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Abstract: The use of telerehabilitation systems has shown a significant growth in the past years,
demonstrating their crucial relevance in the time of the COVID-19 pandemic. Many devices and
sensors have been proposed to analytically measure parameters for patient assessment, with limi-
tations due to costs or feasibility. In this paper, we present a motor telerehabilitation system with
computer vision-assisted markerless measures for patients with Rett syndrome. Twenty-one RTT
(Rett syndrome) patients, with ages ranging from age 4 to 31 (Median: 12.50; IQR (interquartile range):
9.50–17.25) were recruited. The study follows a pre-test–post-test design, where the patients were
submitted to a pre-test, treatment, post-test 1, treatment, post-test 2 procedure. Progress in patient
outcomes was assessed by measuring joint passive range of movement (PRoM). Results show the
reliability of our system, and the feasibility of a telerehabilitation treatment for RTT patients, with
significant improvements in shoulder mobility and in elbow flexion and extension. Limited results in
lower limbs suggest that home treatment should be fostered to reduce sedentary time.

Keywords: Rett syndrome; telerehabilitation; telemedicine; multiple disabilities; human–computer
interaction; computer vision

1. Introduction

Rett syndrome (RTT) is a severe neurodevelopmental disease caused, in most cases,
by a mutation in the MECP2 gene [1,2]. The condition affects about 1/10,000 females
and a few males, although some researchers have reported a higher incidence rate [3–5].
Cognitive, communication, and motor regression are the hallmarks of RTT, occurring after a
seemingly normal prenatal and perinatal period. People with RTT typically show repetitive
hand movements, muscle tone abnormalities, and movement disorders such as ataxia and
apraxia, causing limited gross and fine motor function [6–14]. The neuromuscular impair-
ment and limited mobility facilitate the development of musculoskeletal abnormalities.
RTT syndrome frequently affects feet and spine, but all body joints can be affected [15].

Although body joint musculoskeletal abnormalities showed a prevalence between
36 and 60% in the population with RTT [16,17], these conditions received little attention
in the literature. Range of motion (RoM) limitations of body joints negatively affect the
subject’s active and passive mobility, complicating the execution of movements and daily
care provision by caregivers (such as dressing, undressing, and personal hygiene). Several
nonsurgical intervention strategies are available for improving joint RoM (see [18,19] for
reviews). However, to the authors’ knowledge, when looking at the population with RTT,
only one physiotherapy intervention concerning joint RoM improvement was proposed and
tested [20]. It referred to an individualized, remotely supervised intervention based on the
performance of motor activities and postural strategies to contrast with the RoM limitations
of the joints. However, although conducted remotely, this intervention was based on an
in vivo evaluation of the participants, requiring the professionals and experts to visit the
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person’s house. Moreover, as the intervention was supervised through videoconferences,
the researchers could not evaluate the performance of the provided activities in real time.

Remotely provided physiotherapy interventions referred to the field of telerehabilita-
tion. Telerehabilitation refers to using various technologies to provide rehabilitation and
habilitation services remotely [21], from assessing a person’s condition to individualized
intervention development. Moreover, using telerehabilitation strategies allows improved
access to rehabilitation services and specialists, preventing unnecessary delays in care and
support [22].

In the last decade, the literature has been enriched with publications exploring new
technologically based therapeutic strategies for evaluating and treating the cognitive, com-
municative, and motor disabilities produced by RTT [23,24]. In all these fields, technology-
supported strategies effectively support skill acquisition or improvement. However, while
high-level technological tools were proposed for cognitive and communication areas (such
as eye tracking and face recognition systems [25,26]), the available motor remote rehabilita-
tion interventions for people with RTT are based on videoconferencing (a low technological
level strategy).

Recent technical developments in computer vision provide the potential for markerless
human motion capture for biomechanical and clinical applications. The use of such tech-
nology in rehabilitation has rapidly grown in the last decade [27–37], allowing continuous
rehabilitation training at home with similar effects compared to conventional therapies.
Markerless motion capture based on devices that include dedicated pose-estimating soft-
ware and standard cameras working with separate software such as OpenPose were used
to evaluate and train people with neuromotor disorders of various etiologies. The use of
these tools for evaluation purposes was successfully proposed for assessing gait spatiotem-
poral parameters (such as walking speed and cadence [38,39]) and upper- and lower-body
joint kinematics and dynamics during mobility tests and tasks [40–42]. The data retrieved
were used to estimate motor function classifications (e.g., Gross Motor Function Classifica-
tion System and Gait Deviation Index [31]), diagnostic analysis (e.g., general movement
assessment in children for early detection of cerebral palsy [43,44]), disease progression
monitoring [45,46], and fall prevention in older adults [47].

Despite the growing body of literature concerning the clinical use of markerless motion
capture technologies, its application for the passive range of motion (PRoM) assessment of
joints was rarely proposed, even though an excellent agreement with goniometer readings
and small measurement standard error was reported when assessing joint PRoM [48,49].
In the past, methods based on inertial sensors [50–52] and 3D marker-based motion cap-
ture [53] have been shown to be very accurate for measuring RoM. However, these methods
require a specific setup and are not as user-friendly as markerless motion capture [31].
Moreover, as far as the authors know, no attempts to use markerless motion capture systems
were made to assess the joint PRoM of people with severe and multiple disabilities, such
as those with RTT. The authors previously developed the Telerehabilitation, Counseling,
and Training in Rett Syndrome (TCTRS) system [54], an integrated remote rehabilitation
platform for people with RTT. The TCTRS enables remote cognitive, communication, and
motor rehabilitation intervention through a rehabilitation platform developed explicitly for
rehabilitating people with RTT, which integrates videoconference software, eye-tracking
technology, and a markerless body motion capture system, allowing rehabilitation profes-
sionals to conduct evaluation and intervention remotely through consumer-grade devices
and communication technologies, whereas in other cases, specific approaches were ex-
ploited to guarantee adequate communication performances [55]. In particular, the TCTRS
introduces a digital goniometer function based on markerless motion capture technology,
allowing remote PRoM assessment.

Therefore, the current study aims to estimate the reliability of the digital goniometer
included in the TCTRS system. A second aim is to evaluate the effect of an individual-
ized physical therapy intervention, remotely provided through the TCTRS system, on
improving the shoulder, elbow, and knee PRoM of people with RTT, using the TCTRS
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digital goniometer as an outcome measure. Therefore, the overall research question is to
investigate if the motor telerehabilitation setting provided by the TCTRS project is suitable
and adequate for patients with multiple disabilities, and specifically for RETT patients,
given their peculiarities.

2. Materials and Methods
2.1. Participants

The participants are the same as a previously published work on the development
of cognitive abilities [23]. Twenty one RTT patients were recruited in the study by the
Italian Rett Association (www.airett.it, last accessed on 29 November 2022). Their ages
ranged from 4 to 31 (Median: 12.50; IQR: 9.50–17.25). RTT patients were classified as clinical
stage III or IV, following criteria defined by Neul et al. [9]. All the participants manifested
hand stereotypies and used to attend schools or socio-educational centers. Syndrome
severity was assessed for each patient using the neuropsychiatric reference. Levels of
severity ranged from 5 to 20, where level 5 refers to mild severity, while level 20 refers to
severe severity, according to the standardization of the subscale “clinical severity” of the
RARS [56]. Table 1 shows the attributes of the groups.

Table 1. Characteristics of participants (this table comes from work Fabio et al. [23]).

Participants Patient ID Clinical
Stage Age MeCP2

Mutation

Level of
Severity
(RARS)

Functional
Ability
Level

1 L.G IV 25 T158M 75.5 75
2 L.A IV 25 T158M 75.5 75
3 D.D IV 31 R306C 75 90
4 C.A III 5 T158M 58 84
5 A.C III 5 —- 71 71
6 C.L III 4 P152R 69.5 109
7 F.D IV 18 T158M 64 136
8 S.M III 14 T158M 62 91
9 D.F IV 25 R255X 64 111

10 C.M III 7 P322L 65.5 104
1 S.D IV 15 P133C 72 151

12 B.C III 5 R255X 71 75
13 S.A III 10 P322L 75 108
14 B.G IV 24 P152R 75 74
15 G.L IV 10 R255X 75.5 84
16 S.L IV 9 T158M 70 78
17 B.A III 10 P152R 75 71
18 P.V III 8 —- 65.5 69
19 L.M III 9 P322L 58 136
20 M.S IV 24 T158M 64 110
21 S.P IV 22 T158M 62 105

2.2. Study Design

A pre-test, post-test 1, post-test 2 study design was employed, with a group composed
of 21 young girls and women with RTT syndrome (Figure 1).

Subjects were evaluated by means of a telerehabilitation system, equipped with en-
hanced tools to acquire a digitized version of the patient’s skeleton superimposed on the
video depicting the patient. Patients were evaluated in the pre-test phase, measuring joint
angles. Evaluations were repeated after a first treatment step (5th week) and after the
conclusion of treatment (10th week). Measurements obtained in the different phases were
compared to assess the efficacy of the intervention. Outcomes in the different phases were
registered by blinded investigators to prevent subjective bias (Cohen’s kappa > 0.86).

www.airett.it
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2.3. The Telerehabilitation System Architecture

The telerehabilitation system contemplated two types of workstations, namely patient
side (local) and specialist side (remote), as Figure 2 shows.
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Figure 2. The telerehabilitation system architecture [54].

Patient and caregiver could communicate with therapists both for a cognitive or motor
rehabilitation session. Note that, in the case of RTT syndrome, patients could not be
autonomous in this operation, since they always need the presence of a caregiver. Patient
side, the system used a laptop with a built-in eye-tracker, a stereo camera, a webcam and a
headset. The software was implemented as a Web Application, exploiting CISCO Webex
API for videocalls.

2.3.1. Skeleton Model

The measurement system of our telerehabilitation software is based on the ZED Open-
Pose library (https://github.com/stereolabs/zed-openpose (accessed on 29 November
2022)) an open-source 3D version of the open-source library, OpenPose [57]. OpenPose
is a well-known AI-based software that allows the detection of the body skeleton of a
person in a single 2D image or in each frame of a video. As the inferred skeleton keypoints
are inherently 2D, the output of OpenPose was not sufficient to produce a suitable mea-
surement of joint angles in space. As a consequence, a 3D skeleton detection approach
was needed. In our experimental setup, a 3D camera, based on a stereo camera and a
stereo-to-3D reconstruction software library made available by the producer of the camera,
was exploited. The 3D camera produced a dense 3D cloud of points for each acquired video
frame. The keypoints of the 2D skeleton detected by the OpenPose software were then
matched with the 3D points and for each 2D keypoint, the closest 3D point was selected
as the corresponding 3D skeleton keypoint. The matching was performed by comparing
the (x, y) coordinates of each 2D skeleton keypoint with the (x, y) coordinates of the 3D
points. If an exact match was missing, then the Euclidean Distance was used to select the

https://github.com/stereolabs/zed-openpose
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nearest 3D point, taking into consideration the z coordinates of nearby, already selected,
3D skeleton points. Noticeably, as the stereo rig baseline was only 12cm wide, the 3D
point cloud did not contain points that were not visible in the 2D image analyzed by the
OpenPose software. As a consequence, for each 2D keypoint, one 3D point at most could be
selected by the matching process and no ambiguities were possible. By using the described
approach, the ZED OpenPose software produced a set of 3D skeleton keypoints for each
person detected in the stereo video.

In Figure 3, an example of the skeleton is shown, with the keypoint labeling and
planes.

Electronics 2023, 12, x FOR PEER REVIEW 6 of 16 
 

 

 
Figure 3. Skeleton model and keypoints used for joint measurements: left shoulder flexion: 1-5-6 
(sagittal plane); right shoulder flexion: 1-2-3 (sagittal plane); left shoulder abduction: 1-5-6 (frontal 
plane); right shoulder abduction 1-2-3 (frontal plane); left elbow flexion: 5-6-7 (sagittal plane); right 
elbow flexion: 2-3-4 (sagittal plane); left knee extension: 12-13-14 (sagittal plane); right knee exten-
sion: 9-10-11 (sagittal plane). 

2.3.2. Data 
Data were collected during videoconference calls by the local workstation (patient 

side), composed of a laptop with a connected stereo ZED camera and equipped with our 
telerehabilitation software. During telerehabilitation sessions, the specialist could re-
motely instruct the local workstation to record video sequences and text notes without 
distracting the local caregiver, by typing specific text commands in the video call chat. For 
example, writing Start recording began the recording event, while Start zed triggered the 
acquiring of skeleton data. All these annotations were recorded in a JSON file that con-
tained all the session’s data and metadata (see Figure 4). Metadata refers to text annota-
tions, date and time of the session, references to the other session files (video recordings). 
Data were about the 3D coordinates of the keypoints detected by the ZED OpenPose li-
brary during the session. 

Figure 3. Skeleton model and keypoints used for joint measurements: left shoulder flexion: 1-5-6
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plane); right shoulder abduction 1-2-3 (frontal plane); left elbow flexion: 5-6-7 (sagittal plane); right
elbow flexion: 2-3-4 (sagittal plane); left knee extension: 12-13-14 (sagittal plane); right knee extension:
9-10-11 (sagittal plane).

2.3.2. Data

Data were collected during videoconference calls by the local workstation (patient
side), composed of a laptop with a connected stereo ZED camera and equipped with our
telerehabilitation software. During telerehabilitation sessions, the specialist could remotely
instruct the local workstation to record video sequences and text notes without distracting
the local caregiver, by typing specific text commands in the video call chat. For example,
writing Start recording began the recording event, while Start zed triggered the acquiring
of skeleton data. All these annotations were recorded in a JSON file that contained all the
session’s data and metadata (see Figure 4). Metadata refers to text annotations, date and
time of the session, references to the other session files (video recordings). Data were about
the 3D coordinates of the keypoints detected by the ZED OpenPose library during the
session.
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Hence, at the end of each session, two types of files were locally stored, namely a
JSON file for data and metadata, and one or more video recordings (in WebM format), and
shared by the patient/caregiver through a Google Drive cloud storage service, which was
embedded in the telerehabilitation software. Each patient/caregiver user accessed her/his
cloud folder via OAuth 2.0 protocol and shared the folder with the therapists, so that those
data were available both to the patient/caregivers and the therapists.

It is worth noting that the stored files contained only the 2D and 3D coordinates of the
joints (keypoints) that would be sufficient to infer the joint angles described in Figure 3.
The process of 3D angle calculation was performed as follows (2D angles are similarly
calculated). Keypoint coordinates of two connected bones forming a joint were acquired as
described above (see section Skeleton model and Figure 3). Each keypoint was defined as a
triple in the 3D space as follows:

Pm (xm, ym, zm)

Pn (xn, yn, zn)

Po (xo, yo, zo)

Additionally, the skeleton bones defined by the segments PmPn and PnPo form an
angle in Pn. These segments were normalized and translated to the axes origin and were
represented as two vectors, defined by their coordinates, as follows (see Figure 5):

u = (u1, u2, u3)

v = (v1, v2, v3)
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Then, the angle αmno formed between the 3D vectors u and v was calculated as follows:

αmno = arccos
(

u·v
‖u‖‖v‖

)
(1)

where · is the scalar product of the vectors and ‖ ‖ represents the norm of the vectors.
As a consequence, data about angles were represented as a list of triples:

<subi, αmno, plane> (2)

where subi, i ∈ {0,1} represents the detected subject and αmno is the angle relative to the
joint referring to skeleton keypoints Pm, Pn, Po, and plane ∈ {frontal, sagittal}. It is worth
noting that the system could acquire more than one skeleton. This is a very important
feature since RTT patients are not autonomous and needed the assistance of a caregiver to
perform rehabilitation tasks. Hence, the therapist could discriminate the patient’s skeleton
from the software interface (see next section), avoiding mistakes in the joint angle data.

2.3.3. Therapist’s Interface

The software was developed within the project and has both client-side and server-side
components. The server-side component was used essentially to manage user accounts,
with different access levels (namely therapist, patient/caregiver, and administrator). The
user logged in to the system through a Cisco Webex account, via OAtuh 2.0 protocol, since
the Webex API was used to perform video calls.

The therapist’s interface allowed the therapist to analyze the data of the telerehabilita-
tion sessions, recorded as discussed above. Through the software interface, therapists could
analyze the acquired data both for the cognitive and motor session. In the specific case of
motor rehabilitation, the therapist could synoptically analyze 2D and 3D skeletons, together
with contextual annotations and joint angle measurements. During the telerehabilitation
session, the therapist guided the caregiver on which exercise to do, gave suggestions, anno-
tated text, or triggered data or video acquisition, but the patient evaluation was an offline
task (see section Data). However, during the online session, the skeleton overlapped on the
patient video, so that the therapist could notice if the data acquisition was not optimal, for
instance because of obstructions or poor light conditions.

In Figure 6, a screenshot of the interface is shown.
This tool had a very important role, as it provided objectivity and confirmed the

therapist’s observation.
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therapist’s comments overlayed.

The interface was composed of four sections (named from a to d in Figure 6) and a
menu on the left side. In section a, the interface shows some metadata about the therapy
session, such as the patient’s name, session ID, and the start and end date and time of the
session. Moreover, in section a, there is a timeline that shows a thumbnail of the video
recordings and text annotations taken by the therapist during the session, displayed at the
correct position in the timeline. Those annotations are also overlayed on the video shown
in section d at the correct time.

In section b, the interface shows a form where the therapist can choose either a single
frame to display skeleton data (section c), or a frame interval to see the skeleton animation
between those frames. The frame interval was not used in joint angle calculations, since
it is a new feature that we want to use in future for gait analysis, and so is not part of the
present study.

In section c, there are two skeleton representations, in 2D and 3D. While the 2D is used
to label the joints, the 3D skeleton is used to understand the position of the patient in space.
In the same section, the therapist can display the angles referring to the selected frame.

Section d shows the video recording of the session. The video has three overlayed
layers. The first shows the frame number and helps the therapist choose the desired frame
in section b. The second layer shows the acquired skeleton, so that the therapist can notice
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if the data acquisition is not optimal in a specific frame, for instance because of obstructions
or poor light conditions. The third layer shows text annotations of the therapist at the time
in which they were taken.

As a further improvement, we plan to integrate a decision support system in the
software, to better help therapists in data analysis and add functionalities, for instance for
gait analysis.

2.4. Procedure

Motor evaluation carried out through TCTRS allowed for the assessment joint PRoM.
Joint mobility was evaluated before (pre-test—T1) the intervention and both five (post-test
1—T2) and 10 (post-test 2—T3) weeks after it. The procedure flow diagram is depicted
in Figure 1. During the assessment, the patient sat on a chair with her back resting on a
backrest and her feet on the ground. The 3D ZED camera was placed in front of the subject
to evaluate ProM on the frontal plane, and to her side to evaluate ProM on the sagittal
plane. The body segments related to the evaluated joint were passively and gently moved
until the end of the allowed movement; at the end of the movement, a sample measurement
was acquired. Each evaluation was conducted by the participant’s primary caregivers, who
passively moved the subject’s joints in front of the 3D ZED camera. A trained therapist,
expert in carrying out such evaluation, with expertise in rehabilititating RTT patients,
followed the evaluation using the live coverage, guiding the procedure and ensuring the
correctness of the data collection. The PRoM of shoulder flexion and abduction, elbow
flexion and extension, and knee extension were collected for both sides of the participant’s
body. Shoulder flexion and abduction PRoM consisted of the angle formed by the arm
segment and the line connecting the shoulder and hip virtual joints. For shoulder flexion,
the measurement was collected on the sagittal plane, and for the abduction, on the frontal
plane. Elbow flexion and extension were measured on the sagittal plane and corresponded
to the angle created by the arm and forearm segments measured from the crook side of the
elbow. Knee extension was also measured on the sagittal plane and referred to the angle
between the thigh and leg segments measured from the crook side of the knee. Moreover,
to obtain an index of the subject’s spontaneous trunk alignment in sitting position, the
angle formed by the pelvis segment and median axis of the trunk was calculated. The
trunk alignment measurement was collected on the frontal plane after two minutes of
maintaining the position without any external intervention allowing the patient to settle in
her preferred natural position.

Motor activities were planned individually for each participant, considering the sub-
ject’s motor functioning and musculoskeletal conditions. The living environment and habit
characteristics of participants were also included in the planning process of therapeutic
exercises. Therefore, due to the high variability of the enrolled participants’ clinical and
personal aspects, therapeutic interventions differed one from the other. However, they all
followed the same approach. After the evaluation of the participant’s PRoM limitations and
motor functioning, a list of activities that required the subject to use (thus strengthening)
the muscles that opposed the movement limitation were planned (e.g., if a subject exhibited
a reduction in right shoulder flexion, she was asked to use her right arm to grasp an object
she liked placed on a high shelf, so that she spontaneously used her shoulder flexor mus-
cles, thus counteracting the limitation of movement). Together with these active strategies,
caregivers were taught passive postures to position the participants so that the muscles
responsible for the reductions in joint mobility could stretch. These passive postures were
identified to be easily learned by caregivers and used in the participants’ daily routines
and environments. Each rehabilitation program consisted of three or four active exercises
and two or three passive postures. The active exercises were performed every week within
three thirty-minute sessions for the duration of the intervention (three months). These
sessions were conducted by participants’ primary caregivers (who were together with
the girls) with the live supervision of a therapist experienced in the motor treatment of
people with RTT. Live supervisions were provided through the videoconference platform
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included in the TCTRS and aimed to guide the execution of the activities, clarify caregivers’
doubts, solve problems, and set new activities if needed. The performances of the passive
postures were also monitored through videoconference once a week by the same therapist.
Caregivers were asked to have participants maintain passive postures during the times of
the day when they wanted to rest, at least three times a week for 20 min for each posture. In
this way, the participants were more likely to relax, allowing the muscle to stretch, and no
time was spent on the passive posturing program during the remotely supervised therapy
sessions.

3. Results

The reliability of the conversion of 2D skeleton measures to the 3D skeleton measures
and to the goniometer therapist measures was estimated, and the results were put in relation
with the mobility of shoulder abduction and flection, elbow flection and extension, and
knee extension. We choose to compare our system with a universal two-axis goniometer,
since it is the most commonly clinical tool to measure joint angles, even if in some cases an
electronic inclinometer has also proven to be a highly reliable tool [58].

With regard to the mobility of the shoulder, we considered that the range of physiology
varies from 162◦ to 189◦ of flexion and from 140◦ to 172◦ of abduction. The elbow range
varies from −12.5◦ to 20◦ of extension and from 129.5◦ to 165.5◦ of flexion. Knee extension
range of motion varies from −6.5◦ to 18◦.

To estimate the reliability of the conversion between 2D skeleton measures, 3D skeleton
measures and the goniometer therapist measures, we applied Pearson correlations and the
intraclass correlation coefficient to assess the strength of the relationships among the three
methods. For each measure (shoulder abduction and flection, elbow flection and extension
and knee extension), the comparison between 3D skeleton measures and the goniometer
therapist measures are highly correlated (with r ranging from 0.62 to 0.89, p < 0.01) and the
reliability of the ratings for clusters is also high (with ICC ranging from 0.78 to 0.92). With
reference to the comparison between 2D skeleton measures and the goniometer therapist
measures, they are lower but still reliable (with r ranging from 0.45 to 0.77, p < 0.05 and ICC
ranging from 0.68 to 0.81). Moreover, the sensitivity to intervention was analyzed. With
reference to the range of passive left shoulder flexion and right shoulder flexion, Table 1
shows means, standard deviation, and range for each phase. Comparisons between T1 and
T2, T1 and T3, and T2 and T3 with their p-values related to Wilcoxon test are also shown.

As we can see, girls with Rett syndrome significantly increased the shoulder joint
mobility after the treatment. Table 2 also shows shoulder abduction. This parameter was
significantly wider at post-treatment evaluation compared to baseline. No effect was found
between T1 and T2 in both right and left shoulder abduction (left shoulder p = 0.92 and
right shoulder p = 0.26). Comparisons between T1 and T3 (left shoulder p = 0.021 and right
shoulder p = 0.005) and between T2 and T3 show a significant improvement (left shoulder
p = 0.005 and right shoulder p = 0.0018) in shoulder abduction. These results mean that
girls with Rett syndrome need more time to improve shoulder abduction range of motion.

With reference to elbow flexion, data analysis showed that there was a substantial and
significant improvement at the end of the 10-week intervention period (T1 to T3) and also
when comparing pre-treatment scores to scores after five weeks of treatment (T1 to T2); this
means that girls with Rett syndrome obtained better results with elbow flexion in the first
period of time and then maintained the level acquired for the remaining training period.

A significant improvement was detected in right elbow extension between T1 and T2
and between T1 and T3, but not between T2 and T3.
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Table 2. Measurements and estimated p-value from the passive left shoulder and right shoulder
movement sessions.

Joint Baseline (T1) Post Test 1 (T2) Post Test 2 (T3)
p-Value

T1-T2 T1-T3 T2-T3

Left shoulder flexion 137.83 ± 27.93◦ 131.28 ± 30.03◦ 146.61 ± 25.97◦ 0.003 0.003 0.05
(89◦ to 160◦) (77◦ to 165◦) (98◦ to 176◦)

Right shoulder flexion 125.73 ± 26.87◦ 135.19 ± 24.56◦ 147.52 ± 24.71◦ 0.045 0.016 0.009
(89◦ to 160◦) (90◦ to 165◦) (98◦ to 176◦)

Left shoulder abduction 136.56 ± 29.23◦ 137.49 ± 24.33◦ 150.16 ± 21.51◦ 0.92 0.021 0.05
(80◦ to 168◦) (100◦ to 165◦) (106◦ to 160◦)

Right shoulder abduction 130.02 ± 28.85◦ 135.48 ± 27.56◦ 145.46 ± 24.39◦ 0.26 0.05 0.018
(84◦ to 177◦) (87 to 177◦) (108◦ to 177◦

Left elbow flexion 137.85 ± 23.74◦ 150.32 ± 12.11◦ 153.97 ± 9.3◦ 0.28 0.13 0.35
(127◦ to 167◦) (136◦ to 179◦) (145◦ to 178◦)

Right elbow flexion 132.75 ± 24.03◦ 147.80 ± 8.83◦ 149.2 ± 10.89◦ 0.01 0.01 0.85
(85◦ to 160◦) (128◦ to 161◦) (127◦ to 167◦)

Left elbow extension 14.99 ± 14.75◦ 12.55 ± 5.9◦ 11.53 ± 6.77◦ 0.72 0.39 0.62
(2◦ to 54◦) (3◦ to 20◦) (4◦ to 22◦)

Right elbow extension 16.33 ± 11.09◦ 9.8 ± 7.05◦ 10.18 ± 8.85◦ 0.02 0.005 0.79
(4◦ to 40◦) (4◦ to 25◦) (0◦ to 28◦)

Left knee extension 11.55 ± 11.12◦ 10,18 ± 10,43◦ 9.45 ± 10.65◦ 0.21 0.06 0.56
(2◦ to 36◦) (1◦ to 30◦) (1◦ to 32◦)

Right knee extension 12 ± 11.74◦ 12.36 ± 10.9◦ 9.27 ± 8.17◦ 0.85 0.24 0.07
(2◦ to 44◦) (1◦ to 40◦) (1◦ to 27◦)

The difference between the greater improvement in elbow flexion and in elbow ex-
tension could be due to the type of exercises suggested to the girls. Functional exercises
were preferred during the intervention and no passive treatment, such as stretching, was
performed by the caregivers who participated in the program. Moreover, 20◦ was found
to be the minimum angle of elbow extension required to perform activities of daily living
(ADL) tasks. At the beginning of the intervention, the angle of the girls’ left elbow extension
was 14.99 (SD ± 14.75) and right elbow extension was 16.33 (SD ± 11.09).

The results showed statistically significant differences which are also likely to be
clinically significant.

4. Discussion

The 3D skeleton measure has proved to be a highly reliable instrument for measuring
mobility in patients with RTT. This opens new possibilities in this field, due to the greater
reliability and user-friendliness of this instrument, which allow measurements to be taken
very quickly. We demonstrated how our computer vision-based markerless system is
robust compared with the linear goniometer, a tool that therapists normally use in the
presence of the patient. Moreover, we learned that a remote telerehabilitation program,
where professionals can constantly monitor the patient, getting quantitative measures, such
as joint angles, can result in sensible improvements in patients’ mobility. The simplicity
of the setting and the reliability of the system can then reduce some of the limitations
and costs associated with other systems, such as those based on wearable sensors. In fact,
wearable sensors (such as an accelerometer or gyroscope in the case of PRoM measures [50])
may be expensive, potentially difficult to bear by a RTT patient, and hard to manage by a
caregiver. Moreover, patients performed the rehabilitation tasks in a familiar and ecological
environment, even during the monitoring sessions, where the only devices were a laptop
and a camera, leaned on the table in the room, without interfering with the patient’s daily
routine. This is a key issue that caregivers reported as a strength in the project, since they
could help patients (often their daughters) to perform tasks they were already trained to
do. From the therapists’ point of view, the system added objectivity to their observations in
video calls, and their evaluations could be corroborated by measured data.
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However, our system showed some limitations, mainly because it cannot measure
all movements and we calculated its reliability with a small sample. To overcome these
limitations, we plan to test some easy-to-use wearable devices such as cuffs or wristbands
in combination with computer vision algorithms that can improve data quality and extend
the set of monitored movements. Additionally, we plan to test the system reliability with a
larger sample. Moreover, since our system exploits computer vision algorithms, having
good data depends on the setting, for example light conditions or obstructions. These
difficulties could appear simple to overcome, but in the context of a family dealing with
a relative affected by a multidisability, even finding a corner in the house suitable for a
telerehabilitation session can be tricky.

Despite its limitations, new studies should be performed on its reliability in different
joints and movements.

In future interventions it could be necessary to associate an active rehabilitation
program to have a greater improvement of RoM.

Significant improvements were found almost only in the upper limbs. This could be
due to the greater use of upper limbs during the daily activities, while an improvement in
lower limbs (i.e., knee extension) would need a greater dose of motor activity such as longer
walks and uptime activities. Girls with Rett syndrome have low levels of daily physical
activity and high levels of sedentary time. This intervention might not have enough impact
on reducing sedentary time; an important focus for interventions to address long-term
health and quality of life in RTT could be enhancing activities such as standing and walking
for longer time [59].

The results showed statistically significant differences which are likely to be also
clinically significant.

5. Conclusions

Telerehabilitation systems have shown their critical relevance during the COVID-
19 pandemic, when several patients lost precious therapy interventions because of the
pandemic restrictions. However, for many patients suffering from rare diseases, access-
ing targeted therapies is often very difficult, due to the lack of specialized centers and
professionals in their proximity.

The proposed telerehabilitation system aims at reducing discomfort that patients and
families suffer to reach a far specialized center, giving an easy tool to therapists and patients
to remotely monitor motor therapies.

The main goals of the present study are the following: (i) analyzing the reliability
of our vision-based markerless system compared to the linear goniometer for joint angle
measurement; (ii) demonstrating the feasibility of a motor telerehabilitation program for
Rett patients, to improve their mobility. Despite the limitations discussed above, we
observed a significant improvement in the mobility of patients involved in the study.

We plan to apply several system enhancements, for instance adding an automatic
subject recognition system to discriminate whether the acquired data are related to the
patient or the caregiver, for instance embedding a face recognition algorithm.

Moreover, as part of the future work, we are working on adding a gait analysis system,
so that therapists can better promote mobility and reduce sedentary time for Rett patients.

In conclusion, we think that computer vision can play a significant role where more
precise tools are unavailable, not only to provide a simple and ecological tool to remotely
assess patient condition, but also to serve as an alternative interaction medium for impaired
people, for instance exploiting movement recognition in a virtual environment.
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