
Vol.:(0123456789)

Neurological Sciences (2024) 45:4657–4668 
https://doi.org/10.1007/s10072-024-07631-4

REVIEW ARTICLE

The use of digital tools in rare neurological diseases towards a new 
care model: a narrative review

Francesca Torri1,2 · Gabriele Vadi1 · Adriana Meli1 · Sara Loprieno1 · Erika Schirinzi1 · Piervito Lopriore1 · Giulia Ricci1 · 
Gabriele Siciliano1 · Michelangelo Mancuso1 

Received: 12 February 2024 / Accepted: 31 May 2024 / Published online: 10 June 2024 
© The Author(s) 2024

Abstract
Rare neurological diseases as a whole share peculiar features as motor and/or cognitive impairment, an elevated disability 
burden, a frequently chronic course and, in present times, scarcity of therapeutic options. The rarity of those conditions ham-
pers both the identification of significant prognostic outcome measures, and the development of novel therapeutic approaches 
and clinical trials. Collection of objective clinical data through digital devices can support diagnosis, care, and therapeutic 
research. We provide an overview on recent developments in the field of digital tools applied to rare neurological diseases, 
both in the care setting and as providers of outcome measures in clinical trials in a representative subgroup of conditions, 
including ataxias, hereditary spastic paraplegias, motoneuron diseases and myopathies.
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Introduction

Although numerous and heterogenous in clinical presenta-
tion, rare neurological diseases (RND) represent a specific 
entity, sharing peculiar features as motor and/or cognitive 
impairment, an elevated disability burden, a frequently 
chronic course and, in present times, scarcity of therapeutic 
options [1]. The rarity of those conditions and their vari-
ability, often without a straightforward genotype–phenotype 
correlation, hampers both the identification of significant 
prognostic outcome measures, and the development of novel 
therapeutic approaches and clinical trials. Given also the 
global economic burden of RNDs, mainly imputable to the 
slow progression and the presence of multiple comorbidi-
ties (respiratory, cardiological, rehabilitation and orthope-
dics, infections, nutrition, and many others) [1], the optimi-
zation of care and the identification of sensitive outcome 
measures is paramount. In this setting, the development and 

application of digital tools, may they be registers, wearable 
or tele-health devices, represents a transformative paradigm 
potentially providing accuracy, durability, and homogeneity 
of data collection. For example, in a clinical field where 
many patients display moderate to severe degree of motor 
disability and logistics for specialist visits are not always 
comfortable for them and for caregivers, digital tools can 
provide a continuous measurement of selected biological 
parameters, as movement, sleep, respiratory and cardiologi-
cal data (Fig. 1). Collecting this information in a prolonged 
manner also better depicts disease progression, as subtle 
changes may go unnoticed in periodic visits. For the same 
reason, realizing clinical trials, which are mainly held in 
few reference centers and often include patients from dif-
ferent geographical sites of the country, could face less 
accessibility problems and guarantee a wider recruitment. 
Finally, in recent times digital outcome measures are con-
tributing to efficacy assessments in clinical trials and have 
been validated by regulatory agencies [2]. Lessons have been 
learned also from the COVID-19 pandemics, that halted the 
possibility of many patients to access regular evaluations 
due to emergency travel restrictions, quarantine, and fear 
of contagion [3]. These events prompted the development 
and implementation in clinical practice of telehealth sys-
tems [3]. This review aims at providing an overview on the 
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panorama of the use of digital tools (biosensors, wearable 
devices, video-recordings, and others)in supporting clinical 
management and pharmaceutic trials in RNDs, as myopa-
thies, motoneuron diseases (MND), ataxias and hereditary 
spastic paraplegias (HSP).

Methods

This review was conducted searching for the latest pub-
lications regarding the application of digital tools in rare 
neurological diseases, both in clinical practice and trials. 
Therefore, ee searched on the PubMed and ClinicaTri-
als.gov databases using the following keywords: “digital 
tools”, “wearable devices”, “biosensors”, “actimyo”, “ALS”, 
“SMA”, muscular dystrophy”, “myopathy”, “pompe dis-
ease”, “ataxia”, “HSP”, “6mwt”, “SARA scale” and papers 
from the last five years were prioritized. We did not consider 
papers written in other languages than English. Retrospec-
tive studies, prospective observational studies and clinical 
trials were included in the selection. We included reports 
from ClinicalTrials.gov mentioning digital tools in clinical 
trials which have yet to begin or have not published final 
results, given the novelty of the subject specifically in RNDs, 
and in order to provide an updated description of the practi-
cal state of the art in this context.

Digital tools applied to care and clinical 
trials in RNDs

Ataxias and HSPs

Ataxias are a heterogeneous group of movement disorders 
due to damage of the cerebellum and related brain struc-
tures, which are characterized by the inability to harmoni-
ously coordinate the sequential activation of the muscle 
groups predominately involved in the coordination of bal-
ance, gait, speech, and limb and eye movements, resulting 
in loss of balance, the inability to maintain posture and 
perform movements or actions in a coordinated manner 
[4]. Hereditary spastic paraplegias are a heterogeneous 
group of neurodegenerative disorders, secondary to the 
pyramidal tracts involvement, which are characterized by 
progressive lower-limb spasticity resulting in a spastic 
and/or ataxic gait, leading to disability and increased risk 
of falls [5]. Biomechanically, ataxic gait is characterized 
by decreased speed and step length along with increased 
step width and variability in the timing and direction 
of steps [6], while paraparetic gait is characterized by 
reduced ranges of motion in lower body joints, which 
limit foot clearance and ankle range of motion [7]. Moreo-
ver, in ataxia, postural dysfunction consists in increased 

Fig. 1   Graphical representation 
of the components and subjects 
of application of digital tools 
for tele-monitoring, digital data 
collection and clinical trials 
design. Created with SMART 
– Servier Medical Art (https://​
smart.​servi​er.​com/)

https://smart.servier.com/
https://smart.servier.com/
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body sway and base width during standing as well as dur-
ing walking [8]. Currently, ataxia and HSP severity and 
progression are commonly assessed using clinical rating 
scales [9–13]. The most used clinical score for ataxic 
disorders is the Scale of the Assessment and Rating of 
Ataxia (SARA), while the Spastic Paraplegia Rating Scale 
(SPRS) is the widely used and well-accepted scale for HSP 
severity assessment [11, 12]. However, clinical scales 
depend on the subjective assessment by clinicians [12, 
13]. Therefore, quantifiable markers of motor function, 
which allow a more objective detection of subtle changes 
and feasible quantitative measurements, are increasingly 
being explored as useful tools to be applied for clinical 
and experimental applications in neurology and neurore-
habilitation. In this regard, in the recent years, novel tech-
nologies, including computer interfaces, videogames or 
“serious games” and wearable sensors have emerged [14].

Gait analysis

Abnormalities in spatiotemporal gait parameters, such as 
reduced speed and step length, increased base width, and 
increased variability of step features, are consistently iden-
tified as the most significant feature of gait patterns in cer-
ebellar ataxia [15]. Gait impairment in hereditary spastic 
paraparesis patients includes several abnormalities, such as 
reduced step length, increased step width, reduced range 
of motion at the knee joint, impaired knee torque and stiff-
ness, and decreased activity of the rectus femoris muscle 
[16–18]. Therefore, gait analysis is a valuable source of clin-
ical biomarkers both in ataxia and HSP, providing accurate 
quantitative assessments of patients throughout their entire 
disease course [19–21]. Gait parameters obtained from opti-
cal motion capture systems, including range of motion of 
ankle, knee, and hip joints and foot clearance, may be impor-
tant and disease-specific digital biomarkers of HSP [7, 16, 
22]. They seem to correlate with the severity of the disease, 
reflecting the wide clinical heterogeneity of gait disorders 
between subgroups of patients with different severity [7, 
22]. Similar data come from studies in which the assess-
ment of paraparetic gait was performed by wearable inertial 
measurement units (IMU) [23, 24], and it has been shown 
that gait parameters reflected relevant information, such as 
the SPRS [23], or the fear of falling and quality of life [24]. 
Wearable inertial sensors have shown to be sensitive and 
specific to simultaneously assess gait and balance also in 
patients with cerebellar ataxia [25, 26]. Moreover, a recent 
study has demonstrated that combining data from wearable 
sensors with machine learning allows to accurate predict 
of dysfunction progression in individual patients with FA, 
and molecular cause of the disease (repressed Frataxin) 
from movement data alone [27]. The advantage of wear-
able sensors systems is that they allow gait analysis even in 

the non-clinical environment, allowing to assess patients’ 
gait continuously in their everyday life [28, 29]. Promis-
ing results in assessing movement in ataxia appear to come 
from the Microsoft Kinect v2 sensor, a low-cost RGB-D 
camera [30]. Kinect-based gait analysis system has proven 
to be effective in deriving spatial–temporal gait parameters 
reliably in ataxic patients, such as speed, stride length and 
the step length, that could be promising technology-based 
biomarkers to assess and follow-up patients into a clinical 
setting [30]. Moreover, also the RGB-depth camera-based 
motion analyses of mediolateral truncal sway during walk-
ing and arrhythmicity of stepping in place could be useful 
digital motor biomarkers for the assessment of cerebellar 
ataxia and could be utilized in future clinical trials [14]. 
Indeed, the lack of local trunk stability is a major feature in 
cerebellar ataxia [6], therefore, quantify patterns of trunk 
acceleration during gait in ataxic patients could be a useful 
tool for clinicians. The mediolateral amplitude of truncal 
sway during walking, assessed by triaxial accelerometers 
attached at the upper back of the patients, has been shown 
to correlate well with severity of ataxia and fall risk, and has 
been proposed as a potential biomarker of gait impairment 
and as well reliable predictor of risk of fall in patients with 
cerebellar ataxia [31–34].

Speech analysis

In recent years, accurate assessment methods to assess dys-
arthria begin to be explored, since the dysarthria is a com-
mon and debilitating symptom of ataxia [35]. Computer-
assisted analysis of speech allows an objective assessment, 
including features that are not accessible to the hearing of 
the human examiner. Grobe-Einsler et al. have developed an 
automated assessment of ataxic speech system, the SARA 
speech, which has demonstrated to be able to predict the 
severity of speech disturbance [36].

Remote monitoring

The advent of “Internet of Medical Things” (IoMT) and of 
the Information Communication Technology (ICT) have fur-
ther revolutionized the traditional healthcare systems. These 
systems allow the remote control of the novel technological 
devices and the real-time communication of data with clini-
cians, by connecting to healthcare information technology 
systems using safe networking technologies [37, 38]. Zilani 
et al. have proposed a method for monitoring patients with 
ataxia using ultra-wide band (UWB) technology to track 
movements during walking in indoor environment [37]. 
Summa et al. have developed a low-cost and innovative sys-
tem, integrating Kinect, LMC and IoMT technologies, which 
allows the remote, standardized, and objective quantification 



4660	 Neurological Sciences (2024) 45:4657–4668

of ataxia, in young patients with cerebellar ataxia, even in 
non-hospital settings [38].

Ocular movements analysis

Summa et al. suggest saccades as potential biomarkers in 
cerebellar ataxia [39]. The pattern of saccadic impairment 
seems to differ between different type of ataxia, reflecting 
distinct pathophysiological substrates. The assessment of 
saccadic impairment by a non-invasive video-oculography 
device, consisting in a head- mounted system of miniatur-
ized cameras, has shown that vertical saccades are prominent 
involved in cerebellar ataxia, while the horizontal ones in 
FRDA [39]. Chang et al. have developed a new inexpensive 
and widely accessible system for quantifying abnormalities 
in smooth pursuit in individuals with ataxia using a mobile 
device camera to record eye movements while viewing 
stimuli on a tablet screen. This system combined with sig-
nal processing and machine learning techniques, can accu-
rately and rapidly detect abnormalities in smooth pursuit and 
grade the severity of oculomotor dysfunction in cerebellar 
ataxias [40]. Therefore, video-oculography techniques could 
be valid tools to test saccades non-invasively and could be 
used to track severity of oculomotor impairment in clinical 
and trials setting.

Digital tools in clinical trials for ataxia and HSP

With disease-modifying drugs forthcoming for ataxias, there 
is a critical need for objective, reliable, sensitive, and spe-
cific outcome measures for upcoming trials to capture early 
disease progression and response to therapies [41]. Efforts 
are, therefore, ongoing to use new technological innovations 
to capture objective longitudinal data on patient symptoms. 
These include the use of wearable sensors or smartphones to 
capture movements, allowing for remote long‐term tracking 
of patients’ movements to describe the full range and vari-
ability of symptoms more accurately on a daily basis [42]. 
Digital gait and balance measures are both valid markers of 

disease progression and treatment response, therefore should 
be considered promising candidate outcomes measure for 
future clinical trials, as established in some observational 
trials [42–44]. Variability measure of gait and balance have 
been shown to correlate well with disease severity both in 
ataxia [31–33] and HSP [7, 22–24]. Wearable IMU sen-
sor technology has been identified as the most appropriate 
technology at this time to conduct such multicenter studies 
of digital gait and balance measures in ataxia [45], having 
shown to be able to sensitive and specific to simultaneously 
assess gait and balance [25, 26]. Wearable IMU sensor tech-
nology has also demonstrated to be valid for the assessment 
of paraparetic gait [23, 24] and was used for gait analysis 
in several studies [29, 46]. Other technologies used for the 
assessment of gait analysis in HSP include infrared multi-
camera motion analysis system [22, 47], pressure sensors 
[48], and 3D motion analysis [17, 49]. Recently, Ollen-
schläger et al. have proposed a system for measure HSP 
gait cycles using an automated and continuous assessment 
of phenotypical disease features in terms of reduced foot 
elevation by standardized gait tests using wearable sensors 
and machine learning classifiers [29]. Regarding ataxia, as 
previously mentioned, potential biomarkers for future trial 
include mediolateral trunk-sway which well correlates with 
gait impairment and risk of fall [14, 31, 33, 34], and spatio-
temporal gait parameters (speed, stride length and the step 
length) which best reflecting gait features in ataxic patients 
[30].

Digital tools applied to ataxias and HSP are summarized 
in Table 1.

Motorneuron diseases (ALS and SMA)

In the emerging era of telemedicine and machine learning, 
clinical monitoring takes on new and dynamic perspectives. 
In this scenario, new technologies could play a crucial role 
in clinical monitoring, and in the case of motor neuron dis-
orders, this concept gains even more significance with the 
advent of novel therapies. Currently, we are witnessing a 

Table 1   Summary of digital tools applied to care and clinical trials in ataxias/HSP

Digital tool Disease Analyzed parameter

Optical motion capture systems Ataxia/HSP Gait abnormalities
Wearable IMU Ataxia/HSP Gait abnormalities
RGB-depth camera-based motion analyses (Microsoft Kinect 2.0) Ataxia Gait abnormalities, truncal sway
Triaxial accelerometers Ataxia Truncal sway
Computer-assisted voice assessment and dysarthria classification Ataxia Dysarthria
UWB technology Ataxia Remote monitoring of gait
Microsoft Kinect 2.0 and Leap Motion Controller (LMC)—SaraHome Ataxia Performance of items included 

in the SARA scale
Non-invasive video-oculography Ataxia Saccades impairment
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transformative therapeutic era in spinal muscular atrophy 
(SMA) marked by the widespread use of newly approved 
disease-modifying therapies. The introduction of such 
drugs, coupled with the possibility of early administration, 
has already brought about a profound change in the clini-
cal landscape and the overall history of SMA [50]. While 
remarkable results have been observed in children, monitor-
ing outcomes in adults proves more challenging and only 
limited data from clinical trials in adult SMA is available 
[51]. In this context, the use of new technologies in clini-
cal monitoring becomes crucial for capturing subtle differ-
ences often overlooked in assessments performed in adults 
but mostly designed for children.

Upper limb evaluation

A study demonstrated the potential of the Microsoft Kinect 
sensor to address the critical need for objective and sen-
sitive outcome measures in SMA. The sensor, through a 
specifically designed game, captured upper limb movement 
allowing detailed analysis of joint motion limitations in a 
cohort of SMA III patients. This technology could serve as 
a complementary output measure for SMA, offering repro-
ducible, objective, and detailed information on body point 
motion [52]. Another study utilized the ActiMyo device to 
measure physical activity in non-ambulant SMA patients. 
The device effectively recorded upper limb movements in 
daily life, revealing decreased wrist vertical acceleration in 
sitting SMA Type 2 patients compared to non-sitters [53]. 
This information has the potential to assess fatigue and loss 
of endurance during daily activities, crucial for measuring 
quality of life impairment. As a matter of fact, fatigue is 
particularly difficult to detect, and as it’s often reported as 
improved by adult patients undergoing therapies, efforts 
are ongoing to effectively measure such characteristic. For 
example, a recent study evaluated the effect of wearable 
devices for the assessment of surface EMG and joints posi-
tions and angles for upper and lower limbs while perform-
ing a new functional motor scale specifically designed for 
evaluating the endurance dimension and were overall well 
tolerated [54].

Speech assessment

In the case of amyotrophic lateral sclerosis (ALS), efforts 
are particularly directed towards anticipating disease evo-
lution and progression, as early detection of disease pro-
gression can be crucial for timely interventions. One study 
employed a mobile application to assess speech features in 
ALS patients, revealing that biomarkers obtained from the 
app could detect disease progression earlier than Revised 
Amyotrophic Lateral Sclerosis Functional Rating Scale 
(ALSFRS-R) bulbar scores [55]. Another study proved to 

detect early speech changes and track speech progression 
in ALS via automated algorithmic assessment of speech 
collected remotely [56]. Clinical instruments for assessing 
bulbar function often lack sensitivity to early changes, and 
the incorporation of new technologies could provide valu-
able insights [57].

Remote monitoring

Physical activity through biotelemetry was assessed in 
another study as clinical measure of ALS progression; this 
method proved as a direct, objective, and real-life assess-
ment of physical function, highlighting its potential as a 
clinical monitoring tool [58]. Overall, the development of 
digital biomarkers enables home tele-management, allowing 
medical staff to evaluate patients from a distance and provide 
counselling and therapeutic intervention at the appropriate 
time. Digital health technology has the potential to enhance 
care accessibility and personalization, while remote biosen-
sors can optimize the gathering of crucial clinical param-
eters, regardless of patients' ability to physically visit a clinic 
[59].

Digital tools in clinical trials for motorneuron diseases

New technologies can already provide substantial benefits 
in clinical trials even in the field of motor neuron disor-
ders. Undoubtedly, the COVID-19 pandemic accelerated the 
adoption of remote monitoring along with the use of digital 
tools, wearable devices, and telehealth solutions to facilitate 
patients in maintaining contact with physicians from their 
homes, especially with a focus on detecting disease progres-
sion [60]. Remote and decentralized trials could increase 
accessibility, reduce the burden on participants, and allow 
for a more diverse and inclusive participant pool [61], while 
using devices for remote data collection also minimizes the 
necessity for participants to attend frequent trial appoint-
ments[62, 63], helping in overcoming barriers related to 
patient acceptance and adherence[64]. The use of acceler-
ometers, for example, proved to be an objective means to 
measure disease progression, providing valuable real-world 
insights into a patient's physical functioning[65]. This data 
has the potential to personalize the delivery of care[65] and 
could represent potential real-world information to be inte-
grated with traditional clinical trial, offering insights into 
long-term effectiveness and safety.

The potential application of digital technologies in 
this context may extend beyond specialized biosensors to 
include smartphones themselves. A smartphone sensor-
based assessment for patients with SMA, demonstrated 
strong reliability, validity, and feasibility in measur-
ing motor and muscle function[66]. Self-reporting data 
through smartphone app represent a powerful tool as well. 
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Self-administered ALSFRS-R scores obtained through 
smartphones exhibit a strong correlation with clinic-based 
ALSFRS-R scores, demonstrating minimal variability and 
suggesting their potential utility in clinical trials [61]. In a 
randomized trial that compared remote nutritional coun-
selling with or without mobile health technology for ALS 
patients, the Nu Planit application was deemed accept-
able and useful as a mobile app for monitoring nutritional 
status [67].

Machine learning can significantly contribute to 
improving and adding an extra edge to new clinical tri-
als. A recent study used an analytical method that auto-
matically identifies and characterizes sub-movements 
based on accelerometer data passively collected, produc-
ing a machine-learned severity score for each limb: this 
approach produced scores progressing faster compared to 
the established ALSFRS-R, leading to smaller clinical trial 
sample size estimates [68]. The authors concluded that 
this method could offer a scalable measure for potential 
use in amyotrophic lateral sclerosis trials. Johnson et al. 
in a recent investigation concluded that the utilization of 
both active (surveys) and passive (sensors) digital data col-
lection through mobile apps and wearable devices shows 
potential for the development of innovative outcome meas-
ures in ALS trials [69].

A recent survey showed that the majority of patients 
with MND expressed a favorable outlook on the utilization 
of digital technology in both healthcare and clinical trial 
contexts[70]; however, a subset of patients raised concerns 
about home-monitoring, underscoring the need to address 
these doubts and to provide the adoption of proper meas-
ures. Among this concerns privacy plays an important role 
and every effort should be made to ensure that all data are 
collected securely and in accordance with specific regu-
lations. Finally, and not least, among new technologies 
“omics sciences” are rapidly transforming clinical studies 
of MNDs, offering a more comprehensive understanding 
of molecular pathways, and enabling the categorization 
of patients into diagnostic, prognostic, and therapeutic 
subgroups, marking a crucial juncture in the evolution of 
personalized medicines for MNDs[71].

Digital tools applied to motorneuron diseases are sum-
marized in Table 2.

Myopathies

Myopathies are rare diseases primarily affecting muscles, 
mainly genetic but also secondary to autoimmune diseases, 
metabolic imbalances, and other conditions. With regards 
to inherited forms, thousands of genetic variants are known, 
and clinical manifestations can have a wide range of age at 
onset, progression rate, phenotype, and eventual multisystem 
involvement [72]. Moreover, after decades of conservative 
treatment based on rehabilitation and symptomatic thera-
pies, disease-modifying drugs are being developed and the 
number of clinical trials has skyrocketed. In this perspective, 
the use of digital tools in myopathies could provide a great 
support in diagnosis, clinical reasoning, and development 
of clinical trials.

Gait and walking activity analysis

Several devices have been applied to different muscle dis-
ease: Hamed et al. [73] explored the use of a wearable 
tracker to analyze median step count and peak 1-min activity 
in 29 adult, ambulatory Late-onset Pompe disease (LOPD) 
patients. LOPD is a rare genetic disorder caused by muta-
tions in the GAA​ gene, coding for the acid alpha-glucosidase 
enzyme resulting in slowly progressing limb-girdle weak-
ness and respiratory involvement [74]. The authors reported 
high engagement in data sharing from patients. The digitally 
acquired parameters were confronted with fatigue and pain 
dimensions through patient-reported questionnaires and 
showed a direct relationship. In Duchenne muscular dystro-
phy (DMD), the most common muscular dystrophy in child-
hood [75], several tools have been applied to assess motor 
function and other parameters. Xiong et al. [76] recently 
investigated the gait pattern of 20 patients with DMD com-
pared to control children by 3D Gait Analysis and describe 
several parameters as stride length, percentage of stance and 
swing phase, step length, and percentage of double support 
phase. The authors report significant differences between the 
two groups in gait velocity, stride length, and step length, 

Table 2   Summary of digital 
tools applied to care and clinical 
trials in motorneuron diseases

Digital tool Disease Analyzed parameter

Microsoft Kinect sensor SMA Upper limb movement
ActiMyo SMA Upper limb movement
Surface EMG and accelerometers SMA Motor endurance of upper and lower limbs
Mobile speech analysis ALS Dysarthria
Wrist-worn ActiGraph and ankle-worn StepWatch 4 ALS Remote movement monitoring
Smartphone sensor-based assessment suite SMA Motor function
Mobile app ALS Nutritional counseling
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concluding that the symmetry of synergistic movement 
of lower limbs is impaired in DMD and can discriminate 
between DMD and control children.

Respiratory and autonomic dysfunction analysis

For instance, a study is ongoing on DMD boys to assess 
glucose blood levels and heartrate variability as measures 
of autonomic dysfunction [77], information of great inter-
est in a cohort of patients chronically treated with steroids 
as disease modifying therapy [78]; data about motor activ-
ity and sleep duration will be acquired through accelerom-
eters. Other studies focused on digital monitoring of res-
piratory function [79] through inertial measurement units 
(IMU-based devices) for continuous monitoring of breathing 
frequency in patients with DMD and limb-girdle muscular 
dystrophy (LGMD), which is an indicator of respiratory dif-
ficulty when increased.

Multiparametric evaluation

Another muscle disease in which digital assessment tools 
have been applied is Facioscapulo-humeral Muscular Dys-
trophy (FSHD). A study investigated the use of smartphones 
and wearable devices to collect data as number of steps, 
sleep, and whether patients would be keen on using the 
app. The authors report a positive attitude from patients 
towards the app, which allowed for the collection of daily 
activity information and social behavior of subjects involved 
[80]. Mellion et al. [81] correlated whole body muscle MRI 
data to functional parameters, including reachable work-
space (RWS), to be used as outcome measures in thera-
peutic clinical trials. RWS is a digital measure obtained by 
recording of movement range of upper limbs in space, thus 
providing a quantified 3D representation [82]. This tool 
has been applied to FSHD, DMD [83], ALS [84] and other 
conditions and has been included as outcome measure in 
the Fulcrum clinical trials, phases II and III, to assess the 
efficacy of losmapimod in FSHD [85]. In this clinical trial, 
patients were recruited based on the genetic diagnosis of 
FSHD and a certain range of disability, without consider-
ing the well-known phenotypic variability in this disease, so 
that also the use of a digital outcome measure as RWS can 
become difficult to interpret. Gerhalter et al. [86] developed 
suMus, a smartwatch app equipped with motor exercises 
videos. Performances are recorder by the inertial sensors 
of the smartwatch and after each session information feed-
back from the patient is asked. Many patients involved in 
the study were affected by muscular dystrophies along with 
congenital and myofibrillar myopathies and other neuromus-
cular diseases. Also, Myotonic Dystrophy type I, character-
ized by a predominant distal impairment of upper and lower 
limb muscles, is used as a model to apply wearable devices. 

A study from Duong et al. will assess the standard-of-care 
motor outcome measures with the aid of wearable devices 
and video-recordings of myotonia of the hands (Video Hand 
Opening Time—VHOT) [87]. Ricotti et al. [88] developed a 
sensor equipped bodysuit for DMD patients to study move-
ment behavior and applied machine learning approaches 
to combine the identified behavioral hallmarks of DMD 
subjects and developed a behavioral biomarker, termed the 
KineDMD ethomic biomarker, able to predict progression 
and sense treatment response. Wearable devices equipped 
with surface electromyography (EMG) and accelerometers, 
named AUTOMA, have been developed for motor assess-
ment of upper limbs also by Milazzo et al. [89].

Remote rehabilitation

Wearable devices and tele-monitoring could be a helpful 
tool also in rehabilitation, as proved by a trial on Duchenne 
patients that underwent telerehabilitation sessions for five 
weeks through virtual reality glasses to train for the treat-
ment goals, with increase in 6MWT and timed up and go 
test, while the Motor Function Measure in all of the 3 dimen-
sions showed no significant differences as well as the North 
Start Ambulatory Assessment (NSAA) scores. This study 
suggested the non-inferiority of telerehabilitation treatment 
compared to conventional sessions and could be helpful in 
facilitating access to therapies [90].

Digital tools in clinical trials for myopathies

Wearable devices and digital outcome measures are increas-
ingly applied to clinical trials to demonstrate the efficacy of 
new treatments also in muscular dystrophies. A gene ther-
apy clinical trial for DMD [91] will be assessing change 
from baseline captured through interactive video evalu-
ation (ACTIVE)—Seated Workspace Volume, in Stride 
and Stair-climbing Velocity, in number of stairs, distance 
walked per hour and angular wrist velocity, assessed by 
a wearable device. A similar approach will be used in a gene 
therapy trial for Limb Girdle Muscular Dystrophy, Type 2E/​
R4 (Beta-Sarcoglycan Deficiency) [92]. Stride velocity 95th 
centile (SV95C) deserves a special mentioning, being the 
first digital clinical outcome measure, wearable-derived, 
approved by the European Medicines Agency (EMA) for 
use as a secondary endpoint in trials for Duchenne muscular 
dystrophy in 2019 [2]. It provides real-world assessment of 
ambulation peak performance over 180 h of recording, and it 
has been demonstrated to correlate with conventional clini-
cal evaluations and motor scales.

Digital tools applied to myopathies are summarized in 
Table 3.
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Possible pitfalls in the use of digital tools 
in RNDs

Rare neurological diseases in general share critical 
aspects, including the relatively small number of affected 
subjects, their heterogeneity, the uncertainty of geno-
type–phenotype correlations and the difficulties encoun-
tered in general and specialist care. Digital tools could 
provide answers to these matters, if properly applied. 
The primary limitation of the available evidence nowa-
days is the small number of subjects generally included 
in the studies. In the analyzed studies the average number 
of involved affected subjects is of 20 or 30, which is a 
relatively scarce number considering the rarity of condi-
tions but also hampers the possibility to apply subgroups 
analysis (for instance considering phenotypes, gender, age 
ranges, treatment status). Moreover, whenever a measur-
ing tool capable of detecting very small, discrete changes 
is applied, the correct selection of patients to include in 
studies becomes paramount, in order to avoid misinterpre-
tation of the obtained results, both in observational studies 
and clinical trials. Thus, to strengthen the use of digital 
tools and validate some of them as outcome measures, they 
should be at first applied on large, clinically, and geneti-
cally homogeneous cohorts. Further, once data is obtained, 
their meaning should be correctly evaluated: especially 
for tools providing very precise measurements, as the one 
assessing saccades, dysarthria, surface EMG and others, 
what should be considered as the yield of significance of 
results? In fact, if for already standardized tests like the 
6MWT the use of a digital tool can simplify data acquisi-
tion and analysis, for other measurements also the normal-
ity range or the meaning of variations through time should 
be established. Again, this prompts the need to test the 
available systems on large cohorts of properly selected 
patients. Finally, the implementation of digital tools, often 

web based, in clinical practice and trials, must confront the 
privacy and data protection issue. The most recent Euro-
pean GDPR 2016/679 [93] regulation imposes certain 
standards that need to be implemented by all center that 
wish to use digital tools, and this may require adaptation 
procedures of the available hardware and software systems 
commonly used. Moreover, the development of artificial 
intelligence (AI) systems to data analysis acquired through 
digital tools adds further questions to consider, including 
the learning phases of algorithms which should be carried 
out on large amounts of properly collected data; even after 
that phase, nonetheless, the GDPR regulation itself denies 
the possibility to take decisions solely based on results 
from the application of AI [93].

Conclusions

Rare neurological diseases are facing paramount changes in 
global care and therapeutical development. The improve-
ment in genetic diagnosis leads to a rising number of cases 
and phenotypes, which in turn contribute to shed light to the 
physiopathology of diseases and pose challenges for natural 
history description and understanding, and for the identifica-
tion of suitable outcome measures to apply to clinical trials. 
Moreover, although rare, these diseases affect a considerable 
number of patients, which often need to refer to few special-
ized centers far from home. Data collection through tele-
monitoring, wearable devices and digital tools in general is 
contributing to the development of a new model of care and 
research, but must confront data protection and transmission 
issues, technical reliability of devices and accurate valida-
tion processes. Digital tools will represent in future years a 
significant element in assisting patients with RNDs and in 
the search for novel therapies.

Table 3   Summary of digital tools applied to care and clinical trials in myopathies

Digital tool Disease Analyzed parameter

Wearable tracker LOPD Steps number
Accelerometers DMD Glucose level, heart rate, quantity of movement and sleep
IMU based sensors DMD, LGMD Respiratory function
3D Gait Analysis DMD Gait
Mobile sensors and wearable devices FSHD Number of steps, sleep
RWS FSHD Upper limbs Motor function
SuMus Mobile app Myopathies Remote training
VHOT Myotonic Dystrophy type 1 Hand myotonia
Virtual reality glasses DMD Telerehabilitation
Sensor-equipped bodysuit DMD Motor behavior
Wearable devices DMD SV95C, Number of stairs, distance walked per hour and 

angular wrist velocity
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