (AA). The
single-use, water resistant
AA is placed behind the
auricle in the mastoid
area and remains there for
3-7 days. The AP is then
connected via the snap
connector on the AA, and
transfers vibrations to the
inner ear without applying
pressure.

BAHA 5 on softband: the
BAHA 5 is a processor
of bone-anchored hearing
aid attached to an elastic
headband

Is a flexible titanium bow
to be worn behind the
head, rather than around
the head. Similar to the
headband and the softband,
a disk supporting the sound
processor is attached to the
side of the device.

First visit: pure tone
air- and BC thresholds,
free field audiometry
and free field SPIQ
tests in the following
conditions: unaided,
aided with the
ADHEAR and aided
with the BCHA on a
softband. Second visit
(3 weeks): free field
audiometry and free
field SPIQ tests with
the ADHEAR

Sound field thresholds,
speech understanding
in quiet and in
multinoise were
assessed in

unaided, unilateral,
and bilateral treatment
conditions. Sound
localization was
evaluated in uni- and
bilateral treatment
conditions.

Soundfield thresholds,
speech understanding
in quiet and in noise,
and sound localization
were measured in
unaided conditions
and with 1 or 2 Baha
5 sound processors
mounted on either

a softband or a
SoundArc device.

Free field threashold: unaided
=50 dB HL. Mean BIAP:
first visit: adhear = 28 dB HL
(18.6-37.7), BCHA = 26 dB
HL (21.6-31.2), second visit:
adhear = 28 dB (20.0-36.5).
Speech audiometry in quiet:
mean SRT: first visit: adhear
=19 dB (10.3-28.1), BCHA
=21 dB (12.6-29.4). second
visit: adhear = 47dB SPL
(41.9-51.5)

Sound field threasholds:
unilateral: Adhear =
24.3+5.2dB HL, Baha =
24.1+3.7dB HL, bilateral:
Adhear = 22.1+4.4dB HL,
Baha = 23.8+3.4dB

HL. Speech understanding in
quiet: WRS at 50dB unilateral:
Adhear = 68%, Baha = 77%,
WRS at 50dB bilateral: Adhear
=77%, Baha = 81%, WRS

at 65dB unilateral: Adhear =
49%, Baha = 51%, WRS at
65dB bilateral: Adhear = 52%,
Baha = 52%. SRT: unilateral:
Adhear = 35.9+4.6dB SPL,
Baha = 34.2+3.3dB SPL,
bilateral: Adhear = 33.2+4.1dB
SPL, Baha = 34.4+3.0dB

SPL. Speech understanding

in noise: differences between
Adhear and Baha were not
statistically significant. Sound
localization: difference of 7
degrees ( p=0.043) observed
between Adhear and Baha

in the bilateral treatment
conditions.

Sound field threasholds:
Softband: unilateral = 24.8dB,
bilateral = 25.1dB, SoundArc:
unilateral = 23.6dB, bilateral
=24.0dB. SRT in quiet:
Softband: unilateral = 21.7dB,
bilateral = 21.5dB, SoundArc:
unilateral = 19.5dB, bilateral
=20.3dB

SSQ12: mean unaided
=49 (4.1-5.8), adhear
=17.3(6.7-7.8). Speech
understanding in

noise and in multiple
streams: mean unaided
=4.7(3.8-5.7), adhear
=7.3 (6.4-8.1). Sound
localization: unaided =
4.9 (3.8-6.1), adhear =
7.0 (6.1-7.9). Quality
scale: unaided = 5.1
(3.8-6.4), adhear =7.5
(6.7-8.3).
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SPIQ = Speech in
Quiet Testing
BIAP = Bureau
International
d’Audiophonologie
SRT= speech
recognition
threshold

AP = audio
processor

AA = adhesive
adapter

SRT = speech
recognition
threshold.

WRS = word
recognition score

SRT = speech
recognition
threshold
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ADHEAR

Adbhear.
Baha
softband

ADHEAR.
Ponto on
softband

ADHEAR: attached to

the hairless skin behind
the ear. It functions by

the connection of two
components, the audio
processor (AP) and the
adhesive adapter (AA). The
single-use, water resistant
AA is placed behind the
auricle in the mastoid
area and remains there for
3-7 days. The AP is then
connected via the snap
connector on the AA, and
transfers vibrations to the
inner ear without applying
pressure.

ADHEAR: attached to

the hairless skin behind
the ear. It functions by

the connection of two
components, the audio
processor (AP) and the
adhesive adapter (AA). The
single-use, water resistant
AA is placed behind the
auricle in the mastoid

area and remains there for
3-7 days. The AP is then
connected via the snap
connector on the AA, and
transfers vibrations to the
inner ear without applying
pressure.

The BAHA sound processor
(BAHA 4, Contact Mini or
BAHA 5) was worn on a
BAHA Softband.

ADHEAR: attached to
the hairless skin behind
the ear. It functions by

the connection of two
components, the audio
processor (AP) and the
adhesive adapter (AA). The
single-use, water resistant
AA is placed behind the
auricle in the mastoid
area and remains there for
3—7 days. The AP is then
connected via the snap
connector on the AA, and
transfers vibrations to the
inner ear without applying
pressure.

Ponto on a softband: the
Ponto sound processor is
mounted on a softband with
ready-mounted connector
plates

A.MOFFA ET AL.

Free-field audiometry,
speech perception tests
in quiet and noise, and
sound

localization tests were
carried out prior and at
1 and 3 months after
the start of ADHEAR
use. at 60-80 dB. The
subjective benefits of
the ADHEAR were
assessed

using the SSQ,
administered

before applying the
ADHEAR device and
at 1-3 months after
application.

At TO: hearing
thresholds for air
and BC, sound field
audiometry, speech
in quiet and in noise
in the unaided and
aided conditions with
the ADHEAR and
aBCDS. At T1 (8
weeks): audiometric
measurements with
the ADHEAR, fill

in the questionnaire
SSQP (and LEAQ
for children up to
24 months of age)
and the ADHEAR
questionnaire.

Sound field threshold
measurement
performed with
warble tones: unaided,
softband device,
ADHEAR at initial
visit (V1) and after a
minimum of 4 weeks
continual use (W4).
Complete a LAS, a
GCBI and HARQ.

Hearing thresholds and
functional gain:

CHL subgroup: average pure
tone threshold: AC = 69
dBHL, BC = 15 dBHL.
sensorineural SSD subgroup:
average threshold: AC = 102
dBHL, BC for the healthy ear
=17 dBHL. With ADHEAR:
CHL =36.5 dB, SSD =45.0
dB

Speech perception in noise:
SONnormal ear condition at
SNO: unaided = 52%, aided =

59%, SONnormal ear condition

at SN: unaided = 19%, aided
=43%.

Sound localization: no
general tendencies among
the variations related to the
type of hearing loss could be
extracted.

TO: Sound field threashold:
unaided = 67.1 dB HL+13.2,
BCDS = 50.7 dB HL+9.8,
ADHEAR =38.6 dB HL + 8.5,
p=.016. Mean functional gain:
ADHEAR =35.6 dB £ 15.1,
BCDS =29.9 dB + 14.6. WRS
at 65dB in quiet: unaided =
13.8 £ 16.9%, BCDS =86.3 +
9.2%, adhear = 91.3 + 11.3%.
WRS in noise: unaided = 18.8
+22.3%, BCDS =75.0 +
16.9%, adhear =77.5 + 14.9%.
T1: average threshold: aided =
29.7 + 8.3 dB HL. Functional
gain: adhear =35.8 + 15.8

dB. WRS in quiet: unaided =
15.7 £ 17.2%, adhear = 90.0 +
8.2%. WRS in noise: unaided
=4.0 + 8.9%, adhear = 82.0
+19.2%.

First visit to confirm CHL.
Mean air conductions
PTA4(0.5-4kHz) thresholds
=57 dBHL=11, softband
=30 dBHL+6., adhear
=27dBHL46. After 4 weeks:
mean PTA4 with adhear =
26dBHL=3.

SSQ: mean score:
unaided: speech = 7.6,
spatial hearing =-8.6,
perceptive hearing =
11.0, aided: speech
=21.7, spatian hearing
= 17.8, perceptive
hearing = 18.7. For
the sensorineural SSD:
unaided: speech = 1.3,
spatial hearing =-29.9,
perceptive hearing =
17.3, aided: speech
=3.7, spatian hearing
=-24.6, perceptive
hearing = 25.6.

Children below 2 years
old (n=4): LEAQ:
unaided = 20.0 + 5.9
points, at T1 =22.0 £
2.9 points.

The parents of 6
children completed the
SSQP: unaided T0=2.9
+ 2.7 points, unaided
T1=4.4 £ 3.1 points,
adhear T1 =7.3 + 1.5.
rated the ADHEAR
system as a very
valuable aid.

GCBI after 4 weeks =
33+25, with: emotion
24427, physical health
20£19,

learning 36433, and
vitality 244+26. Mean
LAS score increased
by 4.5 from 4+1.4 to
8.5+1.4 (p=0.0001)

AC = air conduction
BC=BC
SONnormal =
speech from the
front and noise

from the normal or
betterhearing side
SNO = speech and
noise from the front
SN = signal-to-noise
ratio

LEAQ = LittIEARS
Auditory
Questionnaire

SSQP = Speech,
Spatial and Qualities
of Hearing Scale
Questionnaire for
parents

WRS = word
recognition score

LAS =10 cm Linear
Analogue Scale
GCBI = Glasgow
Children’s

Benefit Inventory
Questionnaire
HARQ =
manufacturer’s
hearing aid review
questionnaire
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ADHEAR.
Baha
Attract.
Baha 4 on
softband

ADHEAR

ADHEAR
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ADHEAR: attached to

the hairless skin behind
the ear. It functions by

the connection of two
components, the audio
processor (AP) and the
adhesive adapter (AA). The
single-use, water resistant
AA is placed behind the
auricle in the mastoid

area and remains there for
3-7 days. The AP is then
connected via the snap
connector on the AA, and
transfers vibrations to the
inner ear without applying
pressure.

BAHA 4 on softband: the
BAHA 4 is a processor

of bone-anchored hearing
aid attached to an elastic
headband.

BAHA Attract: is a passive
transcutaneous hearing aid
in which the sound processor
connects onto a magnet to
hold it in place.

ADHEAR: attached to

the hairless skin behind
the ear. It functions by

the connection of two
components, the audio
processor (AP) and the
adhesive adapter (AA). The
single-use, water resistant
AA is placed behind the
auricle in the mastoid
area and remains there for
3-7 days. The AP is then
connected via the snap
connector on the AA, and
transfers vibrations to the
inner ear without applying
pressure.

ADHEAR: attached to

the hairless skin behind
the ear. It functions by

the connection of two
components, the audio
processor (AP) and the
adhesive adapter (AA). The
single-use, water resistant
AA is placed behind the
auricle in the mastoid
area and remains there for
3-7 days. The AP is then
connected via the snap
connector on the AA, and
transfers vibrations to the
inner ear without applying
pressure.

Subjects were split
into two groups: 5
had previously been
implanted with a
passive transcutaneous
BC hearing aid (Baha
Attract), the other 5
were provided with a
Baha 4 on a softband.
Both were also tested
with the ADHEAR. Air
and BC

thresholds, thresholds
in sound field and
speech understanding
in quiet and noise
were determined in
the unaided condition,
with Baha Attract

or Baha 4, and with
ADHEAR.

Hearing examined after
the device was set,
after 2 weeks,without
the device. SSQ10.
AQoL-6D.

Postoperative unaided
and aided sound-field
thresholds. Speech
tests in quiet and noise.
SSQI12 and a system-
specific quality of life
questionnaire.

Sound field audiometry:
PTAA4 of implant group:
unaided = 58+6dB HL, Baha
A.=33+6dB HL, Adhear
=32+9dB HL. PTA4 of
softband group: unaided
=47+10dB HL, Baha4 =
27+6dB HL, Adhear= 29+6dB
HL. Speech understanding in
quiet: WRS of implant group:
unaided = 7%+16%, Baha
A. = 66%+24%, Adhear =
66%+33%. WRS of softband
group: Baha4 = 83%+17%,
Adhear = 84%+13%. Speech
understanding in noise: SRT
of implant group: unaided =
2.745.5dB SNR, Baha A. =
—5.0£1.0 dB SNR, Adhear
=-3.44+2.4dB SNR. SRT of
softband group: unaided =
0.442.5 dB SNR, Baha4 =
—4.4+1.3 dB SNR, Adhear =
—4.4+2.0 dB SNR.

Average value of hearing
threshold: average functional
gain (SNHL) = 4.54+3.81dB
HL, average functional gain
(CHL) = 13.3+13.88dB HL.
Speech audiometry: average
functional gain (SNHL) =
2.17+10.23dB HL, average
functional gain (CHL) =
13.82+14.11dB HL. Speech
audiometry with bubble
noise: average functional gain
(SNHL) = 6.33+5.28dB HL,
average functional gain (CHL)
=14.91+14.10dB HL.

Day of fitting: PTA 4 =
1542.9dB HL. After 1 week:

PTA 4 = 19+7.4dB HL, WRS
= 75+16.2%, SRT50 in quiet
=40+9.9dB SPL, SRT50 in
noise = -6.7+2.7dB After 3
weeks: PTA 4 = 7+7dB HL
and 15+11.4dB HL, WRS
=75+14.1% and 55+8.2%,
SRT50 in quiet = 6+8.4dB
SPL and 11+5.1dB SPL,
SRT50 in noise = -5.4+1.8dB
SPL and -7.5+1.6dB SPL
(disintegratind and non
disintegrting tamponade)

First visit: SSQ6
(SNHL) = 199.88
(+85.68), SSQ6
(CHL) = 215.67
(54.45), AQoL-

6D (SNHL) = 0.80
(0.24), AQoL-6D
(CHL) = 0.78 (£0.25).
After 2 weeks: SSQ6
(SNHL) = 267.99
(£50.39), SSQ6 (CHL)
=261.39 (£73.02),
AQoL-6D (SNHL) =
0.90 (£0.11), AQoL-
6D (CHL) =0.87
(#0.24).

Before surgery: SSQ =
7.2+1.9. After surgery:
SSQ =5.0 £2.4. After_
surgery aided: SSQ =
7.1£1.6. After 3 weeks:
SSQ=7.2+1.8
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SRT = speech
recognition
threshold

WRS = word
recognition score
PTA = pure tone
average

SSQ = Speech,
Spatial, and
Qualities of Hearing
AQoL = Assessment
of Quality of Life

SSQ = Speech,
Spatial, and
Qualities of Hearing
PTA = pure tone
average

SRT = speech
recognition
threshold

WRS = word
recognition score.
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mean sound field hearing threshold showed that
softband devices improved mean thresholds by 19
dB HL and the adhesive retained BC system by 26.3
dB HL after 4 weeks of use as compared to unaided
tests. The mean improvement compared to softband
was 5.6 dB HL at visit 1 and 7.3 dB at visit 2. A
non-significant 1.7 dB improvement between visits
was found with the adhesive retained BC system
probably due to an acclimation effect (10).

Moteki et al. also focused on the use of the
ADHEAR system applied to patients with various
types of hearing loss. Nine patients aged over 18
years old were enrolled and fitted with the devices
for three months. Patients showed variations
according to their hearing status: for all six patients
with CHL, the audiological results revealed that the
adhesive BC hearing device gave adequate hearing
gain and improved speech perception in noise, while
no improvement was found for patients with single-
sided deafness (11).

Another paediatric study was conducted by Urik
et al, which evaluated the hearing benefit, advantages
and disadvantages, in 17 children (11 of them
suffered from CHL and 6 with unilateral SHL), using
ADHEAR. The average value of hearing threshold in
sound field shows a not statistically significant gain
in children with SHL, while in children with CHL it
is statistically significant. The same results are found
measuring the average value of speech audiometry,
while for the average value of speech audiometry
with bubble noise both groups of children show a
statistically significant gain (12). Skarzynski et
al. compared the audiological performance of the
ADHEAR system in patients with CHL witha BAHA
Attract implant (n=5), and patients with a BC device
on a softband (BAHA 4). All the subjects were also
tested both with the ADHEAR and in the unaided
situation, and all of them had clinically significantly
better results with the Baha and ADHEAR compared
with the unaided condition (5).

The last study onthe ADHEAR system analysed in
this review is the one made by Weiss et al. evaluating
the audiological benefit and patient satisfaction with
ADHEAR in patients who underwent middle ear
surgery with transient hearing loss due to auditory
canal tamponade in eleven adult. The overall

A.MOFFA ET AL.

average functional hearing gain, calculated as the
mean difference between the unaided and aided
sound-field audiometry (with the contralateral ear
blocked) improved significantly by 15+2.9 dB HL
on the day of fitting and by 19+7.4 dB HL after one
week. After 3 weeks, the functional hearing gain
was 7£7.0 dB HL for the disintegrating tamponade
(n=5) and 15+11.4 dB HL for the non-disintegrating
tamponade (n=4) (13).

A different analysis was done by Faber et al. who
aimed to determine factors predicting whether patients
with SSD choose a BCD for the contralateral routing
of sound (CROS) after a regular trial with a BCD on
a headband. Thirty patients with SSD did a trial with a
BCD headband and, after at least one week, answered to
four questionnaires. As a result, 47% chose a BCD after
an extended BCD headband trial. Required surgery,
wearing a device behind the ear, cosmetic aspects, and
visibility of deafness were found as possible factors to
refrain from using a BCD (14).

Lastly, Gawliczek et al. tested the audiological
benefit of a current BAHA sound processor worn on a
SoundArc and compared the audiological benefit with
the same sound processor on a softband. In 15 normal
hearing volunteers (aged 18 to 34, 6 women, 9 men)
a bilateral CHL was simulated for the duration of the
tests by blocking both ears with a combination of ear
plugs and an additional filling of the remaining volume
within the pinna with silicon mould material. The
results, found after the analysis of hearing and speech
understanding, show a clear improvement with a Baha
mounted on either a SoundArc or a softband, compared
to the unaided condition. Thus, no statistically
significant audiological difference between the use of
a softband and a SoundArc was found (15).

Secondary outcomes

Nine of the twelve studies included in this review
also evaluated the subjective benefits of the devices
they were testing. All of them included in the study
the ADHEAR system. These devices proved to be a
valid option for children with CHL or unilateral SHL
who do not want to undertake the risk of surgery or
are not capable of undergoing general anaesthesia.
Moreover it could be a valuable alternative for
children who only need a BC hearing aid for a
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limited period (7, 12). Moteki et al. studied this
device on adults and found it to be a good option
for patients who could not use conventional hearing
aids (11). Furthermore, for patients considering the
use of surgically implanted hearing devices, the
use of ADHEAR may be a preferable option for
preoperative assessment due to its non-invasiveness.
High level of patient satisfaction and subjective
hearing improvement on adults was also found by
Weiss et al. (13).

When compared with conventional BC hearing aid,
such as BC mounted on softband or headband, it was
found to be a valuable alternative for both children
and adults with CHL (3, 9). However, Osborne et al.
(10) shows that overall Glasgow Children’s Benefit
Inventory Questionnaire (GCBI) data indicates that the
adhesive retained BC system has a benefit on quality
of life with improvements in all but three individuals.
There was also a negative feedback reported from a
headscarf wearer on the reduction of the quality of
sound. Another important result was found by Dahm
V. et al. (8), who showed that the median reported
wearing time of the adhesive device was 8.1 hours
compared to the 4.3 hours of conventional BCD
usage. A statistically significant difference was found
due to the subjects reporting discomfort or pain while
wearing the headband or softband.

DISCUSSION

Poor sound transmission to the inner ear can be
treated with non-surgically BCDs integrated in an
elastic softband or fixed on a steel-spring headband or
glasses. However, there are, many problems related
to the use of these devices such as discomfort and
poor aesthetics, which keep children and adults from
wearing them. Firstly, the major drawback is related
to the constant static pressure force on the skin
and skull of the wearer (2, 4, 8, 16, 17). Moreover,
users often complain about sweating under the band
or poor sound quality, as well as stigmatization
due to its aesthetic appeal. Further disadvantages
include damping of sound transmission due to hair
between the contact place and skin and unreliable
positioning of the transducer if it slips from its place
(10). According to the most recent findings in the

($3) 107

scientific literature, there are different types of non-

implantable BCDs:

* Headband: consists of a steel spring resembling
a diadem, to which a disc with a connector for a
processor is attached. Headbands are often used
for temporary preoperative trials but occasionally
also for permanent use (7, 8, 13-15)

» Softband: elastic bands worn around the head and most
frequently used in young children. Since headbands
have shown to induce discomfort in children, softbands
were introduced (3, 5, 8, 10, 13, 16, 18).

* SoundArc: flexible titanium bow to be worn behind
the head. Similar to the headband and the softband,
a disk supporting the sound processor is attached to
the side of the device. This solution was proposed
by Cochlear Inc, as an alternative to softband
GalwSpeech. On the market there is also a similar
solution proposed by Autel S.r.1, Melodi Flex (15).

* Adhesive device: consists of a BC audio processor
retained on the head with an adhesive adapter
placed over the mastoid process behind the auricle.
The integrated transducer in the audio processor
converts sound into mechanical vibrations that are
transmitted via the adhesive adapter and relayed
through the skin to the mastoid bone, similarly to
other skin-drive solutions. Sound is transmitted via
BC to the inner ear, providing a hearing impression
(2,3,5,7-13).

The most common sound processors on the
market are the ones produced by the Cochlear, the
Oticon Medical and the BHM. In particular, the
Cochlear processors analysed in the studies are
the BAHA 4 and BAHA 5 Sound Processor, while
produced by the Oticon Medical it was considered the
Ponto sound processor, and by the BHM the Contact
Mini sound processor. These sound processors can
be mounted on the support described (headband,
softband, and soundarc), chosen by the patient as he
or she preferred (2, 3, 5, 7, 8, 10, 13-15, 18).

All these systems use BC through the skin
to increase hearing capabilities, but they have a
limitation because of the damping effect of skin and
skull. Usually, BCDs apply a lot of pressure on the
head, causing discomfort if the device is worn for
few hours. To overcome this pressure issue, a new
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adhesive device was introduced, such as ADHEAR,
produced by MED-EL (2, 3, 5, 7-13). It consists of
a BC audio processor retained on the head with an
adhesive adapter placed over the mastoid process
behind the auricle. The integrated transducer in the
audio processor converts sound into mechanical
vibrations that are transmitted via the adhesive
adapter and relayed through the skin to the mastoid
bone, similarly to other skin-drive solutions. Sound
is transmitted via BC to the inner ear, providing a
hearing impression (2, 3, 5, 7-13).

Another possibility is mounting BC devices in
the frame of eyeglasses (19). A receiver, inserted in
the final part of the leg of the eyeglasses, transfers
the vibrations produced by the sonar waves to the
mastoid and then directly to the cochlea and inner ear.
On the market now there are the Beta Flex Extend,
produced by Autel S.r.l., La Belle Spectacle Hearing
Systems of Bruckhoff, AN-Evol di BHM-tech, and
this solution is proposed also by Amplifon S.p.a.
This solution is not analysed in the studies included
in this review, but it is important to underline this
alternative solution, even if nowadays it is not so
common in the clinical routine.

From the audiological point of view, all the
studies included show comparable results testing
different devices. For example, for what concern the
ADHEAR system, when analysed alone compared
to the unaided condition, it shows improvement both
from the audiological findings and high satisfaction
of the patients (11-13). But it was also compared
to more traditional devices, such as different sound
processor munted on softband. In particular, when
compared to BAHA sound processor, Gawliczek
and Skarzynski found in adults patients comparable
audiological outcomes between the ADHEAR and
the BAHA mounted on a softband (3, 5). Same
results were found in paediatric patients by Neumann
and Favoreel (2, 9). Also other devices on the market
were tested compared to ADHEAR, such the Contact
Mini sound processor used as a control device by
Dahm and her group, and the Oticon Ponto used by
Osborne (7, 8, 10).

Non-implantable BCDs seems to be a good choice
for patient who cannot or would not undergo surgery,
due to theirnon-invasiveness. Itis also a good solution
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for patient who cannot wear air-conduction devices.
Thus, the subjects mostly analysed in the studies are
children for whom surgical correction is still a very
challenging procedure and adults with a transient HL
or preferred a non-invasive solution (20). Patients
included suffered from CHL, sensorineural hearing
loss (SHL) or single-side deafness (SSD).

Lastly, a big issue that these solutions want to
solve is the cosmetic appearances of the hearing aid.
This aspect should not be neglected because people
are more inclined to wear a device not so visible
from the outside (14). Therefore, the hearing aid are
as small as possible, often coloured like patient’s
hair, or masked behind for example headband or
softband that can be made of different colour and
seen from the outside like a dress accessory.

All the type of hearing aids analysed in this
systematic review are largely used in the clinical
practice, as an efficacy solution CHL. Considering
both the audiological benefits and high satisfaction of
patients, non-implantable BCD could be considered
a safe and effective solution for patients suffering
from conductive hearing loss, sensorineural hearing
loss or single-side deafness. Between the different
devices described, the adhesive solution is the most
common used thanks to the little size and adherence
to the skin without applying too much pressure.
More studies are required to confirm these promising
results and to identify the best BCD, as small and
performing as possible.
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Evaluation of the periodontal healing of the second mandibular molar distal site following
insertion of PRF in the third molar post extraction alveolus
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The aim of this study was to evaluate the periodontal healing of the distal sites of the mandibular second
molars, comparing the extraction therapy of the third molar with and without PRF adjunct into the post-
extraction alveolus. The study sample was composed by 40 consecutive patients who underwent extraction
of mandibular third molars. Patients were divided in two groups: the last 20 participants who have only been
subjected to extraction (spontaneous healing group, SHG) and the first 20 patients who had PRF adjunct (PRF
group, PG). Healing was evaluated by analyzing the variations in terms of PPD (Probing Pocket Depth), REC
(Recession), CAL (Level of Clinical Attachment), BoP (Bleeding on Probing) and GI (Gingival Index) from
Baseline to further follow-ups at 1 month and 3 months. The disto-vestibular (DV) and disto-lingual (DL) PPD
values of the second mandibular molar were measured at Baseline and after three months in the two groups.
Patients of the PG group showed lower PPD values at 1 month and 3 months postoperatively: DV: 3.6+1.09 -
DL: 3.5£1.15 and DV: 2.5+0.83 - DL: 2.6+1.09, respectively. Patients belonging to the SHG also showed lower
PPD values, reporting respectively the following DV values after 3 months: 2.7+0.86 - DL: 2.75+0. 85. However,
there was no statistically significant difference comparing the results obtained in PG and SHG groups at 1 and
3 months (p>0.05). The insertion of PRF inside the post-extraction alveolus of the mandibular third molar leads
to limited improvement in terms of periodontal healing, compared to extraction therapy only.

Periodontal disorders distal to mandibular second
molar develop when the third inferior molars in
half-inclusion, more frequently in a mesio-inclined
or horizontal position, contribute to the formation
of a periodontal pocket distal to the second molar.
This pathological scenario often results in the need
to remove the asymptomatic third mandibular molar.
(1-5). Several authors focused their attention on the
periodontal healing at the distal root of the second
mandibular molar following the extraction of the

adjacent third molars (6-8). In a study conducted on
195 patients, Blakey found that 62% of them had
a probing pocket depth (PPD) of at least 4 mm on
the distal side of the second molar, which resulted
in a mean worsening of 2 mm in 33% of cases at a
two-year follow-up (9, 10). Subsequently, 77%
of patients experienced a further loss of periodontal
attachment at the distal side of the adjacent second
molar at the 4-year follow-up (1, 2). A study
conducted by Petsos et al. on 78 patients, found out
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that young patients could benefit from mandibular
third molar extraction in terms of oral hygiene and
periodontal attachment levels, particularly in cases of
semi-inclusion (1, 11). More recently, in 2017, Qu et
al. (12), confirmed that the presence of a mandibular
third molar, even if asymptomatic, represents an
important risk factor for the onset of periodontal
problems affecting the adjacent molar (1).

Even if prophylactic extraction of mandibular
third molars is still controversial and debated in
scientific literature (13), this decision should be
taken as soon as possible, as this surgical procedure
should be ideally performed before the onset of
symptoms. Platelet-rich fibrin (PRF) belongs to
a new generation of platelet aggregates, allowing
for a simplified preparation without biochemical
manipulation of blood. PRF has showed even better
results compared to collagen membranes, as it
induces greater proliferation of periosteal cells, faster
wound healing and does not result in pain, dryness,
or purulent complications (14). The aim of this study
was to evaluate the periodontal healing of the distal
sites at the mandibular second molars, comparing the
extraction therapy of the third molar with and without
PRF adjunct into the post-extraction alveolus.

Experimental section - patient selection

This retrospective study was conducted and
implemented at the Agostino Gemelli University
Policlinic (Rome, Italy), at the Oral Surgery and
Implantology Unit. Due to the retrospective nature of
the study, there was no need for approval by the local
institution review board. We included consecutive
patients who underwent the extraction of mandibular
third molars between 2017 and 2019. In particular,
we compared the last 20 patients who had the sole
extraction (spontaneous healing, SHG, group) with
the first 20 patients who had PRF adjunct (PRF, PG,
group), that has recently become our post-extraction
alveolus routine regimen.

The study sample was composed by 40 patients,
20 males and 20 females, aged between 18 and
55 years. Healing was evaluated by analyzing the
variations of several clinical parameters immediately
before surgery and at 1 and 3 months postoperatively.

Exclusion criteria were: uncontrolled systemic
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diseases (15), syndromic diseases (16), blood
disorders (17, 18), diseases of the
system (19), patients on dialysis at the time of
extraction, absence of the II molar adjacent to the
III molar subject to extraction, smokers, allergies
or hypersensitivity reactions to antibiotics, anti-
inflammatories, use of corticosteroid use in the 12
months prior to extraction.

immune

MATERIALS AND METHODS

PRF preparation

Blood samples (30 mL for each patient) were taken
by a competent health professional (doctor or nurse) and
collected into 3 disposable dry tubes. Subsequently, the
tubes were placed and balanced symmetrically inside the
PC-02 centrifuge (Process, Nice, France), as specified in
the user manual. The speed was set at 2700 rpm for a total
duration of 12 minutes. Centrifugation was performed
immediately after blood collection to prevent the activation
of fibrinogen into fibrin that would have resulted in a
minimal amount of PRF, with low consistency.

With centrifugation, the most superficial layer of blood
in the test tube, the supernatant (PPP), became clearly
recognizable thanks to its liquid nature, yellow color, and
easiness to be separated from the remaining part of the
preparation. The PPP was separated with scissors from the
lower red layer rich in red blood cells. The PRF, compressed
between two sterile gauzes, appeared as a membrane of
about 3 to 1.5 cm with a suturable consistency.

Preoperative measurements

Panoramic radiographs of the dental arches, obtained
with a digital method (20), showed the position of the
mandibular third molar, evaluated in accordance with
the Pell and Gregory’s (21) and Winter’s classifications
(22). Both the classification systems take into account
three parameters of unequivocal importance: the angle
of the included element, its position in relation to the
upright branch of the mandible and its depth of inclusion
in relation to the occlusal plane of the adjacent teeth. In
particular, the Winter classification allows to determine
the inclination angle of the third molar in relation to the
axis of the second molar.

It is, therefore, possible to distinguish: mesio-inclined
elements, which are the most frequent and present a low
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degree of difficulty; subsequently, in order of frequency,
the elements in horizontal inclusion and the normo-
inclined elements; lastly, the disto-inclined elements are
statistically the least frequent and, in general, the most
challenging to deal with (23). The following clinical
measurements were performed during the clinical
examination at the level of the second mandibular molar
adjacent to the third molar to be removed:

*PPD (Probing Pocket Depth): detected on 6 sites (Disto-
Vestibular, Vestibular, Mesio-Vestibular, Mesio-Lingual,
Lingual, Disto-Lingual)

*REC: recession

*BoP (Bleeding on Probing) (24): detected on 6 sites (DV,
V,MV, ML, L, DL) and measured by a dichotomous index
(0: absence of bleeding - 1: presence of bleeding)

*GI (Gingival Index) (25): detected on 4 sites (D, V, M, L)
assigning values from 0 to 3:

-0: Normal gingiva;

-1: slight inflammation, slight variation in gingival color
with mild edema, absence of BoP;

-2: Moderate inflammation, redness, edema and BoP;

-3: Severe inflammation, redness, edema / ulceration and
tendency to spontaneous bleeding.

*Biotype detection (Thin or Thick)

All these measurements were obtained with a 12mm
“University of North Carolina” periodontal probe by the
same calibrated operator at the time of surgery, one month
and 3 months after surgery.

Surgical protocol

The same surgical protocol was applied for all
included patients in the two groups. Local anesthesia
at the alveolar inferior nerve was first performed with a
truncular technique using a 1.8 ml tube of 2% Mepivacaine
as anaesthetic and secondly reinforced using plessic
technique using 1-2 Mepivacaine tubers with Adrenaline
(ratio 1: 100.000). After verifying that the entire area was
anaesthetised, a mucoperiosteal trapezoidal flap with the
distal discharge was raised. Where necessary, a vestibular
osteotomy was performed, using a surgical handpiece and
odontotomy, using a turbine equipped with an air / water
cooling system with special drills. Immediately  after
the avulsion of the tooth, a careful alveolar curettage was
performed using alveolar spoons of various sizes. At this
point, the PRF was inserted into the post-extraction socket
in the PG group. The surgical wound was closed using a
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3-0 silk suture. All patients kept alternately an ice pack in
contact with the skin corresponding to the extraction site
for the first hour after surgery. Postoperative medications
included:

*Amoxicillin + clavulanic acid 1g twice a day for 6 days,
to be started as prophylaxis the night before the surgery;
*Oral Ketorolac 20mg/ml 15 drops immediately after the
surgery;

*Betametason I.M. 4 mg/ml (Massetere muscle)
immediately after the surgery;
*Chlorhexidine 0.12% mouth rinses twice a day for 7

days.

Statistical analysis

The primary outcomes were the differences in PPD,
BoP and GI values at baseline and at 1- and 3-months
follow-up in the PG and SHG groups. The second
mandibular molar adjacent to the third molar extracted
were considered as a single statistical unit. Normal
distribution was evaluated with the Shapiro-Wilk test.
For within group comparisons, normally distributed data
were compared with the repeated measurement ANOVA
test, while non-parametric data were compared with the
Friedman’s test, followed by a pairwise Wilcoxon signed
rank test. For between group comparisons, normally
distributed data were compared with the Welsch t-test,
while non-parametric data were compared with the
Kruskal-Wallis test. Normal data were presented as
mean+ standard deviation. The dichotomous variables,
in this case the BoP, were analyzed with the 2 test. The
significance level was set at p <0.05. Statistical analysis
was performed with IBM SPSS software for Mac Os.3.

RESULTS

The baseline disto-vestibular and disto-lingual
PPD values were DV: 5.0+£2.20 - DL: 5.25+2.36 and
DV: 5.15£2.01 - DL: 5.3+2.34, for the PG and the
SHG, respectively, without statistically significant
differences (p>0.05) (Table I).

Patients of the PG group presented lower PPD
values at 1 month and 3 months postoperatively: DV:
3.6£1.09 - DL: 3.5¢1.15 and DV: 2.5+0.83 - DL:
2.6£1.09, respectively. As a consequence, the 1-month
periodontal attachment gain was DV: 1.4 - DL: 1.75
compared to baseline (p <0.05) and the 3 months gain
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Table 1. disto-vestibular and disto-lingual PPD values.
PPD DV PG PPD DV SHG PPD DL PG PPD DL SHG
Baseline 5.0+2.20 5.15+2.01 5.25+2.36 5.3+2.34
1 month 3.6+1.09 3.5+1.15
3 months 2.5+0.83 2.7+0.86 2.6+1.09 2.75+0.85
Delta A 1 month 14 1.75
Delta A 3 months 2.5 2.45 2.65 2.55
<0.05 <0.05
P value 1 month
P value 3 months <0.05 <0.05 <0.05 <0.05

PPD DV=Disto-vestibular periodontal probing depth; PPD DL=Disto lingual periodontal probing depth;
PG=PRF Group; SHG=Spontaneous healing group. Data are presented as mean + standard deviation.

Table I1. Comparison of the results obtained in PG and SHG groups.

BoP DV PG BoP DV SHG BoP DL PG BoP DL SHG
Baseline 0.5+0.52 0.6+0.51 0.5+0.52 0.6+0.51
1 month 0.1+0.31 0.1+0.31
3 months 0 0 0.1+0.31 0.2+0.42
Delta A 1 month 0.4 0.4
Delta A 3 months 0.5 0.6 0.4 0.4
P value 1 month <0.05 <0.05
P value 3 months <0.05 <0.05 <0.05 <0.05

BoP DV=Disto-vestibular bleeding on probing, BoP DL=Disto-lingual bleeding on probing; PG=PRF Group,

SHG=Spontaneous healing group.

was DV: 2.5 -DL: 2.65 (p <0.05). Patients belonging to
the SHG also showed lower values at the periodontal
test, reporting respectively the following DV values
after 3 months: 2.7+£0.86 - DL: 2.75+0.85).

The 3-month gain in terms of decrease in PPD
is DV: 2.45 - DL: 2.55 compared to baseline, these
changes are statistically significant (p <0.05).
Regarding REC, no gingival recession was found in
any of the treated patients, both in the PG and SHG
groups, neither in the baseline nor at subsequent

follow-ups. Finally, we found a statistically
significant improvement in GI and BoP at follow-ups
in both groups; however, there was no statistically
significant difference comparing the results obtained
in PG and SHG groups (p>0.05) (Table II).

DISCUSSION

Periodontal disorders affecting the second
mandibular molar and secondary to the presence
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of the adjacent third molar have been extensively
studied in the past (26-28) A study of 100 patients
conducted by McFall et al. (29) showed that the
second mandibular molar represents one of the most
extracted teeth due to periodontal problems and,
consequently, a careful analysis of its conditions in
the presence of the adjacent third molar is always
recommended. Elter (30) et al showed that the
presence of the mandibular third molar is associated
with a twofold increase in the risk of developing a
distal PPD > Smm to the adjacent second molar.
However, there is still no consensus in the
literature and the debate regarding the advantages
and disadvantages of extraction to prevent or
cure periodontal disorders of the second molar
is still ongoing. Many parameters can influence
the periodontal healing following the third molar
avulsion, such as the type of suture, the extension
of the surgical flap and the osteotomy (31, 32).
We believe that the use of a standardized surgical
protocol, as used in this study, may be of considerable
importance to minimize bias. A parameter that may
affect the periodontal status of the mandibular second
molar is the position of the third molar in relation to
the mandible. This was analyzed in our study using
the Pell and Gregory’s and Winter’s classifications.
In our series, the categories 2B and normo-inclined
are more represented. However, there was no
correlation between this finding and the severity of
the PPD (33). Therefore, although the position of
the third molar to the jaw represents an element of
extraordinary importance for surgical strategies, it
does not represent an element of predictability with
respect to the periodontal status of the adjacent tooth.
PRF has been shown to be very useful in
stimulating periodontal healing and bone regeneration
thanks to its high levels of growth factors, platelets and
cytokines, including PDGF, TGF-B1, IGF and VEGF
(34-36). A study by Sammartino et al. (37) showed
the histological changes secondary to the use of PRP
in preventing periodontal problems at the treated sites
in terms of bone maturation. Chang et al. reported
that PRF stimulates the proliferation of osteoblasts,
periodontal ligament cells and growth factors during a
culture period of 3 days (38). Moreover, PRF showed
positive healing effects when used for the preservation
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of post-extraction socket and in sinus lift procedures,
also during simultaneous dental implantation (39).
According to Hoaglin et al. there is a lower risk of
osteomyelitis infections when compared to natural
healing, by filling the third molar extraction sockets
with PRF (40).

The use of PRF in the post-extractive alveolus
has been proved to enhance bone healing and
regeneration, to reduce the infection and to preserve
the quality and density of the bone (41). Histological
analysis was not performed in this study due to
the absence of surgical re-entry procedures, which
could cause excessive patient discomfort and were
not justified from an ethical point of view, since
no implant treatment was requested. The results
of our study confirmed that the extraction of the
mandibular third molar, both with and without the
use of PRF, leads to a reduction of PPD values at
the distal site of adjacent second molars. Hence,
there were no pathological findings in 97.5% of the
sites after 3 months (42). A statistically significant
reduction in BoP and GI values in both groups was
probably caused by an improvement in patients’ oral
hygiene, a finding that could be related to the better
cleaning of the area of the second molar following
the extraction of the third molar.

The insertion of PRF inside the post-extraction
alveolus of the mandibular third molar leads to
limited improvement in terms of periodontal healing,
compared to extraction therapy only. Therefore, PRF
does not appear clinically relevant for periodontal
healing. Further studies with larger sample size
are still needed to evaluate the efficacy of PRF in
preventing post-operative complications and post-
extractive algic symptomatology.
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Teaching parotid surgery to ENT residents in the era of new technologies: an ex-vivo ovine model
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Surgical training has recently assumed a central role in the otolaryngology field, and the necessity to
train residents and fellows’ skills in a progressive manner has led to an incredible widespread of ex-vivo
animal models for several surgical procedures. To report our experience with an ex-vivo ovine model for
parotid gland dissection in a training context. A junior resident (PGY-1) and a post-graduate student
with no experience in parotid surgery were guided by a skilled surgeon in the parotid gland dissection
for each step of the procedure. Three different adult lamb heads were used for this feasibility study. A
specific preparation of the model was performed before the training session. Similarity between the ovine
model and the human were recorded. The resident and the post-graduate student were able to carry out
a complete parotid gland dissection under supervision. The correct identification of surgical landmarks
has led to a proper surgical simulation. The facial nerve dissection was adequately performed, and all
branches were isolated. Parotid surgery training on an ex-vivo ovine model is useful, easy repeatable,
and low cost. The ovine model presented in this study has similarities in size, structure, and tissue
consistence to the human parotid, making it an ideal model for residents to simulate parotid surgery.

An  adequate training opportunity  for should be included in all training programs (4).

surgical residents has a pivotal role also in the
otolaryngology field (1). Although the direct clinical
experience is surely the most common method to
improve surgical skills, some issues are unavoidably
encountered. The necessity to train residents and
fellows’ skills in a progressive manner lead to a
delay in the surgical learning curve that should not
be underestimated (2).

In the common academic practice, we need to
take account of patients’ safety and expectations,
restrictions of working hoursand inparticularfinancial
limitations due to healthcare system demands (3). In
this context, the possibility to improve knowledge of
surgical anatomy and practice of anatomic dissection

Adequate surgical training leads to reducing the risk
for the patient and a faster learning curve. This is
true for new surgical techniques as much as the older
ones. The most realistic and useful surgical training is
surely specimen based. Although the preservation of
anatomical structures could not be always provided,
the possibility to identify surgical landmarks, and
to practice surgical maneuvers represents the main
purpose of these training sessions.

Unfortunately, cadaver models are not always
available due to cost for institutions and the related
ethical problems. On the other hand, animal models
are readily available, and no ethical issues are
encountered unless live animals are specifically

Key words: Parotid gland; facial nerve; simulation; ex-vivo; animal model

Corresponding Author:

Dr Antonio Moffa,

Unit of Otolaryngology, Integrated Therapies in Otolaryngology,
Campus Bio-Medico University, Via Alvaro del Portillo 21,
00128 Roma (RM).

Tel.: 39 06.22.54.11

e-mail address: a.moffa@unicampus.it

119(S3)

0393-974X (2020)
Copyright © by BIOLIFE, s.a.s.

This publication and/or article is for individual use only and may not be further
reproduced without written permission from the copyright holder.
Unauthorized reproduction may result in financial and other penalties
DISCLOSURE: ALL AUTHORS REPORT NO CONFLICTS OF
INTEREST RELEVANT TO THIS ARTICLE.



120 (S3)

required. Several ex-vivo animal models have been
described for the otolaryngology training, with
promising results in terms of anatomy and tissue
consistence reproducibility. In particular, the ovine
model was described as a high-fidelity realistic
tissue for several procedure in head and neck surgery
(5-7). The aim of the present study is to report our
experience with an ex-vivo ovine model for parotid
gland dissection in a training context. We describe
similarity with the human according to surgical
landmarks, tissue consistence and overall quality of
the training session.

MATERIALS AND METHODS

Three different adult lamb heads were used for this
feasibility study. No live or euthanized animals were used
in this study, and no specific ethic committee approval was
required. The lamb head was obtained from farm-raised
animals and was purchased in a slater slaughterhouse at a
cost of 4$. The head was stored at 4°C for at least 3 days
after the animal death as already described in a previous
paper (7). A junior resident (PGY-1) and a post-graduate
student with no experience in parotid surgery were guided
by a skilled surgeon in the parotid gland dissection for
each step of the procedure. Moreover, the same procedure
was previously performed by the skilled surgeon as a
demonstration for the student. A specific preparation of
the model was performed before the training session. The
external auditory canal was completed exposed prior to the
simulation to easily guide the resident during the dissection
of the main trunk of the facial nerve (Fig. 1). All the
dissection was carried out on an operating table with cold
blade surgical instruments. Similarity between the ovine
model and the human were recorded by the skilled surgeon.
The present study was conducted in the simulation room at
the Campus Bio-Medico University (Italy) in July 2019.

RESULTS

The resident and the post-graduate student were
able to carry out a complete parotid gland dissection
under supervision (see Electronic supplementary
material). First, a skin flap was elevated with an L
shape incision to visualize the parotid gland (Fig. 2).
Then, a superficial parotidectomy was performed.

V. RINALDI ET AL.

The posterior border of the superficial lobe was
separated from the auditory canal and retracted
anteriorly. The main trunk of the facial nerve was
exposed at the level of his emergency form the
stylomastoid foramen between the cartilaginous

Fig. 1. The adult lamb head after adequate preparation
with the external auditory canal completely exposed.

Fig. 2. Elevation of a skin flap in order to directly visualize
the parotid gland.
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portion of the auditory canal, the mastoid process,
and the superior border of the posterior belly of the
digastric muscle.

After the identification of the main trunk of
the facial nerve, the parotid tissue dissection has
continued in a plane superficial to the nerve toward
the periphery of the gland. A careful dissection of
the peripheral branches of the facial nerve was
carried out, and the superficial lobe of the gland was
elevated (Fig. 3). Finally, a meticulous dissection
was conducted to isolate the main and peripheral
branches of the nerve from the deep lobe of the
parotid gland (Fig. 4).

Fig. 3. Superficial parotidectomy with the facial nerve
branches exposed.
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> +
Fig. 4. Isolation of the main and peripheral branches of
the nerve from the deep lobe of the parotid gland. Note the
anatomic relationship between the main trunk of the facial
nerve and tragal pointer.

No differences in terms of tissue consistency were
found compared to human specimen. The three main
branches of the ovine facial nerve (auriculo-palpebral,
dorsal buccal, ventral buccal) were recognized
and easily isolated during the dissection (5). The
anatomical relationship between the main trunk of
the facial nerve and the tragal “pointer” represented a
realistic surgical landmark for the dissection.

DISCUSSION

The goal of this study was to present our
preliminary experience with parotid dissection
using an ex-vivo ovine model. During the simulation
session, the anatomical model has proved to be an
adequate alternative to common human cadaver
dissection. In our opinion, although some anatomical
differences could be identified during the dissection
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(8), the possibility to train young residents with this
ex-vivo surgical model should be considered as a
valid alternative to human specimens.

The purpose of cadaver dissection is both
related to the acquisition of surgical skills, and
the comprehension of anatomical structures and
relationships. Some issues related to ex-vivo animal
dissection are comparable to human specimen
dissection. The tissue consistency is partially
impaired, and the possibility to familiarize with some
anatomical structures could not be always provided.
However, although neck dissection is not always
permitted due to the abnormal anatomy determined
by tissue breakdown, the parotid gland is adequately
maintained. This major salivary gland is almost
superficial, and it is rapidly encountered during the
dissection.

Moreover, the anatomy of the facial nerve is
completely preserved. Although some differences in
terms of facial nerve branches are encountered (5),
the possibility to understand how the gland dissection
should be performed to preserve the nerve is the most
important element of this surgical model. In addition,
the continuous repetition of surgical steps promotes
a rapid learning curve able to properly introduce
naive residents in parotid surgery. The low-cost of
ex-vivo animal models is indeed a fundamental point
of strength for these simulations. The possibility to
easily repeat the surgical procedures lead to a rapid
acquisition of surgical skills, that could be exploited
in real surgery in the operating room. The cost of
approximately 4-5$ per specimen makes this model
a good alternative to the more expensive and rarely
available human cadavers. Further studies are
recommended to evaluate the expedite of surgical
skills during a tailored training program, and to
quantify the corresponding benefit in the common
clinical activity during real surgery.
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preliminary results

V. Rinaldi!, A. Moffa'?, L. Sabatino!, M. Cassano?, P.C. Passarelli’, M. Mantovani*,
L. Pignataro*and M. Casale'

!Integrated Sleep Surgery Team UCBM - Unit of Otolaryngology — Integrated Therapies
in Otolaryngology, Campus Bio-Medico University, Rome, Italy; *Unit of Otolaryngology,
University of Foggia, Foggia, Italy, ’Department of Head and Neck, Division of Oral Surgery and
Implantology, Institute of Clinical Dentistry, Universita Cattolica del Sacro Cuore, Fondazione
Policlinico Universitario Gemelli, Rome, Italy,; *Department of Otolaryngology, Department of
Clinical Sciences and Community Health, Fondazione I.R.C.C.S. Ca’ Granda, Ospedale Maggiore
Policlinico, University of Milan, Milan, Italy

After the first experiences with the Barbed Sutures (BS) in sleep surgery, we present the Modular
Barbed Anterior Pharyngoplasty (M.B.A.Ph.), a functional tenso-structural reconstruction of the soft
palate, as a surgical solution for Obstructive Sleep Apnea (OSA) due to antero-posterior collapse at
the drug induced sleep endoscopy (DISE) for snoring and mild-moderate OSA. The action of the BS
is sustained over time by means of solid and stable tissue scarring. M.B.A.Ph. avoids palatal fibro-
muscular resection and minimize iatrogenic bleeding (bloodless surgery). The technique is described in

detail and some preliminary results are presented.

Obstructive Sleep Apnea (OSA) is a growing
health concern, affecting nearly one billion people
worldwide and characterized by repeated episodes of
vibration and collapse of pharyngeal airway during
sleep resulting in noise production (snoring), airflow
cessations, oxygen desaturations, fragmentation of
sleep, daytime sleepiness (1). Palatal surgery is a
cornerstone of OSA operative management. The
recent evolution of OSA surgery has been focusing
on the goal of reducing the excessive collapsibility
of the pharyngeal structures thus obtaining the
expansion and stabilization of the pharyngeal
airspace. The velum and pharynx are the most
common site of obstruction in OSA patients and in
the last decades, several surgical palatal procedures

have been proposed. Pang et al. (2) described the
modified cautery assisted palatal stiffening operation
(CAPSO) technique done under local anesthesia in
patients with snoring and mild OSA.

After the first experiences with the Barbed
Sutures (BS) in sleep surgery (3, 4), we are now
aiming to present the Modular Barbed Anterior
Pharyngoplasty (M.B.A.Ph.), a functional tenso-
structural reconstruction of the soft palate, as a
surgical solution for OSA due to antero-posterior
collapse at the drug induced sleep endoscopy (DISE)
for snoring and mild-moderate OSA.

M.B.A.Ph. is one of the modules of an innovative
approach to treat retropalatal OSA customizable
to the single patient anatomic and DISE features

Key words: modular barbed anterior pharyngoplasty, snoring, obstructive sleep apnea hypopnea syndrome (osahs),
modular barbed snoring and osahs surgery and technical update.
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and embeddable in a multi-level surgical program:
the Modular Barbed Snoring and OSAHS Surgery
(M.B.S.0.S.®) (5) .Through the application of
specific direction vectors and the use of BS, with
the M.B.A.Ph the surgeon is able to lift, shorten,
advance and stiffen the soft palate by suspension to
specific rigid fibro-osseous holds (posterior nasal
spine, palatal aponeurosis, hamuli of the pterygoid
processes) in the complete anatomic respect of
oropharyngeal fibro-muscular structures. The main
landmarks of (M.B.S.0.S.®) are shown in Fig. 1. In
our study we evaluated the efficacy and safety of the
BS for anterior pharyngoplasty.

MATERIALS AND METHODS

M.B.A.Ph. was performed under general anesthesia
in 18 selected subjects presenting with mild to moderate
OSA syndrome presenting an antero-posterior collapse
at DISE associated with a thick and ptosic uvulopalatal
complex. The group was composed of 16 men and 2
women, with mean age of 53.83 (range from 44 to 61)
and an average BMI of 27.98 (from 23.3 to 29.3). All

V. RINALDI ET AL.

the patients were already tonsillectomized. At the end of
the 6-month follow-up period, there was a statistically
significant reduction in mean post-operative AHI values
(18.66£2.6 vs 7.0+4.2 events/hour; p-value = 0.0023) and
mean Epworth Sleepiness Scale (ESS) scores (6.8+2.3 vs
2.8+0.7; p-value <0.0027).

Suture technique
M.B.A.Ph. is a routine procedure in our institution
with no need for ethical approval. The operation requires
general anaesthesia with orotracheal intubation. The
patient is placed in supine position and a Boyle-Davis
mouth gag is used to expose the orapharynx. Usually
a 3.0 PDO bidirectional BS (Stratafix bidirectional BS-
Ethicon) iss preferred. The main steps of the procedure

are reported in Fig. 2.

1. The end point of osseous palate on the midline (the
posterior nasal spine) and the reliefs of pterygoid
hamuli.are marked with a dermographic pen on the
palatal mucosa.

2. A reduction of the palatal bulk is performed

low-temperature

(preferably ~ with plasma

radiofrequency ablation) by resecting a semilunar

Fig. 1. The main landmarks of the Modular Barbed Snoring and OSAHS Surgery (M.B.S.0.5.®). 1): posterior nasal
spine; 2): hamuli of the pterygoid processes; 3): ptervgomandibular raphe; 4): palatoglossus muscle or the anterior
margin of the tonsillar fossa; 5): uvula; 6): palatopharyngeus muscle or the posterior margin of the tonsillar fossa.
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Fig. 2. The main steps of the Modular Barbed Anterior
Pharyngoplasty (MBAPH).

10.

strip of mucosa and the annexed minor salivary
glands, to expose the palatal muscular layer.

One of the 2 BS needles is driven from the posterior
nasal spine downwards through the muscular
layer until it perforates the mucosa adjacent to the
ipsilateral base of the uvula.

The needle is then reinserted through the same
mucosal hole and driven upwards encircling the
palatopharyngeal muscle and reemerging upwards
at the level of the palatal aponeurosis (lateral to the
posterior nasal spine.

The point 3) is repeated once to extend laterally the
palatal muscular folding.

Theneedleisdrivenagain from the palatal aponeurosis
downward to encircle the palatopharyngeal muscle.
The needle is driven upwards to reach the ipsilateral
pterygoid hamulus.

The needle is driven back to the posterior nasal spine.
The same maneuvers are repeated secularly on the
opposite site using the other half of the BS (steps 1 to 9);
Finally, both threads are cut flush to the palatal
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mucosal covering of the posterior nasal spine.

DISCUSSION

BS is a relatively new device, introduced by John
Alcamo in 1964. In recent years, this innovative
suture gained popularity as an alternative to
conventional materials, since its approval by the
US Food and Drug Administration for soft tissue
application in 2005. The advantages of BS have
given surgeons a new tool for soft tissue suturing®.
This stitch consists of permanent suture that has
directional projections (or barbs) along its entire
length, which imparts tensile strength without the
need for tying. The stich is passed into the tissue in the
opposite direction to the splay of the barb, allowing
the suture to pass easily. When a force is applied in
the opposite direction, the barb of the sutures grasps
the surrounding tissue and secures the tissue in
place. Currently three types of BS are commercialy
available: The Quill Self-Retaining System (SRS)
bidirectional BS (Angiotech, Vancouver, BC,
Canada), V-Loc unidirectional BS (Covidien)
and Stratafix unidirectional and bidirectional BS
(Ethicon)’. The main limitation of the BS is its
cost. However, the reduction in intraoperative time,
reduction in length of hospitalisation and use of
fewer stitches compared with standard ones may
offset this increased cost (8).

In the MBAPh, at the end of the procedure,
the semilunar mucosal gap is completely sealed,
and the uvula is anteriorized. The tenso-structural
modifications obtained with the procedure generate
a muscular folding of the soft palate and suspension
to the rigid fibro-osseous holds. The soft palate will
result to be lifted, shortened, advanced and especially
stiffened with an improved retropalatal space and
reduced collapsibility. Surgical time was kept under
40 minutes and the procedure were bloodless. Patients
were discharged two days after the operation. The
same post-operative instructions (concerning diet,
activity, and pain control) as those usually indicated
after tonsillectomy are given to patients. Hyaluronan-
containing mouthwash after meals are recommended
during the first operative week.

Allthe cases wereuneventful withno complication
in the postoperative period. Hemorrhagic risk is rare
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because of the hemostatic action of the BS. Thread
extrusion through the oral and/or pharyngeal mucosa
is not frequent (less than 10% of the case) and it
is easily managed by cutting off the extruded part:
usually it is better to wait the third postoperative
weeks when the scarring is able to maintain the
desired tensostructural modifications. Asymptomatic
and spontaneously healing mucosal granulomas can
appear 45-60 days after surgery. The published case
series showed that the use of BS in OSA surgery
is safe and effective (9). The main advantages of

M.B.A.Ph over traditional surgery are:

1) It is a bloodless, safe, quick and repeatable
surgery;

2) The stiffening of the soft palate is achieved
through muscular folding and suspension to rigid
holds and it;

3) It is based on the complete anatomic respect of
palatal fibro-muscular structures;

4) BS assures homogeneous tissue tensioning along
the full length of the thread, provides excellent
tissue grip, avoids the need for knotting, does not
alter any muscle function; moreover the action of
BS is replaced over time by means of solid and
stable tissue scarring.

Tonsil surgery (tonsillectomy or tonsillotomy)
can be associated to M.B.A.Ph in case of grade 2
to 4 tonsils. In our experience, postoperative pain
and recovery time are limited, especially if low-
temperature plasma surgery is used (5).

* Modular Barbed Anterior Pharyngoplasty (M.B.A.Ph.)
is a functional tenso-structural reconstruction of the
soft palate indicated for mild to moderate OSA cases
with an antero-posterior collapse at the DISE.

* The action of the BS is sustained over time by means
of solid and stable tissue scarring.

*  Our technique avoids palatal fibro-muscular resection
and minimize iatrogenic bleeding (bloodless surgery).
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Intraneural electrical stimulation of median nerve: a simulation study on sensory and motor fascicles
M. Stefano, F. Cordella and L. Zollo

Advanced Robotics and Human-Centred Technologies - CREO Lab, Universita Campus Bio-Medico
di Roma, Rome, Italy

Neuroprostheses can be an innovative solution to improve quality of life of upper limb amputees. In
this framework, the recovery of sensory feedback is a property widely requested by amputee subjects.
Neural prostheses are based on neural interfaces that allow delivering direct current stimuli to the nerve
fibers. The study of the interaction between the nerve and the electrode is fundamental to investigate
activation properties in the nerve. Furthermore, the results could provide useful insight into improve
the design of the electrodes and to advance and ameliorate tactile sensations, elicited by these interfaces,
obtaining tactile feedback more like natural sensations. This work aims at studying, by means of a
FEM Neuron computational model, the axon fibers activation by means of neural stimulation provided
through the intraneural electrodes DS-file. Three different types of stimulation waveforms (i.e. biphasic
charge balanced stimulus with inter-pulse delay, biphasic charge balanced stimulus without inter-pulse
delay, biphasic charge unbalanced stimulus with inter-pulse delay), three different nerve fascicles, i.e.
two sensory and one motor fascicle, and ten distances from the electrode in the fascicles, are considered.
The efficacy of the stimulation expressed as the percentage of activation of the fibers, and the safety,
in terms of current intensity and used waveform, are studied in the previously described different
conditions and the results are compared. The obtained results show that: i. stimulating a sensory fascicle
with implanted active sites can activate a fascicle close to it, but not all the fascicles belonging to the same
nerve. In fact, in the nerve considered in this study, a motor fascicle cannot be activated due to the values
of the electrical potential which are too low to activate the fibers; ii. the current intensity necessary to
activate fibers increases according to the distance from the source of the stimulus; iii. by using a biphasic
charge unbalanced stimulus, the threshold to activate the fibers is lower than using the other tested
waveforms. It is an important result because the stimulation is efficient and safer since current intensity
is lower than the one used for the other two waveforms.

Neuroprostheses are a widely used solution
for human nervous system injuries, disorders and
disabilities. Thanks to these devices, an improvement
of the quality of life of the patients can be reached.
Neuroprosthetic devices are used for different kind
of disease. For example, Parkinson (1), migraine
(2) and other central nervous system diseases can
be treated by Deep Brain Stimulation. Furthermore,

neuroprosthesis also include retinal implants, to
overcome some forms of blindness (3), or in case of
spinal cord injuries to provide spinal cord stimulation
for motor rehabilitation (4).

Thanks to neuroprosthetics, also upper limb
amputees can obtain improvements in their quality of
life. In fact,commercially available myoelectric upper
limb prostheses allow to decode muscle electrical
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activity, recorded by myoelectric electrodes, and to
provide patients with only an efferent control. These
devices do not provide afferent information (5, 6),
which are instead fundamental to interact with the
environment. As reported in literature (5), the lack of
sensory feedback is one of the main reasons for the
prosthesis use abandonment.

Sensory feedback is a quality widely required
by amputees to improve the dexterity and the
embodiment of the robotic prosthetic hand (6).
Therefore, several solutions for delivering sensations
related to tactile feedback were proposed in the field
of'upper limb neuroprosthetics, such as electrotactile,
vibrotactile, direct current stimulation, etc. Among
them, the electrical neural stimulation of peripheral
nerve is the technique that more than the others allow
to restore sensory feedback eliciting sensations like
natural ones (7-9). To electrically stimulate the nerves
to restore sensory feedback, different interfaces were
developed, such as intraneural or cuff electrodes and
flat interfaces.

Due to the high invasiveness of the neural solution,
it is fundamental to preliminary study the nerve-
electrode interaction by means of computational
simulations. From the simulation results, optimal
stimulation parameters and location of the electrode
into the nerve can be derived, to obtain a better fiber
recruitment related to the tactile sensation to be
provided to the amputees. The study of stimulation
parameters and electrode implant properties from a
computational framework can be a useful support
guide to the experimental tests and can lead to design
new generation of electrodes and novel interfaces
suitable for restoring sensory feedback.

The study of neuroprosthetic devices and
stimulation techniques through a computational
framework is a useful method to set stimulation
parameters and to study the interaction between
nerve tissue and electrode, as demonstrated in
recent papers (2, 10, 11). Several works deal with
multiscale computational approach to study the
nerve-electrode interaction, coupling the results
from a Finite Element Model simulation and from
computational axon or neuron model. In the study of
Shiraz et al. (10), a computational multiscale method
was used to study the pudendal nerve stimulation,
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different kind of stimulators, electrodes and tissues
were considered, according to the location of the
pudendal nerve. In (12), a similar problem it is
considered: different kind of electrodes, Transverse
Intrafascicular Multichannel Electrode (TIME)
model and Flat Interface Nerve Electrode (FINE)
model, are used.

The study treated the selectivity of these kind of
electrodes using a fixed stimulus waveform. In this
paper, a realistic computational model, using the
Finite Element Method (FEM), of the human median
nerve and of the ds-FILE intraneural electrode is
introduced (13). This type of electrode is different
from the electrodes used in (12). Its geometrical
properties and active sites shape are different from the
ones of the TIME model; furthermore, since it is an
intraneural electrode, it has different characteristics
with respect to the FINE model. The ds-FILE
electrode has been already used in experiments
on human amputees (6), making it particularly
interesting for future comparison between the results
obtained in simulation and the experimental ones.

Inthis work, fibers activation in sensory and motor
fascicles, keeping the location of the electrode fixed,
is studied. Focusing on the possible stimulation of a
motor fascicle when active sites of the electrode are
inside a sensory fascicle is an important issue that, to
our knowledge, is still not covered by the literature.
Further, to study the fibers activation, ten different
distances from the electrode are considered in each
fascicle. The three types of waveform used are the
safest as reported in literature (14). The goal of this
work is to study nerve fibers activation subject to
a current stimulus. The stimulus waveform and the
current level required to excite a population of nerve
fibers in the target nerve are modelled. Potential
distribution in two sensory and one motor fascicles
was studied. The active sites of the electrode were
positioned in a target sensory fascicle, the other
sensory fascicle was close to this one (Fig. 1a) and
the fascicle related to the motor fibers was at a certain
distance from the sensory fascicles, as shown in Fig.
1b. For each fascicle ten different distances from the
electrode were tested.

The MRG axon model (15) is used to evaluate the
nerve fibers activation and recruitment. On the basis
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of the results, conclusions can be drawn on how axon
fibers located at different distances from the active
sites in a nerve fascicle and in a fascicle close to
it are activated, as a function of type of waveform
signal and current amplitude.

The paper is structured as follows:
II, methods to generate the hybrid model and to
investigate stimulus parameters are described,
in Section III and IV results and discussion are
provided. Section V reports conclusion and future
perspectives.

in Section

MATERIALS AND METHODS

To obtain a realistic simulation of a human median
nerve, a Finite Element Method model is built
considering nerve anatomical properties. A current
stimulus from the intraneural electrode is delivered to
the nerve model and the electric potential distribution
into the nerve is studied. After an interpolation of
electric potential values on different sections of the
axon fiber, the activation of the fibers is studied.
Electric potential is used as external potential in
an axon model built in Neuron software (16). The
activation of the axons is evaluated by the generation
of the action potential on the first and last node of
Ranvier of the axon fiber. In the next subsections,

1st simulation

Activation of sensory fibers

e

a) \%%/>
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a detailed description of the Finite Element Method
model of the interaction between the electrode and
the nerve and a description of the used axon model
are provided.

A. Finite element model for nerve and electrode

To obtain a realistic human median nerve model,
image data from the histological section of the
human median nerve (17) are analyzed (Fig. 2a).
The image is segmented using the software imagelJ
(Fig. 2b), and the obtained geometry is imported
in COMSOL Multiphysics v5.3® (COMSOL, Ltd,
Cambridge UK) and extruded along the longitudinal
axis to build a 3D geometry (Fig. 2c). The nerve
model is segmented in three different tissue classes:
epineurium, perineurium, endoneurium.

Based on the literature (12), the values of
conductivity are set as follows. Anisotropic
conductivity tensor is assigned to endoneurium, with
longitudinal value of 0.571 S/m and transverse value
of 0.0826 S/m. The epineurium and perineurium
are assumed isotropic media with a conductivity
of 0.0826 S/m and 0.00088 S/m, respectively. The
electrical conductivity related to the different tissues
are shown in Table I. A homogeneous medium
of saline solution simulates the intraoperative
environment.

2nd simulation

Activation of motor fibers

%%2%@@%

Fig. 1. a): Nerve fascicle with red spots related to sensory fibers; b): nerve fascicle with red spot related to motor fascicle. They
are considered to study electric potential distribution on axon fibers along the nerve, for ten distances from the active site.
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Atthe outer surface of the saline solution (cylinder)
a Dirichlet boundary condition is set. A quasi-
static approximation of the Maxwell’s equations
(18) is used as shown in the following equation

V(o VI)=0

and the differential equations are solved using
finite element methods (Fig. 2d). The radius of the
external cylinder is set at 38 mm, that is larger than
the dimension of the human median nerve (19). Two
simulations are performed. From the first simulation,
a nerve fascicle with active sites of the electrode
implanted into it is considered. The electrical potential
distribution into the target fascicle and in a nerve

Table 1. electrical conductivity related to different tissues.

Tissue Conductivity (S/m) Reference
Endoneurium 0.571 (12)
0.0826
Epineurium 0.0826 (12)
Perineurium 0.00088 (12)
a)

Electric potential
from FEM solution
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fascicle close to it is studied (Fig.1). These fascicles
correspond to sensory fibers according to (17). In this
simulation some fascicles far from the target fascicle
are excluded from the computing to optimize it.

From the second simulation electric potential
distribution into a fascicle, that according to
literature could be related to motor fibers, are studied.
According to studies of Jabaley (17), the electric
potential distribution into the fascicle named Flexor
Carpi Radialis is considered. The electrode position
is the same of the first simulation Fig. 1. Also, other
fascicles are included compared to the previous
simulation, to understand how other fascicles affect
the potential distribution into the nerve.

The electrode geometry is built in Comsol ®
(Fig. 3) and the ds-FILE electrode is modeled as a
polymide structure with 20 um thickness and 360 um
height. Sixteen active sites are considered according
to the ds-FILE properties (6). The conductivity of
polymideis 6.7-10* S/m and of active sites is 8.9-10°
S/m. The electrode is placed trasversally at half
height of the nerve model. The current amplitude is
set to 10 pA, which is an arbitrary level to be scaled
at subsequent stages.

S—_— b

Ny
acordt

Extruded to 3D
and Mesh

Fig. 2. Scheme of the Finite Element Method model of the nerve fiber-electrode interaction.
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B. Median nerve axon model

A computational double layer model of
myelinated axon is developed. Axons are grouped in
fascicle in human median nerve. The axon model is
considered to detect activation of nerve fibers with
imperfect insulation, Mclntyre-Richardson-Grill
ion channel mechanisms for nodes of Ranvier (15)
are considered. Between two nodes of Ranvier, two
myelin, two paranodal and ten internodal sections
(10) are considered. Axons diameters follow a two
gaussian distribution cited in (20), myelinated nerve
fibers fall in two classical groups, the smaller Ad, and
the larger Aa groups of fibers. The two gaussian have
mean of 4 and 12 and standard deviation of 1.5 and 1
respectively (12, 20). All the geometrical properties
are interpolated on data extracted from the work of
Mclntyre et al. (15), to obtain 100 axons of different
geometrical properties, according to the diameter
values extracted from the gaussian distribution.

The first node of Ranvier is randomly placed
between 0 and Ax of the arclength of the nerve fiber.
Note that Ax is defined as node to node distance for a
fiber. Compartments are inserted between two nodes
of Ranvier along the fiber and the model is ended by
anode (10). This procedure is repeated for 100 fibers
in the nerve as studied in (10).

A fiber is considered activated when the action
potential propagates it along all the fiber length. The
percentage of activation (PA) of fibers, defined as the
number of activated fibers out of 100, is calculated.
Models are imported in Neuron v7.4 to solve the
differential equations using the Backward Euler
integration method with 0.005 ms steps. Electrical
potential along the nerve is solved in Comsol®,

Fig. 3. ds-FILE electrode (a); CAD model of the ds-FILE
electrode (b).
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Fig. 4. Schematic representation of the axon model. (a):
The axon divided in different compartments: node of Ran-
vier (small cylinder) and myelin, paranodal and internodal
sections (big cylinder). The distance between two nodes of
Ranvier is defined as A. (b): The first node of Ranvier of
the axon is randomly placed between 0 and A along the ar-
clength of the nerve fiber, represented as the blue solid line.

interpolated in Matlab ® to assign each electrical
potential value to the different sections of axon,
and imported as extracellular potential in Neuron
on MRG axon model. The extracellular potential
variation is performed according to the waveform
shown in Fig. 4, 5, 7.

Three stimuli are considered, they are already
proven in the literature as safe and effective as
reported in (14) in terms of effective action potential
initiation, tissue damage and corrosion of electrode
materials. The three waveform considered (Fig. 5, 7)
are: 1) biphasic charge balanced pulses of 80 pus with
inter-pulse delay of the same duration, ii) biphasic
charge balanced pulses of 80 pus duration without an
inter-pulse delay and iii) biphasic charge unbalanced
pulses of 80 us duration with inter-pulse delay of the
same duration. Under quasi-static approximation,
current values are multiplied to simulate different
current amplitude. The percentage of activation of
the fibers is measured for the three types of stimuli,
the stimulus (i) is the same as described in (6).

RESULTS

In this section data related to the percentage
of activation of human median nerve fibers in
different fascicles (Fig.1) as the current stimulus
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Fig. 5. a): 3D scheme of the target fascicle as shown in Fig.1: red lines highlight ten distances considered from the electrode
in the fascicle. Three different types of stimulus waveform, b): biphasic charge balanced stimulus with inter-pulse delay; c): bi-
phasic charge balanced stimulus without inter-pulse delay, d) biphasic charge unbalanced stimulus with inter-pulse delay. Time
duration of pulses and inter-pulse delay is 80 us; e, f, g): Percentage of activation vs current amplitude, for the corresponding
stimulus waveform, b, ¢, d, respectively): for ten different distances from the active site in the same fascicle.
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Fig. 6. Current amplitude to obtain a 95% < PA < 100% vs distance from the active site, for three different stimulus

waveform shown in Fig. 5.

change are reported for the three different types of
stimulus waveforms. In Fig. 5e, 5f, 5g the PA versus
current intensity obtained using the first type of
stimulus waveform is shown. The PA is studied for
ten distances from the active site in the first target
fascicle shown in Fig. 5a.

The PA versus current intensity is reported in Fig.
Se, 5f, 5g for the three different stimulation waveforms

and for ten distances from the active site. Simulation
were performed varying the current amplitude of
the three different stimulus waveforms. From Fig.
Se, related to the biphasic charge balanced stimulus
with inter-pulse delay, it is possible to observe that
the current amplitude to activate axon fibers is in the
range between 65 to 100 pA for all the distances from
the considered active site. From Fig. 5f and Fig. 5g, it
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Fig. 7. a): 3D scheme of the target fascicle as shown in Fig.1: red lines highlight ten distances considered from the electrode
in the fascicle. Three different types of stimulus waveform; b).: biphasic charge balanced stimulus with inter-pulse delay;
¢): biphasic charge balanced stimulus without inter-pulse delay, d): biphasic charge unbalanced stimulus with inter-pulse
delay. Time duration of pulses and inter-pulse delay is 80 us; e, f, g): Percentage of activation vs current amplitude, for the
corresponding stimulus waveform, b, ¢, d respectively): for ten different distances from the active site in the same fascicle.
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Fig. 8. Current amplitude to obtain a 95% < PA < 100% vs distance from the active site in the second fascicle, for ten

different distances.

is shown that the current amplitude to activate axon
fibers is in the range 95 to 145 pA and 60 to 95 pA,
respectively. The corresponding waveform stimuli are
the charge balanced stimulus without interpulse delay
and the charge unbalanced stimulus.

The amplitude ranges are found
experimentally, starting from an arbitrary current
amplitude value of 50 pA. For the PA evaluation

current

three consecutive pulses are considered. Considering
the ten distances from the active site from which the
electrical potential distribution is evaluated, they are
along all the course of the nerve. The first distance
is close to the active site, other distances are 100
pum each from the other so the first is around some
microns far to the active site and the last is 1 mm
from the active site. All the distributions are in a
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Fig. 9. 3D scheme of the motor fascicle. The red lines
highlight ten distances from the electrode.

nerve fascicle where the active site is implanted in.
According to literature, this fascicle could be related
to sensory fibers. In Fig. 6, the current amplitude
necessary to obtain in the range 95%-100% of
activated fibers for three different waveforms as the
distance from the active site change is shown.

In Fig. 7e, 71, 7g the percentage of activation as the
current amplitude changes for the different waveforms
are considered. The target fascicle considered is the
second fascicle shown in Fig. 7a, the first distance
considered is the lowest one in Fig.7 a close to the
electrode and the other distances are 100 um apart
from each other. For such fascicle, the PA vs current
amplitude was analogously studied. Results related to
the fibers subjected to the i) stimulus waveform are
shown in Fig. 7e, it is possible to note that starting from
a current amplitude of 70 pA axon fibers are activated
and a PA=100% is reached at 110 pA. Results shown
in Fig. 7e, 7f are related to waveform signal ii) and
iii). Axon fibers are activated starting from 95 pA
and 65 pA and the PA=100% is reached at a current
amplitude value of 150 pA and 110 pA, respectively.
The minimum current amplitude to obtain a 95%-
100% of activation for three different waveforms is
shown in Fig. 8.

No plots are shown about the simulation related
to axon fibers in motor fascicle shown in Fig. 9.
From the simulation, it was found that the current
amplitude necessary to activate the axon fibers is
one order of magnitude higher than the current
amplitude used to activate fibers in the fascicles
shown above.

M. STEFANO ET AL.

DISCUSSION

Computational FEM-Neuron hybrid models can
be useful to design novel neural interfaces in the
research field of upper limb prostheses. The same
approach can be used to develop new modalities for
restoring sensory feedback in upper limb amputees.
A computational simulation allows to study
electrical potential distribution into nerve fascicles
subjected to an electrical current stimulus through an
intraneural electrode.

The activation can be studied using an axon model
built in Neuron. Knowing the activation properties
is an important element to evaluate the efficacy of
the neural stimulation. Therefore, the percentage of
activation for three different stimulus waveforms
by varying the stimulus intensity and the distance
between the electrode and the possible location of an
axon fiber is studied.

In Fig. 5, 7, it can be observed that the increase of
current amplitude lead to an increase of percentage
of activation of nerve fibers. They have the same
trend for the three type of stimulus waveform and for
both the fascicles considered. The current amplitude
to activate axon fibers is different according to the
signal waveform and the distance from the electrode
into the considered fascicle. Regarding the fascicle
in Fig. 5a, it is possible to note from Fig. Se-5g that
the current values to reach the 100% of activated
fibers is different, in particular it is lower in the
case of the third considered stimulus waveform and
it is higher for the charge balanced ones. The same
trend is observed in Fig. 7e-7g related to the second
sensory fascicle.

Note that, observing the percentage of activation
related to each waveform, Fig. 5e-5g for the first
fascicle and Fig. 7e-7g for the second one, the
current amplitude values necessary to activate a
given percentage of fibers increase according to the
distance considered from the active site. Values are
different according to the considered waveform. The
minimum values of current to obtain a 95% to 100%
of activation, shown in Fig.6 for the first fascicle and
in Fig. 8 for the second fascicle, allow to note that
when the distance from the active site, i.e. the source
of the current, increases, an increase of current is
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required to activate a given percentage of axons.

A quantitative analysis has been done, showing
that the safest waveform is the third one, because
current values are lower than the corresponding ones
for the other waveforms while the effectiveness of
the stimulation is practically the same. The reason
could be related to the sign of the stimulus and its
time duration. To activate a neural cell, it is necessary
to depolarize the membrane: if the depolarization is
above a threshold, an action potential fires.

These results can be useful to know the range of
current amplitude that had to be used to activate fibers
selectively in a fascicle where the active sites of the
electrode are in the inner part of the fascicle or in a
fascicle close to it. Results about the motor fascicle
percentage of activation as current amplitude varies
are not shown, because they are not of interest in this
framework. Note that the current amplitude required
to activate nerve fibers, for all the waveforms, is one
order of magnitude higher than that used to stimulate
fibers close to the active site. Therefore, current
values sufficient to activate sensory fibers in fascicles
like those shown in Fig. 1a, cannot stimulate fibers in
fascicles like those in Fig. 1b.

In this work a computational hybrid FEM
NEURON model was used to study the electric
potential distribution in the human median nerve
and the activation of axon fibers into it. Two FEM
computational simulations considering two different
sensory fascicles and a motor fascicle were performed
to investigate how an intraneural electrode fixed
in each location in the human median nerve can
activate axon fibers of sensory or motor fascicles.
In the first simulation, a sensory fascicle with
active site in the inner part of it was considered and
activation properties in ten different distances from
the electrode for three type of waveform stimulus
and at different values of current amplitude to obtain
an activation percentage above 95% is studied.

In the second simulation, a sensory fascicle close
to the one analyzed in the first simulation and a motor
fascicle were considered. The activation properties in
ten different distances with respect to the inner part of
each fascicle for three type of waveform as shown in
Results and different values of current amplitude that
let to obtain a percentage of activation above 95%
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are studied. The obtained results demonstrated that
related to the sensory fascicles studied, the current
amplitude to activate axons increases according to
the distance from the electrode and the third stimulus
is the safest because compared with the other
waveforms the same percentage of activation can be
obtained using lower values of current amplitude.
From the second simulation, it was observed that,
if a stimulation of a sensory fascicle is performed
using the current amplitude values considered in the
results, the motor fascicle fiber was not activated,
since the electric potential values are lower than
the ones needed to activate the fiber. In fact, the
needed value should be of one order of magnitude
higher. Future work will be devoted to improving
the analysis considering other sensory fascicles and
considering different kinds of electrodes.
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New methods and tools to assess nutritive sucking in new-borns: effect of different feeding
bottles on nutritive performance

F. Taffoni!, V. Focaroli?3, A. M. Visco?, F. Noce®and R. Lubrano*®

'Advanced Robotics and Human-Centred Technologies - CREO Lab, Universita Campus Bio-Medico
di Roma, Rome, Italy, “Istituto di Scienze e Tecnologie della Cognizione (ISTC), CNR, Rome, Italy;
‘Laboratory of Developmental Neuroscience, Universita Campus Bio-Medico di Roma, Rome, Italy;
‘Complex Operative Unit of Pediatric and Neonatology, ASL Latina, 04100 Latina, Italy, °Universita
degli Studi Roma Tre, Rome, Italy, ‘Universita degli Studi di Roma La Sapienza, Italy.

Nutritive sucking is a fundamental process assuring the primary infant nourishment in the first months
of life. When feeding is impaired for pathological conditions, the growth of the infant may be delayed
with a cascade effect on the overall development. While literature studied nutritive sucking development
in infants with feeding problems, like in severe premature babies or with low weight at birth, few works
assesses to what extent different feeding bottles may influence feeding performance of healthy new-borns.
This work proposes a method for functional characterization of feeding bottles based on the most promising
and reliable indices used to quantitatively assess feeding skills in clinical applications. Thirty healthy new-
borns have been fed with two different bottles instrumented with a device for feeding monitoring. Their
impact on feeding performance is objectively assessed and discussed. The approach presented here, even
if preliminary, paves the way to a new method for functional characterization of feeding bottles. Further

studies may allow to confirm our analyses with a higher number of bottles and infants.

The Nutritive Sucking (NS) is a highly organized
process (1) that guarantees the primary source of
nourishment in the first six months of infant life (2).
Ultrasound techniques have been exploited to study
in-vivo mechanisms of NS as well as to compare
the anatomy of nipples and the morphology of
artificial teats (3, 4). During NS, the lips are sealed
around the nipple, the jaw and tongue drop down
and away from the palate, enlarging the oral cavity
and creating negative intraoral sucking pressure
(IP) while the tongue is used to compress the nipple
against the hard palate, thus generating a positive
expression pressure (EP) (5). Such combined action
allows extracting milk from the breast and it is the
result of a long process, beginning during the first

quarter of gestational life (10-11 weeks), when the
brain development is coupled with the development
of anatomic structures such as lips, jaw, cheeks,
tongue, palate, pharynx and larynx. Oral and gag
reflexes appear around 12 to 16 weeks, sucking at
24 weeks, while the concurrent presence of sucking
and swallowing by 28 weeks, although not fully
coordinated until about 32 to 34 weeks (see (6) for
a review).

When the developmental sequence presented
above is modified (as in extreme premature birth) it
is quite common to observe feeding problems. In a
recent pilot study, Tamilia and colleagues (7) showed
a correlation between neuroimaging-demonstrated
microstructural brain abnormalities and variations
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in NS patterns of extreme premature infants. Lau
and colleagues (8) studied NS in preterm babies
bottle-fed, and found a progressive development of
the IP both in terms of rthythm and intensity, and in
terms of coordination with the EP. Medoff Cooper
and colleagues compared IP in preterm and full-term
infants and found differences in sucking behaviors
as a function of gestational age at birth as well as the
interaction of maturation and experience (9). In (10),
authors characterized differences in maturation of
feeding between healthy preterm and full-term infants
exploiting objective features derived from IP and EP
respectively. Pineda and colleagues (11) proposed
the use of a standardized feeding assessment tool
to identify differences in oral feeding performance,
along with differences in specific types of feeding-
related behaviors, among full-term infants compared
with preterm infants at term equivalent age.
Analysis has been carried out addressing the
impact of different bottles of sucking performance
on healthy infants. This is a very important topic
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since craniofacial growth and development is
influenced by functional stimuli such as sucking,
chewing, swallowing and breathing (12). The main
studies available in literature (13-16) are focused on
functional characterization of nipples. The bulk of
research looks at sucking pattern and milk flow: the
more rapid milk flow from soft artificial nipples with
large holes results in more frequent swallowing, less
frequent opportunities for breathing, and significantly
increased interruption in ventilation (17).

To the best of our knowledge, no studies have yet
analyzed the effect of different feeding bottles on NS
in healthy newborns. This research aims to address
this lack and proposes the measure of the most
promising and reliable indices used to quantitatively
assess feeding skills in clinical applications (see
(18) for a review), in order to identify how different
features of feeding bottles can influence NS and can
promote feeding performance in healthy newborns.

Since this preliminary work aims to present
the feasibility of the approach, only two bottle

L . JtaBreathingMadulE'

[ ¢ »

E Model B

Fig. 1. On the left, the FAM system: top) example of mounting on a sample bottle; bottom functional diagram of the
Sensors and processing unit module. More details are available in 20 On the right the two bottles compared in this study.
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Table 1. Newborns enrolled in the study.

Enrolment Weight [g] Gestational Age Sex
code Weeks Days
001 3490 37 2 M
002 2865 40 0 F
003 4320 38 4 M
004 2020 39 0 F
005 3300 37 6 F
006 2900 38 4 F
007 3100 38 0 M
008 3190 38 3 F
009 3290 38 6 M
010 3030 39 6 F
011 3170 39 5 F
012 2110 37 4 M
013 4390 41 4 F
014 2750 36 4 F
015 3370 40 2 M
016 2350 37 2 F
017 2200 37 3 F
018 2190 37 4 M
019 2170 36 0 M
020 3860 40 2 M
021 3300 39 3 F
022 2950 41 1 M
023 3130 40 4 M
024 3460 40 3 F
025 3250 38 0 F
026 2740 38 4 M
027 3450 40 0 M
028 2920 38 2 M
029 2080 36 1 M
030 2300 39 2 F

models have been compared. The materials and
methods section presents the tool used to measure
sucking pressure exerted by infants during feeding,
the feature considered for the analysis, the data
analysis performed, and the experimental procedure.
The result section describes the main differences
observed in the population when fed with the two
different feeding bottles. Finally, the discussion
and conclusion section provide the interpretation
of results and show how to exploit quantitative
and objective parameters to assess the overall
performance of the feeding task in healthy infants.

MATERIALS AND METHODS

System for objective assessment of nutritive sucking

The work aims to present a method for functional
comparison of feeding bottles in healthy newborns capable
of autonomous bottle feeding, for this reason the analysis
presented is based on the measure of the only IP, one of
the main variables considered in literature (9, 19). Indeed,
according to the seminal work of Lau and colleagues (8),
a well-defined and rhythmic IP is characteristic of full-
term healthy newborns, and its attainment, represents the
last developmental stage of NS in premature babies.

IP pressure has been measured using the Feeding
Assessment Monitor (FAM), an instrumented module
developed by the authors to assess the autonomous
feeding readiness in preterm infants, see Fig. 1. The
module can be easily mounted at the base of the bottle
using mounting flanges. It is provided with two pressure
sensors to measure IP, EP and can be also expanded to
measure breathing frequency (20). In this study, the
FAM has been configured to measure the only IP with a
sample frequency of 200Hz. An uncompressible air-filled
catheter for gavage (PVC feeding tube, TeleBex Medical,
2E040205; internal diameter: 1 mm, external diameter
1.7 mm, length: 200 mm) has been used to connect the
IP sensor (a MP3V5050V, by Freescale Semiconductor)
with the mouth: the catheter enters the feeding teat
through an incision at its base and it is threaded out at the
tip, protruding about 2 mm in the oral cavity as in (10).

Two bottles have been compared: Model A is provided
with a silicone membrane to allow bottle ventilation and
avoid the establishment of a negative pressure inside the
bottle during NS. It is equipped with a teat whose shape
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is modelled to fit with intraoral cavity of a newborn thus
promoting his/her latching-on. Model B is a disposable
feeding bottle equipped with a standard teat with a
conventional symmetric geometry and not provided with
a valve for bottle ventilation. The raw pressure data are
stored in the text file for later off-line feature extraction
and off-line analysis (see Data Analysis section).

Participants

The study has been carried out in the Complex
Operative Unit of Paediatric and Neonatology of Ospedale
Civile Santa Maria Goretti in Latina (Italy), as part of the
daily clinical routine. Parents of the newborns signed a
written informed consent describing the purpose of the
study (1). Thirty newborns (15 males) not breastfed were
recruited by the medical team in their first month of life.
Infants were all born between the 36th and 40th weeks
of gestational age (mean 38th week and 5 days) and
capable of autonomous bottle feeding. Table I reports the
descriptive statistics of the sample enrolled in the study, in
terms of weight, gestational age and sex.

Procedure

Each baby enrolled in the study was fed with the two
bottles in the same day. Both models were instrumented
with the FAM device just before the feeding session and
filled with the quantity of milk requested from the dietary
necessities of the infant. A nurse or a parent was asked to
feed the baby while a second person, trained in the use of
the FAM, takes care of data acquisition (Fig. 2).

Fig. 2. Experimental setup.
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Fig. 3. Automated segmentation of IP. The software marks
each suck as a local minimum (red circle) between two
local maxima (blue circle). Sucking events are grouped in
the same burst if the pause between two consecutive sucks
is lower than 2 s. In figure, the main variables analized
are reported. Additional details on segmentation are
available in (11).

Fig. 3 reports an example of data segmentation and
the extraction of the main features for burst and single
suck assessment. The normality of the features has been
tested with the Kolmogorov-Smirnov test (k-test) and the
inter-subject comparison performed with a two-sample
t-test or with the Wilcoxon rank sum test, depending on
the distribution type (normal vs non-normal distribution
respectively). Automated segmentation of IP. The
software marks each suck as a local minimum (red circle)
between two local maxima (blue circle). Sucking events
are grouped in the same burst if the pause between two
consecutive sucks is lower than 2 s. In figure, the main
variables analyzed are reported. Additional details on
segmentation are available.

The bottle presentation order was randomized from
infant to infant, to avoid any presentation bias. IP data
recorded from FAM were stored in a text file saved as

“subjectEnrolmentCode_feedingSession.txt”. A Case
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Fig. 4. A): Mean sucking velocity; B): overall duration of the bursts started during the first minute of feeding; C): Overall

number of sucking events for the bursts taken in consideration.

Repot Form (CRF) was filled reporting the quantity of milk
effectively delivered, the duration of the feeding session,
and the occurrence of any feeding problem reported from
medical staff, like frequent interruptions for burping or
regurgitations. All data gathered were processed to extract
features of performance by blind coders.

Data Analysis
The analysis of feeding sessions was carried out taking

into consideration both the information reported on the

CRFs and the quantitative data about IP measured with

FAM. Regarding these ones, it was necessary to extract

features describing performance. NS is organized in

sequences of sucks called bursts. Each burst is isolated
from another by a period of inactivity (i.e. a pause)
lasting at least 2 seconds (18). IP data were reviewed to
identify all the bursts started in the first minute of feeding
thus standardizing the analysis across different feeding
sessions. IP segmentation was carried out according to

(10): each suck was identified as a negative peak in the

IP trace, and a burst as a sequence of sucks closer than

2 seconds each other. Quantitative features about timing,

amplitude, and regularity of suction were extracted from

the bursts selected as well as from the single suck event to
perform a microstructural sucking analysis as reported in

(9). In details, the microstructure of a single sucking event

was assessed in terms of:

* Sigle Suck Duration (mean, maximum, initial and final)
is the duration of a single suck, expressed in seconds.

*  Sucking Amplitude (mean, maximum, initial and final) —
it expresses the depressurization peak (in mmHg) inside
the oral cavity for each suck. Initial and final amplitudes
were measured as the average depressurization peaks

registered from the first and the last five sucking events,
respectively. This criterion was adopted for all variables
which have initial and final measures.

 Coefficient of Variation of Duration (COV ) — it
expresses the variability of the duration of single sucks.

* Increasing Sucking Duration (ISD — mean, minimum,
maximum, initial and final). The IP pressure is
characterized by an increasing phase (IS), when the
depressurization inside the mouth of the baby increases,
and a decreasing phase (DS), when pressure inside the
mouth returns to its original level. During IS phase, the
tongue moves forward arching the nipple, while the
mandible goes down to extent the oral cavity and get
milk. In the DS, the mandible, and the tongue throwback
to the initial position, with time constant depending
on mechanical feature of the anatomical structures
involved, nipple included. The ISD represents the
duration of the IS phase, expressed in seconds.

* Increasing Sucking Slope (ISS mean, initial and final)
expresses the AIP/ISD ratio or, in other terms, the mean
velocity of depressurization measured for the single suck.

* Smoothness: this feature quantifies the regularity of
movement. According to (21) the first derivative of the
IP signal (i.e. the speed of variation of the IP) has been
calculated and the local maxima of the trace obtained
have been counted. This value, with the negative sign,
is called smoothness referred to the speed profile (c_
pk): the lower this value, the lower the regularity of
the sucking.

Bursts were assessed according to the following
indices:

* Burst Duration (BD) — it concerns the overall duration
(in seconds) of the bursts started in the first minute.
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»  Number of sucks — is the number of sucks measured in
the bursts started in the first minutes.

*  Number of pauses — is the number of pauses recorded
in the first minute.

* Coefficient of Variation of Amplitude (COV,) — it
expresses the variability of sucking pressure in a
single burst. It is defined as follows: cov, = 7:; , where
o, represents the standard deviation of the amplitude,
and IP, its mean in the sequence of bursts;

RESULTS

One participant refused Model B, for this reason
he was excluded from the analysis. The remaining 29
subjects (14 males) have a mean gestational age of
38 weeks and 6 days. The analysis of data reported
on the CRF showed a significative difference in the
mean velocity of feeding, lower with Model A than
Model B (mdn: 0.127 vs. 0.198 ml/s, z=-2.1461,
p=0.03, Fig. 4A). No significative differences were
observed in the effective amount of milk extracted
from the bottle.

Overall, 4403 versus 2812 sucking events were

F. TAFFONI ET AL.

recorded from the bursts started in the first minute,
respectively with Model A and Model B. Burst duration
was higher with model A (mdn: 63.17 vs. 3745 s,
7=3.4524, p<<0.01, Fig. 4B): coherently a higher
number of sucking events was registered with Model A
(mdn: 66 vs. 45, z=3.1736, p=0.0015, Fig. 4C).

The amplitude of sucking reached by newborns
was lower with Model A than with Model B
(mdn: -133,14 vs. -114.34 mmHg, z= -2.4260,
p=0.015, Fig. 5A): In both models, the amplitude
of sucking was significantly higher at the end of
the burst: for Model A it was -83.11 vs -49.28 (z:
-2.7370, p=0.0062, Fig. 5B): for Model B it was:
-69.21 vs. -42.71 mmHg (z:-3.4524 ¢ p<<0.01, Fig. 5C):
No differences of amplitude were observed between
models in the initial and final phases of the burst.

Regarding the microstructural analysis of the
sucking events, no differences were observed in terms
of instability or ISS, while a significantly longer ISD
was observed for Model A respect to Model B (mdn:
0.464 vs. 0.439 s, z=2.0528, p=0.0401). Because
the CRF, 10 out of the 29 infants analyzed reported
annotations of frequent interruptions for burping
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Fig. 5. A): Maximum Sucking Amplitude; B-C comparison between initial and final sucking amplitude registered with

Model A and Model B respectively.
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or regurgitations, these babies were reconsidered
for a separated cross-over analysis to identify any
difference in the performance registered with the
two feeding bottle models. Even in this subgroup,
the mean sucking velocity was higher with Model B
than model A (mdn: 0.1106 vs. 0.2034 s, z=-2.0788,
p=0.0376, Fig. 6). The higher duration of the bursts
measured with model A is confirmed and incremented
(mdn: 58.93 vs.30.81s,7z=2.9103, p<<0.01, Fig. 6B).
Coherently, the number of sucking events increased,
and it was significantly higher with Model A (65 vs.
33, z=2.6487, p=0.0081, Fig. 6.C).

The amplitude of sucking showed a statistical
trend both for the mean and the minimum IP (i.e.
the maximum depressurization level). In details,
mean [P was -66.85 vs. -48.78 mmHg respectively
for Model A and B (z=-1.9276, p=0.0539, Fig. 7.A).
This trend is due to a significant change in the mean
IP registered with model B in the subgroup: the
IP increases from -61.93 mmHg, measured in the
overall group, up to -48.78 mmHg. On the contrary,
the mean pressure measured for Model A in the
subgroup (-66.85 mmHg) remains very close to the
one measured for the overall sample (-71.23 mmHg).
The maximum depressurization level reached
-144.83 vs. -117.93 mmHg (model A vs Model B,

=-1.9486, p=0.0518). Looking at any differences
between the beginning and the end of the burst, no
significant differences were observed with Model
A, while it was registered a significant increasing
in depressurization level when infant were fed with
Model B: -69.44 vs. -25.26 mmHg respectively at

<
o
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the beginning and at the end of the burst (z: -2.4568,
p =0.0140, Fig. 7.B). Even in this subgroup, infants
fed with Model A showed an ISD longer than the one
registered with model B (mdn ISD: 0.483 vs. 0.449
s, z=2.1544, p=0.03, Fig. 7.C). No differences were
observed in terms of instability or ISS.

DISCUSSION

This work aims at introducing a method to
compare different feeding bottles in infants capable
of autonomous feeding. While many studies analyze
feeding skills in preterm newborns with feeding
difficulties, few works address this topic in healthy
infants. Generally, those studies investigate only
the flux of the teats without considering the overall
performance of the feeding task. This is an important
aspect because, beyond to promote a proper nutrition,
it provides functional stimuli useful for craniofacial
growth and development. For this reason, it is
important to identify the characteristics of the bottle
that better promote sucking.

This preliminary study compares two bottles,
one provided with a ventilation valve at the base and
with a slow flux teat with anatomical shape (Model
A), one disposable model without any ventilation
valve and with a classical slow flux teat with radial
symmetry (Model B). The analysis of data shows
how, for the same quantity of milk, infants fed with
Model A have a slower suction characterized by
longer bursts with a higher number of sucking events.
A similar result is also observed in the subgroup of
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Fig. 6. Data of subjects with annotation of feeding problems. A): Mean sucking velocity; B): overall duration of the bursts
started during the first minute of feeding; C): Overall number of sucking events for the bursts taken in consideration.
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Fig. 7. Data of subjects with annotation of feeding problems. A): Mean sucking velocity,; B): overall duration of the bursts
started during the first minute of feeding; C): Overall number of sucking events for the bursts taken in consideration.

ten babies with the annotation of feeding problems in
the CRF. This first finding seems to suggest a lower
flux with Model A than Model B. This interpretation
is further confirmed by findings about the ISD. The
increasing of suction is obtained thanks to the active
contraction of muscles involved in the process.
Longer duration of increasing sucking phase without
a significant difference in the mean IP would confirm
a lower flux from Model A. Coherently with this
interpretation, the data show longer ISD for Model
A, both in the overall sample and in the subgroup
of infants with annotation of problems. Regarding
sucking amplitude, data on the overall sample do not
show any difference in terms of mean IP, while it is
observed a higher depressurization with Model A.
Looking at depressurization level in the subgroup
with annotations of problems, it is observed a
trend in the IP both for the mean values and for the
maximum depressurization level. In details, higher
depressurizations were observed with Model A.
These findings may suggest a worst latching with
Model B as well as differences in the milk flux.
Results concerning the subgroup with annotations of
problems seem to suggest the former interpretation:

poor latching-on can cause air ingestion which
reduce the depressurization inside the mouth and
cause burping or regurgitations.

Regarding fatigue, it is useful to consider the
differences observed in sucking amplitude between
the beginning and the end of the bursts started in the
first minute, when the effect of fatigue should be
more evident. Babies show a significant reduction
in the IP amplitude with both models: at the end of
the bursts the module of IP was lower of about 40%
with respect to the one measured at the beginning.
This reduction is physiological and due to sucking
activity, but what is interesting to note is the temporal
scale in which it takes place. The overall duration
of the bursts measured with Model A is 69% higher
than the burst duration measured with model B
(mdn: 63.17 vs. 37.45 s). More interesting, in the 10
babies with annotations of burping or regurgitation,
we found a significant difference in the I[P amplitude
measured at the beginning and at the end of the burst
only for model B.

This finding, and in particular the absence of a
significant difference in the IP amplitude measured at
the beginning and at the end of the bursts for Model



Journal of Biological Regulators & Homeostatic Agents

A in the subgroup with annotation of problems,
may suggest an effect of the silicone membrane at
the base of Model A. This membrane, allowing air
passage into the feeding bottle, avoids the creation of
a negative pressure inside the bottle that may hinder
the milk extraction. This effect is more evident and
confirmed in children with problems of regurgitation
and/or burping, as the ones considered in the
subgroup.

Looking at any irregularity, we considered the
smoothness that we measured in terms of number
of peaks in the IP velocity, and the coefficients of
variation for IP amplitude and duration. These
features do not present any significant differences
both in the overall group and in the subgroup with
annotation of difficulties. These findings can be
explained with the consideration that regularity
deficits are usually observed in infants not ready
for autonomous oral feeding, typically in preterm
children, younger than 36 weeks of gestation. In this
study, we only considered older infants with a mature
feeding, thus, we do not have a chance to observe
differences due to the readiness to autonomous
oral feeding. The only possibility was to observe a
change in the pattern of suction due to the model of
the feeding bottle, but this was not the case.

In conclusion, the proposed method allowed to
assess the overall performance of the feeding task
in healthy infants, using two different models of
feeding bottle. The analysis of quantitative data and
of the annotations reported in the CRF show how
Model A promotes longer bursts with higher number
of sucking events. This pattern is a characteristic
of breastfeeding and allows a longer stimulation
of craniofacial structures, thus promoting their
development. Moreover, we measured a better
latching-on confirmed by the analysis of data in
the subgroup with annotation of problems during
feeding.

Finally, the microstructural analysis of feeding
suggests a reduced fatigue effect with model A.
The approach presented here, even if preliminary,
paves the way to a new method for functional
characterization of feeding bottles, to identify
quantitative and objective parameters to compare
their functions on-field. Further studies may allow to

(S3) 145

confirm our analyses with a higher number of bottles
and infants.
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Gait training with Achilles ankle exoskeleton in chronic incomplete spinal cord injury subjects
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Powered exoskeletons (EXOs) have emerged as potential devices for Spinal Cord Injury (SCI) to
support the intervention of physical therapists during therapy (rehabilitation EXOs) as well as to assist
lower limb motion during the daily life (assistive EXOs). Although the ankle is considered a key joint
for gait restoration after SCI, very few ankle exoskeletons were developed and tested in incomplete SCI
(iSCI) population. Among those, the Achilles ankle exoskeleton is the only one embedding a Controller
inspired by the neuromuscular system (NeuroMuscular Controller, NMC). In a previous study we
demonstrated that a period dedicated to train iSCI subjects in using the Achilles EXO as an assistive
aid, improved robot-aided walking speed and surprisingly also generated a positive trend in free walking
speed on long and short distances thus suggesting a possible unexpected rehabilitation effect. To further
investigate this result, a case-control longitudinal study was conducted in the present work. The aim
of this study was to test the hypothesis that Achilles-aided training could improve performance of free
walking of chronic iSCI people more than conventional intensity-matched gait rehabilitation. Before
and after conventional and robot-aided rehabilitation a number of variables were analyzed, including
spatiotemporal parameters, joint kinematics, ground reaction forces, muscle force, spasticity and its
related symptoms, balance and personal experience about the training. Results showed that only the
NMC-controlled Achilles training allowed participants to significantly walk faster, with a longer step
length and a reduced gait cycle time. A slight force and spasticity improvements were also experienced.
In terms of subjects’ personal experience, Achilles training was perceived more interesting and less
physically demanding than conventional rehabilitation.

According to recent estimates, the number of people ability is of high priority for SCI subjects, independently
living with a Spinal Cord Injury (SCI) is increasing from the severity of the pathology, the time after injury
year by year, not only due to the increased frequency and the age at the time of injury, and it is a realistic
of spinal lesions but also to the improvements in life objective for subjects with incomplete SCI (iSCI)
expectancy of SCI subjects (1). Recovery of locomotor lesions (2). The finding that cats, completely spinalized
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at the thoracic level, could be trained to step again on a
moving treadmill belt (3, 4) fueled a strong interest in
rehabilitation following SCI.

From several animal models and different
rehabilitation approaches, a clearer picture is
emerging regarding how to train the spinal cord to
regain functions, especially locomotion. Literature
data demonstrated that gait recovery can be achieved
by exploiting plasticity of neuronal centers and by
the re-activation of parts of a sensory motor system
that are still intact, especially by using task-specific
stimulus and by favoring the recruitment of both
spinal circuitries and spared supraspinal connections
(5). It has been showed that muscular strength,
balance capabilities, spasticity, and age are the major
factors determining walking recovery (6). Moreover,
the ankle is considered a key joint, for gait restoration
after SCI (7, 8) since it plays an important role in
the mechanics and energetics of walking (9) and the
feedback from its afferents is critical for the neural
control of walking (10-12). Because of its importance,
providing assistance at the ankle joint during gait may
be important in iSCI subjects, who exhibit abnormal
ankle kinematics and propulsion (9).

In the last decade, powered exoskeletons (EXOs)
have emerged as potential devices for SCI recovery,
to support the intervention of Physical Therapists
(PhTs) in a rehabilitation context (rehabilitation
devices) as well as to assist lower limbs in case
of paralysis or muscles weakness during daily
life (assistive devices) (13). Rehabilitation EXOs
can enhance gait recovery by delivering weight-
bearing and physical support to movements (single
or multiple joints), as well as repetitive, symmetric
and intense locomotor training, that may facilitate
neuroplasticity in a dose-dependent manner (10), as
shown in the animal models (14-17).

In both rehabilitation or assistive contexts, the
development of control algorithms capable of adapting
EXOs behavior and physical assistance to the ever-
changing needs of patients is a crucial challenge (1).
Literature data showed that interaction controllers
are a key aspect to increase EXOs effectiveness in
adaptively supporting gait as well as in promoting
and improving the users experience by enhancing
motivation and acceptability (18). In fact, end-users
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only accept a device if it matches their own purposes
(19), and they quickly discard devices that do not
fulfil their personal expectations, even if they were
prescribed by healthcare professionals (19).

Among several commercial devices and research
prototypes developed over the last two decades (20-
23) only a few EXOs were specifically devised for
the ankle joint. Moreover, different control strategies
have been used. The EXO in (24), based on
pneumatic actuators, is activated by a proportional
myoelectrical controller and allows a reduction
of muscular activity while still maintaining the
unaltered joint torque. The EXO in (25) provides
assistance through pneumatic muscles emulating
soleus muscle behaviour, and increases walking
speed reducing metabolic cost, particularly in
elderly individuals. Other ankle prototypes are based
on series elastic actuation and model-based control,
such as the device reported in (26), or on artificial
pneumatic actuation and muscle stiffness control,
such as the system for elderly people described in
(27). The Achilles ankle exoskeleton, developed
for people with iSCI (28), includes series elastic
actuators to generate positive plantar flexion, with
limited mass and high power density, and has the
potential to reduce the metabolic cost of walking
(29). Achilles is controlled by means of a novel
Neuromuscular Controller (NMC), which is based
on a musculoskeletal model with virtual Hill-type
muscles activated by stance/swing reflexes (30).
The model can recreate human behavior at a variety
of speeds and can generate near-physiological gait
from the interaction of body dynamics, reflex loops,
and virtual muscles with the environment. Hence,
the controller does not need any predefined motion
patterns or any dedicated commands from the users.
The NMC-controlled Achilles is hence peculiar due
to its versatility and high compliance to users’ natural
walking and to its capability of intrinsically adapting
robotic assistance to the specific residual functional
abilities of users (13). To the best of our knowledge,
the Achilles (13) and the pneumatic ankle EXO
described in (9) were the only systems specifically
tested in iSCI subjects during overground walking.

In our previous study (13), the NMC-controlled
Achilles was tested as an assistive device in a group
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of 4 chronic iSCI participants. We demonstrated that
5 sessions, dedicated to train subjects in using the
exoskeleton as an assistive aid, were sufficient to
improve robot-aided walking speed. Surprisingly, this
training also generated a positive trend in free walking
speed on long and short distances thus suggesting a
possible unexpected rehabilitation effect.

The objective of the present paper is to test the
hypothesis that Achilles-aided training can improve
the performance of free walking of chronic iSCI
people more than conventional gait rehabilitation.
To this aim, the presumed Achilles-related positive
rehabilitation outcomes found in in 4 chronic iSCI
subjects (EXP), were compared to the results of a
standard rehabilitation therapy purposely administered
to a homogenous group of 4 chronic iSCI participants
(CTRL) with a case-control longitudinal study (13).

MATERIALS AND METHODS

The study was conducted at the Fondazione Santa
Lucia (FSL) in Rome. The protocol was written
according to the Helsinki declaration and approved by
Independent FSL Ethical Committee (Prot. CE/PROG.
509). The written informed consent was obtained from all
participants according to the FSL ethical procedures.

Enrolled participants
Eight iSCI participants were recruited from January
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to November 2017. Before enrolment, all participants
underwent a preliminary assessment performed by a
medical doctor and a Physical Therapist (PhD).

Inclusion criteria were: i): age: 18-75; ii): traumatic/
non-traumatic iSCI, chronic phase (at least 3 months
after injury) incomplete motor lesion (AIS C or D at
enrolment) at cervical, thoracic or lumbar level; iii):
ability to ambulate overground (with aids if necessary);
iv): evidence of preserved cognitive functions (Mini-
Mental State Examination score >26) (13).

Exclusion criteria were: i): any clinical condition
contraindicating gait; ii): untreatable chronic pain; iii):
severe spasticity (Ashworth scale score > 3); iv): severe
reduction in lower limb joint Range Of Motion (ROM)
higher than 20 deg; v): any skin problem inhibiting robot
usage; vi) major depression or psychosis.

Participants’ neurological status was measured at
the enrollment by means of the American Spinal Injury
Association (ASIA) scale and of the ASIA Impairment
Scale (AIS) (31). Mean time between SCI and enrolment
was 18.3£13.5 months for EXP group and 21.6+11.1
months for CTRL group. Gait abilities were also assessed
by means of the Walking Index for Spinal Cord Injury
(WISCI) (32). Epidemiological, clinical and neurological
data are reported in Table I. Furthermore, participants
were screened by means of the Centre for Epidemiologic
Studies Depression Scale (CES-D) (33). In the followings
EXP and CTRL subjects will be labeled as E1, E2, E3, E4
and C1, C2, C3, C4, respectively.

Table I: Epidemiological, clinical and neurological data of all participants.

El E2 E3 c1 c2 c3 ca

Age 58 69 47 57 67 48 40

Gender M M M F F M M

AlS level D D D D D D D

SCl level c7 T10 L4 T11 Cc6 T10 T5 c7
Aetiology Traumatic Traumatic Ischemic Traumatic Traumatic Traumatic Ischemic Ischemic

WISCI level 20 16 16 16 20 16 16 16
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Achilles-aided gait training for EXP participants

- Achilles Exoskeleton and NeuroMuscular Controller:
Achilles ankle exoskeleton was developed to assist plantar/
dorsiflexion during walking. The system is connected to
the user lower leg and foot through carbon fiber shells. The
foot shells are inserted within standard shoes and include
sensorized insoles to detect gait phases (Fig. 1) (28).

Achilles is composed by a compliant actuators (linear
motor and leaf spring) able to accurately control the
delivered torque based on a low-level torque control loop
(whose feedback signal is the torque estimated starting
from the measurement of two encoders and from the
knowledge of the spring stiffness and of the kinematic
structure). The high-level abovementioned NMC is
implemented on top of the low-level torque control loop.

The NMC (34) is based on a reflex-based neuro-
mechanical simulation of walking developed by H. Geyer
(30). The full sagittal plane controller consists of seven
Hill-type muscle units per leg, i.e. hip flexor, gluteus,
hamstring, vastus, gastrocnemius, tibialis anterior, and
soleus. It uses joint angles and gait phases information
as inputs to calculate joint torques to be delivered by the
EXO. Joint angles yield virtual muscle length, velocity,
and force sensory information, which are used to activate
the virtual muscles through reflex loops. The forces

(a)
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generated by these muscles are then used to produce lower
limb joint torques. Different reflex loops are employed
depending on the gait phases: stance reflexes support
body weight while swing reflexes allow for leg swing.

Due to the controller modularity, Achilles includes only
the ankle module and thus only the soleus and tibialis anterior
muscles (the biarticular gastrocnemius was excluded to
avoid control issues due to the missing knee). During the
stance phase, the soleus muscle is driven by positive force
feedback to increase tension while negative force feedback
decreases the tension on the tibialis anterior. During swing
and throughout the gait cycle, a positive length feedback on
the tibialis anterior prevents overextension.

The NMC was demonstrated to produce human-like
joint kinematics and joint torques, for both healthy and
SCI subjects (34, 35), without the need for tuning its
biomechanical or reflex parameters. The nominal torque
output of the controller corresponds to the contribution of
the muscles required for a simulated human (mass: 80 kg;
height: 1.8 m) to walk at 1.3 m/s. A gain (between 0 and 1)
multiplying the nominal torque was used to scale the level
of assistance starting from 100%. Setting the gain to zero
put Achilles in zero-torque mode, a condition in which the
robot only follows the user’s motion without providing
any assistance. This mode is particularly useful to record

motor encoder

spindle

shank shell

leaf spring | I

ankle encoder

foot shell

pressure  sensor

(b)

Fig. 1. Achilles ankle exoskeleton; a): Picture of the system worn by a participant, b): Sketch of the components.
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ankle joint angles during assessment sessions.

- Gait Training: EXP group underwent 10 sessions
of 40-minute gait training 3 times per week with the
main goal of improving comfortable gait speed wearing
the Achilles (13). Each gait training session was
composed by few minutes of preparation, followed by
standing balance exercises, and by a specific walking
training (Fig. 2). Preparation phase was devoted to a
familiarization with the Achilles device, by performing
ankle (dorsal/plantar flexion) or knee movements
(flexion/extension), followed by specific balance
training and body weight shift exercises propaedeutic
for stance/swing management. This initial balance
training was expected to have positive effects on
subsequent gait performance of iSCI participants, and
it was performed with both eyes open and closed, to
properly train the somato-sensory system (36). The last
part of the session was devoted to train Achilles-aided
walking with progressive increase in gait speed over
flat and sloped paths.

In a preliminary initial session, Achilles assistance
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level was customized based on the specific features of each
participant (13). This setting was maintained unchanged
along the training sessions. The results of the customization
process turned out to be consistent with the clinical status
of each participant, evaluated through the force assessment
procedure detailed below. Indeed, a higher level of
assistance was set for the most affected ankle.

Conventional gait training for CTRL participants

The training of the CTRL group was similar to the one
of the EXP group, with the exception of the use of Achilles
(Fig. 2). The timeline and the exercises were almost the
same and were performed by the same PhT. During the
preparation phase, the PhT performed active-assisted
ankle and knee movements. For the balance and body
weight shift exercises, similarly to the EXP group, the PhT
guided participants’ movements with girdle contacts. For
the last part of the session, to train gait with progressive
increase in gait speed, the PhT guided the participants
mainly through verbal instructions and corrections.
Assessment methods

Experience Gait Experience
assessment Training assessment
|VAS_mood | 3 | Prepar. || Balance || Walking |*<7,| VAS_sat |
(] [0
B ~ [NASA-TLX
QCM
Si (i=1, .., 10)
Ts S1 Si S10
time
Clinical Motion
assessment assessment
6MinWt PSFS | Angle |
Borg SCATS % Torque
MMT VAS_pain ST data
MAS BBS GRF
Fig. 2. Overview of the protocol. Ts and Te indicates the assessment moments. Si (i=1, ..., 10) indicate the training

sessions. The same protocol was adopted for EXP and CTRL group.
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Before the start of the training (Ts) and after the end
of the training (Te), EXP and CTRL participants were
assessed in free walking conditions by considering the
following outcome measures (Fig. 2):

- Motion outcome measures: Spatio-Temporal (ST)
parameters (speed, step length and width, gait cycle time
and stance phase percentage) and Ground Reaction Forces
(GRFs) were assessed by using four force plates (P6000,
BTS Bioengineering) both for the EXP and CTRL groups.
The raw data of the three components of the GRF vector,
Antero Posterior (AP), Medio Lateral (ML), Vertical
(V), were normalized with respect to the participants’
body weight and low-pass filtered by using a zero-lag
second order Butterworth filter with a cut-off frequency
of 5 Hz. For the EXP group, ankle kinematic pattern
was measured by means of Achilles encoders during
robot-aided walking in zero torque mode. For the CTRL
group, ankle kinematic pattern was measured by means
of an optoelectronic motion capture system (Flex13,
Optitrack, Natural Point). Markers data were imported
in the OpenSim biomechanical software to calculate
inverse kinematics based on a scaled subject-specific
virtual model of the participant. Ankle angle and GRFs
were time-normalized and segmented into Gait Cycles
(GCs), by considering, for each leg, a heel strike for the
beginning of the cycle and the subsequent heel strike for
its end. Heel strike events were identified based on insole
detection for the EXP group and based on force plates data
for the CTRL group. Data of 5 GCs were extracted and
averaged for each assessment moment (Ts and Te).

- Clinical outcome measures: 6-minute gait speed,
fatigue, muscle force, spasticity, spasticity related
symptoms and dynamic balance were considered. A
6-minute walking test (6MinWT) (37) was used to measure
the distance walked over that time span and to analyze
walking endurance with and without Achilles for the EXP
group, and only in free walking condition for CTRL group.
Specifically, the test was explained and it was performed on
arectangular indoor track of 50 m. Borg Scale was linked to
the 6MinWT to assess fatigue perception (38, 39). Manual
Muscle Test (MMT) of the Medical Research Council was
used to assess bilaterally muscle force of hip, knee and
ankle joints by considering a score that ranges from 0 (no
movement) to 5 (ability to complete whole range of motion
against maximum resistance) (40). The 5-points Modified
Ashworth Scale (MAS) (7) was used to evaluate spasticity,
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the Penn modified Spasm Frequency Scale (PSFS)
(7) was used for spasms assessments and Spinal Cord
Assessment Tool for Spastic Reflexes (SCATS) (7) for
clonus assessments. PSFS score ranges from 0 (no spasm)
to 4 (spasms occurring more than 10 times per hour), while
SCATS includes 3 subscales respectively for clonus, flexor
and extensor spasms assessment ranging from 0 (no spasm)
to 3 (severe spasm). For pain perception, Visual Analogue
Scale (41) was employed (VAS Pain) based on a 10 cm
line, with O representing “no pain” and 10 representing
“the worst pain you can imagine”. Fourteen tasks on the
56-point Berg Balance Scale (BBS) (7) were selected to
evaluate dynamic balance.

- User experience outcome measures: to evaluate
the dedication and engagement, the acceptability, and
the commitment to the standard rehabilitation training,
versus Achilles-aided training, the mood, motivation,
satisfaction and workload were measured for both
groups. Motivation and mood were assessed before each
training session, while satisfaction about the training and
perceived workload were measured immediately after.
Since motivation is a complex construct, defined as the
level of commitment to a task, it was evaluated by using
an adapted version of the Questionnaire for Current
Motivation (QCM) (39), a 18-statement scale based on
4 subscales: Mastery Confidence, Incompetence/Fear-
To-Fail, Challenge, Interest, rated on a Likert scale
from 1 to 7 (42, 43). Furthermore, VAS motivation
(VAS Mot) (from 1 “Not motivated at all”, to 10
“Completely motivated”) and mood (VAS Mood) (from
1 “Bad mood”, to 10 “Good mood”), have been used to
test the positive/negative participants’ attitude towards
the training. VAS was also used for the assessment of
the satisfaction (VAS Sat) defined as “freedom from
discomfort and satisfaction with the training” (41). The
perceived workload was assessed by using the National
Aecronautics and Space Administration Task Load Index
(NASA-TLX) (44) composed by 6 subscales: Mental
Demand, Physical Demand, Time Pressure, Perceived
Performance, Frustration and Effort (13).

Statistical analysis

Statistical tests were performed by using the software
Statistical Package for the Social Science (SPSS -
Chicago, IL). Differences between EXP and CTRL data
at Ts and Te were tested with the Independent T-test for
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Fig. 3. Walking speed, step length, step width and GC time for the EXP group (a) and for the CTRL group; b): collected

during motion assessments at 1s and Te.
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Fig. 4. Ankle angles for all participants, collected during the motion assessments at Ts and Te. Data are displayed

separately for left and right limbs.

parametric variables and with the Mann-Whitney test for
non-parametric variables. For EXP and CTRL groups Ts
versus Te comparisons were performed by means of the
Paired-T test for parametric variables (ST data, 6MinWT,
Borg, MMT, MAS, SFS, SCATS, VAS Pain) and by
means of the Wilcoxon test for non-parametric variables .
For Experience assessment, Mann Whitney analysis was
used to compare EXP versus CTRL data at Ts and Te,
while Wilcoxon test was selected to compare Ts versus
Te data for EXP and CTRL groups. Statistical significance
was considered for p<0.05.

RESULTS

No one withdrew from the study and the outcome
measures were obtained for all iSCI participants.

Both at Ts and Te, no statistical differences were
found for any analyzed variables in the comparison
between EXP and CTRL data (p>0.05). Comparing
Ts versus Te data, a statistically significant
improvement was obtained only in the EXP group
for the ST parameters, as detailed below.

A Motion outcome measures

Significant improvements in ST parameters
at Te were found only for the EXP group (Fig. 3).
All EXP participants significantly improved gait
speed at Te in comparison to Ts (p = 0.009). Only
2 out of 4 participants of the CTRL group, namely
C2 and C3, improved gait speed but without any
statistical significance. A similar trend was observed
for GC time, which was significantly reduced at Te
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for EXP group (p = 0.022). On the contrary only 2
CTRL participants showed an improvement in this
parameter at Te, even if not statistically significant.
Step length data showed a significant increase in all
EXP participants (p = 0.022), while only minor not
significant changes were present in the CTRL group.
For the EXP group step width decreased at Te, even if
the difference with respect to Ts was not statistically
significant. No evident differences between Ts and
Te were observed for CTRL participants.

Data on ankle angles are reported in Fig. 4
for each EXP and CTRL participant. The stance
percentage is also reported. For EXP participants,

E1 E2
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NMC-controlled Achilles did not force the ankle
joints towards predefined trajectories as evident by
looking at the heterogeneity of ankle kinematics.
E1 showed a more pathological pattern at left ankle
in comparison to the right one, and no substantial
modifications were obtained after Achilles-aided
training. For E2 and E3 the training allowed both
ankles, and the right one, to partially recover
dorsiflexion at Te. A similar trend of recovery was
evidenced for E4 left ankle.

The right ankle of C1 had a reduced ROM in
comparison to the contralateral one. On the contrary,
no clear differences between left and right ankles
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Fig. 5. Antero-posterior (AP), medio-lateral (ML) and Vertical (V) GRFs for all EXP and CTRL participants, collected
during the motion assessments at Ts and Te. Data are displayed separately for left and right limbs.
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were pointed out for C2. Both C1 and C2, after
conventional gait training, showed an increase of
plantarflexion, during the swing phase. A similar
result was observed for the right ankle of C3, that
after the training was more dorsiflexed than the
contralateral one. C4 kinematic data clearly denoted
that the right ankle is the most affected joint. For
C4 no specific gait training effects were found for
both ankles. Furthermore, for all participants no
substantial variations in stance phase duration were
observed after Achilles-aided or conventional gait
trainings.

GRFs data are reported in Fig. 5 for each EXP and
CTRL participant. Few right/left asymmetries were
found for some participants, but very minor changes
were found by comparing Ts and Te for both groups.
Some irregularities in the patterns with respect to
physiological normative data (13) were possibly due
to some instabilities due to the walking limitations of
the patients. It is worth noticing that the presence of
Achilles (in zero-torque mode) did not alter GRFs data
of EXP participants with respect to free walking (13).

Clinical outcome measures

- 6MinWT gait endurance: EXP participants were
unable to complete 6MinWT test without the support
of the Achilles. 3 out of 4 EXP participants chose not
to perform the 6MinWT after verbal explanation of
the trial because they considered it too physically
demanding for their clinical condition, while El
started the test and stopped after 186 s. On the other
hand, 6MinWT was easily completed, without any
rest, in the Achilles-aided condition by all the EXP
participants already at Ts. At Te Achilles-aided
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training significantly improved 6MinWT path length
for the EXP participants (p = 0.047) and particularly
for E3. This improvement was associated with a
reduction of the perceived fatigue, as assessed by the
Borg Scale, which was particularly evident for E1, E3
and E4. As regards CTRL group, improvements in
free walking 6MinWT performance and Borg Scale
data were present only for C3 and C4, while for C1
and C2 no variations at Te with respect to Ts were
pointed out (Fig. 6).

Besides the effects on gait endurance and fatigue,
the training also slightly, not significantly, improved
dynamic balance for EXP and CTRL participants
as indicated by BBS data (EXP:BBS score was
34.75+8.61 at Ts and 38.25+6.49 at Te; CTRL:BBS
score was 35.00+2.16 at Ts and 38.754+2.98 at Te).

Force, spasticity and spasticity related symptoms

Despite the reduced sample size (8 subjects) and
the similarities among participants (in terms of SCI
lesion level, AIS and WISCI scores, as well as in the
overall good functional and clinical status), the EXP
and CTRL participants were heterogeneous in terms
of muscle force, spasticity and spasticity related
symptoms (Fig. 7). Even if no statistically significant
modifications were highlighted for any clinical data
in the comparison between Ts and Te, some slight
differences for CTRL and EXP participants were
experienced after the training.

For the EXP group, no MMT variations were
found for two participants (E1, E2) while for E3
1-point improvement was found for the knee scores
of flexor muscles at both sides (at Te MMT= 4 for
the left knee and MMT= 4 for the right knee). For
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Fig. 6. Traveled distance for the EXP group in the Achilles-aided condition (a): and for the CTRL group in the free
walking condition (b): collected during the 6MinWT at Ts and Te. Borg Scale scores are shown on the top of the bars.
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MAS data inside grey boxes highlight changes at Te with respect to T.

E4, MMT scores suggested a force enhancement at
the right ankle flexor (Te: MMT=2) and extensor (Te:
MMT=2). Spasticity and spasticity related symptoms
indicated a general low degree of spasticity, clonus,
and spasm at Ts. In detail, E1 presented a very low
level of spasticity (MAS=1) at right and left knee,
as well as at right ankle. At the left ankle, a slightly
higher level of spasticity was denoted (MAS=2) and
mild clonus and mild flexors spasm were present
as well for El at left ankle. For E2 spasticity was
detected at right (MAS=1) and, particularly, at
left (MAS=2) ankle. E3 presented a low spasticity
level at the right knee and ankle (MAS=1). E4 had
a low degree of spasticity only at the right ankle,
associated with mild clonus and flexor spasms,
similarly to El. No significant modifications were
reported for Te evaluations, except for the reduced
left ankle spasticity for E1 and E2 at MAS (1-point
decrease). Pain symptoms were present in all the

EXP participants except for E3. Achilles training
positively reduced pain symptoms for all EXP
participants (Ts: 4.25+2.60, Te: 2.25+2.50) (Fig. 7).

For the CTRL, group C1 improved the ankle
extensor force for the right leg by only one point (Te:
MMT=3), C2 improved by one point in the muscle
force of both ankles for flexor and extensor muscles,
thus reaching at Te a MMT score of 3. In contrast,
the force improvements were present not only at ankle
joints for C3 and C4. C3 flexor muscle force improved
for left knee (Te MMT= 4) and left ankle (Te MMT=
3), while extensor muscles force improved for both
hips (Te MMT= 4) and for left knee (Te MMT= 4).
For C4, hip forces improved for flexor and extensor
muscles bilaterally (Te MMT= 4), as well as for the
right ankle (Te MMT= 3). MAS data showed that at
Ts a slight (MAS=1) or a marked increase of muscle
tone (MAS=2 ) was present at the ankle right and left
flexor muscles for all CTRL participants, associated
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Fig. 8. Experience data collected before each training session. a) VAS Motivation and VAS Mood results: b)QCM

subscale results.

with mild flexor spasms for almost all participants
(C2, C3, C4). Only for C2 and C4 a low clonus was
present. At Te no substantial modifications in spasticity
and spasticity related symptom were pointed out with
the only exception of a minor bilateral reduction of
ankle spasticity for C1 (Ts MAS=2, Te MAS=1). Pain
symptoms were present in all CTRL participants, and
conventional gait training obtained a minor reduction
of pain with respect to robot-aided training, as
indicated by VAS pain mean data (Ts: 2.7543.77, Te:
1.50+3.00) (Fig. 7).

User experience outcome measures

Statistical analysis revealed no significant
differences in user experience outcome measures
in the comparison between the two groups (CTRL
vs EXP data) at Ts and at Te, as well as in the
comparison between Ts and Te for CTRL and EXP
groups. VAS mood and motivation results (Fig. 8a)

showed very low variability among training sessions
and between groups: both groups presented good
motivation towards training and rated mood as good
for all training sessions.

The daily evaluation scores of the QCM
questionnaire factors showed differences in two
of the subscales, i.e. Mastery confidence and
Interest. EXP group rated both Mastery Confidence
and Interest, higher than CTRL group: only at
S8 CTRL participants started rating the level of
Mastery similarly to EXP participants. The subscale
Incompetence and Challenge did not show clear
differences between groups (Fig. 8b).

Regarding the experience data collected after each
training session, satisfaction was maintained very
high along training sessions for all the participants
with a minor lower rating for the CTRL group at the
beginning (Fig. 9a). Each dimension of the NASA-
TLX workload was considered independently (Fig.
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Fig. 9. Experience data collected after each training session, a): VAS Satisfaction results; b): NASA-TLX sub scores results.

9b). Mental demand was slightly higher in the
CTRL group, even if similar trends were found for
both groups. Physical demand was rated similarly
with a slightly decreasing trend for both groups.
Along the sessions, the CTRL participants rated the
Temporal demand higher than EXP participants.
In the Performance subscale EXP group showed a
decreasing trend at Te in comparison to Ts, while the
CTRL group rated the perceived Performance lower
but stable along the sessions. Both groups showed
a similar Effort evaluation, initially higher between
S1 and S5 and then lower between S6 and S10.
Frustration was very low for both groups (Fig. 9b).

DISCUSSION

There is increasing interest in the use of robotic
training devices in walking rehabilitation of iSCI

individuals. These devices provide promising
opportunities to increase the intensity of training and
the effectiveness of rehabilitation programs and to
reduce PhTs’ physical demands (1, 9). Nowadays
EXO-aided rehabilitation has not yet demonstrated
clear advantages over conventional gait training
approaches, in terms of feasibility, safety and
efficacy in chronic iSCI population (45, 46).
Nowadays the only EXO with the NMC
embedded, tested as an assistive device for SCI
population, is the NMC-controlled Achilles, even if
ankle plays an important role in the mechanics and
neural control of walking (9). Even if no positive
rehabilitation effects were expected from an assistive
device, some gait improvements were obtained after
a short NMC-controlled Achilles training period in
chronic iSCI participants, in terms of increase of
walking speed on short and long distances (13, 29).
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Those promising results were compared in the present
work to the outcomes of a conventional intensity-
matched conventional gait rehabilitation, purposely
administered to a group of chronic iSCI participants
selected based on a case-control paradigm.

We enrolled additional 4 clinically homogenous
chronic iSCI participants as CTRL group, to test
the hypothesis that Achilles-aided training could
improve walking performance in chronic iSCI
people, more than conventional gait rehabilitation.
In comparing the effects of conventional and
robotic gait rehabilitation, the focus was on possible
improvements in terms of gait speed. Anyhow we
also assessed additional multiple parameters on
motion, clinical features and subjective experience.

EXP and CTRL ST and clinical data were
comparable at Ts (p>0.05). Despite no statistical
significance was obtained for CTRL group data in
the comparison between Ts and Te, EXP participants
significantly improved gait speed, gait cycle time and
step length after 10 training sessions with the NMC-
controlled Achilles. Furthermore, Achilles-aided
training significantly improved 6MinWT results
associated with a trend of reduction of the perceived
fatigue assessed by means of the Borg Scale. Only
minor not significant positive trend of 6MinWT
variations were observed in CTRL participants data,
but not for all of them. These data confirmed that
Achilles-NMC training allows to increase speed,
better manage long distances, and to reduce walking
effort more than a conventional gait training in
chronic iSCI participants. It must be stressed that
iSCI participants were in a chronic stage, in which
further recovery rarely occurs, especially more than
one year after the lesion (47). As already declared
in (13), kinematic data demonstrated the NMC-
controlled Achilles capability to provide motor
assistance in chronic iSCI subjects, by automatically
and intuitively adapting to intended motion in line
with participants’ clinical features without the need
of any prescribed motion pattern.

While in our previous work (13) clinical
assessment was planned only to safely monitor
clinical conditions during the training, in this study it
was used to compare Achilles-aided and conventional
gait trainings. Despite the short-term training and
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the chronic condition of participants, the observed
variations highlighted some trends of improvement
for both EXP and CTRL groups (see Fig. 7), even
if not statistically significant. MMT score improved
in E3 and E4 at knees and ankles respectively, and
ankle MAS improved in E1 and E2. For CTRL group
muscle force of different joints improved for all
subjects: C1 and C2 improved ankle force, while C3
and C4 showed greater hip and knee force. These data
were associated to a spasticity reduction only for C1.

Moreover, for both groups a similar reduction
in the pain perception was found. We can speculate
that conventional gait training enhances muscle force
improvement in more districts than Achilles training,
i.e. not only at the ankle or at the ankle proximal joint
(i.e. knee) but also at the hip. The effects on spasticity
are almost similar for both types of gait training. The
combination of motion (Fig. 3) and clinical data (Fig.
7) showed that at Te EXP participants were able to
walk significantly faster, with a longer step and a
reduced GC time with slight force and spasticity trends
of improvement. On the contrary, the conventional
gait rehabilitation did not allow CTRL participants
to significantly walk faster or with longer step, but a
trend of muscle force improvements for all the lower
limb joints was observed.

The assessment of user experience showed that
both groups had a positive tendency in approaching
the conventional and Achilles-aided gait training,
with minor differences in some of the evaluated
variables (Fig. 8). All participants were motivated, in
a good mood and showed very low frustration, thus
demonstrating that all of them had positive feeling
towards the training (Fig. 8a). All participants
relied on therapy, either robotic or conventional,
to improve their own residual deficit after SCI and
perceived the training as challenging and interesting.
The EXP group showed more interest than the CTRL
group at the QCM subscale (Fig. 8b). This result was
reasonably not surprising.

Unexpectedly, the EXP group showed a high level
of Mastery confidence in dealing with Achilles from
the beginning (S1), while the CTRL group reached
the same level of Mastery confidence only close to the
end of the training (starting from S8). Moreover, the
evaluation of the Effort subscale (Fig. 9b) decreased
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in the middle of the training for EXP and CTRL
groups. This results can be explained by considering
that both trainings required strong self-commitment,
also in terms of physical effort, but moving towards
the end of the training and acquiring self-confidence
and mastery, both groups reduced the commitment,
with an impact on the physical effort (see Fig. 9b,
Physical demand subscale). Perceived performance
was higher for the EXP group at the beginning of the
training and then declined at S6, while it was stable,
even if lower, for the CTRL group.

We speculate that Achilles EXO gives to the
users the feeling of higher control on gait ability.
This was also explained by the high level of mastery
already starting at S1, and possibly to the easier
and faster improvements, due to the higher speed
and longer step, that apparently are perceived as
indicators of greater autonomy. This perception let
the EXP participants feel more independent only
initially, given the drop in the perceived performance
evaluation at S6.

The slight difference in the evaluation of Physical
demand (Fig. 9b), lower for EXP group, could be
due to the perceived physical assistance provided by
the Achilles. It is possible that EXP group during gait
felt the constant assistance delivered by the NMC
controller by means of the Achilles, while the CTRL
group only received verbal assistance by the PhT.
The observation that the CTRL group had to focus
the attentional resources more on the indications of
the PhT might explain the higher Mental demand rate
and the higher Temporal pressure. CTRL participants
were more focused on the accurate walking execution
than the EXP group, perceiving more pressure on the
gait training performance. Furthermore, considering
muscle force improvements in more than one joint
after conventional gait rehabilitation (Fig. 7), we
might suppose that the higher recruitment of hip
and knee muscles could have influenced Mental and
Temporal demands.

In conclusion, the NMC-controlled Achilles
addresses the main challenges in EXO clinical
applications since it provides physical assistance
based on users’ residual functional abilities while still
preserving natural and not stereotyped gait patterns,
as indicated by the heterogeneity of ankle joint
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kinematics and by gait differences among participants
(13). Moreover, the results of the present case-control
preliminary study suggested that 10 training sessions
with the NMC-controlled Achilles, under a PhT’s
supervision, increase chronic iSCI gait performance in
terms of speed and step length more than conventional
gait rehabilitation and enhance subjects’ experience
and engagement during gait rehabilitation.

Only Achilles training allowed participants to
significantly walk faster, with a longer step and
a reduced GC time, associated with slight force
improvement and spasticity reduction. Moreover,
we found that Achilles training was perceived more
interesting and less physically demanding than
conventional gait rehabilitation.

Limitations

The sample size of the iSCI participants (N =
8) was relatively small thus reducing the statistical
relevance of the study. Nevertheless, some statistical
differences were obtained for the EXP group and, as
suggested by Friston (48), significant results based
on small samples may indicate a larger treatment
effect than the equivalent results with a large sample.
Furthermore, follow-up measurements, to ensure
that the obtained functional gait gains were retained
over time were missed and should be added in future
investigations to confirm these preliminary findings.
Despite these limitations, our results are encouraging
in supporting the idea that improving gait with
Achilles ankle exoskeleton in chronic iSCI patients
is feasible and safe when performed in a supervised
and controlled environment. Although the optimal
dose and protocol of training remain not specifically
defined, robotic training is a promising method and
appears to be a particularly powerful potential way
to promote functional recovery.
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Effectiveness of a sensor-based technology in upper limb motor recovery in post-acute stroke
neurorehabilitation: a randomized controlled trial

M. Tramontano', G. Morone'", A. Palomba?, S. De Angelis', A. Mercuro',
C. Caltagirone' and M.G. Grasso'

!Fondazione Santa Lucia IRCCS, Rome, Italy; *Multidisciplinary Department of Medicine for
Surgery and Orthodontics, University of Campania Luigi Vanvitelli, Naples, Italy

Sensor-based technological therapy devices could be a possible neurorehabilitation strategy for motor
rehabilitation in patients with stroke during the post-acute hospitalization, especially for treating upper
extremities function limitations. The audio-visual feedback devices are characterized by interactive
therapy games that allow training the movement of shoulders, elbows, and wrist, measuring the strength
and the active range of motion of upper limb, registering data in an electronic database to quantitatively
monitoring measures and therapy progress. This study aimed to investigate the effects of sensor-based
motor rehabilitation in add-on to the conventional neurorehabilitation for improving the upper limb
functions in patients with subacute stroke. Thirty-seven patients were enrolled in the study and randomly
assigned to the experimental group and the control group. The training consisting of twelve sessions of
upper limb training compared with twelve sessions of upper limb sensory-motor training, without robotic
support. Both rehabilitation programs were performed for 40 minutes three times a week, for 4 weeks,
in addition to conventional therapy. All patients were evaluated at the baseline (T0) and after 4 weeks of
training (T1). The within-subject analysis showed a statistically significant improvement in both groups in
all clinical scales. The analysis of effectiveness revealed that, compared with baseline (T0), the improvement
percentage in the Modified Barthel Index was greater in the experimental group than the control group.
The use of a sensor-based training with audio-video-feedback could be a useful complementary strategy
for improving upper limb motor functions in patients with stroke during post-acute neurorehabilitation

Stroke is a major cause of disability worldwide
and the second cause of death (1). Its global burden
is growing, because of lower mortality and higher
incidence (1). Upper limb motor impairment is
the most frequent stroke consequence (2). Stroke
rehabilitation plays a key role in reducing motor
impairment and disability (3). It can include a wide
variety of therapeutic options, but their efficacy
on motor functions is still unclear (4). Upper limb
rehabilitation of stroke patients represents one of the
main aims of rehabilitative process for its functional
and social participation implications. Functional

recovery after stroke is driven by affected harm use in a
task-oriented manner, leading to axonal sprouting and
novel neuronal connections (5). It is known that task-
oriented exercises are effective in improving upper
limb functions (6). While intensity and task-oriented
characteristics of the training are clearly important, the
engagement, motivation, the involvement of adequate
neural infrastructure provide increased resource to
allow the recovery process (7).

Technological devices can help the therapist in
this kind of training, providing enriched and top
down (8) therapy over a longer period, indeed they
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are often integrated in clinical practice for stroke
patients (9). Moreover, they can help understanding
individual needs (giving quantitative measures of
impairment) and optimizing learning strategies, by
adapting rehabilitation “as needed” (10). Despite
their use in stroke rehabilitation, there is still an
evidence gap regarding optimal treatment dose and
frequency, and characteristics of patients that could
benefit from this treatment in terms of severity,
latency from stroke event and type of robot. These
details are important to guide clinicians to improve
therapeutic decision making and define technology
application field in upper limb neurorehabilitation.
The PABLO® Upper Extremity is a sensor-
based device product by Tyromotion for upper
limb unilateral and bilateral training (12, 13). It
allows interactive therapy games with audio-visual
feedback, training upper limb movements at the three
joints (shoulder, elbow and wrist) and measuring
the strength of hand functions and the active range

M. TRAMONTANO ET AL.

of motions of the upper extremity. Three sensors
allow to detect movement accelerations in the three
dimensions of the space and one sensor detect the
hand’s strength applied during the movements.
These quantitative measures may be used to monitor
individual data and therapy progress. PABLO®-
Tyromotion is considered a neurocognitive task-
oriented approach of rehabilitation and required an
active participation of patients.

Based on these considerations, our hypothesis
is that an audio-visual feedback and hand training
performed with a sensor-based technology
(PABLO®-Tyromotion) in addition to the
conventional neurorehabilitation, may increase
the effect of conventional therapy in upper limbs
functions of patients with stroke. For that purpose,
the study aim was to evaluate the effects of a
sensor-based technology on the upper limbs motor
recovery in patients with stroke during post-acute
neurorehabilitation.

Assessed for eligibilivy (n=40]

Enrollment

Excluded (n=3}
- Mot meeting inclusion criteria (n=2)
- Reasons not related to the trial {n=1)

| Randomized (n=37) |

Allecated to Experimental Group Allocation Allocated to Control Group
(T¥Rg) ({CTRLE)
n=19 n=18
* Recived allocated intervention * Recived allocated intervention
(n=19}) [n=18)
* Recived allocated assessment * Recived allocated assessment
(=19} [n=18)

Analysed T¥fg(n-19] |

| Analysed cThLg [nm18)

Fig. 1. Flow Chart. TYRg= Experimental Group, CTRLg= Control Group.
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MATERIAL AND METHODS

Trial design

This was a two-arm single-blind randomized controlled
trial (Fig 1). The guidelines for Good Clinical Practice,
and the Consolidated Standards of Reporting Trials
(CONSORT), were followed. The trial was approved
by the Local Ethics Committee with the number CE/
PROG.631. All participants gave their written informed
consent for the participation in the study. A researcher who
was not involved in the intervention sessions assessed the
patients’ eligibility to participate, based on the inclusion
and exclusion criteria. Participants were randomly
assigned to one of two groups: experimental (TYRg) or
control group (CTRLg).

Participants

Thirty-seven patients (27 males, mean age 58.46 years)
with a diagnosis of stroke in sub-acute phase (<6 months
after stroke) were recruited and enrolled on the basis of
consecutive sampling from January 2018 to February

Table 1. Demographic characteristics at baseline.
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2020 at the Fondazione Santa Lucia (FSL), Institute for
Research and Health Care.

Inclusion criteria were as follows: hemiplegia/
hemiparesis in the subacute phase caused by a first-
ever stroke, lesions that were confirmed by computed
tomography or magnetic resonance imaging, and age
between 25 and 80 years, with Mini-Mental State
Examination (MMSE) > 24 (14) and Medical Research
Council (MRC) scale (15, 16) ranging from 1 to 4.
Exclusion criteria were: Modified Ashworth Scale (MAS)
(17) >3 at the upper limb; cognitive deficits affecting
the ability to understand task instructions (MMSE <24)
(14); MRC scale (15, 16) with score 0 or 5; presence of
clinically evaluated severe comorbidities; pregnancy;
subjects with artificial pacemaker; subjects involved in
other studies. Demographic characteristics of the sample
are reported in Table I.

Interventions - The experimental group's intervention
TYRg performed twelve sessions of upper limb
training with PABLO®-Tyromotion. For each session, the

TYRg CTRLg p value
(n=19) (n=18)
Age (years)* +£SD 56.8+9.2 | 60.2+14.9 0.438
Sex n (%) 0.463
Male 15(78.95) | 12 (66.67)
Female 4 (21.05) 6(33.33)
Disease subtype n (%)* 1.000
Ischemic 10 (52.63) | 9(50.00)
Hemorrhagic 9 (47.37) 9 (50.00)
Time since stroke (months)* +SD 4.79+0.79 | 4.89+0.66 0.684
MRC 64.7421.5 | 73.3+15.1 0.265
MBI 75.5424.1 | 72.0+29.3 0.831

Mean + standard deviation. TYRg= Experimental Group; CTRLg= Control
Group; MRC=Medical Research Council Scale for muscle strength, upper
limbs, ranging from 0 (most affected) to 110 (least affected); MBI= Modified
Barthel Index, ranging from 0 (most affected) to 100 (least affected); #: Chi-

square test; *: t-Student test.
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training consisted in interactive-games based on virtual
reality which allowed a task-oriented approach and a
neurocognitive feedback. The proposed exercises required
precision tasks and one-dimensional and bidimensional
reaction, allowing to train the attention, the strength
control and movement control, the coordination, and
the movement precision. All the proposed tasks required
the full collaboration and motivation of the patient. The
interactive games were chosen from those proposed by the
Tyromotion PABLO® System (13).

Control group's intervention

CTRLg performed twelve session of upper limb
sensory-motor training, without robotic support. Subjects
performed specific exercises that aimed to recovery
global upper limb functions, to control hand grasp and to
improve hand’s fine movements. Both groups performed
the training three times a week for 4 weeks. Each session
lasted 40 minutes and was performed in addition to the
conventional neurorehabilitation (18-20). Both trainings
were carried out by physiotherapists with experience in
neurorehabilitation.

Outcomes

At enrolment, clinical and demographic data were
collected. A blinded examiner assessed primary and
secondary outcomes. All patients were evaluated at
baseline (TO) and after 4 weeks of training (T1). The
primary outcome were the changes in functionality of the
upper limb measured in 9 Hole Peg Test (9HPT) (21), at
1 month. Secondary outcome measure was the Modified
Barthel Index (MBI) (22). Moreover, the measurement
of exerted force for pinch, lateral grip, three-point grip
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and interdigital grip was performed using the evaluation
system of the Tyromotion PABLO® device. All clinical
scale scores were collected by a researcher not aware of
the allocation group and not involved in the intervention
sessions.

Sample size

The sample size complied with the minimum number
of participants recommended by a power analysis
performed on preliminary data (0=0.05; p=0.8; ES=0.5)
for nonparametric between group comparisons (23). This
sample-size estimation procedure recommends that at
least 15 patients be included in each group (24).

Blinding

A researcher, not involved in the intervention sessions,
carried out the randomization. Block randomization was
performed with a computer-generated randomization
list using a block size. Allocation concealment was
ensured by using an automatic random number generator
(www.random.org). The researcher responsible for the
randomization process, deposited the list in a secure web-
based storage.

Statistical Analysis

All the statistical analyses were carried out with the
IBM SPSSS Statistic Software version 23, IBM Corp.
Armonk, NY, U.S.A. Data were reported in terms of
means and standard deviations. The paired T-test and
the Wilcoxon signed ranks test were used for the within-
subjects comparison for both groups at times TO-TI.
The Mann-Whitney U-test and the unpaired t-test was
used to compare data between groups at TO and T1. The

Table I1. Results of within subject analysis and of the percentages of effectiveness.

TYRg
TO Tl p—(\%allue Increase
i T1vsTO
mean + SD mean + SD TO) (%) SD
9-HPT 294.5+£220.6 166.9+132.7  0.000*  NA
MBI 75.5424.1 92.249.0 0.000* | 73.3+£20.9

CTRLg
TO Tl p-value Increase
(T1-TO) T1vsTO
mean + SD mean + SD (%) + SD
229.6+£232.5 196.1£199.9 0.016* NA
72.00+29.3 83.394+21.8 0.001* 60.0+£27.8

Mean + standard deviation; TYRg = experimental group; CTRLg = Control Group, 9-HPT=9 Hole Peg Test; MBI=Modified
Barthel Index; NA= not applicable; The Effectiveness is the percentage of improvement and was calculated as follow: [(T1]
score — T0 score / maximal score-T0 score) X 100] *= significant for p<0,05 within subjects’ analysis.
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significance was considered for p<0.05. The descriptive
analysis was performed using [(T1 score — TO score
/ maximal score-TO score) X 100] (25) to calculate the
percentages of effectiveness in the two groups.

RESULTS

Thirty-seven patients met the inclusion criteria
and were enrolled in the study. None of the enrolled
subjects left the study before the end. The statistical
analysis was performed using the data of thirty-
seven subjects (TYRg=19, CTRLg=18). There
were no significant between-group differences in
demographics and clinical data in outcome measures
at baseline (TO).

Table II1. MRC scale Scores.
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Both groups showed a statistically significant
improvement along time in the within subjects’
analysis, in 9HPT and MBI; no significant differences
were found in the between-group analysis. The
analysis of effectiveness revealed that, compared
with baseline (T0), the improvement percentage in
the MBI was greater in the TYRg than the CTRLg
(Table II).

Regarding the MRC scores, both groups show
a significant improvement for the within group
analysis, in all the assessed items (Table III).
Significant differences in the between-subjects’
analysis were found for the elbow extension, forearm
supination and forearm pronation MRC scores in the
TYRg with respect to the CTRLg (Table IV).

TYRg CTRLg
TO T1 p-value TO T1 p-value
mean+SD  meant (T1-T0) mean + SD mean + SD (T1-T0)
SD

Shoulder Flex 2.9+1.0 3.7¢1.0 0.001* 3.4+0.8 3.8+1.1 0.035*
Shoulder Ext 3.1£1.0 4.1+0.9 0.000* 3.4+0.8 3.841.1 0.035*
Shoulder Abd 3.1+0.9 3.9+1.1 0.000* 3.2+#1.0 3.6+1.1 0.005*
Shoulder Add 3.6+1.0 4.4+0.9 0.001* 3.6+0.9 4.1+0.9 0.005*
Shoulder Lat.Rot 2.9+0.9 3.7+0.8 0.000* 2.9+0.9 3.4+1.1 0.007*
Shoulder Med.Rot 3.3£0.9 4.1+0.8 0.001* 3.310.8 3.940.8 0.002*
Elbow Flex 3.4+0.8 4.5+0.8 0.000* 3.610.8 4.0£1.0 0.005*
Elbow Ext 3.6+1.1 4.5+0.9 0.001* 3.4+0.9 3.841.0 0.008*
Forearm Sup 3.2+0.9 4.3+0.9 0.000* 3.1+0.8 3.6+1.0 0.005*
Forearm Pron 3.3+¥1.0 4.4+0.8 0.000* 3.6+1.0 3.240.8 0.014*
Wrist Flex 2.8+1.2 3.7£1.0 0.001* 3.3+0.8 3.7¢1.0 0.008*
Wrist Ext 2.8+1.2 3.7+1.1 0.001* 3.3:0.8 3.610.9 0.025*
Metacarpophalang 2.8+1.3 3.8+1.1 0.000* 3.310.8 4.0£1.0 0.001+
eal joints Flex
Metacarpophalang 2.8+1.2 3.7¢1.2 0.000* 3.3+x1.0 3.6%1.0 0.0014*
eal joints Ext
Interphalangeal 2.6x1.4 3.7¢1.2 0.000* 3.3+10.9 3.9+1.1 0.002*
joints Flex
Fingers Abd 2.4+1.3 3.3+1.1 0.000* 3.2+0.9 3.4+0.9 0.046*
Fingers Add 2.5+#1.3 3.7¢1.0 0.000* 3.4+0.8 3.841.0 0.008*
Metacarpophalang 2.7¢1.3 3.8+1.0 0.000* 3.620.7 4.1+0.8 0.002*
eal and
Interphalangeal
joints of Thumb Flex
Metacarpophalang 2.7¢1.2 3.7¢1.1 0.001* 3.4+0.7 3.7t1.0 0.025*
eal and
Interphalangeal
joints of Thumb Ext
Thumb Abd 2.7+1.1 3.7+1.1 0.001* 3.5+£0.7 3.9+0.8 0.008*
Thumb Add 2.9+1.3 4.1+1.1 0.000* 3.6+0.7 4.1+0.9 0.003*
Opposition of 2.6+1.3 3.5+¢1.2 0.000* 3.1+0.9 3.6£1.0 0.002*

Thumb and Little
finger

Mean + standard deviation. TYRg= Experimental Group;, CTRLg= Control Group;
Abd=abduction; Add=adduction; Ext=extension; Flex=flexion; Pron=pronation,
Sup=supination, Lat=lateral;, Med=medial; Rot=rotation;, *= significant for p<0,05

within subjects’ analysis.
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Table IV. MRC statistically significant values for the between-group analysis.

TYRg CTRLg
TO T1 TO T1 p-value p-value
mean+ SD mean+SD mean+ mean+SD (TO-TO) (T1-T1)
SD
Elbow Ext 3.6%1.1 4.5+0.9 3.4+0.9 3.8¢1.0 0.392 0.028*
Forearm Sup 3.2+0.9 4.3+0.9 3.1+0.8 3.6%1.0 0.558 0.036*
Forearm Pron  3.3+1.0 4.4+0.8 3.6=1.0 3.2+0.8 0.745 0.013*

Mean +standard deviation. TYRg= Experimental Group; CTRLg= Control Group; Ext=extension, Flex=flexion,
Pron=pronation; Sup=supination; *= significant for p<0.05 in the between subjects’ analysis.

Table V. PABLO®-Tyromotion scores.

TO
mean £ SD
7.1£6.2

Hand grip-extension force
Precision pinch thumb- 2.0£1.5
Jorefinger
Precision pinch thumb-middle 1.9£1.6
finger
Precision pinch thumb- 1.5£1.3
ring finger
Precision pinch thumb-Little 1.1£1.3
finger
Lateral pinch thumb- forefinger 3.0£1.9
Interdigital pinch forefinger- 1.0£1.0
middle finger
Interdigital pinch middle finger 1.0£1.2
- ring finger
Interdigital pinch ring finger 0.8£1.2
- Little finger
Pinch thumb- forefinger- middle 1.9+1.1
finger
Shoulder Abd/Add 127.2+53.1
Shoulder Flex/Ext 154.8+46.7
Elbow Flex/Ext 154.2+£51.7
Forearm Sup/Pron 102.4+48.6
Wrist Flex/Ext 105.2+32.1

Mean + standard deviation. TYRg= Experimental Group; CTRL=Control
Flex=flexion; Pron=pronation; Sup=supination; Abd=abduction; Add=adduction;

in the within subjects’ analysis.

TYRg

T1
mean + SD

9.6+7.8

2.7+1.5
2.6+1.3
2.0+0.8
1.3+£0.6

3.7+1.6
1.8+1.2

1.8+1.3
1.3+1.2
3.1+1.2

140.6+£50.2
177.9+47.9
165.6+49.1
130.4+40.2
124.84£33.5

p_
value
(T1-
TO)
0.01*
0.00*
0.01*
0.01*
0.20

0.00%*
0.00*

0.00%*
0.00*
0.00*

0.41
0.00*
0.03*
0.01*
0.00*

TO

CTRLg

T1

mean = SD = mean £ SD

7.3+6.0

2.4+1.7

2.1£1.5

1.5£1.0

1.2+0.9

3.7+2.2
1.7¢1.5

1.2+1.2

1.0£1.0

2.6x1.6

131.9+£52.3
151.8+45.2
162.9+42 .4
107.3£35.3
105.6+30.0

9.1£7.4

1.8+1.7

2.5¢1.3

2.1£1.1

1.5¢1.1

3.8+2.0
1.6x1.1

1.4+1.2

1.4£1.5

3.1+1.6

141.6+51.6
160.0+45.2
158.6+46.6
127.0+42.6
108.1£36.6

p-value
(T1-TO)

0.20

0.06
0.03*
0.00%*

0.15

0.07
0.60

0.07
0.04*
0.15

0.17
0.16
0.67
0.04*
0.71

Group. Ext=extension,
*=significant for p<0.05
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The PABLO®-Tyromotion scores show a statistically
significant improvement in 13 out of the 15 evaluated
districts for TYRg and 4 out of the 15 for CTRLg,
considering the within subjects’ analysis (Table V);
no significant differences were found in the between
subjects’ analysis. No side effects were reported.

DISCUSSION

The aim of this study was to evaluate the
effects of a sensor-based training performed with
PABLO®-Tyromotion on the upper limb motor
recovery in patients with stroke during post-acute
neurorchabilitation. Both groups showed significant
improvements in terms of arm motor recruitment
and functional recovery. However, the percentage
of functional improvement in MBI was greater
for TYRg than CTRLg, while between groups
differences were not significant.

Consistently, Tyromotion instrumental scores
improved more in TYRg than CTRLg, in functions
directly involved in exercises. We can hypotize that
these results are related to the strength of PABLO®-
Tyromotion training, as the possibility to gain a
stronger and lasting intrinsic motivation (26) and the
visual feedback allowing greater awareness of upper
limb abilities and improvements over time. Moreover,
this sensor-based motor rehabilitation provides
intensive and motivating task-oriented training (27)
and might increase cognitive network involvement
as for example attentional and executive resources
(28, 29). It is noteworthy that most of the researches
published in literature on the technological devices
for upper limb regards robot or electromechanical
assisted machines introduced more than 20 years ago
(30) while sensor based technology has been only
recently introduced with few research studies most
of which regards chronic subjects.

Tiemmermans and colleagues are finding feasible
and usable sensor-based task-oriented training, in
a small sample of chronic stroke patients, treated
for eight weeks (31). The same research group
compared sensor-supported versus robot-supported
task-oriented arm training for highly functional
chronic stroke patients, highlighting possible best
treatment option with sensor-based training in this
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specific stroke population (32). Our results are in
accordance with previous studies regarding upper
limb sensor-based training in subjects with stroke.
A recent review stated that robot and sensor assisted
training ensures high-quality therapy to the largest
possible patient group with lower health care costs
(12). In addition, sensor-based technology might
be a good option to measure training parameters
as frequency, intensity, amount, and dose and as an
outcome to quantify in a lab and in the real world for
improvement ability (33).

The present study has some limitation. Firstly,
the small study sample included different types of
stroke (i.e. haemorrhagic and ischemic, right and
left hemiparesis), resulting in a heterogonous group.
Second, although the patients have shown themselves
available and pleasantly satisfied with the training
with PABLO®- Tyromotion, we did not use any
validated scale to measure enjoyment and intrinsic
motivation (34). In addition, future instrumental
assessments (35, 36) of muscles’ activity, and
training parameters as frequency and intensity may
be considered. In conclusion the use of a sensor-
based training with audio-video-feedback could be a
useful complementary strategy for improving upper
limb motor functions in patients with stroke during
post-acute neurorehabilitation. Future studies on
larger populations are needed to better understand
the clinical value of the achieved results.

ACKNOWLEDGEMENT

The study was partially supported by the Italian
Ministry of Health (Ricerca Corrente).

REFERENCES

1. Katan M, Luft A. Global Burden of Stroke. Semin
Neurol 2018; 38(2):208-11.

2. Raghavan P. Upper Limb Motor Impairment After
Stroke. Phys Med Rehabil Clin N Am 2015; 26:599-610.

3. Pollock A, Farmer SE, Brady MC, et al. Interventions
for improving upper limb function after stroke.
Cochrane Database Syst Rev 2014; 2014:CD010820.

4. Veerbeek JM, van Wegen E, van Peppen R, van der
Wees PJ, Hendriks E, Rietberg M, Kwakkel G. What



172 (S3)

10.

I1.

12.

13.

14.

15.

16.

is the evidence for physical therapy poststroke? A
systematic review and meta-analysis. PLoS One
2014; 9:e87987.

Overman JJ, Clarkson AN, Wanner IB, et al. A role
for ephrin-AS5 in axonal sprouting, recovery, and
activity-dependent plasticity after stroke. Proc Natl
Acad Sci U S A2012; 109:E2230-E2239.

French B, Thomas LH, Coupe J, et al. Repetitive task
training for improving functional ability after stroke.
Cochrane Database Syst Rev 2016; 11:CD006073.
Winstein C, Varghese R. Been there, done that, so
what is next for arm and hand rehabilitation in stroke?
Neurorehabilitation 2018; 43:3-18.

Morone G, Spitoni GF, De Bartolo D, et al.
Rehabilitative devices for a top-down approach.
Expert Rev Med Devices 2019; 16:187-95.
Klamroth-Marganska V. Stroke Rehabilitation:
Therapy Robots and Assistive Devices. Adv Exp Med
Biol 2018; 1065:579-87.

Squeri V, Basteris A, Sanguineti V. Adaptive
regulation of assistance ‘as needed’ in robot-assisted
motor skill learning and neurorchabilitation. IEEE Int
Conf Rehabil Robot 2011; 2011:5975375.

Rodgers H, Bosomworth H, Krebs HI, et al. Robot
assisted training for the upper limb after stroke
(RATULS): a multicentre randomised controlled
trial. Lancet 2019; 394:51-62.

Jakob I, Kollreider A, Germanotta M, Benetti F,
Cruciani A, Padua L, Aprile I. Robotic and Sensor
Technology for Upper Limb Rehabilitation. PMR
2018; 10:S189-S197.

Tramontano M, Morone G, De Angelis S, Casagrande
Conti L, Galeoto G, Grasso MG. Sensor-based
technology for upper limb rehabilitation in patients
with multiple sclerosis: A randomized controlled
trial. Restor Neurol Neurosci 2020 (in press).
Folstein MF, Folstein SE, McHugh PR. “Mini-mental
state”. A practical method for grading the cognitive
state of patients for the clinician. J Psychiatr Res
1975; 12:189-98.

Florence JM, Pandya S, King WM, et al. Intrarater
reliability of manual muscle test (Medical Research
Council scale) grades in Duchenne’s muscular
dystrophy. Phys Ther 1992; 72:115-26.
Paternostro-Sluga T, Grim-Stieger M, Posch M, et
al. Reliability and validity of the Medical Research

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

M. TRAMONTANO ET AL.

Council (MRC) scale and a modified scale for testing
muscle strength in patients with radial palsy. J Rehabil
Med 2008; 40:665-71.

Ansari NN, Naghdi S, Arab TK, Jalaie S. The interrater
and intrarater reliability of the Modified Ashworth
Scale in the assessment of muscle spasticity: limb
and muscle group effect. NeuroRehabilitation 2008;
23:231-237.

Tramontano M, Bergamini E, losa M, Belluscio V,
Vannozzi G, Morone G. Vestibular rehabilitation training
in patients with subacute stroke: A preliminary randomized
controlled trial. NeuroRehabilitation 2018; 43:247-254.
Tramontano M, Dell’Uomo D, Cinnera AM, et al.
Visual-spatial training in patients with sub-acute
stroke without neglect: a randomized, single-blind
controlled trial. Funct Neurol 2019; 34:7-13.
Morone G, Tramontano M, losa M, et al. The efficacy
of balance training with video game-based therapy in
subacute stroke patients: a randomized controlled
trial. Biomed Res Int 2014; 2014:580861.

Chen HM, Chen CC, Hsueh IP, Huang SL, Hsich
CL. Test-retest reproducibility and smallest real
difference of 5 hand function tests in patients with
stroke. Neurorehabil Neural Repair 2009; 23:435-40.
Shah S, Vanclay F, Cooper B. Improving the sensitivity
of the Barthel Index for stroke rehabilitation. J Clin
Epidemiol 1989; 42:703-9.

Cohen J. Statistical power analysis for the behavioral
sciences. Revised edition. New York: Academic
Press 1977.

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; 83:952-9.
Shah S, Vanclay F, Cooper B. Efficiency. effectiveness.
and duration of stroke. Stroke 1990; 21:241-6.
Vansteenkiste M, Lens W, Deci E L. Intrinsic versus
Extrinsic  Goal-Contents in  Self-Determination
Theory: Another Look at the Quality of Academic
Motivation. Educational Psychologist 2006; 41:19-31.
Li C, Rusak Z, Horvath I, Ji L.
complementing a robotic upper limb rehabilitation

Influence of

system with video games on the engagement
of the participants: a study focusing on muscle
activities. International journal of rehabilitation



28.

29.

30.

31.

32.

Journal of Biological Regulators & Homeostatic Agents

research  2014. Internationale Zeitschrift fur
Rehabilitationsforschung. Revue internationale de
recherches de readaptation 2014; 37:334-342.

Green CS, Bavelier D. Learning, attentional
control, and action video games. Curr Biol 2012;
22(6):R197-R206.

Iosa M, Ghanbari Ghooshchy S, Morone G, et
al. Visuomotor Integration for Coupled Hand
Movements in Healthy Subjects and Patients with
Stroke. Front Bioeng Biotechnol 2020; 8:591.
Morone G, Cocchi I, Paolucci S, Iosa M. Robot-
assisted therapy for arm recovery for stroke patients:
state of the art and clinical implication. Expert review
of medical devices 2020; 17:223-233.

Timmermans AA, Seelen HA, Geers RP, et al. Sensor-
based arm skill training in chronic stroke patients:
results on treatment outcome, patient motivation, and
system usability. IEEE Trans Neural Syst Rehabil
Eng 2010; 18(3):284-92.

Timmermans AA, Lemmens RJ, Geers RP, Smeets
RJ, Seelen HA. A comparison of treatment effects

33.

34.

35.

36.

(S3) 173
after sensor- and robot-based task-oriented arm
training in highly functional stroke patients. Conf
Proc IEEE Eng Med Biol Soc 2011; 2011:3507-10.
Schwarz A, Bhagubai MMC, Wolterink G, Held
JPO, Luft AR, Veltink PH. Assessment of Upper
Limb Movement Impairments after Stroke Using
Wearable Inertial Sensing. Sensors (Basel) 2020;
20(17):E4770.

van der Kooij K, van Dijsseldonk R, van Veen
M, Steenbrink F, de Weerd C, Overvliet KE.
Gamification as a Sustainable Source of Enjoyment
During Balance and Gait Exercises. Front Psychol
2019; 10:294. doi:10.3389/fpsyg.2019.00294.
Bergamini E, Iosa M, Belluscio V, Morone G,
Tramontano M, Vannozzi G. Multi-sensor assessment
of dynamic balance during gait in patients with
subacute stroke. J Biomech 2017; 61:208-15.
Belluscio V, Bergamini E, losa M, Tramontano M,
Morone G, Vannozzi G. The iFST: An instrumented
version of the Fukuda Stepping Test for balance
assessment. Gait Posture 2018; 60:203-8.






JOURNAL OF BIOLOGICAL REGULATORS & HOMEOSTATIC AGENTS Vol. 34, no. 5 (S3), 175-184 (2020)

Clinical and functional outcomes of cad/cam mandibular reconstruction with free fibular flap
comparing traditional versus micro-invasive intraoral surgical approaches

A.R. Bolzoni'?, A Pollice?, M Nuti?, A. Baj'?, D.S. Rossi* and G.A. Beltramini®
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The surgical incision plays a pivotal role in any surgical procedure. A good surgical approach should
allow optimal visualization, respect the anatomy and ensure the best aesthetic outcome possible, especially
when the lesions involve the face. In this retrospective study, carried out from June 2014 to April 2018,
different types of surgical approaches to perform mandibular reconstruction were compared. Twenty-
one patients who underwent mandibular reconstruction with free fibular flap (FFFs) using CAD-CAM
technology and Virtual Surgical Planning (VSP) were included in the study, regardless the condition,
the timing of reconstruction (primary vs secondary), the number of fibular segments or the type and
size of the mandibular defect. The patients were treated for mandibular defects secondary to benign
or low-grade oncological lesions and different non-oncological conditions. However, patients requiring
neck dissection were excluded from the study. Patients were divided into two groups according to the
type of surgical approach used: 7 patients received a traditional transcervical approach together with
an intraoral approach, while 14 patients were operated through an intraoral approach combined with
different microinvasive approaches, including the sub-mandibular, the retro-mandibular and the pre-
auricular approaches. Different factors were statistically compared: characteristics of the harvested
fibula, surgical timing, days of hospitalization, as well as complication, functional and aesthetic outcomes.
According to this study, no statistically significant differences were observed between the two groups in
any of the features considered. These results support the hypothesis that the combination of different
microinvasive approaches and the traditional approach are superimposable, and they can be safely
exchanged when the underlying defects allow it.

The mandibular reconstruction continues to be a deal with the complexity of this region, in terms

challenge for the maxillofacial surgeon. The mandible
represents the bearing platform of the lower teeth
and the site of insertion of the masticatory muscles
as well as the extrinsic tongue muscles, therefore
it has a crucial role for mastication, deglutition,
and phonation. Moreover, the mandible is a major
aesthetic landmark of'the face: it defines the cosmetic
contour of the lower third of the face and contributes
to the overall facial harmony. The surgeon has to

of functions and aesthetic and he has to guarantee
a successful surgical demolition to eradicate the
illness (1, 2). Therefore, an accurate planning and a
multidisciplinary approach are required to optimise
the functional and cosmetic outcomes.

There are many indications for a mandibular
reconstruction, ranging from congenital
abnormalities to traumatic injuries and inflammatory
diseases, such as osteoradionecrosis or osteomyelitis,
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as well as malignant and benign tumours’ ablative
surgery, that require necessary radicality. Indeed, the
age of the patients who need a good reconstruction
in terms of functional and aesthetic outcomes is
increasing overtime (3). Even though the complete
demolition of the lesion is still a predominant aspect
of the head and neck surgery, many efforts have been
made to guarantee a total recovery of the mandible’s
function and aesthetic. The goals of the mandibular
reconstruction are: to restore the bone and its internal
and external soft tissue envelopes, to re-establish the
form of the lower third of the face and to provide a
support for dental rehabilitation (4-8). An excellent
recovery of the oral function and of the facial width,
height and projection would allow the patient to
resume normal family and social lives, thereby
improving his quality of life as well as the survival
rate (9, 10).

Many mandibular reconstruction procedures have
been attempted and reported; however, the outcomes
have considerably changed with the introduction
of the free vascularized bone flaps (11). The free
osteocutaneous fibular flap (FOFF), first introduced
by Taylor et al. (12), has become the state-of-the-
art to reconstruct the mandible. The free fibula flap
provides a considerable length of bone, that allows
multiple osteotomies and extensive remodelling, and
a large skin paddle that is adequate for the small soft
tissue defects. Moreover, it reduces the donor site
morbidities (13-17).

Moreover, the introduction of the CAD-CAM
technology and the Virtual Surgical Planning (VSP)
has strongly contributed to a global improvement of
the mandibular reconstruction. This technique has
replaced the free-hand method in multiple centres,
and it is becoming the gold standard to achieve a
successful bone reconstruction (18, 19). The CAD-
CAM technology allows for a detailed pre-operative
three-dimensional (3D) virtual surgical planning, to
be obtained, that is translated into custom patient-
specific plates and surgical cuttings guides that allow
an accurate and symmetric bone reconstruction
(20). The advantages of this technique have been
well documented in the literature (21-23). This
technology confers reproducible and accurate results,
it decreases the surgical timing, it improves the bone-
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to-bone contact as well as the facial symmetry and
the functional outcomes (24).

Contrary to the free-hand method, the CAD-CAM
technology introduced the possibility of performing
the mandibular resection and reconstruction through
a transoral approach, reserving a submandibular
incision for the microvascular reconstruction. Even
though the choice of the surgical approach is mainly
guided by the site and the extent of the defect, the
prospect to perform only a transoral incision is
highly promising in terms of cosmetic and functional
outcomes and it reduces the complications related to
the transcervical approach (25).

The purpose of this study is to compare traditional
versus micro-invasive surgical approaches used
in CAD-CAM mandibular reconstruction with
free fibular flap, in terms of clinical and functional
outcomes, such as the oromandibular functions,
facial symmetry and post-operative complications.

MATERIALS AND METHODS

Twenty-one patients were included in this retrospective
study, carried out in the Maxillofacial Unit of Fondazione
IRCCS Ca Granda Ospedale Maggiore Policlinico of
Milan between June 2014 and April 2018. All the patients
underwent mandibular reconstruction with free fibular flap
(FFFs) using CAD-CAM technology and Virtual Surgical
Planning (VSP). The traditional transcervical approach
was compared with different microinvasive approaches.

The patients were divided into two groups according
to the surgical approach used. The first group, specifically
the “traditional approach” group, included all those
patients who underwent a mandibular reconstruction
by means of a laterocervical approach together with an
intraoral approach. The transcervical approach consisted
of an “apron” incision, from mastoid to mentum. In this
way the mandible and the cervical regions were exposed
from the symphyseal and submental regions superiorly, to
the thyroid cartilage inferiorly, and to the lateral surfaces
of the mandible, including the condyles (26). The incision
was carefully selected to avoid complications such as
wound dehiscence, skin flap necrosis or exposure of
the carotid artery consequent to neck dissection. The
intraoral approach consisted of a single incision through
the vestibule of the oral cavity. This technique allows
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safe access to the full external surface of the mandible.
However, being limited to the lower border of the
mandible, the mandibular angle, and parts of the ramus, it
is well known in literature to be more appropriate in case
of anterior mandibular defects (14).

The second group, namely the “microinvasive approach”
group, consisted of the patients who had a mandibular
reconstruction through an intraoral approach, described
above, combined with different transfacial approach, other
than the laterocervical one. These were the submandibular,
the retromandibular and the pre-auricular approaches. The
submandibular (or Ridson) approach, initially described
by Ridson (27) and later modified by Meyer, is known
to be the most useful approach to expose the mandibular
ramus and posterior body region. It was performed as a
single incision 1.5 to 2 cm below the inferior border of the
mandible at the site of the defect. In the retromandibular
approach, the incision was placed below the lobe of the ear
and it continued inferiorly, 3 to 3.5 cm behind the posterior
border of the mandible, to expose the ramus and to reach
the area of the condyle (28). The preauricular approach,
that represents the standard approach to the TMJ and its
components, was performed as a single incision following
the natural crease of the tragus. When a greater access was
required, the Al -Kayat and Bramley modification with
temporal extension was used.

The inclusion criteria were as follows patients
requiring mandibular reconstruction with FFFs and
availability of preoperative and postoperative high-
resolution CT scans of the maxillofacial skeleton. All the
patients who underwent mandibular reconstruction with
FFFs using CAD-CAM technology were considered,
regardless the timing of the reconstruction (primary vs
secondary reconstruction), the number of fibular segments
or type and the size of the mandibular defect. The patients
were treated for mandibular defects secondary to benign
(or low grade) oncological and different non-oncological
conditions. The patients with malignant oncological
lesions that inevitably required neck dissection and
lymphadenectomy were excluded from the study.

The clinical condition of the patients was evaluated,
with particular care to the comorbidities and past medical
history. All the oncological patients underwent tumour
staging. The mandibular defects were classified according
to the Urken’s (29) classification in all patients. CT scans
were performed to determine the entity of resection and to
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accomplish the reconstructive planning. CT angiography
of the lower limb was performed in occurrence with
the CT scans for the VSP to assess the viability of the
vasculature of the donor site. Finally, a post-operative CT
scan of the maxillofacial district was performed within
one month from the surgical procedure.

Differences in terms of follow-up, characteristics

of the fibula segments, surgical timing and days of
hospitalization were analysed. Donor-site and recipient-
site complications, functional outcomes in terms of speech
and oral competence, as well as aesthetic outcomes were
recorded in both groups.
The statistical analysis was performed through
QuickCalcs-GraphPad software®, SPSS software® and
MEDCALC® software. Comparison between the two
groups was made using a Student’s T test and Chi-squared
test. A P-value <0.05 was considered as significant.

RESULTS

Twenty-one patients were included in the study.
Two groups were formed: 14 patients operated
on according to intraoral
approaches and 7 patients who received the
transcervical approach. The surgical procedures
were all performed by the same surgical teams. The
“microinvasive intraoral approach” group included
6 men and 8 women, with a mean age of 43.4
(range: 26 to 67). The “traditional approach” group
included 4 men and 3 women, with a mean age of
43 (range: 16 to 67). Mean length of the follow-up
was 26 months and it ranged from 6 to 51 months.
Difference in follow-up between the two groups was
not statistically significant (P=0.3619). No total flap
failures were observed. The three patients diagnosed
with malignant tumours of the mandible did not
show signs of local recurrence during the follow-up.

The patients were treated for mandibular
defects secondary to benign oncological and to
different non-oncological conditions. The “intraoral
approach” group included three patients with low
grade malignant lesions, who did not require the
neck dissection. In the “intraoral approach” group
all the patients underwent a primary mandibular
reconstruction, while in the “traditional approach”
group there were 5 out of 7 patients who received

the microinvasive
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Table 1. Clinical features of the twenty -one patients
included in the study. Highlighted rules represent the
patients who underwent a secondary reconstruction.

Type of
mandibular Type of
. . defect surgical
Patient Sex Age Etiology (Urken’s approach
classification)
Malignant
1 F 53 mesenchymal B dx 10 + SMm
tumour
Low grade
2 F 61 mucoepidermoid RB 10 + SMm
carcinoma
Low grade
3 M 60 mucoepidermoid BR 10 + SMm
carcinoma
4 F 16 Ameloblastoma BR 10 + SMm
Odontogenic
5 M 18 fibromyxoma R-B 10 + SMm
Keratocyst
6 F 38 odontogenic B dx 10 + SMm
tumor
Keratocyst
7 F 3 odontogenic B-R 10 +SMm
tumor
Ossifying fibroma
8 F 55 relapse Bsx 10 + SMm
Ameloblastoma
9 F 58 relapse S-B 10 + SMm
10%
F 37 Ameloblastoma R-B 10+LC
11 Keratocystic 0+PA+SMe
F 38 odontogenic B-R-C
tumour
12% .
F 55 Pseudoarthrosis S-B I0+LC
13 Keratocystic
M 23 odontogenic R-B I0+PA+SMm
tumour
*
14 M 65 Fracture B sx 10+LC
secondary to
osteoradionecrosis
15% .
F 29 Pseudoarthrosis Bdx I0+LC
FFFs flap necrosis
16% following
M 32 ameloblastoma C-R-B I0+LC
resection
17 Chronic
M 31 sclerosing C-R-B I0+PA+SMm
osteomyelitis
18% Pseudoarthrosis
M 67 (following SCC  B-S I0+LC
resection and RT)
. .
19 M 16 Odontogenic B-S-B 10+LC
fibromyxoma
20 Keratocystic
M 26 odontogenic C-R-B I0+PA+SMm
tumour
Keratocystic BR
21 M 29 odontogenic B I0+RM+SMm

tumour

a secondary reconstruction. The main indication
for the second reconstruction was pseudoarthrosis,
followed by osteoradionecrosis resulting in
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mandibular fracture. In only one patient the
indication was failure of the primary reconstruction
due to flap necrosis. The patients who received a
secondary reconstruction are highlighted in the table
below (see Table 1). The mandibular defects were
classified according to the Urken’s classification
in both groups. The patients’ characteristics, the
etiology of the lesion, the Urkens’s classification of
the defect and the type of approach used are listed in
the table below (Table I).

The characteristics of the harvested fibula,
including the number of bone segments as well as
the length of the mandibular defects, are illustrated
in the table below (Table II).

The mean length of the defect in the “intraoral
approach” group, 8.5 cm (range: 5 to 15.5 cm),
was higher compared to that of the “traditional
approach” group, corresponding to 7.9 cm (range:
3.5 to 15.5 cm). However, the difference in the
length of the defect was not statistically significant
(P=0.7354). The mean quantity of the harvested
fibula was similar in the two groups: 11 c¢cm (range:
3.5 to 17 cm) in the “intraoral approach” group and
9.79 c¢m (range: 3.5 to 13.5 cm) in the “traditional
group”. This difference was not statistically
significant (P=0.5359). The mean number of fibular
segments was almost equivalent in the two groups:
2.64 in the “intraoral approach” group and 2.57
in the “traditional approach” with no statistically
significant difference between the two (P=0.8788).
There was neither a statistically significant difference
between the mean number of osteotomies carried
out in the two groups (P=0.8860). In the “intraoral
approach” group double-barrelling was performed
in 5 out of 14, while it was carried out only in 1 out
of 7 patients who underwent a traditional approach
reconstruction.

The surgical timing and the days of hospitalization
were also evaluated in the two groups. Regarding the
surgical timing, no statistically significant difference
was observed (P=0.2659). Neither the difference
in days of hospitalization between the two groups
was statistically significant (P=0.1872). In fact,
the hospitalization lasted on average 15.14 days
(range: 11 to 20 days) in the “traditional approach”
group and 13.5 days (range: 12 to 17 days) in the
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“microinvasive approach” group. Surgical timing
and the days of hospitalizations of each patient are
showed in the table below (Table III).

Regarding post-operative complications, in
the “microinvasive approach” group, the total
proportion of complications was 50%, only 0.7%
of the patients had donor-site complications,
while 42.8% had recipient site complications. The
“traditional approach” group showed a donor-site
complications rate of 1.4 % and a recipient-site
complications rate of 28.5 %, with a total proportion
of complications equal to 42.8 %. The differences in
total proportion of complications (P=0.7612), along
with that of the donor (P=0.8780) and the recipient
site (P=0.5346) were not statistically significant. All
the complications and their distributions are listed in
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the following table (Table V).

Specifically, considering the donor site
complications, among the “traditional approach”
patients, there was one case of partial venous stasis
of the skin paddle that was treated with leech therapy.
In the “microinvasive approach” group, one patient
showed a deficit of the 1% and 2™ toes in plantar
flexion.

In relation to the recipient site complications,
there was one case of submandibular dehiscence
that was left to heal by secondary intention in the
“traditional approach” group. The dehiscence
observed in the “microinvasive approach” group
was further complicated by the reconstruction
plate exposition and therefore it required surgical
revision. The post-operative haemorrhage observed

Table I1. Characteristics of the harvested flap and its corresponding mandibular defect in the two groups.

The )

Patint | 20 L o
harvested
bone (cm)

1 B dx 5 15

2 R-B 6 15

3 B-R 3.5 8

4 B-R 9 22

5 R-B 10 24

6 B dx 7 20.5

7 B-R 6 19.5

8 B sx 6 16

9 S-B 5.5 17.5

10 R-B 8 15

11 B-R-C | 13 23

12 S-B 6 21.5

13 R-B 11.5 22

14 B sx 7 15.5

15 B dx 3.5 9.5

16 C-R-B | 10.5 18.5

17 C-R-B 125 25

18 B-S 5 12.5

19 B-S-B | 15.5 23

20 C-R-B | 10 16.5

21 B-R 9 15.5

MEAN 8.75 12.19

fibular
segments

of

No. 'of Doubl?- Surgical

osteotomies = barreling approach

4 YES Microinvasive

4 YES Microinvasive

3 NO Microinvasive

8 YES Microinvasive

10 YES Microinvasive
YES Microinvasive
YES Microinvasive

6 YES Microinvasive

10 YES Microinvasive

4 NO Traditional

4 NO Microinvasive

8 YES Traditional

8 YES Microinvasive

4 NO Traditional

2 NO Traditional

6 NO Traditional

6 YES Microinvasive

3 NO Traditional

8 NO Traditional

4 NO Microinvasive

4 NO Microinvasive

5.92
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Table I11. Surgical timings and days of hospitalization of the “microinvasive approach’ group.

Surgical timing

Patient (tnt) Days of hospitalization
1 670 16
2 480° 13
3 410° 14
4 470° 12
5 480’ 17
6 485’ 13
7 465’ 15
8 465’ 12
9 445° 13
11 360’ 12
13 400’ 13
17 570° 12
20 375 12
21 480 15
MEAN 468.21 13.5

Table IV. Surgical timings and days of hospitalization of the “traditional approach” group.

Patient Surgical timing (min) Days of hospitalization
10 570° 11
12 580’ 16
14 420° 13
15 670° 17
16 390° 11
18 485° 20
19 480° 18

MEAN 513.57 15.14
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in the “microinvasive approach” group was caused
by a leakage of the micro-anastomosis and it was
surgically treated. Only in the “traditional approach”
group was there a case of cutaneous fistula, while
in the “microinvasive approach” group a single case
of malocclusion (crossbite) was observed. Other
complications included one case of sialocele and one
case of stupor of the marginal mandibular nerve in
the “microinvasive approach” group.

Finally, a clinical evaluation of the speech, oral
competence and aesthetics was carried out by the
surgeon during the follow-up period. Considering
the severity of the primary lesion and the resulting
deformity of the mandible, the functional and aesthetic
outcomes were highly satisfactory in both groups.

(S3) 181
DISCUSSION

A good selection of the patient (30) and a well-
planned surgical incision is one of the most crucial
steps in any surgical procedure. The choice of the
surgical approach is mainly dictated by the site and the
extent of the defect, especially when a requirement of
oncological radicality is present. The right placement
of the incision not only allows optimal visualization,
but substantially contributes to the final aesthetic and
functional outcomes. In maxillofacial surgery, many
attempts have been made to reduce scarring of the
face by skin incisions in areas where scars cannot
be easily seen. The microinvasive intraoral surgical
approach, as well as allowing for more hidden

Table V. Distribution of donor-site and recipient-site complications in the two groups.

. . e “Micronivasive
Donor site complications

patients (%)
Partial skin graft loss -

Total skin graft loss -

Motor deficit 1(0.7%)
Recipient site complications

Infection -
Wound dehiscence 1(0.7%)
Haemorrhage -
Venous stasis -
Malocclusion 1(0.7%)
Reconstruction plate exposition | 1(0.7%)
Cutaneous fistula 1(0.7%)
Sensitive deficit -

Partial flap loss -

Total flap loss -

Need for surgical revision 2(1.4%)

“Traditional approach” patients

(%)

approach”

1(1.4)%

1(1.4%)

1(1.4%)

1(1.4%)

2 (1.4%) (stupor of the

Other

sialocele)

marginal mandibular nerve, -
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scars that contribute to an excellent aesthetic result,
also reduces the rate of complications related to the
transcervical approach, such as scar contracture at the
level of the neck, seromas or cutaneous fistulae.

In this study the traditional approaches and the
microinvasive intraoral approach in use for the CAD-
CAM mandibular reconstruction with the FFFs were
compared. Different factors should be considered.
The microinvasive approaches coupled with the
submandibular approach remain limited to benign
or low-grade oncological lesions, where the neck
dissection is not necessarily required. However,
according to this study the microinvasive approaches can
reach the same mandibular exposure of the traditional
approach. As matter of fact, the difference in length of
the defect between the two groups was not statistically
significant (P=0.7354). The two methods are also
equivalent in terms of surgical timing (P=0.2659)
and days of hospitalization (P=0.1572). Nevertheless,
one must consider that the intraoral approach could
potentially reduce the days of hospitalization since
no surgical drainage is required and the number of
possible postoperative complications is lower than in
the transcervical approach. However, the difference in
post-operative complications between the two groups
was not statistically significant, neither in terms of the
donor-site nor of the recipient-site complications.

In terms of functional and aesthetic outcomes, both
approaches resulted highly satisfactory, even though the
microinvasive approach obviously reduced the extent
of the resulting scar. Moreover, oncological patients
diagnosed with low grade lesions who underwent
an intraoral approach together with submandibular
microvascular reconstruction, did not show recurrences
at the last follow-up. This study showed that it
was possible to obtain a lesser visible scar without
impairing the accuracy of the reconstruction and that
the two methods can be safely interchanged when the
underlying defects allows it. However, further studies
are needed to truly evaluate the difference between the
two techniques and to provide an algorithm to safely
choose between the two methods.

First, the sample should be increased. Second,
factors more related to the wound healing itself, rather
than to the entire procedure, should be investigated. In
terms of outcomes, the appearance and characteristics

A.R. BOLZONI ET AL.

of the scar could be further analysed to evaluate
the presence of retractile bands, scar contracture or
hypertrophy. The functional impairments such as,
difficult to raise the chin or latero-deviation of the head
could be included. The patients’ satisfaction pertinent
to the scar should be recorded. Finally, considering the
available data, the possible indications for the different
types of approaches could be based on the location of
the surgical defect. Moreover, recent studies proposed
an intraoral-approach only procedure, where the
submandibular incision to perform the microvascular
anastomosis was not required (31). This kind of
technique might be also investigated in the future.

The reconstruction of the mandibular defects
requires an elaborate approach: the mandible has
an important role in speech, oral continence, airway
management, deglutition and mastication. Although
restoring critical mandibular functions is the primary
concern of the reconstructive procedure, basic plastic
surgery principles should be applied to achieve good
aesthetic outcomes. As a matter of fact, the mandible
represents a major component of the facial harmony,
intermingling form and function in a delicate balance.
For aesthetic outcomes, not only the resultant bony
reconstruction, but also skin thickness, colour, texture
and soft tissue integrity will contribute to restore the
anatomic contour and to achieve aesthetically pleasing
results.

The major aesthetic units involved in mandibular
reconstruction are the lips, the chin and the neck, the
surgeon should consider how a defect relates to them and
plan the incision in a way to minimize and to obscure the
scars. This study demonstrated that the microinvasive
intraoral approach can be safely used when the extent
of the lesion allows it. The microinvasive intraoral
approach ensures a smaller scar, reduces the number
as well as the severity of complications and improves
the aesthetic outcomes. As a matter of fact, scarring is
not only a cosmetic concern, but it can really affect the
patients’ quality of life.
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Evaluation of factors influencing accuracy of virtual surgical planning in orthognatic surgery
G. Soncini!, A. Bolzoni'* C. Baserga'?, F. Cullati!, D. S. Rossi!, A. B. Gianni'?
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Milano, Milan, Italy

Three-dimensional virtual surgical planning has become routine practice in orthognatic and reconstructive
surgery for the possibility to realize presurgical evaluation of intraoperative bones movements, the prediction
of postoperative results and the high level of accuracy. Thanks to surface superimposition between 3D
planned and 3D postoperative model of maxillo-facial skeleton, a medium discrepancy less than 1 mm was
found in scientific literature, considering 15 different points of maxillofacial skeleton. In our study we decided
to evaluate different factors that could invalidate that result in the same cohort of patients, such as sex, kind
of dentofacial deformity, asymmetry, type of surgical approach and entity of maxillo-mandibular movements
(more or less than 1 mm). We found out no significant differences among groups. We can state that virtual
surgical planning and 3D surgical splints are a valid means of diagnosis, treatment and predictivity regardless
factors that could influence post-operative results. In conclusion, virtual surgical planning and 3D surgical
splints facilitated diagnosis, treatment planning and accuracy regardless of sex, dentofacial deformity class,

surgery techniques, entity of advancement and asymmetry.

The two-jaw orthognatic surgery, Le Fort I
osteotomy of the upper jaw, combined with sagittal
splint ramus osteotomy (SSRO) and eventually
genioplasty, is an efficient procedure to correct
dento-maxillofacial deformities (1, 2). The success
of two-jaw surgery relies on surgical technique
and accurate surgical planning (3, 4). Conventional
planning is carried out on the basis of X-ray
cephalometric analysis, face bow transfer and mock
surgery on plaster cast dental models mounted
in a semi-adjustable articulator that leads to the
production of an intermediate and final occlusal
splint. Hitherto, this has been the gold standard for
treatment planning and it is generally satisfactory but
it has a number of limitations; in fact it’s a time-
consuming process, it requires a long learning curve
and experience and it has a high risk of inaccuracy.

This may lead to errors during the treatment plan (5-
7). Furthermore, conventional planning consists of
a bidimensional study of the dentofacial deformities
while, in the most cases, these pathologies affect
both three-dimensional planes (8, 9).

Virtual surgical planning, thanks to the CBCT
scans, offers new possibilities of surgical solution
and aesthetic results like demonstrated from a lot of
studies about reconstructive surgery (10). Also virtual
surgical planning aids to obtain a comprehensive
3D evaluation of dental arches and the surrounding
hard and soft tissue structures, to simulate different
surgical plans and predict the corresponding results,
as well as to facilitate the transfer of the virtual
surgical plan to actual outcome using 3D printed
splints (11, 12). This has led to a change in the
patient’s evaluation, from the bidimensional to the
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three dimensional one to improve the diagnostic and
therapeutic outcomes (13-17).

In fact, with surface superimposition between
3D planned and 3D postoperative model of maxillo-
facial skeleton, a medium discrepancy less than 1
mm was found in scientific literature, considering
15 different points of maxillofacial skeleton.
To date, several reports have been produced in
literature and they seem to be agreed in stating
accuracy superiority of virtual 3D surgical planning,
in particular for hard tissues (18, 19); however, in
clinical practice, virtual surgical planning has not
yet replaced the conventional one, as it was expected
before. The purpose of this study is to corroborate

Table 1. Clinical features of the twenty -one patients
included in the study. Highlighted rules represent the
patients who underwent a secondary reconstruction.

Mean
. Maxillary Mandibular | discrepanc
Skeletal Asimmetry  Type of
advanceme | advanceme |y (mm)
class (Y/N) surgery
n (mm) nt (mm) (zavattero
etal 2019)

Patient Sex

Maxill
1 f 3 N N ary 6 0 0.5
first

Mandibular 4
first

Mandibular 4
first

Maxillary
first

Maxillary
first

Maxillary
first

Mandibular
first

Maxillary
first

Maillary
first

Maxill
10 f 3 N N xiary 0 3.6 17
first

Maillary

11 f 3 N
first

Maxillas
12 f 3 Y N i 2 15 03
first

Maxillary
13 m 3 N 4 0.9 0.9
first

14 f 2 N Max‘"aw 3 83 17
first

Maxillary
15 m 3 N ) 8.8 [ 1.6
first

Maxillary
16 m 2 N 05 16 07
first

Mandibular
17 f 2 N N 2 15 17
first
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the accuracy of virtual surgical planning thanks
to the using of specific software (Geomagic study
Platform); moreover, we want to demonstrate that,
among all possible factors, as others author perform
for reconstructive surgery, (20) which one could
affect accuracy of VSP.

MATERIALS AND METHODS

Seventeen consecutive patients were included in this
observational multicentre retrospective study at IRCCS
Policlinico of Milan and Le Molinette hospital of Turin from
December 1, 2014 to June 30, 2016. All patients presented
dentofacial deformities that required two-jaw orthognathic
surgery with eventually upper jaw segmentation and/
or genioplasty. All patients have been studied with a
presurgical CBCT scans and 3D photos, later loaded onto
ProPlan CMF software to create a 3D reconstruction.

Then we used this kind of reconstruction on a web
conference between surgeons and biomedical engineers
to perform virtual surgical osteotomies and a somewhat
reliable soft tissue prediction. For every patients both
jaws were moved; the upper jaw was set forward in all
cases except for one, with an average of 4 mm, while the
lower jaw was set forward in 11 patients with an average
of 8 mm and set back in the others with an average of 3.75
mm. The virtual plan was then transferred to the operating
room by using 3D printed surgical splints. After 4 months
from surgery a new CBCT scans and 3D photos were
taken to compare the planned with the real postoperative
results. Thanks to Geomagic study Platform software an
accuracy evaluation was made.

An industrial CAD/CAM software (Geomagic Study
Platform) allowed us to make a surface superimposition
between the 3D planned model and the 3D postoperative
one of maxillo-facial skeleton taking as a reference
11 different areas of the skeleton. Once obtained the
superimposition, the software created a color-coded
mask that visually expressed the entity of the overlap
between the two 3D reconstructions; in our study we
decided to use 1 mm of minimum difference between the
two superimpositions. In this way, it was also possible
to identify the quantity of the discrepancies in the
superimposition of the two models, by selecting different
points. For discrepancies greater than 1 mm, color-coded
was associated to red.
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Where surgeons decided to do a procedure that was
not planned (for example, a non-planned genioplasty) the
colour code mask assigned the grey area, that meant out
of threshold. We divided patients in two different groups
(Table I) considering parameters such as sex, dentofacial
deformity, presence of any presurgical asymmetry, kind of
surgical technique (mandible or maxilla first) and amount
of maxillomandibular movements (more or less than 10
mm) and we obtained medium discrepancy value for each
groups. Using a t-student statistical model (with p<0.05)
we compared statistical significance.

RESULTS

Accuracy evaluations were made considering 11
different points of maxillo-facial skeleton (pogonion,
menton, right and left mandibular angle, right and
left mandibular branch, right and left mandibular
condyle, 1.1 tooth border, 1.6 and 2.6 cusp) with the
color-coded mask method; we assessed the superficial
discrepancies between the planned and the real 3D
maxillo-facial reconstructions. We established the
minimum discrepancies at 1 mm; before the work
of Zavattero et al. (1) different studies on this subject
established the minimum difference at 2 mm (21).

Table I1. Medium discrepancy value according to sex.
Sex M
1.34
0.4
0.5
0.6
0.6
0.9
1.6
0.7

Mean 0.83
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We can observe from the results that we gained,
for each patients, a medium discrepancies inferior
to the one considered statistically significant by the
previous literature (2 mm); for four patients medium
discrepancies were between 1.5 mm to 2, while for 1
case it was between from 1 to 1.4 mm. Furthermore,
we can observe that the major of the discrepancies
were localized in the mandibular area, at menton and
pogonion (6.7 mm).

Once these data were obtained, we decided to
compare five different parameters among patients
and to evaluate if there was a significative difference
in accuracy with t student test. We compared the
average accuracy of 9 females with the one of 8 males
(Table II) and obtained a medium value of 0.91 mm
vs 0.83 mm (difference 9%) (p=0.7), for dentofacial
type we had a higher discrepancy for the second class
(1.208 vs 0.736) but it was not statistically significant
(p=0.08), with a percentage difference of 39% (
Table III). We then compared surgery technique with
medium accuracy in mandible first vs maxilla first
group (Table IV. 1.11 vs 0.8) (p=0.3) the amount
of mandible and maxilla advancement, considering
1 as a cut off value (Table V. 0.85 vs 0.89) (p=0.8)
and finally the presence of maxilla and/or mandible

0.5
0.8
0.34
0.8
1.7
0.4
0.3
1.7
1.7

0.91

P> 0.05 (0.7) not significant
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asymmetry; three patients had asymmetry with a
medium discrepancy in accuracy of 0.53 while the
others had no asymmetry with a medium difference
of 0.95 (Table VI).

DISCUSSION

3D imaging is becoming more and more important
in orthognatic surgery , with the possibility of using
specific software that allows us to do surgical planning
and simulation; this software also helps us to identify
the type and the entity of facial deformities in order
to improve diagnosis, treatment and, finally, patient’s
outcome. The aim of this study is to evaluate the
effective accuracy of virtual surgical planning by
using a specific software (Geomagic Study Platform)
that allows the superimposition of planned and final
3D maxillo-facial reconstruction for each patient
and to evaluate the most common parameters that
could affect the success of VSP. The result’s analysis
was carried out by the creation of color-coded
masks obtained after the superimposition of the two

G.SONCINIET AL.

3D reconstructions; in this way it was possible to
identify both visually and quantitatively the entity
of discrepancies in some specific area. The use of a
semiautomatic technique for the superimposition and
a statistic minimum difference of 1 mm, made our
evaluation more refined and accurate in comparison
to the other previous studies that established this limit
at 2 mm. Nevertheless, our results confirmed what
was already known in literature; just in 4 patients the
medium difference was between 1.5 mm and 2 mm,
and for 1 it was between 1.4 and 1mm.

A systematic review (22) was collected from
different scientific database (428 studies), from
2000 to 2013, with our same purpose; after the
establishment of different exclusion and inclusion
criteria (at least 5 patients, conventional orthogantic
surgery and accuracy evaluated by comparison of
3D surgical plan with 3D actual surgical outcome)
only 7 studies could be considered. These 7 clinical
trials were carried out from 2006 to 2013; 4 of theme
used our same software for 3D virtual planning
(Materialise Leuven, Belgium) while the other 3

Table I11. Medium discrepancy value according to pre-surgery dentofacial class.

1.34

0.6

1.7

0.7

1.7

Mean 1.21

0.5

0.8

0.4

0.34

0.5

0.6

0.8

1.7

0.4

0.3

0.9

1.6

0.74

P> 0.05 (0.08) not significant
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used different independent programming systems.

For 6 studies 3D virtual planning resulted in CAD/

CAM surgical splints, while the rest resulted in an

intraoperative navigation system.

Accuracy evaluation was carried out in 3
different modalities; hence, results were not easily
comparable:

1) Intraclass correlation coefficient (ICC) (23)
between the conventional reference point makes
it possible to compare the current study with the
previous ones regarding precision and accuracy,
but it reduces the numerical data to arbitrary
categorical data, thereby reducing the amount
of information presented. So, it makes the data
easier to evaluate but more difficult to assess
regarding reproducibility between different study
groups

1) Linear and angular difference between reference
points in the maxillo-facial segments (24);

three reference points per segment are selected
on planning and postoperative model, and the
segments are then put back together. The mean
differences between the reference points are
recorded as both linear and angular difference in
all three dimensions. The reduction of reference
points to the lowest possible reference, makes
it feasible to evaluate both linear and angular
differences. The disadvantage is the increased
risk of error, since the reference points are placed
manually, and with fewer reference points,
the possibility and severity of errors increase.
Previous investigations have shown the accuracy
of registration to improve by registering complete
areas and surfaces instead of single points,
because areas and surfaces are better represented
in CT data (25).

2) Percentage of the geometric surface correlation

between the two models (21); this method consists

Table IV. Medium discrepancy difference according to surgical technique.

Surgery sequency Maxillary first
0.5
0.4
0.34
0.5
0.6
0.8
1.7
0.4
0.3
0.9
1.7
1.6
0.7

Mean 0.8

Mandibular first

0.8

1.34

0.6

1.7

P >0.05 (0.3) not significant
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of an automated comparison of the virtual plan
and the actual outcome. Since this method is
automated the data are objective and less prone
to errors than the manually selected reference
points. The accuracy of CBCT voxel-based
registrations of skull structures is known to be
about half the voxel size of the largest data value,
which is about 0.2 mm on average, depending on
CBCT scanner (26). A disadvantage of the surface
best-fit model is the position of the osteotomy. If
the actual osteotomy is displaced from the virtual
planned, the surface fit will decrease despite
correct position of the segment. To overcome
this bias, we decided to use semiautomatic
superimposition algorithms in which the operator
decided manually 11 different points that were
not affected by change during surgery procedure.
The success criterion, proposed by several
authors (21, 22), is a difference of maximum 2 mm
between the virtual planned surgery and the surgical
outcome. Less than 2 mm is thought to be clinically
insignificant in conventional lateral cephalometric

G.SONCINIET AL.

analysis (27). With our results we have shown what
was already known in literature, despite of the using
of a more accurate and refine criterion success.
Concerning patients related factors it could be
concluded that no difference can be found, as it
was reported by Liebregts et al. (28) even if other
previous study (29) showed significative difference
in particular among, age and advancement entity.

They found that soft tissue response was less accurate

in elderly people, probably because of different soft

tissue elasticity, less fat and different muscular tone.

Anyway, this comparison was made considering

only soft tissue reconstruction that is, by definition,

less accurate than the skeletal one. Surely virtual 3D
planning offers several important advantages over
conventional treatment planning;:

1) Better visualization of dental arch and bony
skeleton that improves diagnostic and treatment
potentiality, in comparison to the traditional
cephalometria (4, 5, 30) ; also soft tissue’s
visualization improves but its accuracy in
predictability is still insufficient, in particular

Table V. Discrepancy according to mandibular/maxillary movements.

Mandibular r maxillary
>10 mm
movement < or > 10 mm

0.34
0.4
0.7
1.7
0.6

1.34

Mean 0.85

<10mm

1.7

0.4

0.5

0.8

0.3

1.7

0.8

0.9

0.6

0.5

1.6

0.89

P >0.05 (0.3) not significant
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in chin and labial area; anyway, the possibility
to visualize both soft and hard tissue allows to
obtain an overview of final outcome

1) Possibility to easily simulate surgery movements
of segmented bones in three dimension and to
evaluate the relationships between maxillo-facial
skeleton with skull

2) Treatment plans can be stored online and save
the space normally taken up by materials used
in conventional planning; furthermore it can be
easily visualized and conferred with colleagues,
both referring orthodontists and oral maxillofacial
surgeons, anywhere in the world via internet (4, 31)

3) Different studies have shown a reduction of the
whole time required for the preparation of virtual
surgical planning in comparison to the traditional
one (5.10 h vs 7.45 h) (32)

4) 3D virtual planning

offers an excellent
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communication tool to teach contemporary

treatment of maxillofacial deformities to residents

in orthodontist and oral maxillofacial surgery (4,

31)

5) Finally, virtual planning may reduce the overall
cost of care due to decrease in operating time,
blood loss, complications and need for reoperative
surgery (5, 30, 33)

The main limitation of 3D virtual surgical
planning is the increase in radiation exposure due to
the need for a 3D CBCT scan pre and postoperatively.
Although CBCT scans significantly reduce the
radiation exposure compared to multislice CT
scans, they still increase the exposure compared to
conventional panoramic and cephalometric imaging
(4, 34). Anyway, we believe that, considering
the low dose range associated with our protocol,
the therapeutical benefit overcomes the potential

Table VI. Medium discrepancy according to the presence of asymmetry or not.

Asimmetry Yes
0.8
0.5
0.3

Mean 0.53

No

0.5

1.34

0.4

0.34

0.6

0.6

0.8

1.7

0.4

0.9

1.7

1.6

0.7

1.7

0.95

P > 0.05 (0.2) not significant



192 (S3)

increased risk associated with CBCT scans. Other
limitations could be represented by costs and the
delivery of dental casts model that must be sent to
the CAD/CAM centre at least four days before web
conference planning.

3D virtual planning is an accurate a reproducible
method for the treatment of dentofacial deformities; it
could be easily translated into common practice and it
could be applied in all kind of patients, independently
by sex, kind of deformity and kind of surgery. Anyway,
there are still some gaps such as predictability of soft
tissue’s outcomes (41). Other improvements could
be derived from new imaging techniques that could
enhance anatomic details, in particular for soft tissue;
indeed the preference for multislice CT over CBCT
presents disadvantages in terms of image quality,
supine position during the test and greater radiation
doses, while advantages include better identification
of soft tissue details and less image distortion where
metallic elements are present.

Additional studies are desired for a more complete
validation of reproducibility and accuracy of 3D
virtual surgical planning. Moreover, there are several
different software for virtual surgical planning, but
only few of them was used in literature, so it could
be interesting make a comparison between most of
them in terms of accuracy.
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Epidemiology of odontogenic sinusitis: an old, underestimated disease, even today.
A narrative literature review
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Odontogenic sinusitis is an inflammatory condition of the paranasal sinuses resulting from dental
pathology. The aim of this study is to provide an overview of the current literature on the dimensions
of the phenomenon, quality of life, economic considerations, and approaches to odontogenic sinusitis. A
narrative review was conducted following the methodology proposed by Green et al. (2006). There appears
to have been an increase in the incidence over the last decade. Nowadays, evidence in the literature reports
that 10-12% up to 40% of all sinusitis cases are associated with odontogenic infections. The iatrogenia
was by far the leading cause of odontogenic sinusitis (55.97%) while the first and second molars were
the most affected teeth with an incidence of 35.6% and 22%. If not properly diagnosed and treated,
these infections may lead to a rapid spread, giving rise to potentially life-threatening complications with
a significant general health-related Quality of Life detriment. The proper management of patients in
a pre-implant logical setting leads to substantial savings, ranging from €38 million to €152 million, for
the Italian National Health Service. Odontogenic sinusitis management should involve shared decision-
making between the otolaryngologist, dental provider, and patient, where the benefits and risks of dental

treatment and endoscopic sinus surgery are discussed.

Odontogenic Sinusitis (OS) is an inflammatory
condition of the paranasal sinuses resulting from
dental pathology including, mainly, prior iatrogenic
causes, infections of maxillary dentition, and
odontogenic cysts (1). There appears to have been an
increase in the incidence of OS over the last decade
(2) which may reflect a decrease in the access to dental
care (3). Burnmam et al. reported a 62% increase in
the number of patients requiring admission in 2008
for spreading odontogenic infections, compared with
2003-2005 admissions (4).

Additionally, Thomas et al. (2008) reported a
doubling of the number of admissions, and bed days,
due to dental abscesses requiring drainage, comparing
1998-1999 and 2005-2006 (5). The OS bacteriology is
distinctly different from non OS cases. Odontogenic
sinus infections are generally polymicrobial with
predominantly anaerobic organisms present in
cultures, commonly including Peptostreptococcus,
Prevotella, and Fusobacterium (1). Anaerobic bacteria
are responsible for infectious inflammation in 66.7%
of OS cases and correlation between bacteria present
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in pathological teeth and the ones found in infected
sinus has been described (6).

The main symptoms related to OS are facial pain;
toothache; nasal pain; nasal discharge; postnasal
drip; nasal obstruction; discomfort of the face and
gums and bad odor. However, symptoms may vary,
and many cases can even be asymptomatic (7).
Radiologic imaging can provide useful adjunct
information in the diagnosis of sinusitis and
particularly whether an odontogenic source may be
responsible for the infection (8).

Dental radiographs have been shown to have
an estimated sensitivity of 60% for caries and
approximately 85% for periodontal disease, leaving
a high false negative rate (9). CT is the gold standard
in the diagnosis of maxillary sinus disease due to
its high resolution and ability to discern bone and
soft tissue (7). However, if not properly diagnosed
and treated, these infections may lead to a rapid
spread, giving rise to potentially life-threatening
complications with a significant general health-
related QOL detriment that is comparable to that
previously described for severe chronic diseases
such as heart disease, diabetes, and COPD (10).

This disease differs in its pathophysiology,
microbiology, diagnostics, and management from
sinusitis of other causes, although clinical symptoms
are not conspicuous. Which is exactly why
appropriate diagnosis and management of pathology
of the maxillary sinus of odontogenic origin
commonly require the expertise of multiple medical
and dental specialists (11). The aim of this work is
to provide an overview of the current literature on
the dimensions of the phenomenon, quality of life,
economic considerations, and approaches to OS.

MATERIALS AND METHODS

A narrative review of studies describing the
dimensions of the phenomenon, quality of life, economic
considerations, and approaches to OS was conducted
following the methodology proposed by Green et al. (2006)
(12). The major scientific databases were queried to identify
primary articles between January 1950 and August 2020
including, as key terms, odontogenic sinusitis, quality of

life, incidence, multidisciplinary approach, and economic
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impact. The inclusion criteria for relevant articles were
the following: original, primary, and secondary studies
focusing on the OS epidemiological dimensions, Quality of
Life, economic considerations, and the OS approaches. The
exclusion criteria were the following: age of participants
(i.e. <18), in English only, letters to the editor, conference
abstracts, commentaries, and grey literature.

Epidemiology — dimensions of the phenomenon

Over 60 million Europeans, of which 3 million in Italy,
and 45 million Americans are affected by Rhinosinusitis
(RS) (13). Considering the American (i.e. 327.540.066)
(14), European (i.e. 747.713.322) (15), and Italian (i.e.
60.359.546) (16) population, the prevalence of RS amounts
to 14%, 8%, and 5% respectively. Nowadays, evidence in
the literature reports that 10-12% up to 40% of all sinusitis
cases are associated with odontogenic infections (17-21).

Given the high heterogeneity among the frequencies
of odontogenic infections correlated to RS reported in the
scientific literature, two scenarios, based on the lower (i.e.
10%) and upper (i.e. 40%) frequency of OS associated
with RS were considered. According to the first scenario
(i.e. 10% frequency), the prevalence of OS on the total
population accounts for 1.4% or 4.5 million people,
0.8% or 6 million people, and 0.45% or 271 thousand
people in the United States of America, Europe and Italy,
respectively. Considering the second scenario (i.e. 40%
frequency), the prevalence of OS on the total population
amounts to 5.6% or 18 million people, 3.2% or 23 million
people, and 1.8% or 1 million people in the United States
of America, Europe and Italy, respectively.

As described by Arias-Irimia et al. OS is most common
among 40 years old with a female predominance. The
mean age increases to 60 years old if OS is associated with
implantology procedures. This study further examined
the etiological agents of OS. The iatrogenia was by far
the leading cause of disease (55.97%) followed by other
etiologies as periodontitis (40.38%) and odontogenic
cysts (6.66%).

Among the iatrogenic causes, oroantral fistulas
accounted for 47.56%, the extrusion of endodontic
obturation materials represented the 22.27%, nonspecific
foreign bodies amounted to 19.72%, apicectomy equaled
to 5.33%, the maxillary sinus floor augmentation pre-
implantology surgery represented the 4.17%, and the poorly
positioned dental implants accounted to 0.92% of all cases
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included under a iatrogenic cause (17). A recent systematic
review examining the OS etiology and teeth involved found
that the first and second molars were the most affected teeth
with an incidence of 35.6% and 22% followed by the third
molar (17.4%), the second premolar (14.4%), and the first
premolar (7.2%). The canina (3%) and the second ncisive
(0.4%) remain scarce and occasional (22).

Quality of Life

A recent study focused on determining whether
there is a difference in the impact of sinonasal
symptomatology on general health-related quality of
life (QOL) in odontogenic chronic (C) RS compared
to non-odontogenic CRS. The severity of sinonasal
symptomatology and CRS-specific QOL detriment
was measured using the 22-item Sinonasal Outcomes
Test (SNOT-22) and general health-related QOL was
measured using the health utility index from the 5-item
EuroQol QOL survey (EQ-5D HUV). Odontogenic
CRS had a major impact on individuals, and they were
significantly associated with a decrease in the EQ-5D
HUYV scale (p=0.008). As a result, sinonasal symptoms
have a greater impact on general QOL in odontogenic
CRS compared to non-odontogenic ones (23).

Implantological procedures and odontogenic sinusitis:
economic considerations

Evidence in the literature reported that 1.5 million
dental implants are placed annually in Italy (24). A recent
systematic review showed that around 5% of sinusitis
of odontogenic origin is caused by dental implants (17).
In Italy, the number of OS is 271.600 and 1.086.480
considering the 10% and 40% scenario, respectively.

Given that, the OS number caused by implantological
procedures, calculated by multiplying the number
of OS in Italy by the percentage of OS caused by
implantological procedures, is 13.580 and 54.324,
considering the 10% and 40% scenario, respectively.
From the National Health System perspective, the tariff
related to the treatment of implantological complications
amounts to € 2.798 for each patient (25).
As a result, guaranteeing the proper management of
patients in a pre-implantological setting leads to a
potential saving of around € 38 million and €152 million
for the National Health System, considering the 10% and
40% scenario, respectively.
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Multidisciplinary approach to odontogenic sinusitis
Concomitant management of the dental origin and the
associated sinusitis will ensure complete resolution of the
infection and may prevent recurrence and complications.
A combination of medical and surgical approaches is
generally required for the treatment of OS. The removal
of a foreign tooth root from the sinus, or the treatment of
an infected tooth by extraction or root canal therapy, was
required to eliminate the source of infection (26). Thus
far, previous studies have confirmed the necessity of a
multidisciplinary approach in the OS management.
Trimarchi et al. (2019) reviewed several case series of
odontogenic infections from January 2008 to December
2018 and found that multidisciplinary agreement of
otorhinolaryngologist and dental surgeon is a crucial step
in proper diagnosis and treatment of odontogenic infections
(26). Even Craig et al. (2020), in a recent evidence-based
review, highlighted that OS management should involve
shared decision making between the otolaryngologist, dental
provider, and patient, where the benefits and risks of dental
treatment and endoscopic sinus surgery are discussed (27).
OS is an
pathophysiologic

underdiagnosed phenomenon  with

mechanisms,  microbiology, and
treatments differing from those seen in RS. Given the
multidimensional aspects of OS and their complications, a
multidisciplinary approach to OS is necessary as their impact
on the clinical practice and on the Italian National Health
Service is assuming increasingly important dimensions.
Failure to identify odontogenic sources of sinusitis results
in persistence of symptoms and failed medical and surgical
interventions with a consequence detriment of quality of
life and significant economic impacts.

To guarantee an effective multidisciplinary approach,
it is essential to establish a link between interprofessional
collaboration (28)
involving dental providers and otorhinolaryngologist.

education and interprofessional

These collaborative forms should be supported by
investments of several public and/or private stakeholders
to sustain this modern successful OS treatment.
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Time course of the upper limb motor recovery in subacute stroke patients undergoing
conventional or robotic rehabilitation. A preliminary report
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Upper limb recovery is a complex process and a strong challenge in the rehabilitation of patients
after stroke. Several studies have been conducted to compare the efficacy of conventional and robotic
rehabilitation to restore the upper limb motor impairment following a stroke. However, the evolution
of the upper limb motor ability during an intervention, as well as the time point when the patient stops
improving (the so call plateau), are rarely measured, and never compared between the two approaches.
These latter aspects are very important considering the need for an optimization of the economic
resources. In this study, the time course of the upper limb motor recovery of 24 subacute stroke patients
undergoing a 30-session robotic or conventional treatment was analyzed through the upper extremity
portion of the Fugl-Meyer Assessment scale (FMA-UE). The FMA-UE was administered before the
treatment, and after 10, 20, and 30 rehabilitation sessions. Statistical analysis showed that, according
to the FMA-UE, the time course in the two groups was similar: patients did not change between the
baseline and the 10-session assessment, while they improved between 10 and 20 sessions, and between
20 and 30 sessions, with most of the gain observed between 10 and 20 sessions. This result suggests that
30-session robotic or conventional rehabilitation programs induce a similar curve trend in the upper
limb motor recovery of patients with subacute stroke, with an important increase in the middle of the

program and without reaching a clear plateau in the analyzed time interval.

Stroke is one of the most common causes of
disability (1), the second-largest contributor after
ischemic heart disease globally and in developing
countries, and the third cause in developed countries
(after ischemic heart disease and lower back and neck
pain), with significant regional variation in disease
burden across both developed and low- to middle-
income countries (2).

Upper limb (i.e., arm, hand, and/or finger) motor
impairments are often persistent and disabling (3).
After 6 months from stroke, the upper limb functional
recovery is complete in only 12% of patients (4);
therefore, most stroke survivors show upper limb

motor deficit, with a negative impact on their level of
activities (5-7) and participation (8, 9). The observed
upper limb impairments after stroke comprise paresis,
abnormal muscle tone, decreased somatosensation,
and coordination (10), worsening their abilities in
performing activities of daily living (ADL) (11).
Therefore, improving upper limb function is
an essential element of rehabilitation after stroke
to maximize recovery (11), especially in the first 6
months since the onset of stroke because the motor and
ADL recovery of stroke survivors declines afterward
(12). Many techniques that aim to rehabilitate arm
function after stroke have been proposed (13). In the

Key words: rehabilitation; stroke, robotics, upper extremity, Fugl-Meyer assessment

Corresponding Author:

Marco Germanotta, PhD,

IRCCS Fondazione Don Carlo Gnocchi,
Adress: Via di Scandicci, 269,

50143 Florence, Italy

e-mail: mgermanotta@dongnocchi.it

201(S3)

0393-974X (2020)
Copyright © by BIOLIFE, s.a.s.

This publication and/or article is for individual use only and may not be further
reproduced without written permission from the copyright holder.
Unauthorized reproduction may result in financial and other penalties
DISCLOSURE: ALL AUTHORS REPORT NO CONFLICTS OF
INTEREST RELEVANT TO THIS ARTICLE.



202 (S3)

last decades, robotics made a substantial contribution
to the field of upper limb rehabilitation after stroke.
In fact, a considerable effort has been devoted to
developing rehabilitation robots, aimed at supporting
recovery from sensorimotor deficits, experienced
by individuals after central nervous system damage,
with a focus on stroke. Thanks to technological
advancements and cost reduction, these devices today
are being increasingly employed in clinical practice.
Rehabilitation robots can provide tailored therapies
that fulfil the main principles of neurorehabilitation,
i.e., repetition, high intensity, and task specificity, in
a complex and enriched environment, reducing, at the
same time, the physical burden on therapists.

According to the abovementioned principles,
robotic rehabilitation aims to promote neuroplasticity
and, therefore, neurophysiological recovery, inducing
functional or structural plasticity in brain networks,
controlling both motor and cognitive functions (14).
A recent meta-analysis (15) has shown that robotic
therapy is likely to improve ADL, motor function, and
strength of the upper limb after stroke. However, recent
studies on large samples, involving 770 (16) and 224
(17) patients, failed to demonstrate the superiority of a
robotic treatment over traditional approaches, in terms
of recovery of upper limb motor functions. Based on
current literature, a recent meta-analysis affirmed
that the outcomes of robotic-assisted arm training are
comparable with conventional therapy (18).

Usually, the different rehabilitation approaches are
compared in terms of the change of a selected outcome
(a clinical scale, or a kinematic /kinetic metrics)
before and after the intervention. However, upper
limb recovery is a complex process, and the evolution
of the motor ability during an intervention, as well as
the time point when the patient stops improving (the
so-called plateau), are rarely measured (19).

Lee et al (20) examined the time-course changes
in neurologic impairments and recovery in functional
impairments at the initial rehabilitation baseline,
1, 2 and 4 weeks after a conventional rehabilitation
treatment, and 3, 4, 5 and 6 months after stroke in
20 patients, using well-established clinical scales.
Other studies addressed this topic (21-24) in patients
undergoing a robotic intervention, through the help of
the robotic devices themselves; in fact, thanks to the
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build-in sensing technology, the provided kinematic
and kinetic data, are processed to obtain quantitative
parameters. These indices are useful for tracking
patient progress during robot-assisted rehabilitation
and to design patient-tailored rehabilitation protocols;
however, the relationship between robotic and clinical
assessment is not completely understood. Moreover,
as robotic assessments are often similar to the trained
movement, it is not known if the time course, as
measured by kinematic parameters, resembles the
real-time course of recovery, as measured by a clinical
assessment that evaluates a wider interval of function,
such as the Fugl-Meyer Assessment scale. To the best
of our knowledge however, there are no studies that
investigated if conventional and robotic approaches
differently influence the trend in the upper limb motor
recovery during a rehabilitation intervention. In
the light of this, the study aims to compare the time
course of the upper limb motor recovery in patients
undergoing conventional or robotic rehabilitation,
using a well-established measure of upper limb motor
impairment in stroke.

MATERIALS AND METHODS

Patients

As part of a larger clinical multicenter controlled
trial (registered at clinicaltrials.gov, NCT02879279), we
studied a subsample of 24 patients affected by subacute
stroke, enrolled in inpatients rehabilitation facilities of
Fondazione Don Carlo Gnocchi. Written informed consent
was obtained from all participants before the study.

Inclusion criteria were as follows: diagnosis of stroke
(ischemic or hemorrhagic) clinically and instrumentally
defined by CT or MRI; time since stroke between 2
weeks and 6 months; age between 40 and 85 years; and
cognitive and language abilities sufficient to understand
the experiments and follow instructions. Exclusion
criteria were: a previous ischemic or hemorrhagic stroke;
behavioural or cognitive disorders that prevented the use
of technology; ankylosis of the upper/lower limbs; severe
visual acuity deficiency; upper extremity Fugl-Meyer
score >58; inability to sign informed consent.

Ethics
The study was conducted under the International
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Guidelines for Good Clinical Practice and the Declaration
of Helsinki and it was approved by the local ethics board
(FDG_6.4.2016_Prot.N.8/2016CE_FDG/FC/SA).

Treatment

In the main trial, the enrolled patients were randomly
assigned to two treatment groups: the conventional
treatment group (CG) or the robotic treatment group (RG).
More information about the trial is available elsewhere
(17). In this study, data from 13 patients in the CG and 11
in the RG were analyzed.

Inboth groups, each patient performed 30 rehabilitation
sessions (five per week, for 6 weeks), lasting 45 min each,
focused on the recovery of the upper limbs. In the CG,
patients performed exercises for hand, arm, and shoulder
oriented to sensor-motor re-programming, inhibition of
the hypertonus, functional improvement, and task-oriented
exercises. In the RG, patients’ upper limbs were treated
by using the following devices (25): (a) a robotic device
that allows passive, active, and active-assistive planar
movements of the shoulder and elbow joints (Motore,
Humanware, Pisa, Italy) (26); (b) a robotic device that
allows passive, active and active-assistive finger flexion
and extension movements (Amadeo, Tyromotion, Graz,
Austria) (27); (c) a sensor-based device that allows three-
dimensional movements of the shoulder, elbow, and wrist
joint, both unimanual and bimanual, without mechanical
support (Pablo, Tyromotion, Graz, Austria); (d) an
electromechanical system with an arm weight support
that allows three-dimensional, unimanual and bimanual,
movements of the shoulder joint (Diego, Tyromotion,
Graz, Austria) the devices are reported in Fig. 1.

The proposed exercises consisted of specific settings
in which the patients were asked to actively participate in
using motor and cognitive strategies to correctly perform
the exercise. Sounds and colours help to focus the patients’
attention on the exercise and to stimulate their response.
Furthermore, all patients underwent a global conventional
rehabilitative protocol of 6 sessions per week, each lasting
45 min, focused on postural changes, re-education, and
recovery of gait and balance.

Evaluation

Patients were evaluated at baseline and after 10, 20,
and 30 rehabilitation sessions using the upper extremity
motor section of the Fugl-Meyer Assessment (FMA-UE)
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28. The FMA evaluates recovery in post-stroke hemiplegic
patients and it is one of the most widely used quantitative
measures of motor impairment (29). It is characterized by
high inter-rater reliability (30, 31) and validity (32). This
measure includes five domains (motor function, sensory
function, balance, joint range of motion, joint pain) to
assess synergistic and voluntary movement after stroke.
In this study, we considered the motor domain.

The motor domains of the Fugl-Meyer Assessment of
Upper Extremity (FMA-UE) rely on direct observation
of the motor performance at each item using a 3-point
ordinal scale (0 cannot perform, 1 performs partially, and 2
performs fully). FMA-UE includes four motor subscales:
Upper Extremity (0-36 points), Wrist (0—10 points), Hand
(0-14 points), Coordination/Speed (0—6 points). The total
maximum score indicating a good function is 66 points.

Statistical analysis

Baseline characteristics were compared in the two
groups (conventional and robotic group), by using
the Mann—Whitney U test or the chi-squared test
as appropriate. To compare the time course of each
rehabilitation treatment, a mixed ANOVA test was used,
with time (4 levels: baseline, after 10, after 20, and
after 30 sessions) as within-subject factor, and group
(2 levels: conventional and robotic) as between-subject
factor, followed by post-hoc tests with Bonferroni
correction, if necessary.

Moreover, the effect size of the change between
two subsequent evaluations was computed by using the
Cohen’s d, interpreted as follows: 0.20 means a small
difference, 0.50 a medium difference, while a value
around or above 0.80 means a large difference (33).
For each test, a p-value lower than 0.05 was deemed
significant. Statistical analysis was performed by using
the IBM SPSS package, version 25 (Armonk, NY, USA).

RESULTS

The demographic and clinical characteristics of
the enrolled sample are reported in Table 1. Patients
in the two groups were comparable in terms of sex,
age, time elapsed since the acute event, affected
side, number of patients with language deficits or
hemispatial neglect, and upper limb impairment, as
measured by the FMA-UE at the enrollment.
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Table 1. Baseline characteristics of the sample (N=24).
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Variables Conventional group Robotic Group P
(N=13) (N=11)
Sex Women 6 (46.2%) 3(27.3.3%) 0.423
Men 7 (53.8%) 8 (72.7%)
Age 67.0 (13.5) 69.8 (9.4) 0.691
Time since stroke 83.6 (48.2) 74.9 (46.2) 0.569
Index stroke tvpe Ischemic 6 (46.2%) 8 (72.7%) 0.240
P Hemorragic 7 (53.8%) 3(27.3%)
. Right 6 (46.2%) 3(27.3.3%) 0.423
Affected side Left 7 (53.8%) 8 (72.7%)
. . . . >0.999
Patients with language impairment 2 (15.4%) 1(9.1%)
Patients with neglect syndrome 1(7.7%) 1(9.1%) >0.999
Baseline FMA-UE 26.0 (16.3) 22.5(12.4) 0.733

Data are mean (SD) or absolute numbers (%). P values refer to the Mann-Whitney U test, or the Fisher Exact

test, as appropriate.

The time course of recovery in the two groups
is depicted in Fig. 2. According to the statistical
analysis, the interaction factor timeXgroup was not
statistically significant (F=420, p=0.671), meaning

Fig. 1. Robotic and sensor-based devices used to treat
the upper limb of patients assigned to the robotic group:
(A) Amadeo (Tyromotion); (B) Motore (Humanware); (C)
Diego (Tyromotion), and (D) Pablo (Tyromotion).

a similar trend in the two groups. The main effect
time was significant (F=28,029, p<0.001), meaning
a significant change of the FMA-UE over time.

The post-hoc analysis showed that the first
10 sessions did not significantly change the
motor impairment (p>0.999), while a significant
improvement was detected from 10 to 20 sessions
(p<0.001), and from 20 to 30 sessions (p=0.023).

As reported in Table II, the magnitude of the
improvement was higher when comparing the FMA-
UE scores after 10 and after 20 sessions, while lower
values were detected comparing the outcome at 20
and 30 sessions. Specifically, the effect size was high
for both groups from 10 to 20 sessions, while it was
still high for the robotic group and moderate for the
conventional group in the last assessment (between
20 and 30 sessions).

DISCUSSION

In this study, we analyzed the time course of the
upper limb motor recovery in two groups of patients with
stroke undergoing a conventional or a robotic approach.

Two main results emerged from this study that
can be summarized as follows: first, the time course
of motor recovery was similar in the two groups;



Journal of Biological Regulators & Homeostatic Agents

(S3) 205

Table II. Mean difference with standard deviations (SD) and effect size (Cohen s d) across the different time points for the

two groups, separately.

Conventional Group

Robotic Group

Mean Difference  Effect Size = Mean Difference  Effect Size
(SD) (SD)
Between Dbaseline and 10 -1.0(7.3) -0.136 1.0(7.0) 0.143
sessions
Between 10 to 20 sessions 7.7 (5.7) 1.358 5.1(2.0) 2.581
Between 20 and 30 sessions 2.5(6.4) 0.394 4.5 (3.6) 1.257

second, the central sessions (from 10 to 20) seem
the most effective in improving upper limb motor
performance when compared to the first (from 1 to
10), when patients did not improve, and the last (from
20 to 30) sessions, where the FMA-UE still shows a
decrease of the upper limb motor impairment.

The first result supports the equivalence of
conventional and robotic rehabilitation in the
recovery of upper limb motor performance after
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Fig. 2. Mean values with standard errors of the upper
extremity portion of the Fugl-Meyer Assessment (FMA-
UE) during the 30-session rehabilitation interventions
(conventional and robotic, separately). The mixed
ANOVA test showed that the main effect time was
significant, while the interaction factor timeXgroup
was not significant. The Bonferroni-corrected p-values,
referring to the post-hoc tests comparing each timepoint
with the subsequent one, are reported.

stroke, not only in terms of the outcome (16, 18, 34)
but also in terms of the curve trend. With respect to
the second result, we can speculate that, in the first
phase of the intervention, for the anatomical and
functional complexity of the upper limb, patients need
of an adequate period of motor-sensory stimulation,
produced by the rehabilitation exercises (robotic
or conventional), to learn new motor programs
troughs neuroplasticity process transforming into
active a movement previously carried out passively.
This can be an extensive process that requires time
to be accomplished; on the contrary, concerning
the reduced improvement in the third phase, two
possible explanations can be proposed: considering
the time elapsed since the acute event, it is possible
that patients are approaching a plateau in their
possibility to recover from the injury, or it can be also
possible that in the final phase of the rehabilitation
intervention, a different approach, more specific
and tailored, should be proposed to patients to
maximize their gains. In this perspective, it could be
of interest to verify, in a future study, if two separate
interventions (a conventional intervention followed
by a robotic intervention, or vice versa) could
provide a similar magnitude of the improvement
also after 30 sessions.

Overall, it is particularly important to highlight
that a plateau is not evident during the analyzed
30-session intervention, meaning that longer
rehabilitation periods could be more beneficial to
reduce the upper limb motor impairment determined
by the stroke. This result is in accordance with Lee
et al (20) that, assessing weekly the neurologic and
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the functional impairment in a cohort of stroke patients
at several time points (at initial rehabilitation baseline,
1, 2, and 4 weeks after rehabilitation treatment, and 3,
4, 5, and 6 months after stroke), found a statistically
significant improvement at every assessment, when
compared to the previous one. This indicates that upper
limb recovery had not yet plateaued in the investigated
period (nearly between 3 and 6 months after the acute
event). In fact, according to the authors, upper limb
recovery after stroke is a slower process, if compared
to the lower limb recovery, that generally reaches a
plateau around three months after the acute events (35).

In comparison to Lee, at al (20), we did not
observe a statistically significant improvement after
10 rehabilitation sessions. This difference could be
explained with the different time elapsed from the
acute event in the two studies (about 15 days in the
study of Lee et al, and about 80 days in our study).

It is well known that spontaneous recovery plays
a major role in functional improvements measured
within the first month poststroke (36), while the
recovery in the subacute phase is strongly linked
to the influence of rehabilitation, with slower
improvements that progressively level off after 6
months poststroke (35).

Our results showed a different trend when
compared to those obtained using robot-based metrics
to assess motor recovery. Mazzoleni et al. (21) studied
25 subacute stroke subjects undergoing a 30-session
rehabilitation session with a planar robotic device. The
considered kinematic parameters show statistically
significant improvements after 10 sessions of robotic
treatment; subsequently, a plateau was observed.
Similar results were found in a subsequent study by
the same group on 12 subacute and 12 chronic stroke
patients (22). Duret et al. (23) investigated the time
course of motor recovery in 25 stroke survivors over
16 sessions of robot-assisted shoulder/elbow training
using a planar device combined with standard therapy,
by measuring three robotic parameters (stiffness,
slottime, robotic power) every four sessions. Their
results showed that the slottime significantly decreased
after eight sessions, while the stiffness decreased
after 12 sessions; on the contrary, the robotic power
did not significantly change during the investigated
intervention. Goffredo et al. (24) analyzed data coming
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from 68 subacute stroke patients who conducted 20
daily sessions of upper limb rehabilitation using the
same planar robotic device as in the study of Duret et
al. (23) previously described. Specifically, Goffredo
et al. (24) analyzed several kinematic parameters
provided by the device during each session that
showed significant intersession differences during
the first 5/10 sessions, while no further significant
variations occurred afterward.

The discrepancy between the lack of improvement
in the first phase of the rehabilitation intervention
in our sample, and the improvements detected by
the above-mentioned study, could be related to the
different outcome measures: in fact, it is possible that,
in the first phase of the intervention, patients mainly
acquire the trained task (i.e., the planar reaching
movement), and therefore, the related robotic metrics
improve. On the contrary, as said before, it is possible
that the translation from the trained task to different
tasks, as those evaluated through the FMA-UE, need
longer times to be obtained.

Regarding the last phases, when our sample
continued to improve, while the sample in the
abovementioned studies did not, the different
outcome measure, also to the differences in the
provided intervention could be also related. The
kinematic parameters may reach a plateau, or the
planar intervention is no longer able to be beneficial
for the motor recovery: in fact, it is worth to note that
we selected a set of robotic and sensor-based devices
to provide a more comprehensive intervention that
targets all the upper limb, from the shoulder to the
fingers, as in a conventional approach.

Possible limitations of our study are the
small sample size and the relatively short time of
observation. Future studies, with large samples and a
long-term follow-up focusing on the evaluation of the
time course of motor recovery in patients undergoing
an upper limb rehabilitation intervention are needed
to identify the optimum duration and combination of
approaches to maximize the recovery.
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