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Abstract
Smartphone sensors are used increasingly in the assessment of ataxias. To date, there is no specific consensus guidance 
regarding a priority set of smartphone sensor measurements, or standard assessment criteria that are appropriate for clinical 
trials. As part of the Ataxia Global Initiative Digital-Motor Biomarkers Working Group (AGI WG4), aimed at evaluating 
key ataxia clinical domains (gait/posture, upper limb, speech and oculomotor assessments), we provide consensus guidance 
for use of internal smartphone sensors to assess key domains. Guidance was developed by means of a literature review and a 
two stage Delphi study conducted by an Expert panel, which surveyed members of AGI WG4, representing clinical, research, 
industry and patient-led experts, and consensus meetings by the Expert panel to agree on standard criteria and map current 
literature to these criteria. Seven publications were identified that investigated ataxias using internal smartphone sensors. 
The Delphi 1 survey ascertained current practice, and systems in use or under development. Wide variations in smartphones 
sensor use for assessing ataxia were identified. The Delphi 2 survey identified seven measures that were strongly endorsed 
as priorities in assessing 3/4 domains, namely gait/posture, upper limb, and speech performance. The Expert panel recom-
mended 15 standard criteria to be fulfilled in studies. Evaluation of current literature revealed that none of the studies met 
all criteria, with most being early-phase validation studies. Our guidance highlights the importance of consensus, identifies 
priority measures and standard criteria, and will encourage further research into the use of internal smartphone sensors to 
measure ataxia digital-motor biomarkers.
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Abbreviations
AGI  Ataxia Global Initiative
WG  Working Groups
WG4  Digital-Motor Biomarkers Working Group with 5 

sub-Working Groups: 4 for pre-defined key clinical 
domains speech, e.g. oculomotor, upper limb, and 
gait/posture function, and the fifth which is the 
Smartphone group

PPIE  Patient and Public Involvement and Engagement

Introduction 

Hereditary ataxias are relatively rare disorders with heter-
ogenous clinical presentation and progression, as well as 
underlying genetic aetiology [1, 2]. With disease-modifying 
therapies on the horizon, there is a need for scalable, objec-
tive, reliable, sensitive, and specific outcome measures for 
upcoming trials to capture early disease progression and 
response to therapies during feasible short follow-up peri-
ods [3–5]. As sufficiently large patient cohorts may only 
be achieved in multi-centre trials including patients from 
diverse settings and geography, protocol harmonisation and 
agreement on clinical outcome assessments, including digi-
tal outcome measures, are an important aspect to consider 
for any such trials.
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Motor abnormalities, particularly balance, coordination, 
speech, and eye movements are key features of all ataxias 
but are very variable due to the immense heterogeneity of 
ataxia subtype. For example, ataxia may cerebellar, sensory/
afferent, or both, and there may be the presence or absence 
of confounding additional motor features, such as spasticity 
and dystonia. In addition, there is variability within differ-
ent genetic subtypes, within different mutation classes, and 
even marked intrafamilial variability for the same mutation. 
Given the heterogeneity of ataxias, clinical trials are targeted 
to gene-specific subtypes. However, ultimately, personalised 
and detailed outcome measures will be required to capture 
these differences, requirements for which smartphones can 
offer solutions.

Motor abnormalities in ataxia have been evaluated exten-
sively using laboratory-based systems. Optical motion cap-
ture systems, force plates, and saccadometers have all been 
recommended as gold standard measures for eye movements, 
gait, and standing balance, respectively [6, 7]. However, 
movement characteristics that are only measured in the 
laboratory are impractical for multisite clinical trials, limit 
participation, and frequency of measurement, and often do 
not reflect movement impairments in everyday life [8–10]. 
Clinical outcome assessments should truthfully and compre-
hensively measure the specified construct and demonstrate 
that it is discriminative, sensitive, reliable, and deemed feasi-
ble in terms of cost and time constraints for the purpose it is 
intended. However, it has also been highlighted by patients, 
their families, and clinical teams and endorsed by the FDA 
and other regulatory bodies, that it is critical to measure 
what is really bothering patients and when measuring perfor-
mance outcomes in particular, that some of these should be 
of functional relevance [11]. There are a few sensors avail-
able that measure such functional activities, for example an 
instrumented feeding spoon, but these may be difficult to 
implement at scale [12].

The Ataxia Global Initiative (AGI) aims to provide con-
sensus guidance to clinicians, academics, and industry that 
will enable International collaboration and align with regula-
tory recommendations, thereby progressing ataxias towards 
clinical trial readiness [1]. AGI has several Working Groups 
(WG) including WG4, which focuses on Digital-Motor 
Biomarkers, specifically focussing on four pre-defined key 
clinical domains, namely gait/posture, upper limb, speech, 
and oculomotor function. Our Smartphone Working Group 
works alongside these key clinical domains.

Rapid changes in digital measurement capabilities make 
the use of smartphone sensors an attractive, inclusive, and 
scalable possibility for measuring these domains in clinical 
trials, facilitating applicability across countries and different 
data collection environments.

All sensors, when used in clinical trials, need to confirm 
to robust standards including those set out by COSMIN and 

national/international guidelines (see URLs), such as pri-
vacy, security, accuracy, absolute and relative reliability, 
sensitivity, and clinical application. The use of smartphone 
sensors requires additional consideration of interoperability 
of data and how to handle variation that may be present 
from phone to phone. However, as long as each phone sen-
sor behaves reliably, methods can be implemented that target 
within-person changes for use within trials. Their use for 
clinical trials has already been validated in other conditions 
[13].

Using smartphone sensors is particularly attractive as 
smartphones are in wide public use and the measures can 
be acquired regularly in laboratory/clinic and real-life com-
munity settings, providing more inclusive participation, 
ecologically valid data, and more frequent phenotyping to 
measure disease progression [8]. However, there is a need 
to determine core measures and develop protocols for their 
valid use within clinical trials. The AGI smartphone sub 
working group of WG4 was formed to highlight the benefits 
and challenges of using smartphone sensors, alongside other 
measurement strategies, as well as to integrate the critical 
work of the WG4 key domain subgroups.

Smartphones contain internal sensors including acceler-
ometers, gyroscopes, global positioning (GPS) technology, 
as well as cameras, digital video capabilities, and micro-
phones that may be used for both passive (continuous data 
acquisition in the background of daily life) and/or active 
(prescribed tasks requiring direct input from the user) data 
collections [14]. These sensors may also be situated within 
bespoke devices, with a number under validation for use in 
ataxias. These devices often offer more accurate solutions 
but tend to employ a greater number of sensors to provide 
accuracy at the expense of both usability and cost.

Smartphones can also be used to upload and manipulate 
data from external sensors. Although several studies have 
successfully used a range of sensors to measure and moni-
tor characteristics of ataxia [12, 15–18], the use of internal 
smartphone sensors is an emerging measurement specialty, 
and few studies have specifically focused on these internal 
smartphone sensors, using either Android or iOS devices.

Furthermore, and importantly for future studies, there is 
currently no clear guidance on agreed measures or core cri-
teria standards for using smartphone sensors as performance 
outcome measures in ataxia clinical trials and cohort studies.

This paper is the first to address this need and provides 
guidance for measures using internal smartphone sensors 
to assess performance outcome measures. These include 
standardised task(s) actively undertaken by a patient such 
as walking, limb movements, and speech. However, we 
acknowledge that the versatility of smartphones, which 
can operate many different apps, means that other clinical 
outcome measures including passive monitoring of move-
ment, as well as patient-reported, observer-reported, and 
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clinician-reported outcome measures could augment ataxia 
motor studies, although we do not make recommendations 
on those in this paper.

To generate guidance for the use of internal smartphone 
sensors as performance outcome measures for each of the 
recommended key domains we had the following objectives:

1. To identify current evidence for the use of internal 
smartphone sensors in different clinical ataxia domains 
(gait, upper limb, speech, and oculomotor), using a lit-
erature review.

2. To determine current smartphone use, identify any 
applications in development and gather opinion from 
interested stakeholders on proposals for future measures 
using smartphones through a survey of the AGI WG4 
stakeholders (“Delphi 1”).

3. To determine consensus priorities for performance 
outcome measures obtained using internal smartphone 
sensors, through a survey of the AGI Digital-Motor Bio-
marker WG key domain leads (“Delphi 2”).

4. To agree on a set of standard criteria when using smart-
phone sensors for digital motor measures of ataxia 
which are provided herein as guidance, through Expert 
panel consensus with stakeholders, including PPI, clini-
cians, academics, and industry partners.

5. To determine how many current measures from publi-
cations identified in Stage 1 met the standard criteria 
recommended in objective 4, highlighting the utility for 
such criteria in the development of future research stud-
ies and trial design.

Material and Methods

Consensus Building

Standardised methodologies were adapted to develop the 
guidance, including literature review, Delphi methodology, 
and monthly panel meetings in a 5-stage process to achieve 
consensus on standard criteria and priorities for ataxia 
smartphone assessments (see Fig. 1).

The initial step was the creation of a smartphone sub 
Working Group following discussion within the AGI 
Digital-Motor Biomarkers Working Group 4 (AGI WG4) 
and included experts representing the four pre-defined key 
domains who had an interest and expertise in smartphone 
sensor measurement or digital technologies for health. 
Further membership was encouraged across geographical 
regions to include members from Europe, North Amer-
ica, South America, Australasia, and across disciplines. 

Fig. 1  Visual representation of 
the five-stage process to develop 
Guidance for Smartphone Sen-
sor Use in Ataxia Clinical Trials
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Discipline experts included medically qualified clinicians 
(neurology, genetics), allied health professionals, academics 
with an interest and expertise in movement disorders includ-
ing ataxias, patient representatives with lived experience of 
ataxias and industry partners. The key domain leads attended 
the online meetings to coordinate opinions from across AGI 
WG4. HD, AN, and CA created the Delphi 1 questionnaire. 
IW, BVDW, and CR designed and carried out the initial 
literature review to May 2021 and members of the Expert 
panel (HD, AHN, CAA, JD, IW, BVDW, MM, BJS) carried 
out an updated review to March 2023 in each of the respec-
tive domain areas. The Expert panel guided each stage of 
the process. The wider AGI group were consulted regularly 
through the AGI WG4 key domain leads. Expert external 
review was also sought from HA, CM, and LQ.

Stage 1: Literature Review Data Sources 
and Searches

An extensive literature review was performed to identify publi-
cations relevant to internal smartphone sensors as defined above 
(3D spatial measures, camera/digital videos, microphones). The 
initial systematic search was based on a wider, parallel initia-
tive by a subgroup of authors (IW, CR, BVDW) who identified 
publications covering smartphone or Tablet apps to monitor 
movement disorders until May 19th, 2022, contained within 
PubMed, Web of Science, Embase, and Cochrane. Key search 
words included “mobile applications”, “tablet”, and “smart-
phone” and were combined with keywords covering all primary 
movement disorders such as “movement disorders”, “ataxia”, 
and “tremor” and similar clinical descriptors. From the results 
of this search here, we include only publications on inter-
nal smartphone sensors relevant to ataxia. An expanded and 
updated search was then conducted by Expert panel members 
from May 2022 to April 2023 and included publication refer-
ences, Apple’s AppStore and Google Play (App Store).

Stage 2: Current Smartphone Use Across AGI

In Delphi 1, we surveyed the 80 person membership of the 
Digital-Motor Biomarkers Working Group of AGI. This stage 
was undertaken in order to identify a snapshot of interested 
Stakeholders and their demographics; current use of smart-
phone apps and sensors and their operating systems; current 
digital outcome measures in use and for which key domains 
or other measures; how many new smartphone Apps were 
in development; suggested Domain areas for future use; 
the potential patient reach of the WG for future clinical tri-
als. We used an online Qualtrics questionnaire, Qualtrics™ 
survey software (Qualtrics XM Platform™, UT, USA) with 
closed questions such as “What are you already measuring 

with Smartphone technology?” and “What do you wish to 
measure using Smartphone technology” with fixed options 
for responses including gait/posture, upper limb, oculomotor, 
speech, physical activity, fitness metrics, and health metrics. 
In addition, we offered a freetext section for “other”. These 
questions were aimed at capturing measures that primarily 
aligned with the AGI WG4 key domains. In addition, we 
included another section enabling freetext responses to “Can 
you suggest which aspects of the condition you think should 
be measured/monitored regularly” which enabled us to cap-
ture other domains of interest, although we did not expand on 
this further, as this was beyond the scope of the current study. 
The data was captured within the Qualtrics software and then 
converted to graphical format within Microsoft Excel.

Stage 3: Delphi 2 Consensus on Priority 
Measures from Key Clinical Domain Leads

Stage 1 (Literature review) and Stage 2 (Delphi survey to 
the AGI WG4 membership) revealed wide variability in 
both the methodologies using smartphones reported in the 
literature and a lack of consensus within AGI WG4 mem-
bership on exactly what should be measured and monitored, 
using internal smartphone sensors. Therefore, in Stage 3, 
(“Delphi 2”), domain leads from AGI WG4 were invited to 
provide one or two critical measurement priorities which 
should be included in ataxia smartphone assessments at the 
current time. The domain leads (for gait/posture, upper limb, 
speech, and oculomotor) developed their priorities based on 
the results from their own Working Group Data.

Stage 4: Expert Consensus Panel to Agree 
Core Standard Criteria for Smartphone 
Measures

Monthly meetings of the expert consensus panel were car-
ried out as an iterative process to develop and agree on each 
stage methodology and to gain consensus on key stage pro-
gressions. The team agreed on the term standard criteria for 
use in stage 5 and for the final guidance. Working definitions 
for these criteria were generated based on standard defini-
tions, to facilitate their use and agree meaning by all stake-
holders. The panel agreed on the final guidance.

The authors and key clinical domain leads including PPIE 
formed the Expert panel. Standard criteria were determined in 
a series of meetings of the Expert panel and are based on those 
criteria the group considered to be essential. They were based 
on international standards such as COSMIN and COMET prin-
ciples and digital regulatory guidelines (see URLs).



916 The Cerebellum (2024) 23:912–923

1 3

Stage 5: Mapping Smartphone Sensor 
Measures Reported in Published Data 
(Identified by Stage 1 Literature Review) 
onto Standard Criteria Developed in Stage 4

The publications identified in Stage 1 were evaluated to 
determine how the measures used in each research study 
mapped onto the standard criteria developed here. Final 
mapping was confirmed by the Expert panel.

Results

Stage 1: Literature Review

Seven publications were identified that explicitly investi-
gated ataxia using internal smartphone sensors as defined 
above (i.e. accelerometer/gyroscope, in-built camera/digi-
tal video, microphone). These publications focus on the 
key clinical domains including three on gait/posture [15, 
16, 19], one on upper limb [20], one on several SARA 
components (gait, upper limb, speech [21]), and two on 
oculomotor measures [22, 23].

Three publications reported newly devised smartphone 
apps. The upper limb assessment was based on an app called 
15 White dots App-Coo-Test (WDACT) [20]. During the 
touchscreen test, the participant is asked to touch a white 
dot (appearing consecutively and randomly on the screen) 
as quickly as possible. For each upper limb (dominant and 
non-dominant hand), an average time, the standard devia-
tion, and the coefficient of variation of the executed touch-
screen trials are calculated as a measure of fine motor skills.

A variation of the WDACT, the App-Coo-Balance Test 
uses smartphone 3D accelerometers fixed to the lower 
trunk to characterise body sway while standing, as a meas-
ure of balance control. During the balance task, the smart-
phone sensors assess the oscillation of the trunk in both 
static positions (feet together, on a broad base, sitting) and 
dynamic balance (gait) [19, 24].

Another app, with specific focus on ataxia, is called the 
SARA home app. This app was reported using a tablet, but the 
authors specifically state that it can also be used on a smart-
phone. SARA home measures ataxia severity using the home-
based, video assessments of five selected items (gait, stance, 
finger-to-nose test, fast alternating hand movements, speech) 
from the SARA [25]. These videos are reviewed by a trained 
rater based on the SARA scale [21].

Several publications have already implemented the use 
of smartphones with a range of varied methodologies that 
were not app based. For instance, mVEGAS [26] is a sys-
tem that combines body-fixed feet inertial sensors with a 

smartphone-based video and a stable spatial calibration 
frame (two ground-fixed calibration lines). The video cap-
ture is mounted on the chest for assessment of spatiotempo-
ral parameters of gait sequences. The sensors measure pitch 
angular velocity of the forefoot. Jabri and colleagues have 
[16] focussed on vibrotactile training utilising the internal 
smartphone inertial measurement unit. They used this in 
the context of training posture with biofeedback and imple-
mented an independent IMU on the back to assess balance 
as a performance outcome measure. Smooth pursuit eye 
movements have been recorded and examined using mobile 
phone videos [23] and video recordings of horizontal sac-
cades via mobile phones looked at oculomotor dysmetria 
using innovative signal processing and machine learning 
[22].

We also identified several publications that investigated the 
use of smartphone sensors for clinical domains that had potential 
for application to ataxias, for example gait characterised using a 
wearable embedded smartphone camera with a detachable lens 
worn by the individual on their waist [27]. Finally, we identi-
fied several publications that did not use smartphone sensors per 
se but used other devices such as tablets specifically to assess 
ataxia. These included several studies using body worn sensors 
combined with a tablet rather than smartphone sensor to perform 
the finger nose test [28, 29] and one that investigated tremor in 
ataxia by assessing spiral drawing [30].

Stage 2: Delphi Survey 1: Current Smartphone Use 
Across AGI WG4

We received 40/80 responses, representing 11 countries (USA/
Canada/Europe/Australasia). The background expertise of 
respondents is shown in Fig. 2. 65% were already using a smart-
phone app in some healthcare capacity and iPhone apps were 
slightly more common than Android (53% vs 44%, other 3%).

For questions pertaining to key motor domains, a small 
proportion of individuals were already using some kind of 
smartphone technology in some capacity (less than 20% for 
each domain) (see Fig. 3). Notably, for gait and posture, there 
were several reports of new technology being developed. 
Three out of nine individuals were using internal smartphone 
sensors; the remainder were using smartphone apps receiving 
data from external sensors such as smartwatches or similar.

Freetext responses included a wide variety of sugges-
tions for outcome measures: these still mainly aligned 
to performance outcome measures for the Digital-Motor 
Working Groups (gait/balance, upper limb measures, ocu-
lomotor measures, and speech) but additional suggestions 
included numerous other domains such as: sleep, hear-
ing, vision, heart rate, memory, general activity meas-
ures, and PROMs such as falls, pain, fatigue, mood, task 
performance (e.g. using a phone) and clinician-reported 
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outcome measures such as well-established rating scales 
[25, 31, 32]. With respect to the patient population rep-
resented by this small Working Group, there were at least 
1000 patients under their care, indicating a substantial 
reach for future studies and clinical trials.

Stage 3: Delphi Survey 2: Priority Core Smartphone 
Sensor Measures Recommended for Key Domains

As described in the methodology section, we requested that 
key domain leads provide core priority measures based on 

Fig. 2  Pie chart representation 
of expertise, as a percentage 
of Delphi 1 respondents across 
AGI WG4 membership

Fig. 3  Percentages of AGI WG4 
membership measuring each 
clinical domain with current 
technology vs technology in 
development. Blue = current 
technology, grey = technology 
in development
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the results from their own WGs. This identified seven priority 
measures in 3/4 key clinical domains, summarised in Table 1.

For gait and posture, recommendations were relatively 
specific and included a self-paced 8 or 10-m walk plus 
stance assessed with feet apart, feet close together, and tan-
dem stance (with open and closed eyes). For upper limb, 
the recommendations comprised an alternating hand pro-
nation/supination task and standardised finger-tapping task 
based on existing WG4 experience. In addition, the upper 
limb working group also highlighted that a standardised, 
functionally relevant multi-joint motor task would present 
a most promising future development, but will need valida-
tion. For speech, there were also specific priorities including 
the “PATA” test for 10 s, sustained vowel test for 5 s, and a 
reading or monologue task such as 'describe your day'. The 
protocol for these speech tests are in [33].

No priority measures were identified for the oculomotor 
domain, due to insufficient evidence for current smartphone 
sensor capabilities in this domain, although overall recom-
mendations for oculomotor assessment have recently been 
published [9, 34].

Stage 4: Recommendations for Standard 
Criteria to be Used During Smartphone Sensor 
Measures Based on COSMIN and COMET Principles 
and Regulatory Guidelines

Using the data from Stages 1–3 as well as including inter-
national standards and digital regulatory guidelines (see 
URLs), the Smartphone Working Group gained consensus on 
the critical standard criteria to be used during ataxia assess-
ments to ensure that high quality smartphone sensor data is 

generated for ataxia clinical trials. We included a working 
definition for each criterion with input from PPIE to enable 
inclusion of PPIE in the process (see Table 2).

In addition to the standard criteria, there was consensus that 
smartphone studies should adhere to the following principles: 
secure data privacy transfer that is compliant with GDPR/DPA 
or similar regulatory frameworks [14]. Additional areas that 
were outside the remit of the current study included IT interop-
erability and data integration, technical support, and updates.

Stage 5: Evaluating How Many Publications to Date 
Using Smartphone Sensor Measures for Ataxia, 
Meet the Standard Criteria Developed for this 
Consensus paper

We investigated the extent to which the standard criteria we 
developed had been met in the 7 publications identified in Stage 
1. On mapping the data available from each publication, we 
found that there was an emphasis on concurrent validity, but 
few other standard criteria were being routinely addressed (see 
Table 3). Several publications considered the importance of 
issues of usability by patients, but none formally studied this.

Discussion and Conclusions

The ataxia field is gathering momentum. The successful 
identification of numerous gene mutations causing ataxia 
provides the promise of rational treatment avenues based 
on the knowledge of molecular mechanisms. The recent 
approval of Omaveloxolone for Friedreich’s ataxia and 
various RNA-targeting trials marks a new era of clinical 

Table 1  Priority smartphone sensor measures recommended by WG4 key domain leads
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trials for these conditions [35]. In addition, there is much 
interest in more wide-ranging aspects of health mainte-
nance using movement-based interventions such as physi-
otherapy or exercise and the integration of pharma and 
non-pharma therapies.

Outcome measures play a critical role in determining the 
success of clinical trials in any setting, yet identifying the 
most appropriate set of measures in a highly heterogeneous 

group of disorders is extremely challenging. Digital health 
technologies, including those for performance outcome 
measures, offer a novel set of objective methodologies that 
have the potential to be affordable, valid and accurate, reli-
able, easy to use, and enable long term adherence of more 
frequent measurement by patients.

It is therefore timely to consider the current state of 
smartphone sensor use and where it is heading to provide 

Table 2  Consensus standard criteria to be used during smartphone ataxia assessments

Table 3  Number of papers 
identified in Stage 1 which 
address standard criteria
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guidance for their use that can be widely used by research 
teams.

Our literature review, in Stage 1, identified only a small 
number of papers that specifically used internal smartphone 
sensors to study ataxia, and several more that used another 
type of portable digital system that could eventually use a 
smartphone. These innovative publications were all from the 
last 3 years, demonstrating the emerging nature of this field. 
It was notable that there was such a wide range of devices 
and technologies in use, even in this small study area, and 
in our view, it indicates the urgent need for harmonisation 
and consideration of interoperability, if multi-centre, multi-
national trials for patients with rare ataxias are to be success-
ful in the future. The small number of publications may also 
reflect current funding priorities in other conditions such 
as Parkinson’s disease and multiple sclerosis. Ataxias will 
need significant funding to match the expertise obtained in 
these other areas.

As might be expected, the majority of smartphone papers 
investigated gait and balance (4/7). Only one paper specifi-
cally investigated the upper limb movements, and the two 
papers investigating the eye movements are very recent. 
With respect to speech evaluation, microphones within 
smartphones are undergoing constant innovation, as are 
touch screens, cameras, and IMU sensors, and this should 
be acknowledged alongside recognition that this is a rapidly 
changing speciality, with numerous factors required to opti-
mise signal quality, mitigate environmental noise, and devise 
protocols that can capture wide variations in severity of dis-
ease [33]. Currently, we identified only one study analysing 
speech with a smartphone (as part of the SARA home app) and 
further developments and protocols will be required to fully 
utilise smartphone sensors for speech assessments.

The Delphi 1 survey in Stage 2 revealed a huge network 
of experts who are devoting their time and expertise to the 
field of ataxias. The survey revealed wide variations in use 
of digital health technologies, mirroring the studies iden-
tified in the literature review and again highlighting the 
importance of harmonisation, particularly because individ-
ual genetic subtypes of ataxias can be very rare. In addition, 
the Delphi 1 highlighted that researchers were ultimately 
aiming to utilise all smartphone sensors, including micro-
phone, camera/video, touchscreen, and IMUs.

In Stage 3, the Delphi 2 survey not only revealed the 
extent to which some of the key domain groups have made 
progress in identifying key priorities for ataxia assessments 
but also revealed the limited data set available with which 
to evaluate the use of smartphone sensors. There was no 
consensus for oculomotor assessments, due to current limita-
tions of the technologies available. Further research is par-
ticularly required in this domain. Recently, two papers have 
published a core set of quantitative oculomotor paradigms 
and parameters for clinical studies of (hereditary) ataxias. [9, 

34]. Importantly, the use of commercially available, mobile 
recording devices with recording frequencies above 100 Hz 
and based on video-oculography is strongly recommended 
for oculomotor assessments, but further work is needed for 
smartphone use.

Using an iterative and interactive process involving the 
Expert panel, in Stage 4, we were able to define 15 standard 
criteria that outcome measures from internal smartphone 
sensors should meet. The aim of defining these criteria is to 
provide a platform of basic standards for measurement that 
will give confidence in the valid use of smartphone sensors 
in clinical trials and to enable harmonisation across trials 
to support meta-analysis and synthesis of research findings. 
We also highlight the critical need, when implementing 
measures, for utilising clear standardised protocols in order 
to obtain accurate, valid, and reliable data from measures, 
whether they are used in clinical or community settings.

In Stage 5, we assessed the small literature identified in 
Stage 1 and mapped the types of assessments performed in 
each study against our newly devised standard criteria. The 
most common criteria assessed by the publications were 
validity. This illustrates just how early in development the 
technology of smartphone sensors is for use in ataxias and 
underscores the necessity of further studies which adhere 
to the standard criteria so that smartphone sensors can be 
confidently used in clinical trials. We noted that there were 
few studies measuring the functional relevance of measures 
to patients, despite meaningfulness to patients being widely 
recommended by Regulatory agencies. Furthermore, there 
were few longitudinal studies, a notable omission given 
that clinical trials of degenerative neurological diseases 
need longitudinal data to assess efficacy, and likely reflect-
ing the focus on validation, and possibly also indicating 
limited funding support. Clearly, there is an urgency to 
validate metrics for sensitivity to change, requiring a co-
ordinated approach and appropriate funding to support 
such studies.

In addition to the published literature, we also considered 
apps in current use in the ataxia field. A key example of a 
smartphone App specifically developed for one specific type 
of ataxia is “The FA App” (see https:// www. thefa app. org), 
aimed at furthering research into Friedreich Ataxia. The FA 
App is currently available for both iOS and Android and is 
in use by 2748 users out of which 1369 have FA. These users 
are spread globally over 98 countries and are being serviced 
in 9 different languages. Apart from various community fea-
tures and a news section, “The FA App” also rolled out so-
called virtual trials in which both people with FA as well 
as controls participated. The App tracked them in a mood 
survey (QoL), a tapping game, as well as their speech. The 
initial results of “The FA App” were presented at the ICAR 
2022 congress in Addison, TX, USA. However, at the time 
of writing, this data has not yet been published.

https://www.thefaapp.org
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Strengths and Limitations

This study represents a first effort towards establishing consen-
sus guidance for utilising smartphone sensors in ataxia clinical 
trials. We have conducted a literature review and identified sev-
eral papers reporting important and innovative methodologies 
for measuring ataxia motor features. We noted that reported 
work of a highly varied nature has focussed on validation which 
is clearly essential. However, to make progress in international 
collaborations for clinical trials, methodologies will need stand-
ardisation. We surveyed the membership of AGI WG4 to estab-
lish expertise among the members and determined their use of 
smartphone sensors and related technologies, identified 7 pri-
ority areas for ataxia digital motor assessments and developed 
15 standard criteria for use in future research. These findings 
form the basis of our guidance. We have represented clinicians, 
researchers, patient representatives, and Industry across a very 
wide geographical area, including 11 countries within WG4 and 
3 additional countries represented by external expert reviewers.

However, it is important to acknowledge several limita-
tions to this work. First, the surveys represent those members 
of the AGI WG4 who responded, and we do not have data on 
non-responders. Second, we could only identify 7 publications 
that investigated motor features of ataxia using internal smart-
phone sensors and different types of sensors (accelerometer/
gyroscope, in-built camera/digital video, and microphone) 
were employed in each study, making cross comparison diffi-
cult. Third, our analysis was limited to English language stud-
ies, potentially excluding valuable insights from non-English 
publications. In future smartphone sensor studies, a focus on 
usability and adherence, relevance to patients and longitudinal 
studies, is vital. Moreover, ethical implications, including data 
privacy and security, should be thoroughly evaluated when 
using smartphone sensors in clinical trials.

Conclusions

In conclusion, we have developed consensus guidance of 
priority measures in ataxia using smartphones and standard 
criteria for measurement properties that should be addressed 
in all future smartphone sensors research studies. This con-
sensus will enable comparison of studies across centres and 
internationally, ensuring harmonisation for future clinical 
trials and more efficient use of research data that can be 
reliably synthesised in metanalysis.
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A. Antoniades. Expert external review was provided by Carlos Bandeira 
de Mello Monteiro, Hajar Almoajil, Lori Quinn.  Andrea H. Németh, 
Chrystalina A. Antoniades, Helen Dawes wrote the main manuscript 
text and prepared the figures. All members of the Smartphone WP4 
contributed to data gathering and preparing the final text. All authors 
contributed to, reviewed and approved the final manuscript.

Funding Andrea H. Németh is funded by the Nuffield Department of 
Clinical Neurosciences, University of Oxford and previously by Ataxia, 
UK, Action Medical Research and the Henry Smith Charity.

Chrystalina A. Antoniades was supported by the National Institute 
for Health Research Oxford Biomedical Research Centre.

Enrico Bertini is funded by the Italian Ministry of Health.
Andreas Traschütz is funded by the Clinician Scientist program 

“PRECISE.net” and funded by the Else Kröner-Fresenius-Stiftung”.
Adam P. Vogel is funded by the Australian Research Council Future 

Fellowship.
Helen Dawes is funded by the National Institute for Health and Care 

Research Exeter Biomedical Research Centre.

Data Availability Not applicable.

Declarations 

Ethical Approval Not applicable.

Competing Interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

 1. Klockgether T, et al. Paving the way toward meaningful trials 
in ataxias: an Ataxia Global Initiative perspective. Mov Disord. 
2022;37(6):1125–30.

 2. Klockgether T, Mariotti C, Paulson HL. Spinocerebellar ataxia. 
Nat Rev Dis Primers. 2019;5(1):24.

 3. Saute JAM, Jardim LB. Planning future clinical trials for 
Machado-Joseph disease. Adv Exp Med Biol. 2018;1049:321–48.

 4. Scoles DR, Pulst SM. Antisense therapies for movement disorders. 
Mov Disord. 2019;34(8):1112–9.

 5. Keita M, et al. Friedreich ataxia: clinical features and new devel-
opments. Neurodegener Dis Manag. 2022;12(5):267–83.

 6. Buckley E, Mazzà C, McNeill A. A systematic review of the gait 
characteristics associated with cerebellar ataxia. Gait Posture. 
2018;60:154–63.

 7. Power L, et al. Instrumented objective clinical examination of 
cerebellar ataxia: the upper and lower limb-a review. Cerebellum. 
2022;21(1):145–58.

http://creativecommons.org/licenses/by/4.0/


922 The Cerebellum (2024) 23:912–923

1 3

 8. Ilg W, et al. Real-life gait assessment in degenerative cerebel-
lar ataxia: toward ecologically valid biomarkers. Neurology. 
2020;95(9):e1199–210.

 9. Garces P, Antoniades CA, Sobanska A, Kovacs N, Ying SH, Gupta 
AS, Perlman S, Szmulewicz DJ, Pane C, Németh AH, Jardim LB, 
Coarelli G, Dankova M, Traschütz A, Tarnutzer AA. Quantita-
tive oculomotor assessment in hereditary ataxia: discriminatory 
power, correlation with severity measures, and recommended 
parameters for specific genotypes. Cerebellum. 2023. https:// doi. 
org/ 10. 1007/ s12311- 023- 01514-8

 10. Thierfelder A, et al. Real-life turning movements capture subtle 
longitudinal and preataxic changes in cerebellar ataxia. Mov Dis-
ord. 2022;37(5):1047–58.

 11. Richardson E, et al. Developing and implementing performance 
outcome assessments: evidentiary, methodologic, and operational 
considerations. Ther Innov Regul Sci. 2019;53:146–53.

 12. Corben LA, et al. Developing an instrumented measure of upper 
limb function in Friedreich ataxia. Cerebellum. 2021;20(3):430–8.

 13. Steins D, et al. A smart device inertial-sensing method for gait 
analysis. J Biomech. 2014;47(15):3780–5.

 14. Barnett S, et al. Intelligent Sensing to Inform and Learn (InSTIL): 
a scalable and governance-aware platform for universal, smart-
phone-based digital phenotyping for research and clinical applica-
tions. J Med Internet Res. 2019;21(11):e16399.

 15. Ippisch R, et al. mVEGAS–mobile smartphone-based spatiotem-
poral gait analysis in healthy and ataxic gait disorders. Gait Pos-
ture. 2022;97:80–5.

 16. Jabri S, Bushart DD, Kinnaird C, Bao T, Bu A, Shakkottai VG, 
Sienko KH. Preliminary study of vibrotactile feedback during 
home-based balance and coordination training in individuals with 
cerebellar ataxia. Sensors (Basel). 2022;22(9)9):3512. https:// doi. 
org/ 10. 3390/ s2209 3512 

 17. Hickey A, et al. Validity of a wearable accelerometer to quan-
tify gait in spinocerebellar ataxia type 6. Physiol Meas. 
2016;37(11):N105-n117.

 18. Nguyen N, Phan D, Pathirana PN, Horne M, Power L, Szmulewicz 
D. Quantification of axial abnormality due to cerebellar ataxia 
with inertial measurements. Sensors (Basel). 2018;18(9). https:// 
doi. org/ 10. 3390/ s1809 2791

 19. Arcuria G, et  al. Developing a smartphone application, tri-
axial accelerometer-based, to quantify static and dynamic 
balance deficits in patients with cerebellar ataxias. J Neurol. 
2020;267(3):625–39.

 20. Arcuria G, et al. 15-White Dots APP-Coo-Test: a reliable touch-
screen application for assessing upper limb movement impairment 
in patients with cerebellar ataxias. J Neurol. 2019;266(7):1611–22.

 21. Grobe-Einsler M, et al. Development of SARA(home), a new 
video-based tool for the assessment of ataxia at home. Mov Dis-
ord. 2021;36(5):1242–6.

 22. Azami H, et  al. Detection of oculomotor dysmetria from 
mobile phone video of the horizontal saccades task using sig-
nal processing and machine learning approaches. IEEE Access. 
2022;10:34022–31.

 23. Chang Z, et al. Accurate detection of cerebellar smooth pursuit 
eye movement abnormalities via mobile phone video and machine 
learning. Sci Rep. 2020;10(1):18641.

 24. Arcuria G, et  al. Developing an objective evaluating sys-
tem to quantify the degree of upper limb movement impair-
ment in patients with severe Friedreich’s ataxia. Neurol Sci. 
2020;41(6):1577–87.

 25. Schmitz-Hübsch T, et  al. Scale for the assessment and rat-
ing of ataxia: development of a new clinical scale. Neurology. 
2006;66(11):1717–20.

 26. Ippisch R, et al. mVEGAS-mobile smartphone-based spatiotem-
poral gait analysis in healthy and ataxic gait disorders. Gait Pos-
ture. 2022;97:80–5.

 27. Kim A, et al. A wearable smartphone-enabled camera-based sys-
tem for gait assessment. Gait Posture. 2015;42(2):138–44.

 28. Oubre B, et  al. Decomposition of reaching movements ena-
bles detection and measurement of ataxia. Cerebellum. 
2021;20(6):811–22.

 29. Mohammadi-Ghazi R, Nguyen H, Mishra RK, Enriquez A, Najafi 
B, Stephen CD, Gupta AS, Schmahmann JD, Vaziri A. Objective 
assessment of upper-extremity motor functions in spinocerebellar 
ataxia using wearable sensors. Sensors (Basel). 2022;22(20):7993. 
https:// doi. org/ 10. 3390/ s2220 7993

 30. Ishii N, et al. Spiral drawing: quantitative analysis and artificial-
intelligence-based diagnosis using a smartphone. J Neurol Sci. 
2020;411:116723.

 31. Lynch DR, et al. Measuring Friedreich ataxia: complementary 
features of examination and performance measures. Neurology. 
2006;66(11):1711–6.

 32. Trouillas P, et al. International Cooperative Ataxia Rating Scale 
for pharmacological assessment of the cerebellar syndrome. The 
Ataxia Neuropharmacology Committee of the World Federation 
of Neurology. J Neurol Sci. 1997;145(2):205–11.

 33. Noffs G, et al. Speech metrics, general disability, brain imag-
ing and quality of life in multiple sclerosis. Eur J Neurol. 
2021;28(1):259–68.

 34. Garces P, Antoniades CA, Sobanska A, Kovacs N, Ying SH, Gupta 
AS, Perlman S, Szmulewicz DJ, Pane C, Németh AH, Jardim 
LB, Coarelli G, Dankova M, Traschütz A, Tarnutzer AA. Quan-
titative oculomotor assessment in hereditary ataxia: systematic 
review and consensus by the Ataxia Global Initiative Working 
Group on Digital-motor Biomarkers. Cerebellum. 2023. https:// 
doi. org/ 10. 1007/ s12311- 023- 01559-9

 35. Lynch DR, et al. Safety and efficacy of omaveloxolone in Friedre-
ich ataxia (MOXIe Study). Ann Neurol. 2021;89(2):212–25.

URLS  
• https:// www. cosmin. nl/
• https:// www. comet- initi ative. org/
• https:// www. gov. uk/ gover nment/ publi catio ns/a- plan- for- digit al- 
health- and- social- care/a- plan- for- digit al- health- and- social- care
• https:// www. nice. org. uk/ about/ what- we- do/ our- progr ammes/ 
evide nce- stand ards- frame work- for- digit al- health- techn ologi es
• https:// dimes ociety. org/ access- resou rces/ sensor- data- integ ratio 
ns/ data- stand ards/ https:// trans form. engla nd. nhs. uk/ key- tools- and- 
info/ digit al- techn ology- asses sment- crite ria- dtac/ https:// trans form. 
engla nd. nhs. uk/ digit ise- conne ct- trans form/
• https:// www. fda. gov/ medic al- devic es/ digit al- health- center- excel 
lence/ digit al- health- policy- navig ator

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1007/s12311-023-01514-8
https://doi.org/10.1007/s12311-023-01514-8
https://doi.org/10.3390/s22093512
https://doi.org/10.3390/s22093512
https://doi.org/10.3390/s18092791
https://doi.org/10.3390/s18092791
https://doi.org/10.3390/s22207993
https://doi.org/10.1007/s12311-023-01559-9
https://doi.org/10.1007/s12311-023-01559-9
https://www.cosmin.nl/
https://www.comet-initiative.org/
https://www.gov.uk/government/publications/a-plan-for-digital-health-and-social-care/a-plan-for-digital-health-and-social-care
https://www.gov.uk/government/publications/a-plan-for-digital-health-and-social-care/a-plan-for-digital-health-and-social-care
https://www.nice.org.uk/about/what-we-do/our-programmes/evidence-standards-framework-for-digital-health-technologies
https://www.nice.org.uk/about/what-we-do/our-programmes/evidence-standards-framework-for-digital-health-technologies
https://dimesociety.org/access-resources/sensor-data-integrations/data-standards/
https://dimesociety.org/access-resources/sensor-data-integrations/data-standards/
https://transform.england.nhs.uk/key-tools-and-info/digital-technology-assessment-criteria-dtac/
https://transform.england.nhs.uk/key-tools-and-info/digital-technology-assessment-criteria-dtac/
https://transform.england.nhs.uk/digitise-connect-transform/
https://transform.england.nhs.uk/digitise-connect-transform/
https://www.fda.gov/medical-devices/digital-health-center-excellence/digital-health-policy-navigator
https://www.fda.gov/medical-devices/digital-health-center-excellence/digital-health-policy-navigator


923The Cerebellum (2024) 23:912–923 

1 3

Authors and Affiliations

Andrea H. Németh1,2 · Chrystalina A. Antoniades3 · Juergen Dukart4,5 · Martina Minnerop6,7,8 · Clara Rentz8 · 
Bart‑Jan Schuman9 · Bart van de Warrenburg10 · Ilse Willemse11 · Enrico Bertini12 · Anoopum S. Gupta13 · 
Carlos Bandeira de Mello Monteiro14,15 · Hajar Almoajil16 · Lori Quinn17 · Susan B. Perlman18 · Fay Horak19,20 · 
Winfried Ilg21,22 · Andreas Traschütz23,24 · Adam P. Vogel25,26,27,28 · Helen Dawes29 · on behalf of the AGI Digital‑
Motor Biomarkers Working Group

 * Helen Dawes 
 h.dawes@exeter.ac.uk

1 Nuffield Department of Clinical Neurosciences, University 
of Oxford, Oxford, UK

2 Oxford Centre for Genomic Medicine,  Oxford University 
Hospitals NHS Foundation Trust, Oxford, UK

3 Neurometrology Group, Nuffield Department of Clinical 
Neurosciences, University of Oxford, Oxford, UK

4 Institute of Neuroscience and Medicine, Brain & Behaviour 
(INM-7), Research Centre Jülich, Jülich, Germany

5 Institute of Systems Neuroscience, Medical Faculty & 
University Hospital Düsseldorf, Heinrich Heine University 
Düsseldorf, Düsseldorf, Germany

6 Institute of Clinical Neuroscience and Medical Psychology, 
Medical Faculty & University Hospital Düsseldorf, Heinrich 
Heine University Düsseldorf, Düsseldorf, Germany

7 Department of Neurology, Center for Movement Disorders 
and Neuromodulation, Medical Faculty & University 
Hospital Düsseldorf, Heinrich Heine University Düsseldorf, 
Düsseldorf, Germany

8 Institute of Neuroscience and Medicine, (INM-1), Research 
Centre Jülich, Jülich, Germany

9 Friedreich Ataxie Förderverein E.V, Pliening, Germany
10 Department of Neurology, Donders Institute for Brain, 

Cognition, and Behaviour, Radboud University Medical 
Center, 6525 Nijmegen, Netherlands

11 Donders Institute for Brain, Cognition and Behaviour, 
Radboud University Medical Center, Nijmegen, Netherlands

12 Unit of Neuromuscular and Neurodegenerative Disorders, 
Dept Neurosciences, Bambino Gesu’ Children’s Research 
Hospital, IRCCS, Rome, Italy

13 Department of Neurology, Massachusetts General Hospital 
and Harvard Medical School, Boston, MA, USA

14 Faculty of Medicine, University of São Paulo, São Paulo, SP, 
Brazil

15 School of Arts, Science and Humanities, University of São 
Paulo, São Paulo, SP, Brazil

16 Physical Therapy Department, College of Applied Medical 
Sciences, Imam Abdulrahman Bin Faisal University, 
Damman, Saudi Arabia

17 Department of Biobehavioral Sciences, Teachers College, 
Columbia University, New York, NY, USA

18 University of California Los Angeles, Los Angeles, CA, USA
19 Department of Neurology, Oregon Health & Science 

University, Portland, OR, USA
20 APDM Precision Motion, Clario, Portland, OR, USA
21 Section Computational Sensomotorics, Hertie Institute 

for Clinical Brain Research, Tübingen, Germany
22 Centre for Integrative Neuroscience (CIN), Tübingen, 

Germany
23 Research Division “Translational Genomics 

of Neurodegenerative Diseases”, Hertie Institute for Clinical 
Brain Research and Center of Neurology, University 
of Tübingen, Tübingen, Germany

24 German Center for Neurodegenerative Diseases (DZNE), 
University of Tübingen, Tübingen, Germany

25 Centre for Neuroscience of Speech, The University 
of Melbourne, Melbourne, Australia

26 Division of Translational Genomics of Neurodegenerative 
Diseases, Hertie Institute for Clinical Brain Research, 
University of Tübingen, Tübingen, Germany

27 Center for Neurology, University Hospital Tübingen, 
Tübingen, Germany

28 Redenlab Inc, Melbourne, Australia
29 NIHR Exeter Biomedical Research Centre, Medical School, 

Faculty of Health and Life Sciences, College of Medicine 
and Health, St Lukes Campus, University of Exeter, 
Heavitree Road, Exeter, UK


	Using Smartphone Sensors for Ataxia Trials: Consensus Guidance by the Ataxia Global Initiative Working Group on Digital-Motor Biomarkers
	Abstract
	Introduction 
	Material and Methods
	Consensus Building

	Stage 1: Literature Review Data Sources and Searches
	Stage 2: Current Smartphone Use Across AGI
	Stage 3: Delphi 2 Consensus on Priority Measures from Key Clinical Domain Leads
	Stage 4: Expert Consensus Panel to Agree Core Standard Criteria for Smartphone Measures
	Stage 5: Mapping Smartphone Sensor Measures Reported in Published Data (Identified by Stage 1 Literature Review) onto Standard Criteria Developed in Stage 4
	Results
	Stage 1: Literature Review
	Stage 2: Delphi Survey 1: Current Smartphone Use Across AGI WG4
	Stage 3: Delphi Survey 2: Priority Core Smartphone Sensor Measures Recommended for Key Domains
	Stage 4: Recommendations for Standard Criteria to be Used During Smartphone Sensor Measures Based on COSMIN and COMET Principles and Regulatory Guidelines
	Stage 5: Evaluating How Many Publications to Date Using Smartphone Sensor Measures for Ataxia, Meet the Standard Criteria Developed for this Consensus paper

	Discussion and Conclusions
	Strengths and Limitations
	Conclusions
	References


