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Preface to ”Digital innovation in Multiple Sclerosis
Management”

Multiple sclerosis (MS) is one of the world’s most common neurologic diseases, causing most

non-traumatic neurologic disability in young adults. MS is a lifelong unpredictable disability that

can affect the different functional systems of the central nervous system (CNS), with symptoms such

as fatigue, visual disturbances, altered sensation, and motor difficulties with mobility.

Therefore, the chronic, heterogenic, and multifocal “disease of a thousand faces” requires a

complex, ubiquitous, differentiated, and adaptive monitoring and treatment strategy. This strategy

should be personalized and tailored to the individual needs and disease course of the patient and be

continuous. Due to innovation in technology, a new type of patient has been created, the e-patient,

characterized by the use of electronic communication tools and commitment to participate in their

own care. The extent to which the world of digital health has changed during the COVID-19

pandemic has been widely recognized. Remote medicine has become part of the new normal for

patients and clinicians, introducing innovative care delivery models that are likely to endure even if

the pendulum swings back to some degree in a post-COVID age.

The development of digital applications and remote communication technologies for patients

with multiple sclerosis has increased rapidly in recent years. For patients, eHealth apps have been

shown to improve outcomes and increase access to care, disease information, and support. For HCPs,

eHealth technology may facilitate the assessment of clinical disability, analysis of lab and imaging

data, and remote monitoring of patient symptoms, adverse events, and outcomes. It may allow time

optimization and more timely intervention than is possible with scheduled face-to-face visits. The

way we measure the impact of MS on daily life has remained relatively unchanged for decades, and

is heavily reliant on clinic visits that may only occur once or twice each year.

These benefits are important because multiple sclerosis requires ongoing monitoring,

assessment, and management. In this Special Issue, screening and assessment, disease monitoring

and self-management, treatment and rehabilitation, and advice and education using digital tools are

discussed. The aim of this Special Issue is to cover the state of knowledge and expertise in the field of

eHealth technology applied to multiple sclerosis, from clinical evaluation to patient education.

Tjalf Ziemssen, Rocco Haase

Editors
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The development of digital applications and remote communication technologies for
people with multiple sclerosis (pwMS) has increased rapidly in recent years. eHealth apps
have been shown to improve outcomes and facilitate access to care, disease information, and
support. On the patient side, pwMS facing a disease onset in their early adulthood are often
seen as the ideal target group for new trends in digital healthcare because of their demand
for a more personalized and tailored disease management that results from the complexity
and heterogeneity of multiple sclerosis (MS). For healthcare professionals (HCPs) treating
MS, eHealth technologies can facilitate clinical disability assessment; analysis of laboratory
and imaging data; and the remote monitoring of patient symptoms, adverse events, and
outcomes. They can enable time optimization and more timely intervention than is possible
with scheduled in-person visits.

This Special Issue addresses screening and assessment; disease surveillance; self-
management, treatment, and rehabilitation; and counseling and education using digital
tools for MS. In particular, we collected research that paints a more detailed picture of pwMS
and their practitioners as eHealth users, and research that shows progress in measuring
and diagnosing MS as well in the treatment and rehabilitation through digital innovations.

Haase et al. continued their investigation of active stakeholders in the process of digital
MS management in a multi-survey study [1]. They took a close look at the attitudes, needs,
and behaviors of pwMS, as well as at their relatives and caregivers regarding electronically
assisted disease management. There was broad and robust enthusiasm among various
subgroups. For pwMS, the focus was on eHealth services that connect information already
collected and make it easily accessible and understandable. HCP preferred digital solutions
that provided aid in the preparation of future visits and adherence.

During the COVID-19 pandemic, remote medicine and education has become part of
the new normal for patients and clinicians, introducing innovative care delivery models
that are likely to endure. The master’s program “Multiple Sclerosis Management”, a digital
program for HCPs at Dresden International University, was evaluated by Voigt et al.,
confirming feasibility and acceptability of a highly specialized study program that focuses
solely on the management of one disease and delivers best-practice knowledge in digital
form in 90% of lessons over a course of two years [2].

Due to the heterogeneous phenotype of the disease and large time intervals between
neurologic examinations, measuring MS remains a complex task. Digital innovations may
provide a solution to the problem of how we can avoid missing disease activity. Mäcken
et al. developed a digital solution for one of the most common symptoms of MS, fatigue [3].
They included patient-reported outcomes, cognitive tests, and sensor data in a smartphone
app applying a transtheoretical model of health behavior change that manifests in a training
course for pwMS facing fatigue. Both patients and HCPs may benefit from objective fatigue
assessments that can be easily administered by the patients themselves. In another article,
van der Walt et al. explored the development pathway for a software as a medical device
in MS, leveraging lessons learned from the development of Floodlight™ MS, an evolving
app for MS functional assessment [4]. The strength of this solution is the integration of
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hand motor testing, gait tests, as well as cognitive and affective assessment under highest
regulatory standards. With a special focus on gait testing, Trentzsch et al. developed a
digitally assisted measurement system that uses accelerometers and multiple algorithms to
assess the distance of a 2-min walk test [5]. The benefit of such a system is the simultaneous
realization of standardization as well as objectification of measurement, which can be
applied independently of human resources.

Towards a holistic approach to digital measurement of pwMS, Dillenseger et al. pro-
vided a comprehensive introduction into digital biomarkers in MS [6]. Digital biomarkers
have the potential to close temporal gaps in diagnostics, to capture problem areas not
addressed in clinical practice, to compile separate data sources in a timely manner, and thus
to pave the way to personalized medicine at the pace of a clinical decision conversation.
Therefore, digital biomarkers may include data from various sensors, tablets, medical
devices. as well as video- and audio-based data and lead directly to the use of complex
(big data) analyses that are largely based on machine learning approaches. A digital twin is
a clinically useful representation of the knowledge gained in this way [7], which allows the
treatment concept to be more data-driven at the individual longitudinal level as well as at
the normative population level.

Cloosterman et al. presented a study on the potential impact of such a digital
biomarker approach by assessing costs and benefits of the MS Sherpa app and online
portal [8]. In this case, they performed an early health technology assessment that simulates
the added value of digital biomarker-based eHealth interventions to the standard MS care
path. Cost-effectiveness was demonstrated in all simulated scenarios, suggesting that
digital biomarkers can be a valuable addition to routine clinical practice even with a small
reduction in progression. With the software-assisted assessment of brain magnet resonance
imaging (MRI) data, Sima et al. evaluated another digital biomarker and its impact on
therapeutic decision-making [9]. A simulation on the effectiveness of an MRI-triggered
switch of the disease-modifying therapy resulted in an increase in quality-adjusted life
years and reduced societal costs due to MS.

A switch of treatments may be one result of the use of innovative digital technologies
to treat MS. Beyond this, however, there are more facets and constellations in which eHealth
can offer a contribution to improved treatment. In their review, Scholz et al. discussed the
different types of interventions, standards, and advantages of quality eHealth approaches
for pwMS [10]. They laid out several MS-specific use cases, such as single-use, social,
integrated, and complex eHealth solutions, and collected factors of success for eHealth
interventions in MS. In a second review, Bonnechère et al. focused on the existing clinical
evidence of mobile health (mHealth) technologies in the rehabilitation and self-assessment
of pwMS [11]. They reported small benefits of mHealth for cognitive functioning and
moderate benefits for fatigue. For quality of life, further evidence on the level of activity
and motor function was requested.

To promote an easy-to-access platform for interoperable data sharing and disease
management across several HCPs, Lang et al. developed a CE-certified mobile application
that provides risk management plans of current disease modifying therapies for MS [12].
Its use is not restricted to MS but already 3000 pwMS have used this integrative system that
includes clinical information, patient-reported-outcomes, and functional and laboratory
assessment in an electronic-health-record-like environment.

A complex management solution for MS was presented by Van Hecke et al., which
combines functions of an online portal for HCPs, a web/mobile application for pwMS, and
an elaborated solution for brain MRI analyses [13]. For its digital biomarkers, a notable
increase in sensitivity to detect disease activity was reported. To underline the market
readiness and the will to translate into clinical practice, the developers acquired a CE mark
and a FDA clearance.

Overall, the twelve articles in this Brain Science Special Issue demonstrated what
pwMS and HCPs expect from digital innovations for the treatment of MS, what contribution
these technologies can make in everyday practice, and which areas of MS assessment can
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benefit from these new approaches in particular. The opportunity to focus simultaneously
on technical development and clinical relevance in a selected and somewhat predisposed
disease, such as MS, has provided valuable insights for neurologists, epidemiologists, and
developers of eHealth solutions working on chronic neurological diseases.

Funding: This research received no external funding.

Conflicts of Interest: T.Z. received personal compensation from Biogen, Bayer, Celgene, Novartis,
Roche, Sanofi and Teva for consulting services and additional financial support for the research
activities from Bayer, BAT, Biogen, Novartis, Teva and Sanofi. R.H. received personal compensation
by Sanofi and travel grants by Celgene and Sanofi.
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Abstract: (1) Background: Persons with multiple sclerosis (pwMS) are often characterized as ideal
adopters of new digital healthcare trends, but it is worth thinking about whether and which pwMS
will be targeted and served by a particular eHealth service like a patient portal. With our study, we
wanted to explore needs and barriers for subgroups of pwMS and their caregivers when interacting
with eHealth services in care and daily living. (2) Methods: This study comprises results from two
surveys: one collecting data from pwMS and their relatives (as informal caregivers) and another
one providing information on the opinions and attitudes of healthcare professionals (HCPs). Data
were analyzed descriptively and via generalized linear models. (3) Results: 185 pwMS, 25 informal
caregivers, and 24 HCPs in the field of MS participated. Nine out of ten pwMS used information
technology on a daily base. Individual impairments like in vision and cognition resulted in individual
needs like the desire to actively monitor their disease course or communicate with their physician in
person. HCPs reported that a complete medication overview, additional medication information,
overview of future visits and a reminder of medication intake would be very helpful eHealth
features for pwMS, while they themselves preferred features organizing and enriching future visits.
(4) Conclusions: A closer look at the various profiles of eHealth adoption in pwMS and their
caregivers indicated that there is a broad and robust enthusiasm across several subgroups that does
not exclude anyone in general, but constitutes specific areas of interest. For pwMS, the focus was on
eHealth services that connect previously collected information and make them easily accessible and
understandable.

Keywords: multiple sclerosis; eHealth; patient empowerment; health information seeking;
user-centered design; patient portal

1. Introduction

Persons with multiple sclerosis (pwMS) are often characterized as early or ideal
adopters of new digital healthcare trends [1]. They are faced with a disease that usually
starts in early adulthood and warrants the attention of pwMS, their relatives, and several
types of healthcare professionals (HCPs) for the rest of patients’ life. The disease itself is
complex and may result in a multitude of different symptoms [2,3]. Overall, every person
involved has to put a lot of effort in treatment management and associated multimodal
monitoring, which will generate large numbers of multidimensional data [4]. Modern
standardized disease management of multiple sclerosis (MS) should therefore include time-
and cost-saving health information technology (HIT) that improves the conditions for and
the connections between pwMS, HCPs, and informal caregivers [5,6].
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We know from cross-domain research that younger patients and patients who are
more active IT users are particularly interested in and have established skills with using
eHealth services [7,8]. With the understanding that these characteristics are connected
to pwMS [1], research on eHealth in the domain of MS has focused on creating a variety
of new technologies to aid in the diagnostic and monitoring process and treatment of
MS [6,9,10]. One focus is on providing new methods for networked generation of data,
particularly to address symptom domains underrepresented in the standard MS assessment
and temporal gaps in data collection. These approaches include self-monitoring via mobile
health technologies, new (wearable) sensor systems like accelerometers, as well as extended
and adapted electronic health records (EHR). All these efforts are aimed at preventing the
disease from progressing unnoticed and unanswered [11].

A second major area of research on eHealth in MS deals with sharing and retrieving
health-related information and experiences. In recent years, the availability of high-quality
information about MS for pwMS and the ways to disseminate this knowledge have in-
creased steadily [9]. Research on patient networks, professionally curated websites, and
how patients find and process information online have gained much attention [9,12–15].

The goal of almost all of these eHealth services was to address all pwMS in a similar
manner, or at least all within a given language area, which maintains the assumption that
all pwMS are potential eHealth adopters, or at least that they all are to a similar degree. The
low age at onset [16] and the general trend toward more digital devices [17] may suggest
this conclusion, but it is also contradicted by the wide range of possible symptoms, the
growing age of patients under treatment, the large number of HCPs involved, and the
dispersion of those affected by MS within a society [5,16]. However, there is evidence that
it is worth thinking about whether and which pwMS will be targeted and served by a
particular eHealth service [15,18–20].

User-centered design (UCD) in the development of eHealth services represents an
important principle for the differentiated consideration of attitudes and wishes of des-
ignated users like patients and HCPs [21,22]. For a development according to UCD, the
following questions arise. Are all potential users identified as both information sources
and target users? What are key needs, barriers and success factors for these individuals?
Are differentiating factors such as a priori usage behavior, socio-demographic, and motiva-
tional characteristics considered? Are quantitative and qualitative methods used to capture
outcomes and factors?

In a mixed-method study of Giunti et al., twelve pwMS and twelve HCPs from
Switzerland were interviewed and assessed with questionnaires to gain insights into the
needs of pwMS when using a mobile app to increase physical activity [22]. While pwMS
and HCPs were used as a source of information in this regard, HCPs were not seen as
active partners in the process of optimizing patients’ physical activity through an app. As
Giunti et al. themselves noted, the results of the study were based on a relatively small
number of cases and a prelimited study population, which significantly reduced overall
representativeness and did not allow for systematic multifactorial analyses. Marrie et al.
contributed a very large study on usage behavior of pwMS in North America, which also
systematically looked for differences in subgroups of pwMS. With more than 6400 pwMS, a
very broad data set was created and numerous important factors were used in multivariate
analyses, but the outcomes collected were often only binary and mostly addressed the
general IT use of the pwMS. This is due to the epidemiological approach, which, unlike
the UCD-based development process of a specific application, does not target a specific
application purpose and thus provides less detail, especially for attitudes and needs.

In our study, we aimed to combine the strengths of these two approaches by asking
detailed questions about current and potential usage patterns of eHealth services for
MS and linking them to various factors so that systematic associations with subgroups
are revealed. Since this study was designed in the context of a UCD-based software
development, many involved perspectives should be considered both as information
providers and as participants in the usage process. Specifically, this study sought to explore
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how willing pwMS (and their caregivers) would be to interact with their electronic health
record, use alternative communication channels, and incorporate mobile devices and
eHealth apps into care and their daily lives.

2. Materials and Methods

The research was conducted as part of the joint project “Integrated Care Portal for
Multiple Sclerosis” by the Multiple Sclerosis Center (MSC) at University Hospital Carl
Gustav Carus Dresden, the Technical University of Dresden (TUD), Chair of Wirtschaftsin-
formatik, Systems Engineering, and the Carus Consilium Sachsen GmbH between October
2017 and November 2019 [23]. This study comprises results from two surveys that were
created by a team of neurologists, psychologists, and computer scientists at the MSC and
TUD to enable a user-entered development process for an integrative care portal for MS
including the perspectives of the most important persons involved.

The first survey collected data from pwMS and their relatives (as informal caregivers)
and the second survey provided information on the opinions and attitudes of the neu-
rologists treating MS. In both surveys, we gathered information concerning the use of
information technology, disease-related barriers, requirements and needs for adopting
eHealth solutions for MS.

2.1. Participants

PwMS and their relatives were enrolled during routine visits at the MSC and events
like an information day and via support groups of the German Multiple Sclerosis Society.
Questionnaires should only be given to persons with a verified diagnosis of MS and
their relatives. No further restrictions were made to include a representative range of
patients. The paper-based questionnaire could be filled in during the visit/event or later
be submitted at the next appointment, by post or electronically by email as a scan. All
submitted questionnaires were processed anonymously.

HCPs from Germany treating MS were contacted by mail and email through a network
list of neurological practices to answer questions of the second survey anonymously online
via web link. Experts must have treated pwMS regularly and have at least two years of
personal experience in the field to provide appropriate answers for the analyses, which
was ensured with initial items on these aspects.

2.2. Data Collection
2.2.1. Patient Survey

The questionnaire assessing pwMS and their relatives consisted of 65 items including
information about their background and their condition as well as their attitudes and
behavior regarding the eHealth in the context of MS. To include relevant patient character-
istics in the analyses, we asked the patients with ordinal and bivariate items about their
age, the distance to their treating neurologist, whether they suffered from symptoms of
fatigue, depression, pain, spasticity, impaired cognition, walking ability, vision, bladder
and bowel function, or other symptoms due to their MS. We added up the presence of these
symptoms to estimate a severity index ranging from 0 to 10 for further analyses. Further
questions concerned the frequency and purpose of use of digital devices and reasons for
not using such tools for health-related tasks, especially to manage their MS. Answers
were provided on a 5-point Likert scale or as dichotomous outcome. The second part of
this survey focused on expectations and needs regarding the use of a common eHealth
infrastructure that is accessible for pwMS and their caregivers as well.

2.2.2. Physician Survey

With a second survey for HCPs in the field of MS, we wanted to address their attitudes
towards eHealth for treating MS, their current use of HIT and their needs and requirements
for a an eHealth environment that connects pwMS as well as their respective formal and
informal caregivers. In total, 100 items were used to assess HCPs basic characteristics
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(8 items), their current way of using HIT (13 items), information about processes in the
clinical practice (32 items), needs and opinions about a patient portal for MS (40 items),
and electronic health records for MS (7 items). Responses were given as free text, 5-point
Likert scale or multiple-choice option. HCPs could skip items if they did not feel qualified
to answer.

2.3. Statistical Analyses

Absolute and relative numbers, median and interquartile range were used to describe
the study variables. Percentages based only on complete answers. When recoding of
ordinal data was required, the two most favorable outcomes on a 5-point Likert scale
were coded as favorable binary outcome. For a deeper understanding of the patterns
in which subgroups in both surveys may differ, generalized linear models (GLMs) with
binomial and multinomial link function were applied to analyze responses with respect to
individual characteristics. A p-value < 0.05 was considered significant. For analyses of the
patient survey, the model factors included age, type of participant, distance to and type
of treating neurologist, disease severity (via index), and major symptom classes (fatigue,
depression, cognition, pain, spasticity, walk, vision, bladder, bowel). Wilcoxon tests were
used to compare ordinal ratings. Kendall’s tau–b (τ) was used to estimate agreement for
ordinal ratings.

3. Results
3.1. Participants

Overall, 185 pwMS, 25 informal caregivers, and 24 healthcare professionals in the field
of MS participated in our surveys.

In the first survey, the age of pwMS and their relatives ranged from 18 to over 60 years
with a median of 31 to 40 years. Most cases were treated at the MSC (74.3%) while 25.7%
were treated in general neurological practices and clinics. The median distance pwMS had
to travel to treat HCP was between 5 to 15 km. Major self-reported symptoms were fatigue
(58.6), impairment of walking (51.0%), vision (35.2%), cognition (31.9%), as well as pain
(31.9%), bladder problems (28.6%), other symptoms (22.4%), depression (20.5%), and bowel
problems (11.9%) with an average of 3.14 symptoms per patient.

In the second survey, 20 neurologists, 2 radiologists, and 2 specialized MS nurses
answered our questions with a median experience of 11 to 25 years in the field of MS.
Participating HCPs working in neurological practices (50%) and clinics (41.7%) treated
an average of 901 patients per quarter with 15.5% of these patients being pwMS (range
between 1% and 100%).

3.2. Patient Survey

Overall, 89.0% of pwMS and their caring relatives used information technology on
a daily base (Table 1). Only 5.7% of them did not use or rarely used devices such as a
smartphone or a computer with the smartphone being the most used device.

Typical health-related tasks that include the use of HIT were accessing health informa-
tion on the Internet and self-tracking (Table 2). Finding a new physician and contacting
physicians were the least common use cases for our subjects. The most common reasons
for not using HIT solutions were the lack of knowledge about existing services (17.6%),
concerns about the usefulness of a service (11.4%), low familiarity with the technology
(9.5%), a lack of trust in existing services (5.7%), and other reasons (21.9%).
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Table 1. Frequencies of information technology use in persons with multiple sclerosis and their relatives (N = 210).

Use of Device Parameter Daily Weekly Less than Weekly Unknown

Computer or Notebook n 110 51 29 20
% 57.9 26.8 15.3

Tablet
n 61 24 47 78
% 46.2 18.2 35.6

Smartphone n 158 3 12 37
% 91.3 1.7 6.9

Smartwatch
n 10 2 66 132
% 12.8 2.6 84.6

Any of These Devices n 187 11 12 0
% 89.0 5.2 5.7

Percentages based on complete answers.

Table 2. Purpose of use of information technology use in persons with multiple sclerosis and their relatives (N = 210).

Use of Device Parameter Daily or Weekly Monthly Rarely or Never Unknown

Access General Information
on Health

n 59 62 54 35
% 33.7 35.4 30.9

Access Information
on Multiple Sclerosis

n 45 65 70 30
% 25.0 36.1 38.9

Find a New Physician n 12 56 102 40
% 7.1 32.9 60.0

Self-Tracking n 22 10 113 65
% 15.2 6.9 77.9

Organize Appointments n 44 43 77 49
% 27.3 26.7 47.8

Exchange with Other Patients n 22 17 114 57
% 14.4 11.1 74.5

Contact Physicians n 10 51 101 48
% 6.2 31.5 62.3

Percentages based on complete answers.

When being asked whether they had ever accessed information about MS from a spe-
cific source, 76.2% of the participants answered that they had used the Internet, 75.2% con-
tacted a specialized physician, 41.0% read books and magazines, 21.4% visited MS-related
events, 20.5% talked to other patients, 2.9% used an app for MS, and 7.6% accessed other
sources. Barriers for accessing information about MS were the general lack of understand-
ability (76.3%) as well as the accessing (53.4%), overviewing (51.0%), and understanding
(38.7%) of personal health records and the unavailability of suitable information (13.9%)
and other patients to communicate with (43.0%). A patient portal for MS was welcomed
by 93.1% of the participants. At the MS Day event of the MSC in 2019, we also asked our
attending pwMS whether they would be willing to pay for the use of such a portal (N = 60)
and 61.7% of them were willing to do so in principle. Most desired features of such a
portal were the access to personal EHRs (85.9%), an overview of the medication schedule
(82.6%), additional information about the current treatment (86.9%), and an overview of
past (74.0%) and future visits (87.3%). Also of interest to some degree were the options to
remind patients for taking their medication (57.7%), as well as to mail (81.1%), call (49.2%),
and video chat (35.3%) with physicians.

In analyses with GLMs, we found several significant associations between distinct
subject characteristics and their behaviors and attitudes toward eHealth for MS (Table 3).
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Table 3. Associations between subgroups of participants and their behaviors and attitudes toward eHealth for multiple
sclerosis (MS) (N = 210).

Characteristic Association p

Younger Participants

Used any Modern Communication Device More Often 0.001

Used Tablets More Often 0.028

Used Smartphones More Often 0.031

Looked More Often for a New Physician Online <0.001

Participated Less Often in Live Events about MS 1 0.004

Were More Interested in an Overview of Future Visits 0.013

Participants with Lower Distance to the
Treating Physician

Received More Often MS-Related Information Directly from Their
Specialized Physician 0.040

Participants being Treated in a Highly
Specialized MS Unit

Were More Likely to Use Modern Communication Devices for
Retrieving Health Information <0.001

Were Less Likely to Attend Live Events about MS 0.034

Were More Interested in an Overview of Future Visits 1 0.013

Were More Interested in Filling in Questionnaires and Tests 1 0.030

Were More Interested in Managing Visits 1 0.004

Participants with an Increased Number of
MS Symptoms Were More Interested in Accessing their Electronic Health Record 1 0.026

Persons with MS in Comparison with
Friends and Relatives of Persons with MS

Were More Likely to Use Modern Communication Devices for
Retrieving Health Information 0.006

Were More Interested in MS-Related Reminders 1 0.001

Were More Interested in an Overview of Past Visits 1 0.044

Were More Interested in an Overview of Future Visits 1 0.012

Were More Interested in Managing Visits 1 0.009

Participants with Fatigue

Used any Modern Communication Device Less Often 0.001

Used Computers and Notebooks Less Often 0.032

Looked More Often for a New Physician Online 0.005

Participants with Cognition Problems

Used Computers and Notebooks Less Often 0.043

Were More Likely to Look for Information on MS Online 0.006

Were More Interested in Filling in Questionnaires and Tests 1 0.047

Participants with Walking Problems Looked Less Often for a New Physician Online 0.030

Participants with Vision Problems

Received more Often MS-Related Information Directly from their
Specialized Physician 0.016

Were Less Interested in in Accessing their Electronic Health Record 1 0.036

Generalized linear models were used with binomial and multinomial link function and age, type of participant, distance to and type
of treating neurologist, number of symptoms, and major symptom classes (fatigue, depression, cognition, pain, spasticity, walk, vision,
bladder, bowel) as factors. Only significant associations are displayed (p < 0.050). 1 Via an online portal for persons with multiple sclerosis
and their caregivers.

Individual impairments like in vision and cognition resulted in individual interests
like the desire to actively monitor their disease course or communicate with their physician
in person. As expected, pwMS were more interested in actively managing their disease than
their informal caregivers who were nevertheless interested in many aspects of the disease.
Participants who were associated to a highly specialized MS care unit like the MSC showed
an increased interest in interactive possibilities of eHealth for MS like the possibility to do
tests and questionnaires online and via a mobile accessible platform like a patient portal
for pwMS. Also as expected, younger participants presented with an increased frequency
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of using modern communication devices. The general interest in a patient portal for MS
did not differ between subgroups.

3.3. Physician Survey

All HCPs had already used HIT-like specific software on computers (100%) and
mobile devices (65%) in their practices and clinics. Only a minority of them processed
imaging data via the Internet (31.8%), which is a typical use case for diagnostics in MS.
Another 65% already provided additional educational programs to their patients. Median
number of contacts between HCPs and their patients was up to two times per quarter.
Among common problems that HCPs were facing during disease management, the lack of
forwarding of information by the patient (31.6%), the need for the patient to visit on site
for inquiries (21.1%), a missing overview of treatments including those from other HCPs,
and poor general reachability of patients (15.8%) were the most prominent ones.

Seen from the HCPs’ point of view, a complete medication overview, additional
medication information, overview of future visits, and a reminder of medication intake
would be very helpful portal features for pwMS (Table 4, Appendix A). Helpful portal
features for HCPs themselves were medication overview, overview of future visits, and
preparing appointments so that pwMS know what to expect and what to bring with
them. For most of the tasks of a common online portal for MS, a trend towards having
more benefits for patients was observed, but only the contact via text message was rated
significantly more favorable for pwMS (p = 0.016) than for HCPs. No differences were
found for the ratings with respect to the HCPs’ characteristics like working in clinics
vs. in practices, their occupation (neurologist, radiologist, MS nurse), their professional
experience, and or the share of pwMS among all treated patients.

Table 4. Healthcare professionals’ ratings for useful features of an online portal for persons with multiple sclerosis and their
caregivers (N = 24).

Task Parameter Useful for the Patient Useful for the Physician Unknown τ

Access Electronic Health Record
n 9 5 7 0.631 1

% 52.9 29.4

Medical Overview
n 16 15 7 0.713 1

% 94.1 88.2

Patient Inquiries n 13 10 7 0.548 1

% 76.5 58.8

Treatment Information
n 14 13 7 0.487 1

% 82.4 76.5

Reminder for Treatment
n 13 13 7 0.786 1

% 76.5 76.5

Overview of Past Visits
n 9 9 7 0.882 1

% 52.9 52.9

Overview of Future Visits
n 14 14 7 0.659 1

% 82.4 82.4

Contact via Text Message n 9 4 7 0.550 1

% 52.9 23.5

Contact via Audio Call
n 7 5 7 0.663 1

% 41.2 29.4

Contact Via Video Call
n 6 5 7 0.825 1

% 35.3 29.4

Questionnaires and Tests n 13 12 7 0.235
% 76.5 70.6

Prepare Visits n 12 13 7 0.652 1

% 70.6 76.5

Post-Visit Tasks and Control
n 9 12 7 0.704 1

% 52.9 70.6

Percentages and correlations based on complete answers. Kendall’s tau–b (τ) was used for correlations between rated usefulness for the
patient and the physician. 1 Significant correlation on a at least 5% level.
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The highest level of agreement for perceived use rated for patients and physicians
was found in the systematic overview of past visits (τ = 0.882), followed by video chats
(τ = 0.825), reminders for patients (τ = 0.786), and medical overview (τ = 0.713). The only
non-significant correlation was detected for doing questionnaires and tests via patient
portal (τ = 0.235).

4. Discussion

In our study, we assessed the current and potential use of HIT by pwMS as well as
by their formal and informal caregivers from a unified perspective and connected their
answers with disease and treatment specific characteristics to promote a more detailed
view on different profiles of eHealth adoption in MS.

We found that it was of particular importance for pwMS to get an effective access to
their own medical data, especially treatment-related and visit-related data. This perspec-
tive was shared with HCPs treating MS. While there were high levels of use of modern
communication technologies among all participating groups, we were able to identify
significant differences in usage patterns as well as needs and experienced barriers to the
use of eHealth technologies for MS.

As expected, younger pwMS were more receptive to modern communication technolo-
gies, but also pwMS and their relatives who had already experienced additional eHealth
services in routine practice were more open towards the possibilities of a complex solution
like an integrative patient portal for MS [6]. PwMS and their relatives shared many atti-
tudes and knowledge about the disease and its treatment, but pwMS themselves were more
interested in actively supporting disease management through electronically aided visit
management. Patients with specific problems such as cognitive functional deficits were
more interested in options to cope with these symptoms via a mobile-available assessment.

Research on the use of HIT in MS has evolved in the last ten years. In a num-
ber of studies, device use patterns and online search behavior for health information in
pwMS [1,14,15,24,25] were assessed in several countries around the world. Our current
study followed that tradition and updated previously established numbers with actual in-
sights from a society that adopted a widespread use of smartphones across all subgroups [1].
For pwMS, we found that nine out of ten patients could be reached through modern com-
munication devices, which extends the trend of previous studies [19,26]. Our numbers
correspond to 90% of people in the general German population using a smartphone in
2020 [27]. Daily and weekly usage of HIT-ready devices and the Internet in general were
the desired levels at which responsive disease management could be started [28]. For many
routine tasks, access of eHealth services on a weekly or monthly base seemed sufficient
for our pwMS, for example, to contact caregivers or to receive new information on MS.
Therefore, a very high frequency in the use of HIT was not necessary for a successful
adoption of eHealth services. Mobile applications that offer self-tracking and optimization
options such as physical or cognitive trainings may be seen as one option that justifies a
more frequent use of web-based services for MS [11,29].

Another approach that we wanted to take with this study is the multi-perspective
research on needs and barriers that pwMS and caregivers face while managing MS, and
that should be met and overcome by technical solutions [18,22]. To achieve this, patients
and caregivers should be understood both as a source of information and as a target group
for the development of eHealth solutions, and disease management itself as an interaction
between these parties to be supported. Therefore, it was necessary to gather detailed
requirements that should be met by a common web portal for pwMS and their caregivers,
and to investigate whether these apply equally to subgroups. There was an increased
need to access their EHR in pwMS with a large number of different functional deficits.
However, in pwMS with impaired vision, we found less interest in accessing their EHR
online. Instead, they contacted their specialized physician more often to get MS-related
information directly from them, which was also seen in pwMS that lived near their treating
HCPs. Here, we also see the potential that eHealth has for the care landscape in rural
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areas, which generally have a lower density of HCPs. Where face-to-face contact is rarely
possible, more demand for information on MS can be served online. Optimizing readability
may also promote the use of eHealth apps among pwMS with visual impairments. While
younger pwMS and their relatives reported a more frequent use of modern communication
devices, we also noted an increased interest in eHealth solutions in pwMS having already
used such applications at their treating neurologist. While we cannot influence the age of
pwMS, a high-quality offer of new eHealth methods like a patient portal by the practitioner
may increase openness to them.

From HCPs, we learned that eHealth services can be equally important to patients and
their caregivers when both were able to access them. For a common online portal for MS,
features to overcome organizational and communicational deficits were most anticipated
by HCPs. The benefits of this solution may also include improved patient education and
networking and data sharing with other participating HCPs. Features that had already
been implemented elsewhere, such as HCP’s access to EHR and the ability to take mail
and calls from patients, were met with less interest. This underlines the need for clear
additional benefits for all stakeholders that should come with the use of new HIT.

In a study by Nielsen et al., pwMS that were already using an online portal focusing on
patient–physician communication and accessing EHRs at the Beth Israel Deaconess Medical
Center were assessed [20]. Like in our study, recommendations like font size adjustments
were provided to overcome barriers related to physical disabilities. Further, younger age
and normal vision were factors that predicted portal use. As this was a retrospective study,
no specific questions could be answered. Atreja et al. used focus groups to get insights
into needs and barriers of an Internet portal for MS [25]. Both studies have in common
that they saw only patients as beneficiaries of the portal, yet envisioned HCPs using it
for communication without primarily considering them in the portal design. Common
recommendations from these studies and our findings include consideration of differential
accessibility for patients with special impairments, integration of PROs and tests, and the
objective that a patient portal must directly support shared physician–patient decision
making, but certainly in ways that are different for physicians and patients.

Nevertheless, we have to address some limitations of our surveys. Since recruitment
was on a voluntary basis, selection bias could have been present. The survey addressing
HCPs achieved only a small sample size, which may have limited the representativeness of
the findings and the power for statistical tests. In the survey directed to pwMS, we had to
use binary surrogate items for assessing clinical symptoms. The use of a standard clinical
instrument like the Expanded Disability Status Scale was prohibited due to the anonymous
survey process [30]. Further, the use of the category “other symptoms” may have limited
insights into further symptom areas like sensory impairment. A proportion of unanswered
items reduced the amount of information available and may have reduced the number of
responses in the “rarely or never” category, as participants may have omitted questions
primarily when they did not apply to them personally.

5. Conclusions

Overall, pwMS as well as their formal and informal caregivers showed high interest
in eHealth solutions for MS. A closer look at the various profiles of eHealth adoption
indicated that there is a broad and robust enthusiasm across several subgroups of pwMS
that does not exclude anyone in general, but constitutes specific areas of interest.

For pwMS, the main focus was on MS care portal options that connect previously
collected information and make them easily accessible and understandable. For HCPs,
organizing and enriching future visits was an important aspect.

Overall, a well-established, multilingual, standardized questionnaire on the usage
behavior of modern communication devices and platforms would be a welcomed starting
point for cross-domain comparable research on the topic.

With our integrated care portal and the vision of digital twins for MS, patient involve-
ment will be strengthened by a purposeful assistance in organizing and caring [23,31]. In
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addition, context-sensitive information for patients and their relatives as well as concrete
recommendations and options for action based on this information will be provided.
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Appendix A

Table A1. Standardized regression coefficients for significant associations in generalized linear models from Table 3
(N = 210).

Outcome Factor B1 B2 B3 B4 B5

Used of Any Modern Communication Device Age −1.670 −1.181 −0.485 0.298 0 2

Fatigue −1.512 0 2 – – –

Use of Computers and Notebooks Fatigue −0.817 0 2 – – –
Cognition −0.879 0 2 – – –

Use of Tablets Age −0.480 −1.005 0.167 0.397 0 2

Use of Smartphones Age −0.953 −0.707 0.156 0.762 0 2

Use Modern Communication Devices for
Retrieving Health Information

Type of Participant 2.043 0 2 – – –
Being Treated in

a Highly Specialized MS Unit −2.700 0 2 – – –

Look for a New Physician Online
Age −2.266 −0.756 −1.156 0.233 0 2

Fatigue −1.426 0 2 – – –
Walking 2.444 0 2 – – –

Look for Information on MS Online Cognition 1.957 0 2 – – –

Participated in Live Events About MS 1
Age 2.439 2.493 1.440 0.651 0 2

Being Treated in
a Highly Specialized MS Unit 0.979 0 2 – – –

Receive Information on MS Directly from a
Specialized Physician

Distance to Physician −1.149 −0.988 0.016 0 2 –
Vision 1.371 02 – – –

Accessing Electronic Health Records 1 Disease Severity 0.716 – – – –
Vision −0.939 0 2 – – –

Medication Reminder 1 Type of Participant 1.678 0 2 – – –
Age −1.882 −2.127 −1.749 −0.882 0 2

Overview of Past Visits 1 Type of Participant 1.001 0 2 – – –
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Table A1. Cont.

Outcome Factor B1 B2 B3 B4 B5

Overview of Future Visits 1

Type of Participant 1.488 0 2 – – –
Age −1.223 −1.210 −0.843 0.090 0 2

Being Treated in
a Highly Specialized MS Unit −0.897 0 2 – – –

Filling in Questionnaires and Tests 1
Being Treated in

a Highly Specialized MS Unit −0.750 0 2 – – –

Cognition 0.931 0 2 – – –

Manage Visits 1
Type of Participant 1.437 0 2 – – –

Being Treated in
a Highly Specialized MS Unit −0.987 0 2 – – –

Generalized linear models were used with binomial and multinomial link function and age, type of participant, distance to and type
of treating neurologist, number of symptoms, and major symptom classes (fatigue, depression, cognition, pain, spasticity, walk, vision,
bladder, bowel) as factors. Only significant associations are displayed (p < 0.050). 1 Via an online portal for persons with multiple sclerosis
and their caregivers. 2 Reference category.
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Dubik-Jezierzańska, M.; Podlecka-Piętowska, A.; et al. Internet Usage by Polish Patients with Multiple Sclerosis: A Multi-
center Questionnaire Study. Interact. J. Med. Res. 2019, 8, e11146. [CrossRef] [PubMed]

29. Giunti, G.; Rivera-Romero, O.; Kool, J.; Bansi, J.; Sevillano, J.L.; Granja-Dominguez, A.; Izquierdo-Ayuso, G.; Giunta, D.
Evaluation of More Stamina, a Mobile App for Fatigue Management in Persons with Multiple Sclerosis: Protocol for a Feasibility,
Acceptability, and Usability Study. JMIR Res. Protoc. 2020, 9, e18196. [CrossRef] [PubMed]

30. Kurtzke, J.F. Rating neurologic impairment in multiple sclerosis: An expanded disability status scale (EDSS). Neurology 1983, 33,
1444–1452. [CrossRef]

31. Voigt, I.; Inojosa, H.; Dillenseger, A.; Haase, R.; Akgün, K.; Ziemssen, T. Digital Twins for Multiple Sclerosis. Front. Immunol. 2021,
12, 669811. [CrossRef] [PubMed]

16



brain
sciences

Article

Innovation in Digital Education: Lessons Learned from the
Multiple Sclerosis Management Master’s Program

Isabel Voigt 1 , Christine Stadelmann 2, Sven G. Meuth 3, Richard H. W. Funk 4, Franziska Ramisch 4,
Joachim Niemeier 4 and Tjalf Ziemssen 1,*

����������
�������

Citation: Voigt, I.; Stadelmann, C.;

Meuth, S.G.; Funk, R.H.W.;

Ramisch, F.; Niemeier, J.; Ziemssen, T.

Innovation in Digital Education:

Lessons Learned from the Multiple

Sclerosis Management Master’s

Program. Brain Sci. 2021, 11, 1110.

https://doi.org/10.3390/

brainsci11081110

Academic Editor: Elisabeth

Gulowsen Celius

Received: 28 July 2021

Accepted: 20 August 2021

Published: 23 August 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Center of Clinical Neuroscience, Department of Neurology, University Clinic Carl Gustav Carus,
Dresden University of Technology, 01307 Dresden, Germany; isabel.voigt@ukdd.de

2 Institute of Neuropathology, University Medical Center Göttingen, 37075 Göttingen, Germany;
cstadelmann@med.uni-goettingen.de

3 Department of Neurology, Medical Faculty, University Clinic Düsseldorf, 40225 Düsseldorf, Germany;
meuth@uni-duesseldorf.de

4 Institute of Anatomy, Medical Faculty Carl Gustav Carus, Technische Universität (TU) Dresden,
01067 Dresden, Germany; richard.funk@di-uni.de (R.H.W.F.); franziska.ramisch@di-uni.de (F.R.);
joachim.niemeier@di-uni.de (J.N.)

* Correspondence: Tjalf.Ziemssen@ukdd.de

Abstract: Since 2020, the master’s program “Multiple Sclerosis Management” has been running at
Dresden International University, offering structured training to become a multiple sclerosis specialist.
Due to the COVID-19 pandemic, many planned teaching formats had to be changed to online teaching.
The subject of this paper was the investigation of a cloud-based digital hub and student evaluation of
the program. Authors analyzed use cases of computer-supported collaborative learning and student
evaluation of courses and modules using the Gioia method and descriptive statistics. The use of a
cloud-based digital hub as a central data platform proved to be highly successful for learning and
teaching, as well as for close interaction between lecturers and students. Students rated the courses
very positively in terms of content, knowledge transfer and interaction. The implementation of the
master’s program was successful despite the challenges of the COVID-19 pandemic. The resulting
extensive use of digital tools demonstrates the “new normal” of future learning, with even more
emphasis on successful online formats that also increase interaction between lecturers and students
in particular. At the same time, there will continue to be tailored face-to-face events to specifically
increase learning success.

Keywords: multiple sclerosis; master’s program; education; multiple sclerosis management; Dresden
International University; digitization

1. Introduction

In neurology, there have been significant innovations in diagnosis and treatment
of multiple sclerosis (MS) in the recent years [1]. Therefore, MS specialists need to be
familiar with the “state of the art management” of chronic inflammatory diseases of
the central nervous system. To date, however, there are no structured and industry-
independent education programs for MS. Thus, a panel of MS experts and the experienced
team of Dresden International University (DIU) developed the concept of the four-semester
master’s program “Multiple Sclerosis Management” (MSM), which was accredited in 2019
and started in German language in 2020 [2].

This is the first time that a master’s degree program has been designed and launched
around one single disease entity—a situation that does not yet exist in medical study
programs or in further education studies. In addition, to date, there is no comparable
study program on the market today. Either existing courses concentrate on a broader area
such as neuroscience and neurodegeneration [3], immunology and inflammatory disease,
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neuroimmunology [4] or they address a specific target audience, such as physiothera-
pists [5] or MS nurses [6], or only partial aspects of MS are covered in webinars and single
lectures [7]. Some specific advanced training programs are sponsored by pharmaceutical
companies and are therefore not independent. The MSM master’s program offers a full and
industry-independent complete package around MS, unlike scientific journals or papers
for further education that usually cover only a very small aspect of pathology, symptoms
or treatment and care.

In the set-up phase of the program, experts developed a variety of modules focusing
on basics, clinical and diagnostic aspects, studies and statistics, therapy and rehabilitation
as well as monitoring and documentation of MS. The MSM master’s program spans four
semesters and is divided into six modules and a master’s thesis (Table 1).

Table 1. Modules and topics in MSM master’s program.

Modules Topics

1 Theoretical Principles

- basics and epidemiology of MS
- factors of diagnosis and therapy
- immunological basics
- basics of pathology and pathophysiology
- therapeutic interventions
- methods for disease monitoring

2 Clinical &
Diagnostic Aspects

- differential diagnostics
- cerebrospinal fluid and blood tests
- image diagnostic procedures
- functional effects of demyelination
- neurophysiological, neuropsychological and neuro-urological

examination procedures

3 Studies &
Statistics

- evaluation and application of study designs
- selection of statistical tests
- interpretation of results
- analysis of real-world data in the context of MS practice

4 Therapy I

- differences between the therapy of acute relapses and a
disease-modifying or progression-modifying therapy of MS

- weighing of indications and patient profiles
- successful therapy strategies for individual patients

5 Therapy II

- non-drug procedures to treat disease-associated symptoms
- goals and implementation of symptomatic and

complemetary therapies
- neurocognitive and psychological interventions
- rehabilitative and palliative medical measures

6 Monitoring & Documentation

- patient documentation
- individual monitoring according to standards and therapy goals
- health economic aspects
- new possibilities in the field of e-health
- MS-specific networks
- associations and registers
- big data

Master’s Thesis

- Master’s thesis or scientific paper in a peer-reviewed or
PubMed-listed journal (thematic review, meta-analysis, original
scientific paper)

- topic is submitted by the student and finalized by the scientific
director of the program

The chronological sequence, the classification of the modules into semesters and the
ECTS points to be earned in each case can be seen in Figure 1.
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The module coordinators appointed for the content development of the individual
modules exchanged ideas with all lecturers on the content and conceptual design of the
study program several times in person and online. They selected as a team the lecturers,
specified the course topics and assigned them to the teaching formats. Together with the
program management of the master’s program, they also worked out the concrete time
and lesson planning. In addition to the traditional knowledge transfer through lectures
and tutorials by experienced MS experts, the contents of the Master’s program are to be
taught with a particularly high practical component. For this purpose, preceptorships in
specially selected MS centers, excursions and regular journal clubs as well as digital case
conferences serve the direct practical implementation of the learned contents on site.

However, the start of the Master’s program coincided with the beginning of the
COVID-19 pandemic, so that it had to be conducted online to an even greater extent than
planned. The existing plans could not be applied and new concepts had to be designed and
implemented at short notice in an “emergency mode”. Due to the COVID-19 pandemic
situation, the problem arose to shift all modules where it was possible from face-to-face
learning to digital format. Although in the meantime many studies exist comparing
digitally presented lectures and courses vs. face-to-face learning [8–13], DIU has been
intensely concerned with the acceptability of a “digital only” education.

What remains of the creative digitization push, born out of necessity that has changed
the image of universities so much? This paper provides an introduction and examines the
innovative use of a cloud based digital hub (Microsoft Teams) for computer-supported
collaborative learning in the MSM master’s program as well as student evaluation of the
program. In addition, the authors consider the extent to which the predominantly online
master’s program can successfully teach the complex, dynamically changing scientific work
content in a way that is adapted to different levels of knowledge. Specifically, the authors
take a look at the use cases of computer-assisted collaborative learning, the technical
support provided by the organizers and the course instructor, the quality of the master’s
program content transferred to the virtual version, the performance of the instructors, and
the students’ interactions with the instructors are considered.

2. Materials and Methods
2.1. Use Case Analysis of Computer-Supported Collaborative Learning

Microsoft Teams [14,15] is used as a technological basis for the MSM Master’s pro-
gram in learning, teaching, collaboration, and cooperation processes, which has proven
particularly effective during the COVID-19 pandemic. Since the services are cloud-based
and software updates are provided automatically in the so-called “evergreen mode“, there
is no need for technicians and IT teams to support the platform itself after the initial setup.
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Microsoft Teams serves as a digital hub that brings together conversations, content, tasks
and apps in one place. The digital hub provides extensive security and compliance-specific
features that will not be discussed here. Rather, the focus is on the analysis of innovative
use cases that have been implemented within the MSM Master’s program: one central data
platform for highly effective organization of the Master’s program, online classrooms in a
distance learning environment for synchronous and self-directed asynchronous learning,
flexible knowledge transfer in the learning video portal, and establishment of special
learning areas for peer-to-peer learning. The use cases present possible applications of
certain tools for students and lecturers in the pandemic situation and show how they
were implemented.

2.2. Systematic Evaluation of Teaching and Student’s Feedback
2.2.1. Participants

DIU program managers conducted the evaluation on a qualitative and quantitative
level and asked the participants of the MSM master’s program to share their experiences
with module 1 (“Theoretical Principles”, details see Table 1) in the form of qualitative
feedback and to complete a standardized evaluation questionnaire (quantitative feedback)
after module 2 (“Clinical & Diagnostic Aspects”, details see Table 2). Participation was
voluntary in both cases.

Table 2. Categories of evaluation questionnaire and the corresponding items.

Category Questions

Content, structure and organization of the event

- The goals of the event were clearly identifiable.
- The content structure (“red thread”) of the overall event

was sensible.
- The relevance of the contents covered for practice

became clear.
- Course time was used in a way that was conducive

to learning.
- Students were able to appropriately contribute their

personal competencies and prior experience.

Lecturer

- The lecturer has stimulated the discussion of the topics.
- The lecturer emphasized active participation of

the students.
- The lecturer is appreciative in dealing with students.
- The lecturer succeeded in making the event appealing.

Methodical aspects

- Methods and teaching/learning forms (individual,
partner, group work, work in plenary) were appropriate.

- The lecturer was able to present complex content in an
understandable way.

- The lecturer gave appropriate feedback or responded
appropriately to the group.

Documents, course materials and media: design and use
- The quality of the media content (presentations, scripts,

exercise sheets, e-lectures, etc.) was appropriate.
- The media and (online) tools used were used sensibly.

Technical support for online events

- I was satisfied with the supervision and support during
the digital course.

- I was satisfied with the technical support.
- The virtual classroom was suitable for the course.

2.2.2. Data Collection

For module 1, students were able to report their experiences via email or Microsoft
Teams. As a result, the feedback providers were known, allowing specific queries for the
further development of the program. For the evaluation, the responses were then aggregated
and anonymized. In the further course, DIU program managers asked students to complete
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a systematic and anonymous evaluation at the course and module levels. For this purpose,
DIU program managers used in-house, already established standardized questionnaires that
are used for evaluation in all study programs at DIU [16]. For module 2, students answered
an evaluation questionnaire with 23 questions in 5 categories (Table 2), which they could
answer with values on a scale of 1 (strongly agree) to 6 (strongly disagree). In addition,
students had the opportunity to indicate in free text fields what they particularly liked
or disliked about the course, what they would recommend to improve the quality of the
course and the lecturer’s performance.

2.2.3. (Statistical) Analyses

Authors used the Gioia method [17] to evaluate the information from the feedbacks for
module 1, some of which were very detailed. The Gioia method allows for qualitative eval-
uation with inductive and summary category building, allowing for creative influence with
systematic accuracy. It assumes that the organizational world is socially constructed and
its participants are knowledgeable individuals who can explain their intentions, thoughts
and actions.

For module 2, authors calculated means and standard deviations to describe the
student population and evaluation variables and used charts for illustration. In addition,
they screened the free texts for concise statements, which are presented as examples in
the results.

3. Results
3.1. Use Cases for Computer-Supported Collaborative Learning

The COVID-19 pandemic has quickly changed professional and private life, and a
tremendous need emerged to hold meetings exclusively online, organize video conferences
or create videos for lessons and further education. The lecture halls, meeting areas and
learning spaces were empty (Figure 2). Teaching and learning shifted to virtual space under
high time pressure, leading to a variety of innovative use cases, that were described and
analyzed using the MSM Master’s program.
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3.1.1. Single Point of Truth for a Highly Effective Organization of the Master Program

All relevant information for the organizational management of the study program
is available on one single data platform (example view in Figure 3). This includes, for
example, all study documents, timetables, applications, forms, support information, step-
by-step instructions, relevant literature, etc. The exchange with the program management
and the lecturers is chat-based and transparent for all members. This dramatically reduces
the effort required for bilateral communication and email.
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3.1.2. Online Classroom in a Remote Learning Environment for Synchronous and
Self-Directed Asynchronous Learning

Students have access to a wide range of tools and resources for remote learning
via the digital hub (example view in Figure 4). Lecturers present their content as live
lectures and can use functionalities for synchronous learning such as file sharing, various
forms of participant feedback and real-time interaction or group workspaces. In addition,
all documents for a course are available in chronological order. This gives students the
flexibility to study the content at their own pace, at their own time and with their own
device (asynchronous learning).
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3.1.3. Flexible Knowledge Transfer in the Learning Video Portal

The digital hub allows synchronous lessons, lectures and events to be held in special
channels and to securely share and interact on video content from presentations. Microsoft
Stream, the video service from Microsoft Teams [18], makes it possible to create live
lectures, record them automatically and make them available regardless of location and
time. The app simplifies uploading, organizing, and sharing video content across the
Master’s program. Students call up the recording of a missed learning session or recall
session at a time of their choice in the video portal (Figure 5).
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3.1.4. Set up of Special Learning Areas for Peer-to-Peer Learning

Joint activity learning areas are presented in an organized, structured, and consistent
manner. In the MSM master’s program, there are two light house examples of how specific
learning areas can be established: case conferences and journal clubs. In the case conference
students present their own case or—if they do not have patient contact—a published case
to the lecturers and the other students (peer-to-peer-learning). In journal clubs, they discuss
professional articles and several students can participate in analyzing a single article. In this
process, participants discuss all articles according to fixed criteria: background, method,
results, discussion and conclusion. The case conferences and journal clubs are organized
using the wiki functionality in Microsoft Teams (Figure 6). Students autonomously enter
their contributions into the given schedule grid and provide the information to be presented
online. These approaches also allow lecturers to assess students’ learning and experience
more deeply regarding their areas of interest.

Since the start of the course, the platform has been used regularly by the students and
the amount of learning content is continuously growing. In the future, exams will also
take place on the digital hub and the lecturers will use the digital hub to supervise the
preparation of master’s theses.

3.2. Evaluation of Student’s Feedback
3.2.1. Participants

Most of the 19 participants (89%) in the first matriculation of the Master’s program
are physicians with advanced training in neurology, but there are also biologists. Slightly
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more than half (53%) of the 19 students are women, which means that there is a balanced
gender ratio. Students are on average 39.4 ± 8.9 years old, ranging from 28 to 60 years.
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Four students gave very detailed feedback on module 1. For module 2, the participants
of the study program evaluated a total of 36 courses with regard to content, structure,
and set-up of the course, with regard to the lecturer, methodological aspects, and quality
and use of course materials. Response rates ranged from 16% to 84%, meaning that not
all course participants always rated each single course. Since the master’s program is
currently still running and not all modules have been completed or started, not all modules
could be evaluated yet.

3.2.2. Evaluation Survey

Four students gave detailed feedback on module 1 with 55 statements. There were
24 statements on the aggregated dimensions “Communicative and didactic quality of
teaching” and 15 statements on the topic “Difficulties in studying”. For example, students
praised the “communicative and didactic quality of teaching”: “In my opinion, everyone
was a real asset in their own way and I found the often very different presentations and
lectures very good throughout.”, and the interactivity: “The highlight of module 1 for
me was the opportunity for interaction”. “Difficulties in studying” were addressed by
two students and included, in particular, the large amount of time needed to rework
the learning materials for certain groups of participants with non-medical backgrounds:
“Especially for me as a non-neurologist, the module was also a good introduction; but
also demanding and a lot of reworks was needed.” Other statement dimensions related
to the quality of teaching and the provision as well as the practical or research relevance
of the content, the commitment of the university and the lecturers to the students, the
organization of teaching and the examination system were rated positively overall.

In module 2, students evaluated 36 lectures (status: May 2021). They rated all evalua-
tion categories with a mean of 1.2 or 1.3, indicating strong or certain agreement with the
respective items, which the authors interpret as high satisfaction with the respective topic.
Means and standard deviations for evaluation categories are presented in Table 3.
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Table 3. Average score of satisfaction.

Category Mean ± Standard Deviation

Content, structure and organization of the event 1.35 ± 0.80
Lecturer 1.28 ± 0.75

Methodical aspects 1.33 ± 0.79
Documents, course materials and media: design and use 1.29 ± 0.70

Technical support for online events 1.18 ± 0.44

In the category “content, structure and organization of the event”, the students gave
strong to certain agreement that the objectives of the event were clearly recognizable
(1.26 ± 0.74) and that the content structure (“red thread”) of the overall event was sensible
(1.32 ± 0.77), as well as that the event time was used in a way that promoted learning
(1.37 ± 0.81). For the students, the relevance of the content covered for practice became
clear (1.31 ± 0.75) and they were able to contribute their personal competencies and
previous experience appropriately (1.47 ± 1.01). In category “lecturer” the students gave
strong to certain agreement that the lecturer has stimulated the discussion of the topics
(1.27 ± 0.74), emphasized active participation of the students (1.37 ± 0.89), succeeded in
making the event appealing (1.31 ± 0.76) and was appreciative in dealing with students
(1.15 ± 0.56). The students also rated the “methodical aspects” very highly. They gave
strong to certain agreement, that teaching/learning forms (individual, partner, group work,
work in plenary) were appropriate (1.42 ± 0.86), that the lecturer was able to present
complex content in an understandable way (1.27 ± 0.72) and gave appropriate feedback
or responded appropriately to the group (1.32 ± 0.79). The quality of the media content
(presentations, scripts, exercise sheets, e-lectures, etc.) was appropriate (1.32 ± 0.71) and
the media and (online) tools used were used sensibly (1.27 ± 0.69)—students gave strong
to certain agreement to these items in category “documents, course materials and media:
design and use”. Finally, students rated positively the aspects of “technical support of the
online events”—they gave strong to certain agreement with the items satisfaction with
technical support (1.09 ± 0.31) and supervision during the courses (1.21 ± 0.43), and the
suitability of the virtual classroom for the course (1.26 ± 0.54).

Figure 7 shows the proportions of agreement in a stacked bar graph, clearly showing
the large proportions of strong and certain agreement with the items. A percentage of
75% to 85% of students strongly agreed with each item, indicating a high level of student
satisfaction with the implementation of module 2.
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In the free text ratings, the students gave a lot of praise regarding the content and
the competence of the lecturers, e.g., “extremely exciting topic”, “broad coverage of the
subject”, “very interesting, practice-oriented presentation of the clinical pictures” or “Prof.
XY gave a very clear and comprehensible lecture with many good examples” and “Prof.
XY managed to give an exciting and very informative lecture and at the same time to
emphasize the relevance of this topic, which is rather neglected in the neurological study of
MS”. However, the students also criticized the speed of presentation and comprehensibility:
“the topics of motor disorders and pain in MS came far too short”, “very fast pace in the
presentation of some studies”, “unfortunately, the lecture was very technical and not very
didactically prepared” or “The breakdown of the technical approach to the students’ world
of understanding is only partially successful”. The students also made suggestions for
improving the quality of the course as well as the performance of the lecturer, exemplified
by the following: “the questions asked in between were good, could be made interactive
and use the ‘mentimeter’ [app for real-time feedback] for example”, “The material should
be distributed over two lectures or another lecture [...] should be planned”, and “It would
be nice for future years of study (not possible this time due to Corona) to hold tutorials
in a classroom context in order to further promote active engagement with the topic and
especially the exchange in the group”.

4. Discussion

This paper explored the innovative use of a cloud-based digital hub for computer-
supported collaborative learning in the MSM master’s program as well as student eval-
uation of the first semester of the master’s program, considering the challenges of the
COVID-19 pandemic.

Since the MSM master’s program is aimed at professionals in neurology, it was
planned from the beginning with a strong online component. Due to the start of the master’s
program in the midst of the COVID-19 pandemic, the organizers had to very quickly adjust
the teaching formats towards even more online courses. In a short time, DIU succeeded in
establishing Microsoft Teams as a cloud-based digital hub and technical basis as well as
a central teaching, learning, communication and cooperation platform, which proved to
be very effective. The centralized data platform served the highly efficient organization
of the master’s program. Thus, online classrooms were available in a distance learning
environment for synchronous and self-paced asynchronous learning. The establishment of
a learning video portal and special learning areas for peer-to-peer learning made flexible
knowledge transfer possible. However, this master’s program benefited from digitization
not only in learning and teaching, but also through the opportunities for close coordination
between the lecturers and the course management with the academic management and
module coordinators, as well as among the students themselves.

For the first two modules of the program, the authors collected student feedback and
analyzed it both qualitatively and quantitatively. The students rated the courses in the
modules and the modules as a whole as good to very good. They were very satisfied
with the content of the courses, with the knowledge transfer by the lecturers and with the
interaction with each other, as well as with the lecturers. Some of the students wished
for more time for certain topics, more interaction with lecturers and would have liked to
have covered some specific topics such as magnetic resonance imaging (MRI) on-site in a
face-to-face event. Such face-to-face events were also planned, but due to the circumstances
of the COVID-19 pandemic, they could only be held as online events.

Nevertheless, authors indicate some limitations in the interpretation of the results.
For example, there is a relatively small underlying response rate for individual courses,
which is unfavorable for evaluation given the already small number of participants in the
program. However, it is important to keep in mind that the evaluation of the courses and
modules also took place under pandemic conditions, and students’ ambitions to evaluate
the courses online may not have been as high after a day full of online events. It should
also be noted that the evaluation of the first two modules is only part of the evaluation
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of the program. The evaluation of the other modules and the entire master’s program
by the students is still pending. In addition, there is no comparative data on student
satisfaction with the quality of the master’s program under “normal conditions” because it
was not implemented in the period before the COVID-19 pandemic. Therefore, whether
this master’s program will improve MS therapy and make a valuable contribution to the
scientific advancement of the entire MS field remains to be seen.

The present work shows that, despite the aforementioned challenges, the MSM mas-
ter’s program is proving to be a great success, not least because of the fruitful interactions
between lecturers and students. In addition, there are a few learnings that will promptly
inform further implementation of the program.

Only the widespread use of digitization and digital tools made it possible to respond
quickly to the imposed changes in the face of the COVID-19 pandemic and to effectively
implement adjustments and necessary rescheduling. Above all, however, the “emergency
mode” provided many insights and hints into the future “new normal”. The pandemic
showed the limitations of a traditional “bricks and mortar” university and highlighted
the growing importance of using online tools. At the same time the value of a physical
place for learning and teaching became very clear. On-site learning in presence will have in
future a very special quality and will be of particularly high value. Certainly, the planned
on-site portions of the program in specialized clinical settings or active participation in
expert meetings will help open new perspectives for students [19]. By using digital tools
a new format has gained more attention: the “flipped classroom”, where the students
actively work on the contents during the knowledge transfer stage before interacting
with the lecturers and peers where they assimilate what they have read, watched or
otherwise attempted [20–22].

The use cases for computer-based collaborative learning implemented in the first
two modules of the master’s program will be expanded and applied in the remaining
modules. The digital implementation of the MSM master’s program enables a “learning
study program” using a rapid implementation of the PDCA (Plan–Do–Check–Act) cycle.
Agility as one of the important current megatrends thus offers a high practical value for
the MSM master’s program.

As a further learning, lecturers are encouraged to use less of a pure presentation style
to deliver content, and to interact and share even more with students at eye level. New
competencies for the lecturers in developing attractive didactic formats are required as
well as a new understanding of the role of module coordinators in the digital world are
necessary: An important lesson learned is that when the MSM master’s program is carried
out digitally, there is a special requirement for the module to be accompanied by a person
as a learning coordinator responsible for the module. As learning coordinators, they are
tasked with guiding adults in their professional development.

5. Conclusions

Although the MSM master’s program was launched under pandemic conditions and
the associated challenges, it was and still is possible to design, implement and continu-
ously adapt a completely new, disease-centered study program thanks to a flexible online
platform. Student response and feedback to date demonstrate both the high quality of the
program and the potential of the Master’s program to make an important contribution to
the MS field.

Based on this extremely positive experience, an internationalization of the program is
planned to allow neurologists and other interested parties from other countries to access
this high-quality Master’s program. The program will then be offered in English. Another
idea for the future is to build a video platform for the public for knowledge around the
MS. In addition, new opportunities for content, technical and didactic improvement as
well as new digital developments are to be constantly used to further develop the Master’s
program. This also includes the technology of the digital twin, which will find its way
more and more into patient care in the coming years. For MS patients, the digital twin

27



Brain Sci. 2021, 11, 1110

is an important step towards innovative and individual disease management. A digital
twin for MS is a digital image of the MS patient—paired with the patient’s characteristics,
it allows health care professionals to process large amounts of patient data. This can
contribute to more personalized and effective care by integrating data from different
sources in a standardized way, implementing individualized clinical pathways, supporting
doctor–patient communication and facilitating shared decision making [23].
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Abstract: Although fatigue is one of the most disabling symptoms of MS, its pathogenesis is not well
understood yet. This study aims to introduce a new holistic approach to measure fatigue and its
influencing factors via a mobile app. Fatigue is measured with different patient-reported outcome
measures (Visual Analog Scale, Fatigue Severity Scale) and tests (Symbol Digit Modalities Test). The
influencing vital and environmental factors are captured with a smartwatch and phone sensors.
Patients can track these factors within the app. To individually counteract their fatigue, a fatigue
course, based on the current treatment guidelines, was implemented. The course implies knowl-
edge about fatigue and MS, exercises, energy-conservation management, and cognitive behavioral
therapy. Based on the Transtheoretical Model of Behavior Change, the design of the Fimo health
app follows the ten strategies of the process of change, which is a proven approach to designing
health intervention programs. By monitoring fatigue and individual influencing factors, patients can
better understand and manage their fatigue. They can share their data and insights about fatigue
and its influencing factors with their doctors. Thus, they can receive individualized therapies and
drug plans.

Keywords: fatigue; multiple sclerosis; mHealth; intervention; mobile application

1. Introduction

Worldwide, more than 2.3 million people suffer from multiple sclerosis (MS); thus, it
is one of the world’s most common neurological diseases [1]. MS is a neurodegenerative
disorder of the central nervous system affecting young and middle-aged people and is
known to cause a variety of clinical symptoms such as neurological impairments, pain,
and fatigue [2]. Fatigue can be defined as “a subjective lack of physical and/or mental
energy that is perceived by the individual or caregiver to interfere with usual or desired
activity” [3]. People living with MS (pwMS) describe fatigue as one of the most disabling
symptoms, as it impacts daily living, leisure activities, and work, and reduces the quality of
life [4]. Moreover, it is the main reason for early retirement among pwMS and, consequently,
a burden for social security systems [5].

The pathogenesis of MS-related fatigue is not well understood yet [6]. Nevertheless,
two types of fatigue can be distinguished: Primary fatigue arises directly from the disease
mechanisms of MS, such as demyelination, inflammation, or axonal loss. Secondary fatigue,
on the other hand, is the consequence of sleep problems, pain, medication, or decondition-
ing [7]. The National Multiple Sclerosis Society (2021) identified ten secondary causes that
contribute to the severity of fatigue: stress, mood disorders such as depression or anxiety,
poor diet, comorbidities, sleep disorders, nocturia, pain and spasticity, decreased physical
activity/muscle weakness and deconditioning, environmental factors, and side effects
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from medication [8]. Due to its multifaceted origins and complexity, fatigue is difficult to
treat [7]. Treatment recommendations suggest addressing secondary contributing factors
first [8]. Although in some cases, disease-modifying drugs can be an effective solution for
special cases of fatigue, fatigue is not clearly understood yet [9]. However, fatigue is highly
individual, as these factors vary between patients. Meta-analyses support the benefit
of non-pharmacological interventions, whereas the evidence regarding pharmacological
treatments is not conclusive [10,11]. Energy-conservation management, exercising, and
cognitive behavioral therapy were especially able to significantly reduce fatigue—up to
30% [12,13]. However, these interventions could be even more effective after taking the
individual influencing factors of pwMS into account.

This study aims to introduce a new holistic approach to measure fatigue and the
influencing factors via a mobile app. The objective of the Fimo health app is to help
pwMS treat their fatigue. In the first step, fatigue and the influencing factors are measured.
This information helps pwMS and their physicians to better understand the occurrence of
fatigue and enable more tailored interventions. To individually counteract their fatigue,
pwMS also have the opportunity to engage in a fatigue course. The course provides knowl-
edge about fatigue and MS, exercises, energy-conservation management, and cognitive
behavioral therapy.

The approach of the Fimo health app is based on the transtheoretical model of behavior
change, which will be broadly introduced. The design of the app follows the ten strategies
of the process of change, which is a proven approach in the design of health intervention
programs. Each step and its implementation in the Fimo health app is explained. The
discussion summarizes the current state of the art and its advantages for physicians.

2. Measuring Fatigue

Fatigue is, due to its multifaceted origins and complexity, difficult to capture [7].
However, two types of measures for fatigue can be distinguished: patient-reported outcome
measures and measures of changes in motor or cognitive functions. Patient-reported
outcome measures capture fatigue as a subjective symptom by addressing patients to
rate their fatigue or different aspects of it. Performance-based measures, on the other
hand, measure fatigue more objectively, e.g., based on the decline of cognitive processing
speed [14]. Both types of measures are used to detect fatigue within the Fimo health app.

2.1. Patient-Reported Outcome Measures

Different patient-reported outcome measures are used to measure fatigue. The visual
analog scale (VAS) is used to detect fatigue three times, or every four hours, during
waking hours (Figure 1). PwMS have the option to set a reminder to register their VAS.
PwMS are asked to rate their current level of fatigue on a scale from 0 to 10, whereby
higher levels indicate more fatigue. Previous research showed that a very high correlation
between VAS measurements and a series of drawings of faces with expressions of increasing
distress [6,15]. Answering the VAS takes only a couple of seconds and has been shown to
be a valid tool to measure fatigue among pwMS [16].

Besides the VAS, the Fatigue Severity Scale (FSS) is also used to detect fatigue [17].
The FSS is a nine-item instrument designed to assess fatigue as a symptom of several
chronic conditions, including MS. PwMS answer the FSS once a week to detect long-term
changes. The FSS has demonstrated good internal consistency, reliability, and validity [18].
Moreover, the Chalder Fatigue Scale is implemented, as it has shown to be more sensitive
to change compared to the FSS [19]. The Chalder Fatigue Scale consists of eleven items
covering physical and mental fatigue, and pwMS are asked to answer the questionnaire
once a week. The completion of the Chalder Fatigue Scale only takes 2–3 min and has been
validated among pwMS [20,21].
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2.2. Performance-Based Measures for Fatigue

Fatigue correlates with declines in processing speed, reaction time, and/or accuracy
over time, which are measured in different tests [22]. Performance-based tests capture
the decline, thus measuring fatigue more objectively compared to self-reports. Among
pwMS, the Symbol Digit Modalities Test (SDMT) is widely used to test cognitive declines
in processing speed and has been proven to be valid and reliable [23]. During the 90 s
assessment, pwMS are asked to sort nine numbers to different symbols according to the
number. The score is the number of correct symbols. The SDMT was tested to be valid in a
mobile and longitudinal setting with tests every three days [24]. Within the Fimo health
app, pwMS are therefore asked to answer the test every three days.

2.3. Measuring Influencing Factors

Previous research identified several factors influencing fatigue, such as stress, mood
disorders including depression or anxiety, poor diet, comorbidities, sleep disorders, noc-
turia, pain and spasticity, decreased physical activity or muscle weakness and decon-
ditioning, environmental factors (temperature, humidity, light), and side effects from
medication [8]. The vital parameters heart rate, stress level, steps, and sleep are measured
with Garmin devices and are displayed within the Fimo health app.

The environmental factors temperature, humidity, light, and noise are captured by
using the GPS location. Within the Fimo health app, users have the option to display the
parameters and set them in relation to their individual fatigue level. All data are stored on
German servers and anonymized in accordance with GDPR compliance.

3. Transtheoretical Model of Health Behavior Change

The transtheoretical model (TTM) of health behavior change is a dynamic model
consisting of different stages of change and integrated processes and principles of inter-

33



Brain Sci. 2021, 11, 1235

ventions depending on individuals’ readiness to act on a new healthier behavior [25]. Six
stages of health behavior change, based on people’s motivation, can be distinguished:

1. Precontemplation: people are not ready and do not intend to take action;
2. Contemplation: people are beginning to realize that their behavior is problematic;
3. Preparation: people are ready to take action in the immediate future;
4. Action: people take action and modify their health behaviors;
5. Maintenance: people sustain their actions over a longer period;
6. Termination: people do not have the temptation to switch back to old behaviors.

While moving through these stages, people apply different strategies and techniques,
depending on their motivation and goals. These processes result in strategies that help
people make and maintain change. These strategies and techniques are summarized as
the ten processes of change, with some processes being more relevant to a specific stage of
change than others [26]. These ten processes can be divided into inner cognitive-affective
processes on the one hand and behavioral processes on the other hand. They are based on
several major theories of intervention describing key ways in which people change their
behaviors [27]. The TTM has been applied successfully in energy conservation and exercise
programs for pwMS in previous research [28,29].

Other Behavior Change Techniques

Alongside the TTM, we implemented various concrete health behavior change tech-
niques extracted from the Taxonomy of Behavior Change Techniques by Abraham and
Michie [30]. We combined the techniques to “provide information about behavior-health
link”, (i.e., general information about behavioral risk—for example, susceptibility to poor
health outcomes or mortality risk in relation to the behavior) with “prompt intention
formation” (i.e., encouraging the person to decide to act or set a general goal). This com-
bination has been shown to be particularly effective in mHealth apps for mental and
physical health [31]. For prompting intention formation, pwMS are asked to formulate
SMART goals. The SMART technique is used to ensure that goals are specific, measurable,
attainable, relevant, and timely. Additionally, basic gamification elements—for instance,
collecting points based on the participation in the fatigue course, rewards for daily usage, a
point system for activity within the app, and weekly reports—are implemented.

4. Overview of the Fatigue Course

The Fimo fatigue course consists of eight weekly modules, which consist of individual
daily chapters based on the current treatment guidelines [32]. The topics of the chapters
can be divided into four main topics: basic knowledge about MS and fatigue, dealing
with difficult emotions, exercises and energy-conservation management (Figure 2). Several
studies and meta-analyses showed that these measures were most effective in treating
fatigue among pwMS [10,33–35]. The selection of the topics is based on a systematic
literature review on exercise and behavioral interventions for pwMS suffering from fatigue.
Covering studies between 2006 and 2021, 467 studies were identified. After removing
duplicates and excluding studies based on the exclusion criteria (no RCT, wrong type
of intervention, non-MS sample, or no self-reported fatigue measure), 31 articles were
included. Moreover, the design of the course was discussed through expert interviews with
four neurologists. Additionally, a patient board was introduced to measure and improve
the user experience of pwMS.

34



Brain Sci. 2021, 11, 1235

Brain Sci. 2021, 11, x FOR PEER REVIEW 5 of 10 
 

knowledge about MS and fatigue covers several relevant topics that are presented in an 
interactive way that includes dialogues, texts, graphics, and videos. The energy-
conservation management section contains information and practical tips on how to 
structure daily routines to save energy. The content of the topic dealing with emotions 
and feelings is based on Acceptance and Commitment Therapy (ACT) [36], which is a 
psychotherapeutic approach that originated from Cognitive Behavioral Therapy (CBT). It 
combines classical behavior-therapy-oriented approaches with acceptance- and 
mindfulness-based techniques. Positive effects of ACT on fatigue among pwMS have been 
shown in previous research [37,38]. ACT techniques aim at psychological flexibility, 
which is described as being able to fully contact the present moment while acting in line 
with personal values [39]. The overarching goal is hence not a reduction of (physical) 
symptoms but an increase in the quality of life [40]. 

 
Figure 2. Overview of the Fimo fatigue course. 

Specific ACT chapters were implemented in the fatigue course at several points. The 
four main topics concerning basic knowledge about MS and fatigue, how to deal with 
emotions and feelings, exercising with fatigue, and energy-conservation management are 
also to be found throughout the eight modules, repetitively. 

Ten Processes of Change within the Fatigue Course 
The content of the Fimo fatigue course addresses the ten steps of the TTM. Meta-

analyses showed greater effects in programs that are tailored to the ten steps of the 
transtheoretical model [41]. Thus, the fatigue course within the Fimo health app is 
designed on the ten processes of change to help pwMS to counteract their fatigue 
efficiently. 
• Step 1: Consciousness raising: 

The first step aims at increasing awareness about the causes and consequences of 
fatigue. This can be accomplished by providing information, education, or personal 
feedback concerning health behaviors. The fatigue course contains information about 
fatigue in general, as well as on interventions that have been proven to reduce fatigue, 
such as aerobic exercises, energy-conservation management, or meditation [11]. 
Furthermore, the vital and environmental factors are constantly monitored, and pwMS 
receive feedback on which factors influence their personal fatigue. 
• Step 2: Dramatic relief: 

In the second step, the experience of increased negative emotions, e.g., fear, anxiety, 
or worry, that goes along with one’s health problems, unhealthy behavior, and self-image, 

Figure 2. Overview of the Fimo fatigue course.

Different exercises are applied to treat fatigue and range from endurance sports, such
as running, balance, strength, and aerobic exercises, to yoga. These exercises are explained
in short videos, and pwMS can choose to complete the exercises that suit them most. The
knowledge about MS and fatigue covers several relevant topics that are presented in an in-
teractive way that includes dialogues, texts, graphics, and videos. The energy-conservation
management section contains information and practical tips on how to structure daily rou-
tines to save energy. The content of the topic dealing with emotions and feelings is based on
Acceptance and Commitment Therapy (ACT) [36], which is a psychotherapeutic approach
that originated from Cognitive Behavioral Therapy (CBT). It combines classical behavior-
therapy-oriented approaches with acceptance- and mindfulness-based techniques. Positive
effects of ACT on fatigue among pwMS have been shown in previous research [37,38]. ACT
techniques aim at psychological flexibility, which is described as being able to fully contact
the present moment while acting in line with personal values [39]. The overarching goal is
hence not a reduction of (physical) symptoms but an increase in the quality of life [40].

Specific ACT chapters were implemented in the fatigue course at several points. The
four main topics concerning basic knowledge about MS and fatigue, how to deal with
emotions and feelings, exercising with fatigue, and energy-conservation management are
also to be found throughout the eight modules, repetitively.

Ten Processes of Change within the Fatigue Course

The content of the Fimo fatigue course addresses the ten steps of the TTM. Meta-
analyses showed greater effects in programs that are tailored to the ten steps of the trans-
theoretical model [41]. Thus, the fatigue course within the Fimo health app is designed on
the ten processes of change to help pwMS to counteract their fatigue efficiently.

• Step 1: Consciousness raising:

The first step aims at increasing awareness about the causes and consequences of
fatigue. This can be accomplished by providing information, education, or personal
feedback concerning health behaviors. The fatigue course contains information about
fatigue in general, as well as on interventions that have been proven to reduce fatigue, such
as aerobic exercises, energy-conservation management, or meditation [11]. Furthermore,
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the vital and environmental factors are constantly monitored, and pwMS receive feedback
on which factors influence their personal fatigue.

• Step 2: Dramatic relief:

In the second step, the experience of increased negative emotions, e.g., fear, anxiety, or
worry, that goes along with one’s health problems, unhealthy behavior, and self-image, are
at focus. It is followed by a reduced effect or anticipated relief if the appropriate action is
taken [26]. However, the second step can also be positive if feelings such as inspiration or
hope arise when hearing about a new solution or about how other people changed their
health behaviors.

PwMS and fatigue particularly tend to struggle with catastrophizing and pressurizing
thoughts [38], as well as worries about the future and negative feelings [42]. As these
unpleasant inner experiences might be triggered in pwMS within the first chapter, they
are provided with information on how to face these feelings in the chapter “dealing with
emotions”. Practical exercises directly targeting these negative feelings, thoughts, and
worries are provided in separate ACT chapters. They enable pwMS to distance themselves
from their detrimental thoughts, shift their attention back into the present moment, and
cope with difficult emotions. Hence, ACT is perfectly suitable to address the second step of
the TTM.

• Step 3: Self-reevaluation:

This step is about realizing that health behavior change is an important part of one’s
identity. It also involves appraising one’s values with respect to problematic behavior and
creating a new self-image. Being aware and accepting one’s identity in all facets are core
processes of ACT. Respective mindfulness exercises support the patients in letting go of
their rigid self-image as MS patients and reevaluating their self-image. Moreover, pwMS
learn about body-consciousness, how it might have changed due to their illness, and how
to gain it back.

• Step 4: Environmental reevaluation:

Step four is about how the presence or absence of a personal behavior affects one’s
social environment. In the case of fatigue, social relationships might suffer as pwMS are
less available. Several chapters of the course address this aspect. PwMS are encouraged
to practice gratitude while focusing on their social network in one of the ACT exercises.
Moreover, they learn how they can address their social networks and share their sorrows
in the chapter “relieving conversations”. Moreover, energy-conservation management
methods and tips are taught to optimize time allocation and use times without fatigue
more efficiently.

• Step 5: Self-liberation:

The self-liberation is both the belief that one can change and the commitment and
re-commitment to act on that belief. It is about believing in one’s ability to change and
making commitments to act on that belief. To encourage pwMS to commit to and increase
exercising, a SMART-goal setting is applied at the beginning of the chapters that include
exercises. Furthermore, possible barriers which could hinder reaching a goal are identified,
and possible solutions are suggested. All methods and interventions applied in the Fimo
fatigue course are based on evidence and the clinical guidelines on treating fatigue among
pwMS [29]. The effectiveness of the interventions is summarized and shared with the users
to encourage changing their health behavior.

As pwMS especially suffer from a reduced quality of life [39], the exercises of the
remaining ACT chapters encourage pwMS to identify their personal values and implement
these into their daily lives. Thus, they aim to improve their quality of life despite the
physical changes that pwMS might have to go through. By developing concrete action plans,
these ACT chapters further contribute to the fifth step of self-liberation and commitment.
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• Step 6: Social liberation:

Step 6 is about noticing public support and realizing that society is supportive of
healthy behaviors. PwMS learn how to address their networks as well as the workplace.
More than 40% of pwMS reduce their numbers of working hours, and 25% retire earlier
due to their fatigue [43]. By dealing openly with the illness at work, misunderstandings,
such as complaints because of absenteeism, can be reduced, pwMS are likely to experience
support from colleagues, and it is easier to accept the fact of a changed workability.

• Step 7: Counterconditioning:

In step 7, pwMS learn how they can substitute problematic behaviors with healthier
behaviors. Several chapters of the course address this step. Within the last ACT chapter,
pwMS learn how to identify possible barriers along their way towards healthier behavior
as well as how to develop a step-by-step action plan. In the chapters concerning fatigue and
daily routines, pwMS learn how to structure their daily routines effectively and improve
their sleep and nutrition. Another important factor that has yet to be shown to be effective
is stress management [44]. PwMS learn to implement breaks in their daily routines and do
breathing exercises. Furthermore, they have the option to track their stress level in the Fimo
health app and to analyze and reflect on the situations in which they experience stress.

• Step 8: Stimulus control:

This step is about removing cues for unhealthy habits and adding prompts for health-
ier alternatives. This step is addressed by providing the opportunity to track vital and
environmental factors that influence fatigue. Thus, the possible causes of fatigue can be
identified, and pwMS can modify their health behavior to tackle fatigue. PwMS can adjust
their routines and implement, for example, mindfulness and/or exercises in their daily
schedules, at whatever the best time is, based on their fatigue levels. Additionally, pwMS
have the option to set reminders for exercising.

• Step 9: Contingency management:

Step 9 involves providing consequences for taking steps in a particular direction by re-
warding continued healthy behavior. PwMS have the option to self-monitor their behavior
based on the vital parameters measured and displayed in the app. Based on the activity
measure, they can check if they have reached their exercising goal or, for example, if their
stress levels decreased after applying mindfulness exercises over some time. Furthermore,
gamification elements are implemented within the Fimo fatigue course, and pwMS can
collect points based on their participation within the course as an additional motivation.

• Step 10: Helping relationships:

In this step, pwMS should find people that are supportive of their change and combine
caring, trust, openness, and acceptance of the new behavior. Two modules in the Fimo
fatigue course address this step: “relieving conversations” and “work and fatigue”. In
“relieving conversations”, pwMS learn that they can and should accept help from friends
and family. PwMS learn to handle feelings, such as being a burden to others because
of their disease, and that they can better manage their disease with social support. The
chapter “work and fatigue” further contributes to this step by encouraging PwMS to deal
openly with the illness at work. Thus, hurdles and misunderstandings, such as complaints
because of absenteeism, might be reduced. On the contrary, through open communication
with their employer and colleagues, pwMS will probably even experience support in
difficult situations.

5. Discussion

The aim of the Fimo health app was to offer a holistic approach for pwMS to tackle
fatigue, which is described as one of the most disabling symptoms as it impacts daily living,
leisure activities, work and reduces the overall quality of life [4]. Thus, fatigue and the influ-
encing factors are measured within the Fimo health app. To individually counteract fatigue,
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an eight-week fatigue course based on the current treatment guidelines is implemented [32].
The fatigue course consists of four different pillars covering knowledge about MS and
fatigue, dealing with difficult emotions, exercises, and energy-conservation management.

By doing so, the Fimo health app has several advantages for pwMS and physicians.
Monitoring fatigue and the influencing factors helps pwMS to better understand and
manage their fatigue as they know which factors matter. They can counteract by applying
the learned methods according to their individual influencing factors. PwMS have the
option to share their data and insights about fatigue and the influencing factors with their
doctors, which we strongly advise. Thus, based on the new information, doctors can
individualize therapies and drug plans, which would improve the treatment of pwMS
substantially. Doctors would receive more objective information about the occurrence of
fatigue and could measure the success of therapies. Compared to other solutions, the Fimo
health app offers a more holistic approach by measuring fatigue and the influencing factors
as well as offering a course.

However, the app also has some current limitations. At the moment, only Garmin
devices can be connected. Integrating interfaces from other providers is intended for the
future. Moreover, data can only be shared via a PDF export with doctors due to data
protection reasons, which makes the implementation in the varied hospital information
systems complex. Besides, we are working on a better interplay between our measured
data and the fatigue course. In the long run, pwMS should receive recommendations about
which exercise would help to reduce their fatigue based on their individual and current
influencing factors. However, more data are needed to train the algorithm. The Fimo
health app is not on the market yet, as we are in the process of applying for a Digitale
Gesundheitsanwendung (DiGA).

Previous research showed that fatigue fluctuates over time and even throughout the
day [45,46]. These fluctuations are difficult to capture. Mobile health solutions offer new
possibilities, particularly for complex chronic diseases such as MS and fatigue. PwMS
are especially suited to adopt mobile health solutions, as they usually show their first
symptoms between the ages of 20 and 40 [47]. Hence, the Fimo health app is a useful tool
to gain new insight into the occurrence and treatment of fatigue.
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Abstract: There is increasing interest in the development and deployment of digital solutions to
improve patient care and facilitate monitoring in medical practice, e.g., by remote observation of
disease symptoms in the patients’ home environment. Digital health solutions today range from non-
regulated wellness applications and research-grade exploratory instruments to regulated software as
a medical device (SaMD). This paper discusses the considerations and complexities in developing
innovative, effective, and validated SaMD for multiple sclerosis (MS). The development of SaMD
requires a formalised approach (design control), inclusive of technical verification and analytical
validation to ensure reliability. SaMD must be clinically evaluated, characterised for benefit and risk,
and must conform to regulatory requirements associated with device classification. Cybersecurity
and data privacy are also critical. Careful consideration of patient and provider needs throughout
the design and testing process help developers overcome challenges of adoption in medical practice.
Here, we explore the development pathway for SaMD in MS, leveraging experiences from the
development of Floodlight™ MS, a continually evolving bundled solution of SaMD for remote
functional assessment of MS. The development process will be charted while reflecting on common
challenges in the digital space, with a view to providing insights for future developers.

Keywords: multiple sclerosis; software as a medical device; digital health; participatory health;
monitoring; smartphone-based assessments; clinical validation; technical validation; MS apps; digital
health solution development

1. Introduction

Multiple sclerosis (MS) is an inflammatory demyelinating and degenerative disease [1]
characterised by a wide clinical variability in disease trajectory between individuals [2].
Clinical monitoring is intermittently, and often inconsistently [3,4], applied via in-clinic
measures, such as the Expanded Disability Status Scale (EDSS) [5] and magnetic resonance
imaging; detecting early disease progression is thus challenging [3,4]. Progressive wors-
ening in specific domains (e.g., cognition [6]) can be subtle or subclinical, especially in
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the early stages of the disease, but tends to increase in frequency and severity over time.
The worsening of disability is a multidimensional process and difficult to detect [7,8]. At
present, the diagnosis of progression in MS is typically retrospective with a heavy reliance
on clinical history, requiring progressive worsening for more than 6 months based on
EDSS score, without evidence of relapses [3,4]. Monitoring in MS relies on infrequent
outpatient assessments (typically occurring once or twice annually) with a lack of objective
assessments of progression available to healthcare professionals (HCPs). New clinical and
research tools are therefore needed to address the unmet need of early detection and ongo-
ing assessment of progressive worsening, rendering this an inviting area for innovation in
the digital health space.

Remote digital solutions such as smartphone-based apps, wearables, and decision
support algorithms are increasingly utilised in research and clinical trial settings [9] and
are beginning to emerge in routine medical care. This paper will focus on smartphone
technology, which is ubiquitous and broadly accessible [10,11], making it a viable approach
for facilitating remote assessment [12–14]. Smartphones can be used in a patients’ home
environment as frequently as required and their use is increasingly familiar and unobtru-
sive. Further, most off-the-shelf smartphones contain sensors with the capacity to gather
objective data unaffected by inter- and intra-rater variability. Measurements and patient-
reported information captured with smartphone technology have the potential to enable
more frequent, decentralised, and home-based care to supplement the infrequent in-clinic
assessments typically offered to patients. Mutually sharing this information with patients
can help focus the clinical conversation or empower shared decision making. Smartphone-
based digital solutions are thus ideally placed to contribute to improving clinical care
management for people living with MS (PLwMS) [15,16] and providing personalised
healthcare [17].

Today, smartphone applications, performing a variety of functions, are available to
support PLwMS. Many of these tools are non-regulated wellness applications designed
to support day-to-day disease management, for example through symptom or medica-
tion intake tracking, visit-scheduling, provision of disease education, and connectivity
to supportive care facilities or patient social media networks [18–23]. Other smartphone-
based solutions enable assessment of functional parameters affected by the disease, such
as mobility and cognition, or therapeutic benefit, such as for fatigue or depression [24].
Data and digital biomarkers collected by patient-facing apps may provide clinical value
by generating new insights into the MS disease course, ultimately improving the under-
standing of individual disease trajectories and response to intervention. Despite their
promise, however, smartphone-based solutions have not yet been fully integrated into
routine medical practice.

The development journey of a smartphone-based solution for remote assessment of
PLwMS will be presented here as a case study to illustrate the design and development
process, validation, regulatory and clinical requirements, as well as deployment in the
emergent digital health landscape. The process will be discussed from the perspective
of industry developers and academic collaborators, from ideation through to technical
solution development and version iteration, certification, and deployment. The Flood-
light programme is a Roche-led initiative that aims to create digital solutions to facilitate
functional assessment in MS. The first Floodlight app was an assessment suite for clinical
research that required provisioned smartphones. More recent versions have been devel-
oped under design control to ensure that they meet the regulatory standards of reliability
and meaningfulness associated with software as a medical device (SaMD)—standalone
software that can perform medical functions without being part of a specific medical de-
vice hardware [25]—and to enable access for use on personal smartphones in a variety of
integrated MS care settings.
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2. Concept, Proof of Concept, and Assessment of Unmet Needs

The MS digital health space is still largely uncharted. Close partnerships between
developers, researchers, HCPs, and PLwMS, from inception and throughout the design
process, is essential to ensure that technical solutions, such as smartphone apps, are
grounded in science and adequately address unmet patient and/or healthcare needs.
Technical development typically begins with the identification and prioritisation of user
needs, then the ideation of possible solutions, followed by a “design, test, and iterate” build
cycle to ensure those needs are fulfilled. For SaMD development, this creative cycle must
also be balanced with clinical, technical, and regulatory processes to ensure the required
rigour is achieved. In parallel, it must be established that the solution provides output that
is meaningful to both PLwMS and HCPs and that can be readily embedded in the relevant
healthcare system.

Technical development for SaMD may begin after proof of concept (PoC) has already
been established in a research setting. In the Floodlight PoC study, sensor-based mea-
surement was shown to effectively capture reliable and clinically relevant measures of
functional impairment in three domains: cognition, gait, and balance, and hand motor
function [26,27]. The Floodlight PoC study constituted sufficient evidence to allow for the
use of these assessments in a research setting, but further development under design con-
trol was required for deployment in a clinical setting as SaMD. Implementing a secondary,
more rigorous technical design step also provided evidence to support face validity and
inform features that would facilitate the user experience.

The Double Diamond (DD) model (Figure 1), an iterative approach commonly used
in software development, was utilised to guide the process of gaining user insights for
the design of the new Floodlight solution. DD is a non-linear model based on divergent–
convergent thinking, where a topic is first explored more widely or deeply (divergent)
before a focused approach is taken with a singular design solution (convergent) [28].
The iterative aspect of development is then retained through the ongoing acquisition
and utilisation of new real-world user insights, experiences, and behaviours to inform
subsequent refinement of the solution.
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Figure 1. Double Diamond model, an iterative approach with rapid prototyping.

In the initial divergent phase, focus groups with MS experts and PLwMS were con-
ducted to identify the signs and symptoms that might best represent the emergence of
progression and to define the current in-clinic standards used to assess functional loss. This
process then fed into the convergent phase, which prioritised the assessment of hand motor
function, gait, and cognition, all domains frequently affected in PLwMS with worsening
disease [29–37]. These findings served to substantiate the selection of domain assessments
tested in the Floodlight PoC study. During the second divergent phase, exploration of how
to technically design the solution and implement the assessments took place, followed by
the prioritisation and consolidation of a singular, defined approach for technical develop-
ment. In order to inform iterative updates and advancements to the solution in the future,
mechanisms, such as an analytics platform, were then incorporated to collect insights from
real-world users.
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This design effort yielded a preliminary structure for the new Floodlight solution,
named Floodlight™ MS (currently v1.2). Floodlight MS would provide five assessments
for measurement of function across three domains, as well as a Patient Journal (Figure 2).
A “bundling approach”, wherein the five assessments would be verified, validated, and
independently registered as SaMD, was taken to enable flexibility to change, update, and
add new features or assessments without compromising the solution as a whole.

Brain Sci. 2021, 11, x FOR PEER REVIEW 4 of 13 
 

This design effort yielded a preliminary structure for the new Floodlight solution, 
named Floodlight™ MS (currently v1.2). Floodlight MS would provide five assessments 
for measurement of function across three domains, as well as a Patient Journal (Figure 2). 
A “bundling approach”, wherein the five assessments would be verified, validated, and 
independently registered as SaMD, was taken to enable flexibility to change, update, and 
add new features or assessments without compromising the solution as a whole. 

 
Figure 2. Illustration of current version of Floodlight™ MS v1.2 app and assessments. HCP, 
healthcare professional; PRO, patient-reported outcome. 

3. Desirability: Challenges in Developing a Digital Solution That PLwMS and HCPs 
Need and Use 

Identifying and balancing the needs and desires of different users when creating a 
digital solution can be challenging. Prior to initiating design control, the Jobs-to-be-Done 
(JTBD) framework [38] was used to define concrete user need statements for Floodlight 
MS. JTBD is an outcome-driven innovation strategy used to provide an in-depth under-
standing of user goals in a structured manner. Core functional desired outcomes (e.g., 
“Minimize the time it takes to determine how the patient’s past symptoms have changed 
since their last consultation”), as well as emotional and related jobs that might impact the 
ability to achieve an outcome (e.g., “Avoid feeling guilty for not spending enough time 
with a patient”), were collected for each user type. For Floodlight MS solution design, 
users were defined as (1) individuals with MS who are trying to live their lives while 
managing their MS, and (2) neurologists who are maintaining MS patients’ quality of life. 

JTBD outcome statements reframed the needs related to management of MS into user 
needs that can be addressed through a technical solution and that can be used to establish 
parameters for device quality system requirements. To determine which of the needs was 
most underserved, the desired outcome statements were quantitatively ranked by 202 
PLwMS and 211 HCPs in terms of importance of the outcome and current satisfaction in 
performing the job. For PLwMS, the most underserved needs concerned gaining a better 
understanding of their health status and treatment management. For HCPs the most un-
derserved needs included monitoring changes in the health status of PLwMS, assessing 
the impact of MS on daily life, and driving patient compliance. For Floodlight MS, facili-
tation of improved conversations between PLwMS and their neurologists emerged as a 
defining priority. 

Figure 2. Illustration of current version of Floodlight™ MS v1.2 app and assessments. HCP, healthcare professional; PRO,
patient-reported outcome.

3. Desirability: Challenges in Developing a Digital Solution That PLwMS and HCPs
Need and Use

Identifying and balancing the needs and desires of different users when creating a
digital solution can be challenging. Prior to initiating design control, the Jobs-to-be-Done
(JTBD) framework [38] was used to define concrete user need statements for Floodlight MS.
JTBD is an outcome-driven innovation strategy used to provide an in-depth understanding
of user goals in a structured manner. Core functional desired outcomes (e.g., “Minimize
the time it takes to determine how the patient’s past symptoms have changed since their
last consultation”), as well as emotional and related jobs that might impact the ability
to achieve an outcome (e.g., “Avoid feeling guilty for not spending enough time with a
patient”), were collected for each user type. For Floodlight MS solution design, users were
defined as (1) individuals with MS who are trying to live their lives while managing their
MS, and (2) neurologists who are maintaining MS patients’ quality of life.

JTBD outcome statements reframed the needs related to management of MS into user
needs that can be addressed through a technical solution and that can be used to establish
parameters for device quality system requirements. To determine which of the needs was
most underserved, the desired outcome statements were quantitatively ranked by 202
PLwMS and 211 HCPs in terms of importance of the outcome and current satisfaction
in performing the job. For PLwMS, the most underserved needs concerned gaining a
better understanding of their health status and treatment management. For HCPs the
most underserved needs included monitoring changes in the health status of PLwMS,
assessing the impact of MS on daily life, and driving patient compliance. For Floodlight
MS, facilitation of improved conversations between PLwMS and their neurologists emerged
as a defining priority.
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JTBD analysis also clarified factors that might limit the ability of PLwMS to interact
with an app, such as comorbidities and disability status. The findings indicated that
assessments within the solution must be convenient, with a reasonable duration and
frequency. Different levels of user ability in terms of digital skills, as well as aspects such as
dexterity and cognitive and visual impairments, would be likely to impact engagement. For
many commercial applications, engagement is a key performance indicator and revenue
driver. In digital health, however, solutions should only strive for sufficient engagement to
support successful outcomes, in order to strike the balance between benefit and burden to
the users.

To ensure safety and effectiveness during use, human factors that may affect an
individual user’s performance need to be identified and addressed. Errors are frequently
caused by the design of the user interface with which users interact. Formative testing with
an additional cohort of users is a step in the design control process that serves to identify
potential hazardous situations, assess overall usability, and ensure that the interface can be
clearly understood and operated per intended use. In formative testing for Floodlight MS,
PLwMS expressed satisfaction with an MS-specific solution, which they identified would
be a key part of the conversation with their neurologist. PLwMS also indicated that they
were more likely to utilise the solution if it were prescribed by an HCP. Formative testing
with neurologists was used to assess HCP willingness to adopt the solution and potential
barriers to adoption. Neurologists reported that they saw the solution as complementary to
their current processes, as long as the data were readily interpretable and easily accessible.

Formative testing informed a significant decision in the developmental journey for the
Floodlight programme: the adoption of a prescription-based model for Floodlight MS. This
model prioritised partnering with HCPs in a coordinated care setting to identify appropriate
patient users, support onboarding and oversee generation and interpretation of patient
data. These findings were substantiated by Floodlight Open, a global open-access study,
entirely operated via digital interfaces, that was designed to assess adherence to using the
app and the feasibility of a “bring your own device” research version of the Floodlight
assessment suite provided directly to PLwMS. In line with the adherence issues reported
in similar fully digital studies conducted in real-world settings [39], overall adherence in
Floodlight Open was low. This contrasts with the controlled environment of the Floodlight
PoC study, where good adherence and patient satisfaction were observed [26]. Moreover,
in Floodlight Open, adherence rates were positively impacted by concomitant studies
that provided clinical coordination. Together, these findings suggested that a supportive
clinical care environment would be required to maintain long-term use of the Floodlight
MS solution.

Insufficient adherence to remote digital health solutions often presents a challenge to
long-term engagement [39]. This is a significant obstacle for developers of apps intended
for users with MS, where engagement may be required throughout the user’s lifetime.
Adherence to the use of a digital health solution over time may be regarded as a behaviour,
determined by factors such as the user’s motivation, ability, and other aspects such as
forgetfulness. Behavioural design is based on insights from behavioural science, which
can be implemented to aid in evoking desired user behaviour, and is recognised as a
key element for development of digital health solutions to increase the likelihood of
achieving the desired outcomes [40–42]. For example, the concept of the “neurological
loop” has been used to explain how habits are formed via a three-step loop composed of
cue, routine, and reward; solutions can thus be designed to provide users with strategic
rewards to elicit repeated behaviour, based on specific cues [43]. A behavioural design
approach was adopted to identify features that might enable users of Floodlight MS
to achieve the outcome of improving clinical conversations. Fogg’s behaviour model
(Behaviour = Motivation × Ability × Prompt [44]) was used as a framework to audit the
design to identify facilitators and barriers to engagement in terms of motivation, ability,
and prompts [44,45]. Feedback architecture was then designed to ensure appropriate
communication with users and rewards (motivational prompts) for short-, medium-, and
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long-term outcomes. For example, the PLwMS interface home screen was designed to
incorporate prompts for action, a progress indicator, and an appointment calendar to
orient use of Floodlight MS around the care conversation. Further, notification and content
architecture were also devised to sustain motivation across different use cases.

As there is great variability in symptomology and disease course between individuals
living with MS, solutions designed for these users need to accommodate diverse charac-
teristics and varied needs, preferences, and behaviours when utilising smartphones. The
complexity of addressing individual preferences and needs in a “one-size-fits-all” approach
is typified in the end-user reaction to app gamification. The utility of gamification (the use
of game design elements in other contexts) is widely discussed in relation to digital health
solution development, as it may aid in increasing motivation and sustaining usage (i.e.,
increasing adherence [46]); however, any elements need to be applied cautiously in the
context of healthcare and must support the desired outcome, which, for Floodlight MS, is
the use of data for a care conversation. The topic of gamification—where, in the context of
the Floodlight programme experience, some users considered it an inappropriate approach
to disease assessment—may represent an example of possible divergent perspectives from
different users and user types, which further illustrates the importance of behavioural
strategies in studying use patterns. Even after final solution design, regular testing of
the applied concepts should be conducted to ensure the usability of the features for all
users, aligning with the specific needs of PLwMS. Moreover, careful consideration must be
given to how the solution is implemented to ensure effective use. The application of be-
havioural science, for example through built-in analytics, whilst continuing to develop, test,
and iterate on a periodic release cycle, will be important to enable iterative development
throughout the solution lifecycle.

4. Regulatory Standards: Data Security, Verification and Validation

Challenges and compromises are involved in creating a digital solution that is not
only meaningful to end users, but also technically and scientifically robust and aligned
with regulatory standards. Digital solutions producing measures adoptable in medical care
must meet the standards of device regulatory agencies on design control, cybersecurity
and data privacy, risk analysis, and clinical evaluation—all elements considered in the
certification of SaMD [25].

To satisfy regulatory requirements, each of the assessments provided by Floodlight MS
were subject to technical verification, as well as clinical and analytical validation (Figure 3).
Individual assessments and data features were selected for SaMD certification based upon
evidence obtained from the Floodlight PoC study and insights from DD.
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Technical verification requires assurance that the software is built to the specified
requirements. These include elements such as: software unit testing to ensure the func-
tionality of each component, software system testing of new features or components to
expose defects in interfaces and interactions between integrated components, and software
verification testing to check that the software meets the specified requirements. In modern
software development, an agile process is typically implemented to embed quality test-
ing into development, including efforts such as in-sprint level manual testing (in which
incremental development and testing occur in tandem) and automation tests to support
regression efforts (a software testing practice that ensures an application still functions as
expected after any change).

Analytical validation is needed to ensure SaMD output is reliable, accurate, and
precise: it demonstrates how well SaMD fulfil their intended use by accurately measuring
the desired parameters and generating the correct outputs [47,48]. Analytical validation
includes testing the user experience of the solution. This does not require patient or
disease-specific assessment, so testing can be conducted in healthy individuals and/or via
simulations. For each of the Floodlight MS assessments, robot testing was conducted across
26 mobile devices, representing over 70% of the global smartphone market. Acceptance
criteria consisted of three components: observed variability when the same test is repeated
on the same smartphone multiple times (within device error), observed variability when
the same test is repeated on different smartphones (between device error), and distance
between mean measurement of all smartphones to a theoretical ground truth (systemic
bias). All smartphones tested passed acceptance criteria with the exception of the Alcatel
7 phone, which failed due to a device chipset issue where screen sizes are not properly
reported by the device, rendering the tomatoes in the Floodlight MS “Pinch A Tomato Test”
larger than the acceptable range defined in SaMD specifications. All operating systems
were also validated. Testing demonstrated that the operating system of the mobile device
did not influence data captured. Finally, a series of security tests were conducted, ranging
from threat modelling to penetration testing, to ensure data security in the final product.

Whereas analytical validation establishes reliability, a process of clinical evaluation
establishes clinical association and validation and is used to determine the sufficiency of
evidence and the requirement for further clinical investigation. Clinical evaluation is a
systematic and methodologically sound process used to continuously generate, collect,
analyse, and assess the clinical data pertaining to a device in order to verify and validate
the safety and performance of the device, including any clinical benefits, in the target user
population and when used as intended [49]. Each assessment in the Floodlight MS solution
was subject to evaluation, supported by multiple evidence sources, including the Floodlight
PoC study and an observational study with PLwMS that provided an assessment by clinical
content area experts that the process of, and results from, the Floodlight MS assessments
achieved their intended purpose.

Post-marketing surveillance of SaMD is also required to provide ongoing monitoring
of any defects and/or safety concerns, in order to ensure that solutions are safe and effective
during real-world use. The post-market clinical follow-up plan, which is part of the clinical
evaluation, specifies methods and procedures for collection and evaluation of clinical data
from on-market use to confirm safety and performance. In addition to implementing
subsequent clinical trials and real-world evidence generation initiatives, customer support
should be present to capture reportable SaMD events for investigation, such as technical
defects and safety issues, in order to fully comply with regulatory requirements. For
Floodlight MS, customer support was tailored to respond to users’ needs (HCPs and
PLwMS) in a specific geography, for example by offering local language support, in
addition to addressing technical and medical questions.

Significant effort from the developer is required to achieve robust, regulatory-grade
clinical validation. Given the rapidly evolving nature of digital technology, it is also critical
for developers to find effective approaches to continuously advance solution design. Like-
wise, continual technological advancement presents a challenge to regulators, who must
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concurrently advance policy in order to foster growth of digital innovation for better disease
management [17]. To this end, regulatory agencies are actively facilitating collaborative
initiatives within the digital community to advance digital health innovation [50].

Two key aspects of this dialogue are data safety and cybersecurity, as it is crucial
to not only establish and maintain robust data privacy and security, but also to adapt
them to comply with local requirements across geographies (e.g., General Data Protection
Regulation in the EU, the Health Insurance Portability and Accountability Act in the USA,
etc.). Data security can be divided into technical (obtaining and storage of data), method-
ological (the software application and infrastructure used to deliver it), and procedural
aspects (data usage, data access, and security breaches), and each of these must be carefully
considered at each stage of design and development [51]. Demonstrating a robust approach
to personal data security is also a means to build users’ trust: 45% of users worry about the
unwanted use of their data when using mobile devices for health-related activities [52,53],
and there are legitimate concerns over user identification, data sharing with third parties,
or accidental data leakage [52]. As data privacy and security provisions must be placed
at the fore from the start of a user’s interaction with a digital solution, Floodlight MS
users are presented with a data privacy notice during the sign-up process. This contains
detailed information on the treatment of their personal information, which is in line with
the applicable regulatory frameworks. Different types of security measures are in place for
Floodlight MS, including password-protected access with automatic logout after a period
of inactivity, and data encryption in transit and at rest. Moreover, the legal manufacturer of
the device ensures that appropriate training and processes for data management operators
are set up and that action plans are ready in case of any incidents.

After regulatory clearance has been achieved, the hurdles of adoption into medical
practice, making the solution accessible, and providing ongoing monitoring and managing
the system need to be overcome. All these aspects will involve the collaborative efforts
of multiple healthcare stakeholders such as PLwMS, HCPs, and payers, as these hurdles
cannot be overcome without participation from all relevant parties [17].

5. Taking an Adaptive Approach

Agility is key when developing digital solutions, requiring a fluid approach to facilitate
an iterative developmental process that aligns with the design control and requisite regula-
tory requirements. The rapidly changing technological environment contrasts markedly
with classical drug development with its careful, largely linear and standardised pro-
cesses [54,55]. Once a new solution is developed and deployed, post-market data can serve
to further validate clinical effectiveness, evolve technical capabilities, and refine the user
experience, and may even support subsequent regulatory engagement and reassessment.

Real-world evidence generation and non-interventional studies are often more efficient
than, and can be complementary to, interventional trials. For the Floodlight programme,
non-interventional studies and real-world evidence generated with Floodlight MS serves to
complement assessment of Floodlight test technology in more formal clinical trial settings.
Research is also being conducted to improve the clinical utility of the test suite, support
clinical analysis, develop quality control features, and advance the understanding of sensor
data [56–59].

The development path outlined here culminated in the release of Floodlight MS,
which contains the five assessments registered as SaMD. Additional features, such as the
Patient Journal, designed to help users reach the outcome of improved care conversations,
are grouped separately and are thus able to be more frequently and flexibly iterated and
improved upon based on user feedback, without necessitating resubmission to regulatory
authorities. This continual iteration is enabled by recurring development cycles, which
allow improvements to be implemented frequently, generating updated versions several
times throughout the year. Floodlight MS is set to continue evolving, and thus certain
topics covered in this paper may be revisited as knowledge advances.
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The use of different technical deployment models, tailoring the means by which the
solution is provided, may also provide the flexibility needed to meet local regulatory
requirements and enable interoperability and integration in a complex and fragmented
electronic health records landscape [60,61]. Three deployment models were designed for
Floodlight MS: (i) a standalone solution with an HCP-facing web-based portal for data
access, (ii) a standalone solution that can be integrated with electronic health records, and
(iii) a software development kit (SDK). The SDK enables rapid, tailored integration of
the Floodlight MS assessments into a third-party solution, for example into the DreaMS
digital research tool advanced by the Research Center for Clinical Neuroimmunology and
Neuroscience, Basel (RC2NB) [62]. The SDK approach also allows for integration into
solutions developed in-house. Tailoring the deployment model for a digital solution may
enable greater interoperability and the capability to address diverse and local needs on a
greater scale.

6. Future Horizons

The provision and adoption of technological solutions and the sharing of information
globally has the potential to drive knowledge acquisition and positively affect healthcare
worldwide [63]. Digital solutions offer great promise in delivering increasingly individu-
alised, easily accessible, and effective healthcare, with the capacity to evolve with time and
adapt to the changing needs of PLwMS and HCPs. The impact of the COVID-19 pandemic
has given additional proof of such versatility and usefulness, highlighting how barriers
can be overcome through the adoption of digital tools [64], where capturing digital data
remotely may mean that symptom tracking can be maintained even when clinic visits are
not possible. Ultimately, digital solutions must contribute to the long-term resolution of
broader health system challenges, such as lack of access to care, lack of frequent monitoring,
costly and ineffective treatment, and delayed diagnosis of MS disease progression.

Fundamentally, digital solutions such as Floodlight MS aim to improve outcomes for
PLwMS. To reach this objective, continued collaboration and partnership with the entire
MS community is needed, not only to continually refine individual solutions but also to
create robust standards for implementation, interpretation, and interoperability. Ongoing
investment into the clinical development of a digital solution will also enable continuous
improvement, enhancing the clinical utility and sustained actionability of a given solution.
This is especially relevant for solutions such as Floodlight MS, which generate data that
may be used to improve our understanding of the disease or create digital biomarkers. The
use of such data could serve to bridge the gap between clinical trials and medical care,
for example, by enabling the creation of a baseline dataset in routine care prior to clinical
trial enrolment; or by enabling a more immediate comparison of population outcomes to
individual performance using the same reliable, objective outcome measures.

The sharing and secondary use of the data collected using digital solutions will
be important for shaping the future of research, regulation, and policymaking in the
digital healthcare sphere. Platforms such as the European Health Data Space are being
developed to facilitate data sharing across sectors [65]. Key areas centre around health data
exchange, access to health data for research and policymaking, and a single market for
digital health products and services. Structuring projects to generate data for secondary
use in collaboration with the scientific community will help to shape the digital space by
furthering research, as well as from a regulatory perspective in terms of enabling better
fit-for-purpose and evidence-based policymaking.

The Floodlight programme has undertaken a path of SaMD design and development
to support safe and effective use of Floodlight MS, a bundled digital assessment solution for
PLwMS. The incorporation of design strategies commonly used in software development
informed features to support user adherence, clinical utility, and readiness for integration
into today’s fragmented global healthcare landscape. This effort is underpinned by an
iterative and collaborative clinical validation, technical refinement, and deployment ap-
proach intended to drive continual evolution of the technology. Ultimately, the emergence
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of robust digital solutions may help to change the way that disease progression is mea-
sured in MS, enabling optimisation of care, and helping to bridge clinical trial and medical
practice data.
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Abstract: One of the core problems for people with multiple sclerosis (pwMS) is the impairment
of their ability to walk, which can be severely restrictive in everyday life. Therefore, monitoring of
ambulatory function is of great importance to be able to effectively counteract disease progression.
An extensive gait analysis, such as the Dresden protocol for multidimensional walking assessment,
covers several facets of walking impairment including a 2-min walk test, in which the distance taken
by the patient in two minutes is measured by an odometer. Using this approach, it is questionable
how precise the measuring methods are at recording the distance traveled. In this project, we
investigate whether the current measurement can be replaced by a digital measurement method
based on accelerometers (six Opal sensors from the Mobility Lab system) that are attached to the
patient’s body. We developed two algorithms using these data and compared the validity of these
approaches using the results from 2-min walk tests from 562 pwMS that were collected with a
gold-standard odometer. In 48.4% of pwMS, we detected an average relative measurement error of
less than 5%, while results from 25.8% of the pwMS showed a relative measurement error of up to
10%. The algorithm had difficulties correctly calculating the walking distances in another 25.8% of
pwMS; these results showed a measurement error of more than 20%. A main reason for this moderate
performance was the variety of pathologically altered gait patterns in pwMS that may complicate
the step detection. Overall, both algorithms achieved favorable levels of agreement (r = 0.884 and
r = 0.980) with the odometer. Finally, we present suggestions for improvement of the measurement
system to be implemented in the future.

Keywords: multiple sclerosis; gait analysis; mobility; digital tools and applications

1. Introduction

Multiple sclerosis (MS) is a chronic inflammatory, progressive disease of the central
nervous system. Based on its multifocal, inflammatory lesions in the central nervous
system, MS is characterized by deficits in different neurological functional systems, which
leads to a wide range of symptoms and a highly individualized course of the disease [1,2].
It is important to phenotype the different symptoms of MS to adapt the management
of the disease [3,4]. For many people with MS (pwMS) the limitation on the ability to
walk is a clinical hallmark of their disease. Walking problems have a major impact on
important areas of life and contribute significantly to the patient’s quality of life. Up to 85%
of pwMS report impairments in their ability to walk [5]. Kister et al. stated that 5 years
after disease onset, 45% of pwMS reported mild gait deficits, and after 30 years of disease,
only 18% of pwMS were able to walk without problems or with minimal limitations [6].
Different pathophysiological components such as spasticity, paresis, or sensitivity and
balance disorders contribute to the development of patient-specific gait disorders [7,8].
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In pwMS, walking impairments are characterized by a decreased gait speed, walking
endurance, step rate, and cadence in addition to an increased variability of gait [9–11].
All these gait impairments increase with the progression of the disease. In routine clinical
practice, limitations in mobility are primarily assessed with the Expanded Disability Status
Scale (EDSS). Less frequently, various time-based walking tests are applied, which are
often subject to intraindividual and interindividual variation [12–14]. For a better detection
of mobility impairments and a high-quality, clinically relevant characterization of pwMS,
an objective multimodal assessment of gait changes, such as the Dresden protocol for
multidimensional walking assessment (DMWA), is important [15–17]. Different walking
domains, such as gait quality, maximal walking speed, patient-reported outcomes, and
also gait endurance should be assessed, with the aim to provide a more objective and
standardized measurement of walking ability in addition to the EDSS [16].

Specifically, testing of walking endurance is used as an important marker in various
medical settings. The Cooper 12-min walk test was originally developed for physical
fitness [18]. As time progressed, shorter versions of this endurance walk test, such as the
six- and two-minute walk test (6MWT, 2MWT) were developed [19]. In medicine, the gold
standard of endurance testing is considered to be the 6MWT [7]. However, some patients
are unable to walk for longer than two minutes. So, the 6MWT is often too strenuous
and time consuming for cardiac patients and also for pwMS, so the 2MWT became a
practical alternative in this case [19–21]. This is a popular and well-established walking
test to obtain a detailed impression of walking ability [22] that can be well compared to the
6MWT [20,22,23].

For subtle changes in gait and the detection of an early deterioration in endurance, an
accurate measurement of the distance covered is required. Estimating the total distance
by multiplying the number of gaits covered does not meet the requirement for accuracy.
Unlike an estimate of the total distance travelled, an odometer objectively measures the
distance travelled. An odometer is clinically approved and considered the gold standard.
Odometers are in principle well suited for measuring longer distances with quite high
measuring accuracy [24]. For this reason, they are widely used for the measurement of
walking distance in clinical environments [16,25–28]. An odometer is a measuring wheel
with an integrated counter, a handpiece, and a digital display. It is designed for distance
measurements on flat ground. For this purpose, the odometer is pushed over the floor
in such a way that the wheel rolls permanently without slip. Although an odometer
objectively measures the distance travelled, it does not measure the exact distance travelled
by the patient within the given time. Using a stopwatch, the tester must measure exactly
two minutes so that the odometer can be stopped afterwards, which creates a delay effect of
the distance measurement. Patients can show different evasive movements when walking
the distance. This is due, among other things, to the pathological gait pattern and obstacles
in the course. Furthermore, the turn at the end of the gait is displayed inaccurately because
the reversal angle with the odometer is different. In addition, there is the possibility of a
speed influence that is subconsciously transferred from the tester with the odometer to the
person being tested. To prevent a lower inter-rater reliability by changing the respective
examiner, the person to be tested should walk the 2MWT completely alone.

The aim of the study is to address exactly this problem by improving the existing
monitoring of multidimensional gait analysis in its complexity and efficiency and increas-
ing its objectivity. A digitalization in this field, through the integration of appropriate
algorithms can optimize the efficiency and quality of patient management [29]. The use
of inertial measurement units (IMUs) is becoming increasingly popular for determining
gait deficits, such as with the 6MWT [30]. In particular, the distance traveled is often
calculated from IMU data [31–33]. Retory et al. compared the distance traveled, which
was classically calculated from the product of the number of steps (from video recordings)
with the median step length, with IMU data from an accelerometer and a correlation of
r = 0.99 [32] was shown. When calculating the distance traveled using IMUs no other
measurement instruments were needed, thus resulting in less bias in the measuring method.
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Furthermore, the use of IMUs facilitated the application of the 2MWT in a setting outside
the clinic. The development of such a digital measurement method is relevant to the
structural shift towards home-based assistive devices for which simple digital measure-
ment methods are needed, as well as to simplify the clinical measurement process while
improving measurement accuracy.

For this purpose, we developed two algorithms using accelerometer data. These two
approaches were compared and their basic functionality was evaluated in a monocentric
study with the gold standard of odometers.

2. Materials and Methods

This work investigates whether the 2MWT with an odometer can be replaced by a
2MWT with accelerometers. From the sensor data of the body-worn sensors, the total dis-
tance can be determined using two developed algorithms. The first approach provides an
overall evaluation of the total acceleration (Digiwalk algorithm, DWA) signals. The second
approach calculates the total distance based on an average stride length (Mobility Lab
algorithm, MLA). The primary focus of this study is to compare the accuracy of the DWA
and MLA with the gold-standard odometer.

2.1. Population

Data from 562 patients were used for the analysis, which were recorded between
July 2018 and February 2020 at the MS Center Dresden of University Hospital Carl Gustav
Carus, Dresden. All pwMS completed a multidimensional gait analysis according to
the DMWA protocol as part of their clinical outpatient visit. We included patients with
a reliable diagnosis of MS, which were able to walk with or without assistive devices.
Each participant was examined according to good clinical practice guidelines. The study
was approved by the local ethics committee (BO-EK-320062021).

2.2. Procedure of the 2-Min Walk Test (2MWT)

For the 2MWT, the pwMS wore six Mobility Lab Opal sensors (APDM, Portland, OR,
USA) and were asked to walk along a hospital corridor approximately 25 m long for two
minutes. Walkers could be used during the test, but the patient had to be able to walk
independently. Short breaks could also be taken, but these were recorded during the two
minutes. To allow accurate distance measurement, the examiner walked behind the patient
to match the patient’s speed and not dictate his or her own walking pace. The distance
traveled was recorded with an odometer, and the respective time needed was checked with
a stopwatch. For each patient, the covered distance of the 2MWT was measured with the
odometer and the file with the acceleration values was archived.

2.3. Distance Measurement with Acceleration Sensors

An accelerometer is a sensor that determines the acceleration it experiences by mea-
suring the inertial force acting on a test mass. In the accelerometer-based measurement
method, we used Mobility Lab Opal sensors (APDM, Portland, OR, USA) to measure
spatiotemporal gait parameters of patients during walking trials. There were six individual
sensor units that were attached to the patient’s wrists, ankles, sternum, and lower back
(Figure 1) [34].

Location of the motion sensors on specific body parts was used to obtain valid gait
and balance parameters. Being consistent with other motion sensors worn on the body, the
sensor to measure upper sway was placed in front of the sternum 2 cm below the jugular
fossa [35]. Another sensor was placed on the lumbar spine at L5 to measure lower trunk
balance [35–37]. To measure the arm swing, two sensors were placed at the left and right
wrist, 4 cm from the dorsum of the hand [38]. The last two sensors for spatiotemporal
gait parameters were attached to the forefoot [39,40]. Each sensor unit contained a three-
axis accelerometer, three-axis gyroscope, and a magnetometer. Measurement data were
collected after each walking test by plugging the sensors into the access point, which
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automatically generated a single file containing the raw kinematic measurements [41].
We used the acceleration data contained in these files to estimate the distance walked by
the patient.
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While accelerometers are a well-established method for gait analysis in the clinical
environment, they are currently not commonly used for measuring walking distances [42].
However, acceleration measurements of any sensor unit carry a measurement error caused
by tiny drift rates of the gyroscopes that must be compensated for by the algorithms
employed [43]. In fact, extracting precise distance values from acceleration data requires
exceptionally sophisticated algorithms that employ methods from the field of inertial
navigation [43].

There are essentially two different algorithmic approaches to extract distance informa-
tion from acceleration data.

2.3.1. Digiwalk Algorithm (DWA)

The underlying idea of the DWA is to calculate velocity from acceleration (a(t)) by
integration over time. Repeating this procedure to integrate velocity over time results in
the distance traveled (s(t)) at the following rate:

s(t) =
x

a(t)d2t
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Foxlin and Bebek et al. demonstrated that two sensors that were each attached to
an ankle provided sufficient information about the distance walked [43,44]. The reason
being that the ankles experienced the greatest acceleration during walking which led to
a high signal to noise ratio and a highly detectable movement signal. Furthermore, we
leveraged the fact that each foot stands completely still for a brief moment during each
walking cycle. Velocity and distance can be calculated from acceleration data by integration
over time. Due to the drift of the acceleration sensors and the resulting double integration
of a possible error, the calculated values deviated more from the real values over longer
distances. To compensate for these errors, the periodical standstills of the feet allowed
us to continuously set the velocity to zero whenever a resting foot was detected, which
eliminated the drift of the calculated values. We followed the approach of Foxlin who
proposed to apply these zero velocity updates (ZVU) to solve the problem of drifting
values for velocity and distance [43]. To the extent that this method builds on the raw
acceleration data from the Mobility Lab system, we called this approach the Digiwalk
algorithm. The following section describes the DWA that we implemented to determine
the distance traveled from the raw acceleration data. Figure 2 illustrates the process.

Brain Sci. 2021, 11, 1507 5 of 16 
 

2.3.1. Digiwalk Algorithm (DWA) 
The underlying idea of the DWA is to calculate velocity from acceleration (a(t)) by 

integration over time. Repeating this procedure to integrate velocity over time results in 
the distance traveled (s(t)) at the following rate: s t   ∬ a t d t  

Foxlin and Bebek et al. demonstrated that two sensors that were each attached to an 
ankle provided sufficient information about the distance walked [43,44]. The reason being 
that the ankles experienced the greatest acceleration during walking which led to a high 
signal to noise ratio and a highly detectable movement signal. Furthermore, we leveraged 
the fact that each foot stands completely still for a brief moment during each walking cy-
cle. Velocity and distance can be calculated from acceleration data by integration over 
time. Due to the drift of the acceleration sensors and the resulting double integration of a 
possible error, the calculated values deviated more from the real values over longer dis-
tances. To compensate for these errors, the periodical standstills of the feet allowed us to 
continuously set the velocity to zero whenever a resting foot was detected, which elimi-
nated the drift of the calculated values. We followed the approach of Foxlin who proposed 
to apply these zero velocity updates (ZVU) to solve the problem of drifting values for 
velocity and distance [43]. To the extent that this method builds on the raw acceleration 
data from the Mobility Lab system, we called this approach the Digiwalk algorithm. The 
following section describes the DWA that we implemented to determine the distance trav-
eled from the raw acceleration data. Figure 2 illustrates the process. 

 
Figure 2. Flowchart for determining the distance walked; ZVU = zero velocity updates. Figure 2. Flowchart for determining the distance walked; ZVU = zero velocity updates.

The first step was to preprocess and clean the acceleration data from the influence
of gravity. Therefore, from each acceleration component ax, ay, and az, we subtracted its
mean. Subsequently we reduced unwanted frequency components in the signals (which
were sampled at 128 Hz) by applying a low pass filter with a cut-off frequency of 60 Hz.
Next, we detected the time periods during which each foot was resting. Since a resting foot
should only experience the acceleration of gravity, which we removed from the signal, we
searched for sections with a total acceleration of zero plus a threshold for measurement
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inaccuracy. We determined the optimal threshold in preliminary experiments to be 1 m
s2 by

varying the threshold value until each step of a test subject was detected for an appropriate
duration (stance duration). The results of our step detection are illustrated in Figure 3,
which shows the raw acceleration data of one foot as well as the time intervals in which
the algorithm declared the foot was resting.
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In addition to the detection of a single resting foot, we also identified time periods
during which the patient completely stopped walking. This occurred frequently during
the walking tests since some patients were severely restricted in their ability to walk for
longer periods of time. The patient was declared to be resting as soon as both feet were
found to be resting simultaneously for more than one second. The integration process was
paused for both feet as soon as the standstill of the patient was detected. To calculate the
distance walked, we separately integrated each component of the acceleration signal twice
over time. Integration was suspended for the time interval in which either one or both feet
were detected to be resting and continued afterwards starting with an initial value of zero.
The difference between the calculated velocity curves of one foot with and without ZVU
can be seen in Figure 4.
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Even though each step was clearly visible in the velocity diagram without ZVU in
Figure 4a, the curve contradictorily suggests that the foot never reached a velocity of zero.
By contrast, the velocity curve with applied ZVU in Figure 4b depicts each step realistically
with short periods of zero velocity while the foot is resting.

Finally, the difference between the calculated distances with and without stop detec-
tion is shown in Figure 5, which depicts an experiment in which a test subject walked to
stop at t = 10 s for approximately 6 s. While the distance calculated without stop detection
continued growing even though the test subject was standing still, the curve with stop
detection stopped growing properly at this point.
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2.3.2. Mobility Lab Algorithm (MLA)

Capela et al. presented a possible approach for inertial navigation [45]. They used
raw accelerometer data processing for the 6MWT in a clinical setting and employed an
activity detection to distinguish walking from standing times. By multiplying the average
stride lengths by the number of steps taken, the walked distance was determined [45].
The number of steps could be recorded using a pedometer or peak identification of the
acceleration data. In our work, we used the same approach as just described. The distance
traveled in two minutes were estimated by multiplying the stride length by the number of
steps per minute. As the calculation was based on the stride length output by the Mobility
Lab System, we refer to it as the Mobility Lab algorithm.

2.4. Statistical Methods

Continuous variables were presented as mean ± standard deviation (SD) or median
with interquartile range (IQR), where appropriate. Categorical variables were described in
absolute numbers and percentages. We calculated the mean of the differences between the
DWA, MLA, and odometer measurement series, the SD, and the 95% limits of agreement
(=mean ± 1.96 × SD) to describe the agreement between the MLA and the DWA to the
standardized odometer measurement method. Bland–Altman plots, Pearson’s r, and
intraclass correlation coefficients (ICC) were calculated to compare the three estimates of
distance (odometer, DWA, MLA). ICC levels were interpreted according to the guidelines
of Koo and Li (below 0.50: poor, between 0.50 and 0.75: moderate, between 0.75 and 0.90:
good, above 0.90: excellent) [46]. Mean values were tested for significance using a t-test
for systematic differentiation between the distance traveled by the different measurement
methods and the use of assistive devices. In order to assess important variables influencing
the measurement series and their measurement errors, Kendall’s tau-b correlation analyses
were performed. Kendall’s tau-b (τb) has been defined for level 0.1 to 0.3 as weak, for level
0.3 to 0.5 as moderate, and above 0.5 as strong correlation. Linear model analyses were
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performed to determine variables influencing DWA and MLA. An identity linkage function
linear model were used for normally distributed data with the factors of age, sex, degree of
disability (via EDSS), the use of assistive devices, and subtype of MS (relapsing–remitting,
primary progressive, and secondary progressive). The level of statistical significance was
set at α = 5%. All statistical analyses were performed using IBM SPSS Statistics 27 (SPSS,
Chicago, IL, USA).

3. Results

The analysis used data from 562 pwMS performing the 2MWT. There was an age
distribution of 16 to 79 years among the patients, with a mean age of 43.15 (SD ± 12.31)
years. A figure of 69.8% of the pwMS were female and the disease duration of patients
averaged 8.57 (SD ± 7.51) years. An overview of patient characteristics is shown in Table 1.

Table 1. Characterization of people with multiple sclerosis (MS) presented as mean [mean]
with standard deviation [SD] or median with interquartile range (IQR); MS = multiple sclerosis;
RRMS = relapsing–remitting MS; PPMS = primary progressive MS; SPMS = secondary progressive
MS; EDSS = Expanded Disability Status Scale; 2-min walk = 2MWT.

pwMS (n = 562)

Mean age (years; mean ± SD) 43.15 ± 12.31
Females (N, %) 392 (69.8%)
Disease duration (years; mean ± SD) 8.57 ± 7.51
MS Subtype

RRMS (N, %) 490 (87.2%)
PPMS (N, %) 55 (9.8%)
SPMS (N, %) 13 (3.0%)

EDSS (median, IQR) 2.5 (1.5–3.5)
Aids

with 35 (6.2%)
without 527 (93.8%)

2MWT
2MWT with odometer in m (mean, SD) 143.52 ± 32.57
2MWT with Digiwalk in m (mean, SD) 149.20 ± 32.33
2MWT with MobiLab in m (mean, SD) 140.61 ± 32.58

With the comparison of the respective mean values of the two measuring methods
to the odometer it was shown that the DWA overestimated the values (149.20 ± 32.33)
whereas the MLA, calculated using cadence and average step length, underestimated the
covered distance (140.6 ± 32.58) compared with the distance measured by the odometer
(143.52 ± 32.57) (Table 1, Figure 6).

Bland–Altman plots revealed upper and lower limits of agreement of 24.10 and −36.40
for the DWA and upper and lower limits of agreement of 15.68 and −9.84 for the MLA
(Figure 6). The two algorithms showed good to excellent correlations with the odometer
(DWA: r = 0.884, ICC = 0.871; MLA: r = 0.980, ICC = 0.976).

The relative measurement error was calculated for both algorithms, and the distribu-
tion is visualized in Figure 7. Most of the recordings showed a relatively small measurement
error of 10% or less. The mean measurement error was 9.21 ± 14.7% for the DWA and 4.06
± 4.61% for the MLA, respectively.

Comparing the covered distance between the DWA and the odometer, 272 data sets
had a relative measurement error of less than 5%, which was 48.4% of the total number of
data sets. However, 145 (25.8%) data sets remained with a measurement error of up to 10%
and 25.8% had a measurement error of more than 20% error.

In the second approach, comparing the MLA and the odometer, a relative measure-
ment error of less than 5% was present in 436 (77.6%) data sets. Another 85 data sets (15.1%)
showed a measurement error of less than 10% and the remaining 7.3% had over 20% error.

The relative measurement errors were analyzed in relation to influencing variables
such as age, degree of disability, and the use of assistive devices and are shown in Figure 8.
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When age (Figure 8A) of the pwMS was considered, the MLA measurement errors
appeared to be independent of age. For the DWA, there was a peak in measurement error
at the age of 60 to 69.

Measurement errors tended to increase with increasing disability slightly earlier with
the DWA (EDSS 4.0) than with the MLA (EDSS 5.5) (Figure 8B).

The relative measurement errors also increased with the use of assistive devices, es-
pecially with DWA. The highest relative measurement error that occurred was 31.27%
when measuring with the DWA with aids. In contrast, the lowest relative measure-
ment error of 3.57% occurred when measuring with the MLA without aids (Figure 8C).
The mean difference between the odometer and the DWA using assistive devices was
−14.44 ± 16.39 m, compared to without assistive devices −5.10 ± 15.44 m (p = 0.001).
Compared to the DWA, the mean difference between the odometer and the MLA was lower
with aids 4.82 ± 7.28 m and without aids 2.79 ± 6.45 m (p = 0.074) (Table 2).

Table 2. Comparison of the measurement series with the aids (mean ± SD) by t-tests; 2MWT =
two-minute walk test; OM = odometer; DWA = Digiwalk algorithm; MLA = Mobility Lab algorithm.

With Aids Without Aids p

2MWT OM 70.98 ± 22.89 148.34 ± 29.91 <0.001
2MWT DWA 85.42 ± 16.55 153.44 ± 28.44 <0.001
2MWT ML 66.16 ± 23.19 145.55 ± 26.53 <0.001

Difference OM-DWA −14.44 ± 16.39 −5.10 ± 15.44 0.001
Difference OM-MLA 4.82 ± 7.28 2.79 ± 6.45 0.074

The measurement error of the DWA showed a weak correlation with age (τb = 0.0173),
the use of aids (−0.159), and disease disability (Table 3), as well as a moderate correlation
with double support (τb = 0.0359). There were no such correlations for the MLA.
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Table 3. Kendall´s tau-b correlation between demographic data, clinical outcomes, and parameter of
gait (n = 562); EDSS = Expanded Disability Status Scale; DWA = Digiwalk algorithm; MLA= Mobility
Lab algorithm.

Measurement Error
DWA

Measurement Error
MLA

Age τ 0.173 ** 0.091 **
Sex τ 0.041 −0.007
Aids τ −0.159 ** 0.147
Disease Duration τ 0.073 * 0.001
Disease Disability (EDSS) τ 0.241 ** −0.029
Parameter of gait

Cadence τ −0.116 ** 0.155 **
Stride Length τ −0.191 ** 0.119 **
Double Support τ 0.359 ** −0.010
Gait speed τ −0.184 ** 0.143 **
Lateral Step variability τ 0.177 ** 0.075 **
Number of turns τ −0.164 ** 0.051

* p < 0.05, ** p < 0.01. EDSS = Expanded Disability Status Scale, DWA = Digiwalk algorithm; MLA = Mobility
Lab algorithm.

In a multifactorial linear model approach, level of disease disability was solely as-
sociated with the measurement error of the DWA (T = 6.395; p < 0.001; CI 95% 0.184 to
0.348), whereas disease disability (T = −3.464; p = 0.001; CI 95% −0.086 to −0.024) and age
(T = 2.329; p = 0.02; CI 95% 0.003 to 0.039) where associated with the measurement errors
of the MLA. Sex, the use of walking aids, and the subtype of MS were not associated with
any algorithm in the respective linear model.

4. Discussion

Walk endurance tests are important to quantify walking parameters accurately [47,48].
Therefore, we applied two novel algorithm–based approaches using accelerator sensors
in comparison to the current standard measurement using the odometer in the walking
assessment of pwMS. Our results demonstrated that the DWA achieved a good performance
(measurement error < 5%) in about half of the pwMS tested (48.4%) and the MLA in
considerably more pwMS (77.6%). Overall, both algorithms achieved favorable levels
of agreement (DWA: ICC = 0.871; MLA: ICC = 0.976) with the odometer. These results
are comparable to other calculations based on accelerometers for measuring distance
traveled [49].

Sensor data for the assessment of mobility in MS have gained interest over recent
years. Creagh et al. demonstrated how signal-based features related to movement can be
extracted from sensors in smartphones and smartwatches and showed good correlations
with clinical outcomes [47]. Karle et al. performed initial approaches of a 2MWT outside
a clinical environment for pwMS. For this, the average cadences were processed from
the raw acceleration data of an activity monitor. An average cadence between a clinical
environment and an outside environment was compared [48]. Unfortunately, both studies
did not include a gold standard of measurement to verify the respective measurement
system. Our approach including two algorithms aimed for the digitalization of walking
assessment in the neurological practice through the integration of appropriate algorithms
that could optimize patient management. While we demonstrated overall performances of
good to excellent in the two algorithms in comparison to the gold standard, measurement
errors in some subgroups of pwMS increased. It was reasonable to assume that the
measurement error of a distance measurement with accelerometers was highly dependent
on the gait pattern of the person. We investigated how accurately an irregular gait pattern
affected accelerometer measurements. Thus, we found a robust association between disease
disability of the pwMS and measurement error for both algorithms (MLA and DWA).
Furthermore, there may have been an inherent error in the calculated relative measurement
error because the measurement accuracy of the odometer was unknown.
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For the DWA, there was a moderate correlation (τ = 0.359) between double support
and the measurement error. It should be taken into account that only six gait parameters
(cadence, stride length, double support, gait speed, lateral step variability, and number of
turns) were considered in our analyses. Nevertheless, there are many more spatiotemporal
gait parameters that can be tested with respect to measurement error. For example, the
number of breaks taken was not considered in our work. It should be noted that some
pwMS, especially in older age or with increased degree of disability, were not able to
perform the 2MWT continuously but needed short standing breaks in between.

Other measurement inaccuracies can also result from the rotation of the subjects
at the turning point of the measurement course. An algorithm modification should be
implemented for this. There must be an intelligent threshold for detecting the rotation.
El-Gohary et al. proposed a threshold of ±5◦/s as the beginning and end of each rota-
tion [50]. For general testing with differently impaired subjects, these thresholds need to be
evaluated. Cheng et al. have already provided reliable algorithms for detecting rotations
and rotation speeds. Similar processing algorithms can be implemented in the DWA in
the future. More accurate detection of rotations will increase the accuracy of the total
distance [51].

The DWA measurement error was more often positive than negative, whereas this
seemed to be the other way round for the MLA. Positive error values mean that a distance
value derived from the accelerometers was higher than the reference value. This in turn
suggests that the DWA more often failed to detect steps, rather than misclassifying a
signal segment as a step when there was none. In particular, the DWA was found to have
difficulties to some degree in accurately detecting steps once the gait pattern deviated
heavily from the norm. For this reason, the DWA tended to miss steps frequently in some
pwMS, resulting in the acceleration not resetting correctly to zero. As a result, acceleration,
velocity, and distance increased incorrectly. Additionally, the accurate detection of resting
phases, as well as the differentiation between resting phases, slow walking, and turning,
proved to be difficult. Any misjudgment of the person’s current state led to acceleration
errors, which in turn led to a rapidly growing error in the calculated distance.

In conclusion, the quality of the measurement was highly dependent on successful
step detection, which in turn depended on the gait pattern being as regular as possible.
Possible solutions to these problems are discussed in the next section.

5. Future

In the future, we will improve our analytical algorithm described here by adopting
the approach of Foxlin, who implemented a measurement system to track the position of
a walking person [43]. Since the distance walked can be calculated from the difference
in position between two points in time, this approach would also be suitable for our
approach. Foxlin tracks the position using calculations based on a complex sensor fusion
of accelerometers and gyroscopes. The calculation errors of velocity, distance, and attitude
originating from sensor drifts are compensated by only navigating in an open loop manner
during the strides phase of each foot. Zero velocity updates are not directly applied to
the velocity measurements by resetting it to zero but are fed into an extended Kalman
filter (EKF) as pseudo measurements. The EKF corrects the state components acceleration,
velocity, distance, attitude, and angular velocity after each measurement, reducing the
position error that previously grew cubically in time to an error growing linearly with
the number of steps taken. In this manner, the position drift that occurs during each
stride phase is corrected by monitoring the correlation between velocity and position error.
The performance of this measurement system was evaluated by indoor experiments in
which a person walked for 322 s, covering 118.5 m, resulting in a position error of only
0.3%. It is however unclear, exactly how well this algorithm will perform on pathologically
altered gait patterns, especially since the calculations also rely on detecting the stance of
the phases of the feet.
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A completely different approach would be the use of Bluetooth beacons which could
eliminate the problem of accurately detecting the stance phases of the feet that has proven
to be the main problem. Therefore, this approach could be tested in the future. Since the
main weakness of this method is the position accuracy, further tests have to show how a
position error of about 1 to 2 m affects the calculated distance.

Applying artificial intelligence is another possibility and is a promising approach.
As we have shown, machine learning algorithms enable the integration and visualization of
a wide variety of gait parameters in routine clinical practice [52]. Thus, model calculations
could be performed based on the available spatiotemporal gait data to predict the distance
traveled. For this, further studies are needed to determine the necessary input data and the
most useful (combination of) sensor systems.
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Abstract: For incurable diseases, such as multiple sclerosis (MS), the prevention of progression and
the preservation of quality of life play a crucial role over the entire therapy period. In MS, patients
tend to become ill at a younger age and are so variable in terms of their disease course that there is
no standard therapy. Therefore, it is necessary to enable a therapy that is as personalized as possible
and to respond promptly to any changes, whether with noticeable symptoms or symptomless. Here,
measurable parameters of biological processes can be used, which provide good information with
regard to prognostic and diagnostic aspects, disease activity and response to therapy, so-called
biomarkers Increasing digitalization and the availability of easy-to-use devices and technology also
enable healthcare professionals to use a new class of digital biomarkers—digital health technologies—
to explain, influence and/or predict health-related outcomes. The technology and devices from
which these digital biomarkers stem are quite broad, and range from wearables that collect patients’
activity during digitalized functional tests (e.g., the Multiple Sclerosis Performance Test, dual-tasking
performance and speech) to digitalized diagnostic procedures (e.g., optical coherence tomography)
and software-supported magnetic resonance imaging evaluation. These technologies offer a timesav-
ing way to collect valuable data on a regular basis over a long period of time, not only once or twice
a year during patients’ routine visit at the clinic. Therefore, they lead to real-life data acquisition,
closer patient monitoring and thus a patient dataset useful for precision medicine. Despite the great
benefit of such increasing digitalization, for now, the path to implementing digital biomarkers is
widely unknown or inconsistent. Challenges around validation, infrastructure, evidence generation,
consistent data collection and analysis still persist. In this narrative review, we explore existing
and future opportunities to capture clinical digital biomarkers in the care of people with MS, which
may lead to a digital twin of the patient. To do this, we searched published papers for existing
opportunities to capture clinical digital biomarkers for different functional systems in the context of
MS, and also gathered perspectives on digital biomarkers under development or already existing as
a research approach.

Keywords: multiple sclerosis; digital biomarkers; digital health technology; eHealth; precision
medicine; personalized therapy; big data; digital twin

1. Introduction

Multiple sclerosis (MS) is a complex and chronic neurological disease of the central
nervous system (CNS) that is characterized by a pathophysiological combination of neu-
roinflammation and neurodegeneration. As the inflammatory and neurodegenerative
process can involve a variety of different neuroanatomical locations in the CNS, many

71



Brain Sci. 2021, 11, 1519

functional neurological systems can be affected, ranging from visual, motor, cerebellar
and sensory problems to complex cognitive symptoms. Since MS already occurs early
in adulthood, accompanied by only a mildly reduced life expectancy, the highly hetero-
geneous disease, lasting over several decades, offers numerous inter-individually and
intra-individually differences as well as different disease phenotypes evident in different
disease stages [1]. Each of these individual differences and disease phenotypes must be
addressed when it comes to treating MS as well as MS-related symptoms (e.g., spasticity,
pain and gait problems). Additionally, as MS and its symptoms can change over time, it
is crucial to detect these changes early in their development by using regular neurologic
evaluation, questionnaires, functional tests, magnetic resonance imaging (MRI), laboratory
checks and other assessments. Therefore, during this lifelong, chronic disease, a large
amount of medical data accumulates, with important information pertaining to medical
conditions and symptoms as well as diagnostic and therapeutic measures. In particular, the
assessment of responders and non-responders to immunomodulatory therapies requires
the long-term monitoring of different MS-related parameters, such as, for example, imag-
ing, clinical assessments and biomarkers. If one adds the characterization of all different
MS symptoms (e.g., depression and fatigue), the necessity for the complex and compre-
hensive collection of additional data becomes clear [1,2]. Since the collection of these data
requires a lot of time, personnel and funds, using digital technology devices can facilitate
this process and lead to the collection of so-called digital biomarkers. In this narrative
review, we provide an overview of emerging digital biomarkers in the field of MS, their
integration into regular monitoring and interesting approaches already in the testing phase,
highlighting the need and benefits for the care of people with MS (pwMS). Searching for
relevant literature in PubMed, specifying “digital biomarkers AND multiple sclerosis”,
showed to be inefficient. Therefore, we decided to search for different functional systems
with better results, although results in connection with multiple sclerosis are limited. Much
more research has been done with digital biomarkers in other diseases, e.g., Alzheimer’s
disease or depression [3–5]. Some of these digital biomarkers are now being investigated
for their potential use in MS.

2. Digital Biomarkers
2.1. Definition of Digital Biomarkers

According to the National Institutes of Health (NIH, USA), biomarkers are objectively
measured indicators of physiologic processes, pathologic processes or pharmacologic re-
sponses to a therapeutic intervention [6,7]. In MS, they can be subdivided into diagnostic
(help to differentiate between different diseases, e.g., anti-aquaporin-4 antibodies, oligo-
clonal bands, etc.), prognostic (enable physicians to estimate how a disease might develop
once it has been diagnosed, e.g., neurofilaments, oligoclonal bands, etc.), predictive (predict
the treatment response and thus help to decide which patient is most likely to benefit
from a certain treatment), disease activity (measure the inflammatory/neurodegenerative
components of the disease, e.g., MRI, clinical parameters, etc.) and treatment response
(responders versus non-responders of a certain treatment) biomarkers [6]. Especially with
the focus on personalized medicine in pwMS, treatment response biomarkers can enable
neurologists to differentiate patients regarding efficacy (e.g., neurofilament light chains,
neutralizing antibodies against interferon-ß or natalizumab) or potential side effects (e.g.,
anti-varicella zoster virus antibodies, anti-John Cunningham virus antibodies) of a certain
treatment [6]. The collection of such data is crucial to adapt the treatment of each patient
individually to his/her results. However, it is also time-consuming if these data have
to be gathered by physicians or other healthcare staff. With the increasing digitalization
of healthcare, medicine now gains access to a new type of biomarker. So-called digital
biomarkers enable the translation of up-to-date new data sources into informative, action-
able knowledge. They can be used by healthcare professionals (HCPs) by implementing
digital devices in their assessment (e.g., MRI, optical coherence tomography (OCT) and
tablet-based neurostatus); they also enable data collection directly from the patient. They
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can collect such data directly as part of disease management on a regular basis, and thus
ensure good monitoring and a prompt reaction to the progression of MS and the worsening
of symptoms. Digital biomarkers mean objective, quantifiable physiological and behavioral
data that are measured and collected by digital devices. The data collected by, e.g., porta-
bles, wearables, implantables or digestibles are typically used to generate, influence and/or
predict health-related outcomes, and thus represent deep digital phenotyping, collecting
clinically meaningful and objective digital data [8]. As digital technologies are usually less
expensive than the process of collecting these data face to face, and as some of these data
can be collected even without patients being actively involved (passive monitoring, e.g.,
by the use of wearables) data can also be collected more frequently and longitudinally.
Health-related outcomes can vary, from explaining health and disease states, predicting
drug responses or influencing health behaviors. In addition to this rather strict definition
of digital biomarkers, digitalization in medicine also includes patient-reported measures
(e.g., survey data), genetic information and other data that now can be collected by digital
infrastructure. These data can complement the mentioned digital biomarkers, creating a
digital multidimensional dataset.

Due to the technological transformation of healthcare, new technologies are leveraged
to generate, track and collect new data. With the wealth of novel data, the responsibility is
on the system to turn them into promising information that helps clinicians, researchers,
patients and entrepreneurs to better understand states of disease and health [9].

2.2. Challenges of Digital Biomarkers

The path to implementing digital biomarkers in the clinic is complex, because the ben-
efits that can be achieved by the use of digital biomarkers come with significant challenges
(Table 1).

Table 1. Challenges in implementing digital biomarkers in the clinic.

Benefits Challenges

Continuous real-time data Privacy
Better real-world evidence Adherence/retention

Greater power High variability
Novel, sensitive endpoints Validation required

Faster decisions Complex analysis
Big data Data storage

Digital biomarkers will, at least, face the same regulatory requirements as traditional
biomarkers, and need to be tested for feasibility and reliability. The knowledge on how to
establish and validate digital biomarkers is still limited. It can be challenging to identify
relevant data and analyze them, and especially difficult in terms of how to use accurate
baselines to relate this data for evaluation [10]. On the other hand, collecting continuous
real-time data out of the patient’s everyday life closes the data gap between visits, and
thus can reveal changes in the disease course as soon as they occur. A continuous dataflow
from patients to their treating physician could generate a big dataset that shows real-world
evidence, therefore being more meaningful and enabling faster decision making. This is
only possible with patients who are carefully educated about the need for such sensitive
data and demonstrate appropriate adherence. To avoid patients getting obsessed with even
minor, non-significant changes, as to decrease the potential of over-reactions and increased
anxiety, networking between physician and patient is crucial to evaluate and discuss the
significance of these biomarkers. Besides necessary reflections on data security and the
possibility to store these data over a long period of time, a huge dataset arises through the
use of digital devices, which requires complex analyses.

Digital biomarkers have great potential for medical domains that are not well-understood,
especially if digital biomarkers lead the way to phenotypic signatures. Challenges around
infrastructure, evidence generation, consistent data collection and workflow remain.
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To be seen less as a challenge than as an aspect to be considered is the distribution
and availability of digital devices for data collection. Not every patient can afford to buy
wearables or a smartphone to collect their data during their everyday life. In addition, some
patients will have difficulties with their usage, due to age-related reasons or impairments
that prevent the handling of digital devices.

2.3. Classification of Digital Biomarkers

Digital biomarkers are basically collected by digital tools. A way to classify these
measures focuses on what has been measured, and the added clinical value derived from
that data. At this, measurements can be familiar, such as the measurement of blood
pressure, or innovative, such as the continuous measurement of blood pressure. A known
clinical value is one that is well-understood and has previously been validated., e.g., blood
pressure can be used as an indicator of cardiovascular risk. Alternatively, the known
measurement can additionally be used to detect a new finding, linking blood pressure to,
e.g., major depression. These different digital biomarker categories will influence the level
of evidence required for regulatory approval, validation and clinical implementation [7,9].

2.4. Clinical Digital Biomarkers in Multiple Sclerosis

Due to the increasing digitalization of health, a growing amount of patient data can be
collected digitally in the care of pwMS (Figure 1). This not only refers to digital assessment
results during clinical visits, but also daily patient-driven data collection, e.g., via the
usage of smart devices, such as motion sensors, that arouse great interest in characterizing
lifelong MS disease in a more granular way.

Figure 1. Developing a digital clinical assessment. (EDSS: Expanded Disability Status Scale; MRI:
magnetic resonance imaging; and MSPT: Multiple Sclerosis Performance Test). © Multiple Sclerosis
Center Dresden.

Figure 1 shows the five steps in digital clinical assessment from where we are now to
where the future of digital clinical assessments could be. The typical clinical examination
is still for the most part paper-based (except MRI, which is already digital), with, at best,
subsequent digital storage of scanned documents in the hospital information system (step
one). Digital clinical evaluations of, e.g., gait, patients’ perception regarding symptoms
(patient-reported outcomes) or the digital version of the Multiple Sclerosis Functional
Composite (MSPT; Section 3.4) are not available for every neurologic practice or hospital
for use in clinical routine, but are available mostly as part of clinical trials (step two).
Digital biomarkers cannot only be collected actively. Additionally, passive monitoring
and data collection are possible using, e.g., voice analysis during calls with patients (step
three). As step two relates to digital data collection at given points in time during patients’
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visits, step three is already the transition towards data collection outside the clinical setting
(e.g., passive collection of mobility via smartphones). Symptoms can vary over time, and
disease progression may therefore be detected too late. For this reason, real-life monitoring
is crucial (step four). Future devices could be smart applications, such as mirrors that
automatically recognize body temperature and mood (step five).

Increasing evidence supports a forward-thinking chance of treatment decisions due to
inter-individual highly variable clinical presentation, the extent of disease progression and
a growing amount of defining biomarkers and surrogate endpoints, which personalize each
disease presentation and favor our objective of a tailored treatment approach [1,11–13].

In the subsequent chapters, we will focus on digital biomarkers collected to investigate
the involved functional systems or subdomains that are affected by different topographic
lesions that occur during the course of MS. As MS is such a multidimensional disease,
affecting different functional systems, collecting digital biomarkers capturing changes in
those systems can offer insights into a comprehensively personalized disease.

3. Clinical Digital Biomarker by Functional Systems
3.1. Vision

Vision is one of the most affected functional systems in pwMS and often manifests
itself in form of optic neuritis. Clinical signs can range from changes in color vision,
reduced visual acuity or even complete loss of vision [14]. As atrophy of the retinal
nerve fiber layer and ganglion cell layer was detected in 79% of pwMS and was 17 times
higher in comparison to other neurological diseases, the measurement of the retinal nerve
fiber layer can be used as a digital biomarker [15]. Using OCT, peripapillary retinal
nerve fiber layer (pRNFL) thickness and macular volume can be measured to search for
retinal atrophy [16]. Therefore, Martinez-Lapiscina et al. (2016) used models designed to
determine the association of OCT-based metrics with the degree of disability, and included
continuous variables such as pRNFL thickness as well as macular volume to quantify the
effect (increase or decrease) on the risk of disability worsening associated with each unit of
change (1 µm for pRNFL thickness and 1 mm3 for macular volume). Th results suggested
that regular monitoring of the peripapillary retinal fiber layer could be a useful digital
biomarker to monitor the worsening of disability in MS, especially as it correlated with
clinical and paraclinical parameters of vision, disability and MRI [16,17].

Another digital biomarker that can be used to monitor vision impairment is contrast
vision. Testing visual acuity at low contrast ratios is significant, because in pwMS the
threshold at which a letter can still be distinguished from the background is significantly
higher than in healthy persons [18]. Sloan low-contrast letter acuity (LCLA) has been
shown to correlate with MRI parameters and with OCT-detected retinal nerve fiber layer
thickness [19]. The benefit of such contrast vision screenings is that they can also be used
on mobile devices such as tablets or mobile phones, and can be easily done at home by
patients themselves on a regular basis. How such a test can be put into practice is described
in Section 4.1 in more detail.

Furthermore, virtual reality (VR)-based visual field testing may offer options for in-
clinic and self-testing at home in the future. To date, VR vision testing is not ready to be
counted as a digital biomarker because a “standard of care” test is missing. However, after
completing VR training, MS patients presented promising improvements in cognitive and
motor function [20].

3.2. Brainstem

Regarding brainstem functions for neurologists treating MS, oculomotor function and
dysarthria are particularly suitable to be used as digital biomarkers.

Oculomotor function evaluation: Among the clinical signs of brainstem involvement,
oculomotor disturbances are a common symptom, and often present early in the course of
MS (such as in relapsing–remitting MS (RRMS)) [21]. The most frequently observed eye
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movement disorders are saccadic dysmetria (91%), internuclear ophthalmoplegia (68%),
vestibulo-ocular reflex abnormalities and gaze-evoked nystagmus (36%) [22,23].

The development of eye-tracking technologies became more popular because these
technologies offer the chance to obtain in-depth information about how people explore the
world, indirectly provide insights into higher-order cognitive processes, e.g., preference,
and investigate attentional deficits. Additionally, these technologies enable oculomotor
insights from a medical point of view (e.g., kinematic of eye movement, frequency and
metrics of saccades in addition to response latency) [24,25].

One option to analyze eye motor function is to measure the saccadic initiation time
(SI time), which describes the time until an appropriate saccade appears, beginning with a
central visual cue [26,27]. Because of its close connection with ocular nerve impairment,
saccadic tests are popular and most frequently used to assess oculomotor function in
MS [28,29]. To measure SI time, participants fixate a central cross, and after replacing the
cross through an arrow they make saccadic eye movements towards periphery stars in
the corner of a screen [27]. Nygaard et al. (2015) found that the SI time of RRMS patients
was significantly longer compared to age- and gender-matched controls. The presence or
absence of white matter or brainstem lesions between patients had no influence on the SI
time. However, eye motor disturbances might be an early indicator for a disseminated
MS [27]. Another study by Finke et al. (2012) found a significantly larger decrease in
saccade peak velocity and amplitude in pwMS suffering from fatigue in comparison to
non-fatigued pwMS as well as to healthy controls when performing a saccade fatigue task
that lasted 10 min [30].

Further, the pursuit ocular movement (POM) frequency has been analyzed in patients
with RRMS and secondary progressive MS (SPMS) by using a vision-based non-intrusive
eye tracker [23]. In the study of De Santi et al. (2011), the POM frequency was significantly
lower in pwMS compared with age- and gender-matched healthy controls. Interestingly, no
relation between POM and the Expanded Disability Status Scale (EDSS) and no difference
between RRMS and SPMS patients could be found [23].

Numerous studies have indicated that besides measuring oculomotor characteristics,
eye-tracking tools reflect multifaceted cognitive information, contributing to the prediction
of cognitive impairment and having the potential to assess disease progression even in the
absence of aware clinical symptoms [28,31]. This opens the possibility to use these tracking
tools to further develop diagnostic tools, and to use the results as digital biomarkers to
evaluate disease progression and prognosis more precisely. By now, eye-tracking tools
have been used to detect pathologic visuo-spatial viewing behavior in MS [32]. New
approaches present short assessments to capture abnormalities of the oculomotor system,
such as SONDA (Standardized Oculomotor and Neurological Disorder Assessment) which
takes less than five minutes for the whole assessment and is also used in Parkinson’s
disease [33]. Quick and standardized assessments allow regular monitoring over time
without overburdening patients, especially those suffering from fatigue.

Speech analysis: Speech and voice are frequently impaired in MS, with a prevalence
of approximately 40–50% [34,35], within which dysarthria is the most frequent communi-
cation deficit [35]. Its presentation usually tends to be mild, so unintelligible speech is very
rare [36,37]. The major dysarthric features are deficient loudness control, slowness, mono-
pitch, increase in pauses, strained voice, imprecise consonants and decreased respirator
capacity [13].

However, it is important to consider that impairment of speech may have negative ef-
fects on social participation and employment status, resulting in an overall reduced quality
of life [13]. So far, the basic characteristics of pwMS with dysarthria related to prosody and
articulation remain mostly unresearched [38]. Accordingly, regular screening for changes
in speech may contribute to the gain of important new biomarkers of disease progression,
wherefore further developments in technology make the quantitative acoustic assessment
of speech possible [13,38]. Digital vocal biomarkers offer the possibility of a standardized
measurement and monitoring of speech. As speech might also be influenced by fatigue, de-
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pression and impairment in verbal cognition [38–40], the evaluation of speech also enables
us to screen for these aspects and expands the spectrum of measurable parameters.

Studies showed a statistically significant correlation between dysphonic symptoms
and MS, and the odds for having MS were 2.2 times higher if dysphonic symptoms were
present with high jitter and shimmer values as well as high soft phonation index (an
indicator of vocal fold adduction; high values correlate with incomplete adduction of the
vocal fold [41]) values [42,43]. The objective acoustic analysis of speech seems to be more
sensitive for discrimination between affected patients and healthy controls (90% accuracy)
than experienced raters (35% accuracy) are, and thus could be used as a biomarker for
diagnosis and the monitoring of disease progression [13,35,44,45].

Speech analysis applications using artificial intelligence to evaluate acoustic speech
and language measures via a tablet are thought to provide vocal biomarkers for diag-
nosis, risk prediction and regular monitoring not only in MS but also in Parkinson’s or
Alzheimer’s disease, and are in general highly predictive for cerebellar dysfunctions [46,47].
The benefit of a standardized software-based evaluation of speech tasks is the avoidance of
intra- and inter-individual deviations in perceptions [47], so that monitoring could also be
possible outside of routine visits. Digital vocal biomarkers and their use in clinical practice
are still facing challenges when it comes to different accents, ages, task complexities and
individual cognitive abilities [47,48]. Signs of fatigue and depression are already detectable
in healthy individuals or patients without neurological disease [39,49]. As fatigue, de-
pression and cognitive impairment are common in MS, they could be detected by speech
analyses [46]. Test batteries can be designed in such a way that they capture executive
functions and processing speed (e.g., phonematic and semantic word fluency [50]), memory
(e.g., the Wechsler Memory Scale and California Verbal Learning Test [51,52]), affect and
fatigue (e.g., storytelling [53]), language (picture description [54]) and motoric function
(Pa-ta-ka task [38,42]). To date, performing such speech and language tests might be limited
to trials, but can be imagined to be used in the future during clinical visits of pwMS or
even at home by the use of specific apps or recordings during telemedicine visits.

3.3. Upper Extremity Motor Function

At least 56% of pwMS have upper extremity impairment; 71% of those report limita-
tions in hand and arm use that dramatically affect daily living activities [55–57]. Upper
extremity impairment is mostly conditioned by weakness and/or impaired coordina-
tion/ataxia [58], and is likely to limit future ability to perform activities of daily living and
further reduce quality of life.

Existing dysfunction increases with disease progression, especially in patients with
progressive MS compared to patients with RRMS [56,59]. Due to their highly differentiated
movement variability, a comprehensive assessment of the upper limb can be challenging,
and thus assessments must address multiple subsystems, such as eye–hand coordination
and intra-limb and inter-limb coordination, as increasing dysfunction is seen in patients
after stroke or with other diseases affecting the coordination of the limbs [57,60–62].

One of the most popular functional outcome measures to examine upper extremity
function is the Nine-Hole Peg Test (9HPT). The 9HPT has known deficiencies—it only as-
sesses fine manual dexterity; other important upper extremity functions, such as proximal
upper extremity movements, complex bimanual tasks or the manipulation of larger objects,
are not captured [63]. Accordingly, there is an ongoing search for new, multidimensional,
sensitive upper extremity performance tests that provide new biomarkers that may predict
disease progression. Here, the widespread use and manual handling of smartphones
make them a promising assessment device, especially with regard to their ever-increasing
abilities. With smartphones containing sensors, such as a gyrometer, accelerometer, incli-
nometer, orientation and light sensors, the opportunities to develop new ways to measure
neurological functions seem almost infinite [64].

Tanigawa et al. studied finger tapping via a smartphone-based app as an alternative
outcome measure of upper extremity function in MS by an analogy to tapping as a useful
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outcome measure, e.g., in primary lateral sclerosis [65]. Finger taps correlated clearly with
9HPT results. Furthermore, a correlation between tap results and other raised measures of
physical disability could be shown [64].

Several smartphone-based apps capturing different functional systems via digital
tests and questionnaires have emerged, including the Floodlight app and Konectom (see
Section 4.1). These apps contain tests for the upper extremities and use assessments to
capture more than just fine motor skills. The pinching of balloons or tomatoes that emerge
on different positions on the screen or the tracing of a figure with the index finger of both
hands as quickly and accurately as possible measures, e.g., eye–hand coordination, fine
motor function and the pressure of the fingers on the screen as well. Creagh et al. analyzed
pwMS and healthy controls tracing a predefined shape on a smartphone, demonstrating an
authentic prediction of 9HPT results [66].

The use of such apps on patients’ smartphones enables a regular and continuous
progression monitoring of upper limb function even outside of the clinic by patients’ them-
selves, without supervision [64]. However, in order to fulfill the function of a monitoring
tool and to influence therapy decisions, it must also be ensured that the test results are
transmitted to the treating physician.

Additionally, depth camera systems together with machine learning algorithms were
examined to objectively quantify changes in movement-related symptoms to discriminate
between healthy, not healthy and disease progression, which still needs to be researched
further [67].

Another possibility with which to measure impairments in upper limb function are
questionnaires (patient-reported outcome measure, PROM) that address different aspects
of daily usage of hands and arms in different situations, such as tying shoes, buttoning
up shirts or opening bottles. A regular questioning of the patient regarding his or her
impairments provides important indications of upper limb dysfunction and potential
further examination. To date, no standardized upper limb PROM has been established.

3.4. Lower Extremity Motor Function/Gait

Lower extremity impairment and the resulting gait deficits are the most frequent and
visible consequences of MS, caused by a variety of pathophysiologic conditions such as
pyramidal, cerebellar or sensory dysfunction [68]. Approximately 85% of pwMS report
impaired walking, with an often profound impact on daily life [69,70]. Compared to healthy
controls, abnormal gait characteristics of pwMS are characterized by decreased walking
speed, shorter step and stride length, prolonged double limb support time and increased
step variability [70,71]—even without clinical evidence of gait disturbance early in the
course of the disease [72]. Several factors are thought to contribute to gait impairment
in pwMS, of which sensory changes and the resulting imbalance, weakness of the lower
limbs or spasticity and cerebellar ataxia might have the biggest impact [73]. Depending on
one’s assessment goals, different tools can be used for the evaluation of gait impairment
in pwMS, ranging from standardized clinical measures, timed measures, patient-reported
outcomes, observational gait analysis, instrumented walkways or three-dimensional gait
analysis, which all require different expertise of the examiner, time and equipment [73].
Each of them show advantages and disadvantages (Table 2).
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Table 2. Advantages and disadvantages of various gait assessment methods (AmI = ambulation index; EDSS = Expanded
Disability Status Scale; T25FW = Timed 25-Foot Walk test; 6MWT = 6-Minute Walk Test; MSWS-12 = 12-item Multiple
Sclerosis Walking Scale; and EMIQ = Early Mobility Impairment Questionnaire) [73–75].

Outcome Measures Advantages Disadvantages

Standardized clinical measures.
-Disability score (EDSS).
-Time and degree of assistance
required to walk 25 feet.

-Take into account the use of
assistive devices.
-EDSS: directly related to
neurologic examination; used
in clinical trials.
-AmI: simple and quick.

-Require a skilled examiner.
-Do not identify mechanisms
underlying gait dysfunction.
-EDSS and AmI have limited
precision and responsiveness.
-No normative data.

Timed measures (e.g., T25FW, 6MWT). Quantified aspect of gait, such as
speed and endurance.

-Simple.
-Readily quantified.
-Require limited training.
-Published norms available.

Do not identify mechanisms
underlying gait dysfunction.

Patient-based measures (e.g.,
MSWS-12; EMIQ).

Patient’s perspective of their walking
disability.

-Document the patient’s
perspective.
-Require little time to complete.

Do not identify mechanisms
underlying gait dysfunction.

Observational gait analysis (e.g.,
during T25FT or other walking
conditions).

Gait pattern in terms of kinematic and
spatiotemporal parameters.

-Identify mechanisms
underlying gait dysfunction.
-Requires limited time and
equipment.

-Limited validity, reliability and
precision.
-Requires skilled examiner.

Sensor floor plates:

(a) Instrumented walkways;
(b) Force platform;
(c) Balance boards.

(a) Spatial and temporal variables.
(b) Ground reaction force pattern.

-Kinematics.
(c) Ground reaction force pattern.

(a) -Simple.
-Clinical feasibility.
-Objectivity.
-Quantification.
-Good sensitivity.

(b) -Objectivity.
-Quantification.
-Good sensitivity.

(c) -Objectivity.
-Quantification.
-Portability.

(a) Require equipment.
-Do not identify mechanisms
underlying gait dysfunction.
-Restricted to clinic or
laboratory environments.
-Restricted to few steps at a
time.

(b) Restricted to laboratory
environments.

(c) Clinical, research and home.

Three-dimensional gait analysis
(reflecting markers places on a person
and recording movement with
infrared cameras).

Detailed quantitative measures of
kinematic, kinetic and spatiotemporal
parameters.

-Identify mechanisms
underlying gait dysfunction.
-Provide precise kinematic,
kinetic, and spatiotemporal
data.

Require expensive equipment and
skilled examiner.

Video-based:

(a) Marker-based motion capture;
(b) Marker-free motion capture.

(a) and (b):

-Spatial and temporal
variables.
-Kinematics.
-Joint range of motion.

(a) -Comprehensive analysis of the
widest range of gait variables.
-Power consumption is not an
issue.
-Little interference from
external environmental factors.

(b) -Objectivity.
-Quantification.
-High sensitivity.
-Comprehensiveness.
-Better suited to clinical
environments than
marker-based systems.

(a) -Expensive.
-Must be used in a laboratory
environment.
-Markers and restricted space
can hinder movement.

(b) -Can be expensive.
-Generally, cannot be used
outside the clinic or laboratory
environment.
-Measures a restricted number
of steps.

Wearable sensors:

(a) Inertial sensors (research-
oriented/consumer-driven);

(b) Pressure sensors.

(a) -Spatiotemporal measures:
-Joint range of motion.
-Kinematics.
-Balance.

(b) Spatial and temporal variables.

(a) -Clinical feasibility.
-Objectivity.
-Quantification.
-Good sensitivity.
-Face validity.

(b) -Clinical feasibility.
-Objectivity.
-Quantification.
-Good sensitivity.
-Can be used outside the clinic
and laboratory.

(a) -Sensors can impede
movement.
-Battery power.
-Susceptible to environmental
interference.
-May need technical operators.

(b) -Sensors can impede
movement.
-Battery power.

In the following, these assessments are presented for the different settings of research,
in-clinic monitoring assessment or functional tests to be performed at home, whereby the
application of these tools is not always limited to one area. Wearables and smartphone
apps, e.g., enable their use in several areas. As in 50% of pwMS with lower gait dysfunction
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also show upper limb impairment [76] this needs to be examined and addressed as well
when therapy is considered.

3.4.1. Lower Extremity Function in MS Research

Research offers the possibility to use more advanced technologies for movement
analysis than in common standardized clinical assessments providing a higher sensitivity
for subtle impairments [75]. Therefore, not only a complex infrastructure is needed but also
trained medical staff to accompany pwMS and to conduct the tests as well as to analyze
the data. A selection of potential assessment technologies in MS and a selection of their
associated outcomes is shown below (Table 3) [74].

Table 3. Potential gait assessment technologies in MS.

Assessment Technology Method Outcomes * Device } (Manufacturer)

Video-based
(a) Marker-based
(b) Marker-free (a) Joint range of motion

(a) Vicon (Civon Motion
Systems Ltd.); Miqus
Hybrid (Qualisys AB)

(b) Miqus Hybrid (Qaulisys
AB)

Sensor floor plates

(a) Instrumented walkway
(b) Force platform
(c) Balance boards

(a) Spatiotemporal
measures

(b) Ground reaction force
pattern

(c) Ground reaction force
pattern

(a) GAITRite (CIR Systems)
(b) ProKin (Tecnobody); 3D

Force Plate (Kistler
Instruments AG

(c) Wii Balance Board
(Nintendo)

Wearable sensors
(a) Research-oriented ±

(b) Consumer-driven

δ (a) Spatiotemporal measures,
joint range of motion

(a) Mobility lab (APDM),
XActiGraph GT9X Link
(ActiGraph); GENEActiv
Original (Activinsights)

(b) Fitbit Charge 5 (fitbit),
vívosport® (Garmin),
Xiaomi Mi Band 6 (Xiaomi)

* Selection of key outcomes; } examples; ± devices developed primarily for research purposes: no direct patient feedback, no modifying of
movement behavior through, e.g., motivation, raw data output;

δ

devices developed primarily for consumer requirements: direct feedback
of movement behavior on device display, no direct access to raw data (adapted from Trentzsch et al., 2020 [74]).

Video-based assessment technology captures so-called kinematics (motion sequences
and range of motion) regarding time, place, speed and acceleration [77], either marker-
based or marker-free. Marker-free systems show to be more user-friendly; however,
marker-based systems are on the one hand more time consuming and involve extensive
technological and human resources, but on the other hand offer higher accuracy and
reproducibility [74,75].

Sensor floor plates allow for the measuring of spatiotemporal parameters (instru-
mented walkways such as GAITRite®), as well as information about ground reaction force
(force platforms or balance boards). As such systems are mainly focused on muscle force,
joint load and moment during initial contact and toe-off to evaluate gait impairment [78],
other aspects of mobility are missed, such as swaying, rotation and balancing of the body,
data which are needed to obtain a more precise movement pattern of pwMS. Therefore, all
of these devices can be expanded by wearables.

Wearable sensors can also be used at home by patients themselves to measure their gait
restrictions. One wearable for research use is the Mobility Lab system (APMD, Portland,
OR, USA) which consists of Opal sensors that are fixed on specific body parts (e.g., wrist,
sternum, lower lumbar spine and feet) [79]. Three-dimensional linear acceleration, angular
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velocity and magnetic field (for directional orientation) are captured by the use of onboard
accelerometers, gyroscopes and magnetometers, and Mobility Lab software analyzes these
data for gait parameters such as stride length, velocity, cadence, stand and swing time,
etc. [79]. In addition, so-called consumer-driven wearables (e.g., GPS watches) are of
interest as they can provide data collected in research, a clinical setting or at home.

Video-based and sensor floor plates assessments are only possible to perform in an in-clinic
setting, whereas wearable sensors can also be used by pwMS themselves in their daily living
over a longer period of time, thus providing an additional quantitative large dataset which
better represents the mobility of pwMS. Spain et al. could also show that body-worn motion
sensors could discriminate pwMS from healthy controls with a higher sensitivity than tests
conducted using stopwatches, as wearables can also detect sway and axial rotation while the
latter only captures speed, which might not show any impairment yet [80].

3.4.2. Lower Extremity Function in the Clinic

The most frequently used clinical assessment tool and outcome measure in MS, the
Expanded Disability Status Scale (EDSS), considers general ambulation by rating gait
impairment upon endpoints, e.g., requirements of rest, dependency on help or loss of
walking ability/wheelchair [81]. Thereby, subtle functional impairment cannot be taken
adequately into account, leading to an insensitive scoring concerning disease progression,
especially in the early stages of the disease [68,82]. However, as subtle gait impairment
and balance dysfunction are seen as precursors of mobility loss in MS [75], the need
for suitable outcome measures, capable to detect even subtle gait impairments and to
monitor disease progression during a clinical assessment and also out of the artificial
clinical setting under real-life conditions of pwMS becomes clear [72]. Nevertheless, it is
also necessary to monitor the worsening of gait and balance dysfunction throughout the
whole disease course. Interventions (pharmacologic and/or non-pharmacologic) need to
be started and/or optimized as soon as possible to prevent further or faster progression of
disability. One test alone is not able to describe impairment in the many facets of walking
of pwMS. A combination of standardized functional tests that capture walking speed,
walking endurance and balance as well as the quality of walking, or standardized patient
reported outcomes regarding mobility restrictions will lead to a broad and sensitive dataset
to evaluate mobility, at best on a regular basis. Various digital tools can be used for this
purpose. Many of the gait assessments available in the research are not possible, as not
everyone can be transferred into a routine clinical setting due to a lack of infrastructure,
time, space or well-trained staff [74]. For those who can afford to integrate a broad
evaluation of mobility into their clinic, all of the above-mentioned assessments can be
performed. It is recommended to implement a protocol to follow and, thus, enable a
standardized measurement for pwMS. At the Multiple Sclerosis Center Dresden, we
developed the Dresden Protocol for Multidimensional Walking Assessment (DMWA) [74]
to capture mobility in all of our pwMS at least once a year. Thus, with this long-term
monitoring, early walking impairments as well as development over time or even the
response to certain gait-influencing drugs can also be recorded, and the current standard
of clinical practice be improved [74]. Gait analysis can also be supplemented in the clinical
setting with other (digital) functional tests that include, e.g., cognition, speech, vision,
or PROMs. Therefore, we added the Multiple Sclerosis Performance Test (MSPT) to the
clinical routine of pwMS.

The MSPT is a tablet-based (iPad Air® 2, Apple, Cupertino, CA, USA) digital assess-
ment tool (app) designed to be used in a routine clinical setting without or with only
minimal supervision [83]. Based on and extending the Multiple Sclerosis Functional Com-
posite, the MSPT uses a digital adaption of the Symbol Digit Modalities Test (SDMT), the
Sloan low-contrast visual acuity test, the 9HPT and the Timed-25 Foot Walk (T25FW) tests as
well as a questionnaire regarding quality of life in neurologic diseases [58,84–87]. The MSPT
includes all tasks to evaluate cognitive function (Processing Speed Test (PST), a digital
adaption of the SDMT), contrast sensitivity, upper extremity function (9HPT) and walking
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speed/lower extremity function (T25FW) [83]. The aim is to assess the often-impacted
neurologic functions of pwMS regularly and standardize them to create a longitudinal
digital medical record, contributing to a better disease understanding and progression
monitoring, which may contribute to more optimized patient care and management [83].
The MSPT is basically meant to be performed by pwMS without supervision, which allows
data collection without consuming time and staff at the clinic. Data are available right
after completion and can also be used for monitoring; therefore, a baseline MSPT should
be performed at the time of diagnosis or treatment start/change to refer changes to. The
benefit of using the MSPT is the availability of standardized functional testing and the pos-
sibility of having a great amount of pwMS performing the MSPT without the requirement
of additional staff. Learning effects, such as for the paper-based SDMT [88], are excluded
by randomly assigning numbers to symbols for every assessment [89]. Studies showed
excellent test–retest reliability for the manual dexterity test (digital version of the 9HPT)
and the walking speed test (T25FW), a significant (but only modest) correlation of the
contrast seeing test with the standard Sloan low-contrast vision acuity [90] and an excellent
test–retest reliability for the PST, with a high correlation with the SDMT and with cerebral
T2 load (in contrast to the SDMT) [89].

The implementation of the tests in a digital format is user friendly as each test is
explained by a video. The tablet is brought in an upright position. At first, information
about current disease modifying therapy (DMT), relapses and Patient Determined Disease
Steps is made before filling out the NeuroQoL [91–93]. The PST shows a random assignment
of numbers to symbols and ten symbols at a time for which patients have to choose the
correct number by tapping on one of the numbers shown at the bottom of the screen.
For contrast vision, a certain distance and illumination are needed before the test can be
started. At first, letters are shown at 100% and then at 2.5% contrast, whereas patients have
to choose the letter they see out of a collection of letters at the bottom of the screen. In
cases where a letter cannot be clearly identified patients can guess or tap “unclear”. To
perform the 9HPT, the MSPT needs to be lying flat on the table and the stand with the
pegboard is folded down. Nine pegs are put in the row at the bottom and after activating
the countdown patients are asked to take one peg at a time from the row and insert it
into one of the holes of the pegboard. After all pegs have been inserted, they need to
be removed, again, one at a time, and put back into the row. Time automatically stops
when the last peg is put in the row at the bottom of the pegboard. Before performing the
T25FW patients need to specify if they will use any gait support or if they wear any lower
leg orthosis. If patients are rather unsteady on their feet, a nurse supports the patient to
avoid any falls. At the end, an overview of the results can be seen on a dashboard, and the
longitudinal course can be seen by tapping each test.

Despite the fact that the MSPT was designed for pwMS to be performed without
support or supervision, we recommend pwMS to be supported if needed, and the provision
of feedback to their results increases adherence to and understanding of monitoring.

3.4.3. Lower Extremity Function at Home

The collection of real-time data on a longitudinal basis becomes more and more
important when monitoring chronic diseases in particular, such as MS, as they do not
only state a condition at one point in time and thus allow for progress and follow-up
control. In particular, accelerometers are used, and depending on their position on the
body, allow for the partial documentation of the relevant mobility; however, not all physical
activities are captured equally as well [94]. With the help of wearables, it is possible to
focus on different aspects such as gait, upper or lower limb function, behavior or other
body movement patterns; when used regularly, they provide information about mobility
from outside a clinical setting and may correlate with disease-specific predictors, outcomes
or interventions [95]. Various accelerometers can now be used, such as the already widely
used fitness trackers (e.g., Fitbit, Garmin, Xiaomi, ActiGraph and others), which have been
shown to be useful in an everyday setting and can even be used to collect data over several
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days [74,82,96]. By tracking the physical activity of pwMS continuously over one year,
Block et al. (2019) could show an association between a reduction in average daily step
count and the worsening of standard clinic-based and patient-reported metrics [97]. They
also showed that patients with a lower baseline average daily step count were found to
be at a higher risk of disability worsening one year later [97]. Other wearables, such as
the skin-mounted inertial sensor BioStampRC (MC10, Inc., Cambridge, MA, USA), could
support physicians in identifying gait pathology and in evaluating disability progression of
gait in pwMS [98]. As wearables become more and more affordable and broadly accepted,
they might work as an ambulatory, real-life and continuous gait monitoring system [98,99],
allowing for increased sensitivity in regard to monitoring disease progression and the
efficacy of immunomodulation [98].

Captured variables can include step count, active minutes, activity count, activity
bouts and energy expenditure [97]. Compared to non-wearable laboratory/research sys-
tems, wearable sensors capture a smaller number of gait variables [75].

Smartphone-based apps that use functioning tests or record movement parameters are
another way of tracking patients’ mobility and activity. They will be discussed in Section 4.1.

3.5. Coordination/Balance

Deficits in balance are, even in early disease stages, common [72,100–102]. Overall,
50–80% of pwMS state balance problems over the course of the disease [103,104]. Balance
can be defined as a skill of the nervous system, using several systems such as passive
biomechanical elements, all available sensory systems and muscles as well as a multitude
of different parts of the brain, instead of simply reacting reflex-like to perturbations [105].
As the heterogeneous demyelinating lesions in MS could also affect somatosensory or
vestibular paths, visual input was shown to be necessary to maintain postural control in
pwMS [106]. Postural control is defined as the act of maintaining, achieving or restoring a
state of balance during any postures or activities [107], which a person tries to achieve by
reactive, predictive or a combination of both behaviors [108]. Postural control is closely
associated with falls in pwMS [106], which emphasizes the need for longitudinal evaluation
during the course of the disease. As for today, postural perturbations are subjectively rated
by neurologists as part of the cerebellar functional score of the EDSS [109]. To avoid
subjective judgment of postural control in MS and to allow for follow-up evaluation of
changes, objective, digital and quantifiable measurements are needed. In a clinical or
research assessment, proprioceptive deficits can be evaluated, e.g., by using the Romberg
test. To objectify its results, it may be connected with the use of body sensors (e.g., Mobility
Lab system) that allow software-based calculation of deviations from the norm [110]. Static
posturography is another method of assessing balance in which patients are asked to stand
on a force platform with their feet closed and their eyes closed or open for 20 to 60 s to
measure spontaneous body sway, which can be extended by more difficult stand trials
(e.g., tandem stand or standing on one leg) [111]. Balance parameters that can be captured
include average sway and speed as well as delineated area [106]. Inojosa et al. (2020)
showed in their study that static posturography could detect balance impairment even if
patients had no disability according to their neurological examination [106]. Special apps
for smartphones also provide tests with which to perform the Romberg test for balance
evaluation and other gait assessments to be performed at home by pwMS themselves
(see Section 4.1). Additionally, the use of portable balance boards (e.g., Nintendo Wii)
are under investigation to be used as an inexpensive alternative to force platforms for
balance assessment in pwMS [112]. An interesting aspect here is whether balance training
could have a positive impact on postural control in pwMS. In their review on balance
improvement, Gunn et al. reported a positive influence of exercise interventions on balance
in pwMS [113]. Other studies focusing on general motor rehabilitation in pwMS pointed at
the issue that motor learning consists of three stages (cognitive, associative and autonomous
phase), where the first stage depends on the person’s cognitive abilities [114], and the fact
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that cognitive impairment is very common in pwMS thus connects cognitive and mobility
dysfunction [115].

3.6. Cognition

Approximately 40–60% of pwMS report cognitive dysfunction, and it is not uncommon
that the symptom onset is immediately after first disease manifestation or even before [116].
Impairment in cognition can occur at all stages of the disease and in all MS phenotypes [117].
Frequently impaired domains are working memory, verbal fluency, information processing
speed, verbal and visual memory, executive functions [84,118] and, according to new
findings, “the theory of mind domain” (the ability to conclude on the basis of nonverbal
and verbal hints about other people’s emotions) [119]. As cognitive impairment is a
strong predictor of health-related quality of life (QoL) [120] and QoL in turn has a huge
impact on adherence [121], together with the negative impact of cognitive dysfunction on
employment [122] and many other aspects of life [123], a thorough and regular evaluation is
necessary [118]. So far, cognitive monitoring is often a not-well-established part of standard
care in MS. This is partly due to time and staff that are needed to allow for a routinely,
longitudinal follow-up of pwMS. Therefore, digitalization of cognitive assessments where
patients are able to perform these by themselves without supervision can enable long-
term cognitive monitoring. Provided in a smartphone-based format, this monitoring
could be done also at home, e.g., with the Floodlight app (Roche, Basel, Switzerland) to
perform the SDMT or the MS Sherpa app (Orimaki personalized healthcare, Nijmegen, The
Netherlands) to evaluate the cognitive signal processing speed (see also Section 4.1).

Implementing digital cognitive assessments in the monitoring of MS is challenging,
given the fact that many pwMS show not only cognitive deficits but also physical impair-
ments that are required for this kind of testing and need to be addressed when transforming
paper-based tests into a digital form, as they can change what exactly is measured [124].
For clinical use, a number of simplified tests of cognition have been developed in MS,
including test batteries such as the Brief Repeatable International Cognitive Assessment for
MS [125], the Brief Repeatable Battery of Neuropsychological Tests [126] and the Minimal
Assessment of Cognitive Function in MS [127,128]. The transformation of such tests into a
digital form (computerized neuropsychological assessment device (CNAD)) is considered
very controversial by some experts, stating that this transformation results in a new and
different test: it has a different patient interface and is also available to examiners with
no expertise in neuropsychological assessments or knowledge of psychometric principles,
and thus no accurate interpretation of test results is achieved as other factors influencing
performance are not considered, no observational interpretation of the examinee is possible,
etc. [129]. Other review papers could show, e.g., for the PST, the Computerized Speed
Cognitive Test and Computerized SDMT (C-SDMT), compared with the SDMT, a high
test–retest reliability and validity, and for other tests acceptable psychometrics [130]. Before
applying CNADs to clinical routine or trials, adequate test–retest reliability and sensitivity
should be demonstrated [130].

Amato et al. (2001) already showed that if a follow-up was long enough, cognitive dys-
function was likely to emerge in a great proportion of pwMS, re-emphasizing the need for
regular, standardized monitoring [123]. It has been shown that assessing cognitive function
early in the course of the disease did not only identify cognitive impairment in individuals
but could also predict future impairments, limitations and MS disease progression [131].
Thus, recommendations can be made to start cognitive assessments right from the start
and re-assess cognitive functions in pwMS, thus enabling early treatment interventions.

As interactions between motor and cognitive functions are known in MS, linking them
together (termed dual-tasking) can be used to evaluate the interference of performing a
cognitive task during gait assessment [73,74,132–134].
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Dual-Tasking

Coordinating two or more tasks simultaneously is an everyday requirement, and
is increasingly recognized in the treatment and supervision of pwMS as having a major
impact on employment status [135]. This makes it even more important to recognize
early and subtle cognitive (executive) dysfunctions [136]. Up to now, dual-tasks are
performed during walking or balancing and, e.g., showed a slowing of gait depending
on MS disease severity [136–144]. Dual-task tests that are already able to detect subtle
and early executive dysfunctions are still lacking in MS. A study investigated the use
of a standard psychological refractory period (PRP) paradigm [145,146] in pwMS where
two tasks (first stimulus—high or low tone; second stimulus—letter A or B) have to be
performed which are presented in close succession and to which pwMS have to respond as
quickly as possible (Figure 2) [136].

Figure 2. Illustration of the psychological refractory period paradigm as a dual-task assessment in MS.
Stimulus 1 (tone) is always presented first, followed by stimulus 2 (letter) in a defined stimulus-onset
asynchrony (SOA). PwMS are advised to respond first to stimulus 1 and as quickly as possible to
stimulus 2 by pressing defined keys. RT: reaction time [147].

This dual-task test is still under further development, but the first results were promis-
ing. They showed that with this applied PRP paradigm, multitasking deficits, even in
patients at an early stage of their MS disease course, could be detected [136]. Of course,
such tests also face challenges, such as time required to perform the test, staff support and
the test device. A follow-up study recently investigated the same dual-task test in an out-
patient setting using a tablet [147]. Böttrich et al. could show that the accuracy parameter
in tablet-based PRP implementations can be used in neuropsychological assessments to
examine dual-tasking abilities in pwMS [147]. Such data are promising for the use of such
devices for the diagnosis and monitoring of the MS disease course on a regular basis.

4. Collection of Digital Biomarkers

The longitudinal and multidimensional acquisition of digital biomarkers is already
possible, and includes the use of smartphone-based apps as well as computer- or tablet-
based functional tests and questionnaires.

4.1. Smartphones and Smartphone Applications

Smartphones are omnipresent everyday objects, and are usually provided with innova-
tive high-quality nine-axis inertial motion sensors that are able to track motion and position
in three-dimensional space [148]. These sensors enable basic measurements, such as accel-
eration or the calculation of data, to conclude how a person walks or to capture their daily
step count; the sensing of geographic position, voice analyses and touchscreen pressure
can often be measured, detecting falls, monitoring heart rate or daily activity parameters
are further examples of what make smartphones today a more and more health-related
product [148]. These features can be used when implementing digital assessment into MS
patient care. Various applications (apps) use these sensors and extend them by different,
other tests that evaluate the functional systems usually affected by MS (e.g., cognition,
vision, mobility and fine motor function of the upper limbs). Part of this data collection
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is done actively, with pwMS performing specific assessments; passive data collection is
also possible. Therefore, the pre-installed smartphone developer’s own app (e.g., Health
for iOS, Google Fit for Android, etc.) can be used in MS as well for monitoring, e.g., gait.
When implementing such apps in research or clinical practice, the precision and accuracy
of these sensors need to be considered [96]. To actively collect data from pwMS they need
to be prompted either to perform a test or to fill out a questionnaire. Currently, several
apps are available that offer a set of various functional tests. Apps such as Floodlight
(Roche, Switzerland), Konectom(TM) (Biogen, Cambridge, MA, USA), MSCopilot® (Ad
Scientiam, Paris, France) or MS Sherpa (Orikami, Nijmegen, The Netherlands), some of
which are still in evaluation and only used in research, collect data regarding mobility (2-
or 6-min-walk, U-turns, standing still: distance, speed, balance, etc.), cognition (matching
symbols: cognitive processing speed), hand motor function (squeezing objects, drawing
lines: coordination, pressure, speed and accuracy of hand and finger movement) and mood
(questionnaires), or leaving options for patients to make notes [149–152]. The benefit of
such apps lies in the collection of data from daily life, the possibility to perform functional
tests independent of clinical visits, enabling patients to use them for self-evaluation or
in cases where they feel as though they are experiencing a worsening of symptoms and,
of course, for pwMS and treating neurologists in order to include these data in therapy
decisions as well. A regular functional system that monitors and thus detects progression
early can lead to early treatment decisions or treatment changes.

The implementation of such apps could overcome the challenge of often infrequent
and rare clinic visits and capture all, sometimes daily, even subtle symptom changes. Thus,
a more accurate monitoring of the individual disease course and associated optimized ther-
apeutic decisions becomes achievable [66,148,150]. Furthermore, daily patient self-made
tasks via a smartphone may contribute to more disease responsibility and informed discus-
sions in clinical visits about subsequent therapeutic steps. PwMS acquire a more active,
responsible part of progression monitoring, which might contribute to increased compli-
ance. Adherence to the use of such apps is crucial to allow for longitudinal monitoring,
especially in chronic diseases as MS, and will be a challenge.

Other smartphone apps that belong to the group of digital health applications (DIGAs)
focus more on special symptoms and can already be prescribed in Germany. These apps
aim, e.g., to help and support pwMS regarding fatigue (e.g., elevida by GAIA AG, Germany)
and offer talks, exercises and informative material to enable help for self-help, independent
of MS management. More DIGAs are already available for patients suffering from anxiety,
depression, diabetes, stroke, etc. [153].

4.2. Digital Questionnaires in MS

Besides responsible MS management from the side of clinical staff, the patient’s point
of view, including quality of life together with subjective treatment and disease effects,
is increasingly weighted and raised via PROMs. PROMs combine any information “of
a patient’s health condition that comes directly from the patient, without interpretation
of the patient’s response by a clinician or anyone else” [154], allowing the specification
of whether patients’ feelings/thoughts are congruent with those of clinicians [1,155,156].
With the aim of patient-centered therapeutic management, PROMs are collected directly
from patients and contain items that subjectively rate functioning/activity limitations,
symptoms, quality of life and health-related quality of life [157,158]. Existing PROMs focus
on patients’ subjective evaluation of dealing with fatigue (e.g., Fatigue Assessment Scale),
depression (e.g., Hospital Anxiety and Depression Scale), quality of life (e.g., NeuroQoL),
mobility (e.g., 12-Item Multiple Sclerosis Walking Scale) and many more. To date, few
PROMs of sufficient psychometric quality are available, necessitating the development of
standardized, high-quality MS-specific PROMs to collect robust, consistent and reliable
real-world data [156,159]. Additionally, electronically answered questionnaires via app-
based technologies such as tablets/smartphones, or via the Internet, enable more frequent
PROM collection even in-between clinical visits, allowing a closer patient-centered view.
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Combined with a transmission of patients’ answers into an electronic health record system,
it could function as an automated monitoring/notification system in the case of concerning
symptoms [1,160]. To avoid long and burdensome questionnaires it would be desirable
that PROMs become adaptive to each individual person with MS. The use of computerized
adaptive testing is based on an item response theory to decrease administration time, still
maintain accuracy, diminish the floor and ceiling effect and also improve the ability to
detect the minimal clinically significant difference among patients [161–163]. This would
lead to a higher patient adherence to perform PROMs on a regular basis, as well as more
precise and individualized outcomes.

4.3. Digital Data Collection in MS

As there is already the possibility of data collection in many ways and areas, these data
are of no use if they cannot be centrally stored, analyzed and made available to healthcare
professionals and even patients. Especially when we think of the collection of big data to
pave the way to a personalized treatment and consider MS as a lifelong disease that needs
thorough and regular monitoring, quality care should enable a digitally supported quick
response to any kind of disease worsening. Therefore, the Multiple Sclerosis Documenta-
tion System (MSDS) project group started to develop the MSDS software with the support
of the Hertie Foundation in 1999, followed by the integrative patient management system
MSDS3D, adapting to growing data collection and documentation needs [164]. The integra-
tion of a survey system for questionnaires, which not only can be made available on tablets
while pwMS come to their visits but can also be sent by email with regular reminders,
and thus immediately be documented in patients’ medical records and visible for HCPs,
became another feature of MSDS in recent years [165]. Documentation of medication plans,
comedication and comorbidities, EDSS and relapses as well as pre-defined procedures
for pwMS on a certain DMT, or even without any therapy, also support the monitoring
and follow-up of meeting quality standards, and provide hints for improving medical
care in the future. As pwMS are not only treated by neurologists alone, but by a variety
of other HCPs, such as neuroradiologists, general practitioners, dermatologists, nursing
services, psychiatrists, pain management therapists, etc., the integration of interfaces for
using telemedicine services, digital communication and sharing medical data with patients,
practitioners and caregivers play an increasingly crucial role in MS care [165]. These big
data create a holistic picture of an individual patient and lead to specific therapy decisions.
Additionally, from an economic point of view to avoid duplicate examinations and to
enable high-quality treatment, all these data need to be exchanged between the parties
involved. In the future, this need must be further met to provide holistic, high-quality and
personalized care to pwMS.

4.4. Magnet Resonance Imaging

MRI scans are a standard investigation in MS and are essential both for diagnosis
and as a monitoring tool, and are already documented digitally. MRI, in general, cannot
only assist in the diagnostic process but is also crucial in regular monitoring to provide
information about the treatment response as well as the efficacy and safety of DMTs [166].
Software systems that assist neuroradiologists in evaluating MRIs are already used in clini-
cal trials and investigated regarding their ability to support neuroradiologists and enhance
the evaluation of imaging. They can scan defined MRI sequences for the quantification
of new or enlarging lesions, lesion volume and brain atrophy. Different companies are
working on such software systems, which are partly already used in regular care [165].
Here, an inter-scanner reproducibility is of great importance [167]. Efforts have been made
to provide consensus guidelines on the use of MRI in pwMS [168]. This is beyond this
review on clinical, digital biomarkers in MS.
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4.5. The Future of Digital Biomarkers

Much research is in progress regarding digital biomarkers in MS and other diseases,
and studies are already evaluating the use of various devices for their collection (Konect-MS
and Floodlight), those already available as DIGAs (elevida) or those about to be one (MS
Sherpa, Emendia MS). Chronic diseases such as MS or Alzheimer’s disease are complex
and can show a diversity of symptoms. These symptoms can also emerge in other diseases,
e.g., depression (speech and cognition). Therefore, there will not be “the ideal” digital
biomarker with which a disease can be detected and monitored. Rather, it will be the
case that different applications will be used, which can easily be installed on smartphones
(MS Sherpa, Floodlight, Konectom, elevida, etc.) or integrated into telemedicine (e.g.,
speech analysis).

5. Data Analysis

The use of digital biomarkers creates different demands on data analysis than the
traditional processing of data in everyday clinical practice and even than those on a more
elaborate level in clinical trials. To fulfill the predictive purpose of a biomarker, real-time
data transmission and analysis is the goal. This requires independence of location and
data collection situation, i.e., data processing that can take place in clinical practice, but is
not limited to the neurologist’s premises, and the visits that take place at longer intervals.
To accomplish this, data from a wide variety of sources must be digitally aggregated
via standardized secure interfaces (see Section 4.3)—a task far beyond the capabilities of
individual apps.

Isolated analyses can also be performed locally, offline, on individual end devices
(e.g., the calculation of individual PROM scores) and, assuming timely transmission to the
treating neurologist, fulfill targeted warning functions. Here, the general requirement for
(automated) information processing systems is that they can reliably distinguish useful
information (real medical needs) from noise, such as by applying established cut-off values.
These are usually predefined values, which are usually applied population-wide, and
the exceeding of which is associated with the presence of an indication. However, the
full potential of digital biomarkers as part of a precision medicine approach can only be
accessed by integrating a wide variety of data sources into an electronic repository. This
is based on the insight that single biomarkers can hardly be used to control a disease as
complex as MS, the disease activity of which is, to a large extent, pre-symptomatic, and
that rigid, generalized thresholds often do not best reflect the individual situation.

The aim of an integrative evaluation of digital biomarkers in combination with other
(clinical) data sources is the creation of a valid statistical model which evaluates prognostic
tasks, such as selection and change recommendation regarding a DMT, as well as retro-
spective processing of information on progression assessment, therapy efficacy and safety
aspects, and makes them applicable to individual cases. On the one hand, this results in
the necessity of the highest possible data density with regard to the data diversity and the
temporal distribution of the surveys. On the other hand, the requirements for the analysis
also make it clear that this cannot be achieved with traditional statistical methods/models.
The now-established solution for such concerns is found in the field of machine learning.
Here, complex data structures are evaluated in a data-driven manner, and information
of various types is processed jointly. The desired application situation in real-time and
prognostic performance of the model can be extended by self-optimizing methods of deep
learning. Schwab et al. chose an application situation for MS for this purpose, in which
they aimed to achieve (retrospective) classification between pwMS and healthy controls
by evaluating digital biomarkers from smartphone data using deep learning [169]. While
this was not yet done as part of an established multiprofessional digital infrastructure for
MS, they were able to successfully incorporate multi-layered data on mobility, upper limb
functionality, cognition and affect.

However, the further the performance of such an analysis system goes, the more its
ability to make recommendations and prognostic deductions comes into focus. This begins
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with immediate predictions of the general state of impairment from a current cross-sectional
measurement of a patient [170], and increases through the consideration of individual
longitudinal courses to the prediction of individual symptom areas and the competing
effectiveness of therapies. At the same time, this increases the regulatory requirements for
digital analysis systems for clinical practice, which in Germany, for example, are regulated
by the Medical Devices Act. The end product of integrated digital data analysis is, in the
best case, an approved product, which can be used by different HCPs as well as by the
individual patient for recording as well as for evaluation, which remains self-updating
on the best scientific level and derives understandable as well as useful parameters and
overviews for all parties involved.

6. Digital Twins

Digital biomarkers are an important component of so-called digital twins. A digital
twin in healthcare is a virtual copy of a patient that exactly matches that patient’s character-
istics and attributes, thus mirroring that patient. Using machine learning algorithms, the
digital twin can be trained to predict disease progression and simulate treatments without
risk to the patient. This involves using population data collected from previous patients
and study cohorts to build and validate statistical and mechanistic models and to create
a population-based digital twin, as well as analyzing data from the individual patient
using the existing models and, in turn, integrating them into the patient’s digital twin.
The comparison and interaction between the digital twins provide valuable insights (e.g.,
phenotyping, risk assessment and the prediction of disease evolution) that are clinically
interpreted and combined with traditional data to support clinical decision-making. In the
process, the digital twin is constantly fed with new data so that it adapts and continuously
improves [171]. To create the digital twin of a patient, a large and multidimensional amount
of data is needed. A digital twin for MS (DTMS), due to the complexity and long-term
nature of the disease, requires a particularly large and multidimensional amount of high-
quality, high-frequency and structured data to propose a tailored therapy for the patient.
These data are, in detail, physiological condition data of the patient (structured clinical
data, paraclinical and multimicrobial data as well as patient-reported data) and procedures
applied to the patient (diagnostic workup, treatment and monitoring, integrated in person-
alized clinical pathways). Many clinical and paraclinical data, including lab and imaging
data, can be captured with digital biomarkers that can be transformed into interpretable
outcome measures using algorithms. Digital twins also offer the possibility of visualizing
a wide variety of parameters using a dashboard and mapping personalized clinical path-
ways. With the development of a DTMS, clinical treatment decisions, physician–patient
communication and thus the quality of treatment can be improved. Even though there are
still many challenges to be overcome on the way to the DTMS (effectiveness and safety, data
protection, data security, data quality data management, creation of meaningful algorithms
and ethical as well as individual concerns) and a DTMS need to be validated and tested
before being used in practice, it is a valuable tool with which to make precision medicine
and patient-centered care in MS part of everyday clinical practice [172].

7. Conclusions/Summary

The heterogeneous, multisymptomatic MS disease offers numerous possibilities for the
acquisition of digital biomarkers. As the possibilities to collect digital data are continuously
growing, such data can also be used for prognostic and diagnostic aspects as well as for
the evaluation of disease activity and response to therapy. These digital biomarkers can
be collected by devices available to everyone (e.g., wearables such as fitness trackers)
or special devices created for specific examinations (e.g., vision, upper and lower limb
function, MRI, cognition, PROMs, etc.). Therefore, they need to be validated, standardized,
analyzed and made available to HCP to be used in pwMS care.

To our knowledge, older MS patients are becoming more and more familiar with
using new technologies such as apps on smartphones or tablets [164]. Additionally, the in-
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clinic collection of digital biomarkers by a physician or escorting staff benefits all patients,
regardless of their age.

As MS is a lifelong disease, pwMS should be integrated into their treatment. Here,
smartphone applications can be used to document mood or specific problems (e.g., headache,
fatigue, depression, etc.) or to check functional systems on a regular basis (such as vision,
cognition, motor function of the extremities, etc.). The use of digital biomarkers may also
be of interest to developing countries, where medical/neurological care is not widely avail-
able. For example, data could be collected from patients and transmitted to physicians as
soon as Internet access is available, or a voice analysis could be performed via a telephone
call. However, the establishment and validation procedures of digital biomarkers do not
yet follow generally accepted standards. Developments according to the requirements of
the Medical Devices Act are necessary, but are as complex as the development of classical
biomarkers. Once the collection of standardized, validated digital biomarkers in all aspects
of life (in-clinic and in daily life) is possible, the way is clear to develop digital twins and
personalized treatment.
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Abstract: (1) Background: Monitoring of Multiple Sclerosis (MS) with eHealth interventions or digital
biomarkers provides added value to the current care path. Evidence in the literature is currently
scarce. MS sherpa is an eHealth intervention with digital biomarkers, aimed at monitoring symptom
progression and disease activity. To show the added value of digital biomarker–based eHealth
interventions to the MS care path, an early Health Technology Assessment (eHTA) was performed,
with MS sherpa as an example, to assess the potential impact on treatment switches. (2) Methods: The
eHTA was performed according to the Dutch guidelines for health economic evaluations. A decision
analytic MS model was used to estimate the costs and benefits of MS standard care with and without
use of MS sherpa, expressed in incremental cost-effectiveness ratios (ICERs) from both societal and
health care perspectives. The efficacy of MS sherpa on early detection of active disease and the
initiation of a treatment switch were modeled for a range of assumed efficacy (5%, 10%, 15%, 20%).
(3) Results: From a societal perspective, for the efficacy of 15% or 20%, MS sherpa became dominant,
which means cost-saving compared to the standard of care. MS sherpa is cost-effective in the 5% and
10% scenarios (ICERs EUR 14,535 and EUR 4069, respectively). From the health care perspective, all
scenarios were cost-effective. Sensitivity analysis showed that increasing the efficacy of MS sherpa in
detecting active disease early leading to treatment switches be the most impactful factor in the MS
model. (4) Conclusions: The results indicate the potential of eHealth interventions to be cost-effective
or even cost-saving in the MS care path. As such, digital biomarker–based eHealth interventions, like
MS sherpa, are promising cost-effective solutions in optimizing MS disease management for people
with MS, by detecting active disease early and helping neurologists in decisions on treatment switch.

Keywords: digital biomarkers; eHealth; digital health; AI; (early) Health Technology Assessment;
multiple sclerosis; home monitoring; MS disease activity; MS disease progression; early detection;
disease modelling; digital therapeutics

1. Introduction

eHealth interventions play a growing role in shaping the future healthcare system.
The integration of eHealth interventions can enhance the efficiency and quality of patient
management and optimize the course of treatment for chronically ill patients [1] by allevi-
ating pressure on health care systems when productivity of labor is restricted [2]. In this
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paper, we investigate the benefits of adding a digital biomarker–based eHealth intervention
to the standard of care of multiple sclerosis (MS).

MS is the most prevalent chronic neurological disorder among young adults [3].
The severity and nature of symptoms and disability in MS depend on the location and
extent of inflammatory demyelination and axonal loss in the central nervous system
due to inflammation. Therefore, MS shows a highly individualized trajectory and large
day-to-day variation [4]. Fatigue, decline in cognitive functions, impaired vision, motor
and sensory deficits are the most common symptoms in persons with MS (pwMS) [4,5].
There is no cure for MS, but treatment is aimed at reducing neuroinflammation (and
indirectly neurodegeneration) to prevent relapses and slow down disability progression.
These disease modifying therapies (DMTs) are costly and the choice is plentiful. Current
consensus recommends no evidence of disease activity (NEDA) as the treatment goal [6,7].

In the Netherlands, pwMS are under treatment by a neurologist, preferably comple-
mented by a specialized MS nurse [8,9]. They usually have around one or two visits a
year. Using MRI of the brain (and if necessary, the spinal cord), the presence of inflam-
matory disease activity is assessed, generally presenting as new or enlarged T2 lesions.
The functioning of pwMS may be monitored by a variety of patient-reported (PRO) or
performance-based outcome measures, such as test batteries to assess cognitive function
and walking tests for ambulatory function for instance. The Expanded Disability Status
Scale (EDSS) is the standard measure for how a person is affected by their MS. This com-
bination of assessments of functioning, degree of disability and treatment effects, enable
the determination of whether a pwMS is experiencing disease progression, a relapse or
whether NEDA is maintained [6,7].

Typically, pwMS only remember certain days or periods that stand out, and the time
in between is not recalled and the physician will not hear all information [10]. eHealth
interventions and specifically those with objective measures, like digital biomarkers, in
addition to PROs, can help monitor disease and symptom progression, and potentially
disease activity [1,10].

Especially for persons with relapse-remitting MS, there are several treatment options
and pwMS react differently to the different available drugs [6]. It is often a trade-off
between the effectiveness of the drug and occurrence and severity of side effects, i.e.,
possibly overtreating or undertreating the patient. It is currently not possible to determine
which treatment is the most appropriate for an individual pwMS. The disease course is
highly heterogeneous and although we are able to assess the effectivity of a treatment
according to NEDA [6], it is not yet possible to predict if and when pwMS will reach severe
disability or secondary-progressive MS right at the moment after diagnosis. Additionally,
subtle changes in functioning or symptoms and day-to-day variation are difficult to capture
with the low frequent hospital visits that are currently the standard of care [6,7].

Because eHealth interventions can be applied in the home situation and this enables
monitoring on a more frequent basis, the monitoring extends to the period between con-
sultations and shows the individual course of symptoms. Therefore, the results can be
used to detect disease activity early and find the optimal disease management for the
individual patient.

1.1. eHealth Interventions in MS

Several eHealth interventions are currently developed and under investigation in
MS [1]. These interventions support different aspects of the MS care path, like social, single
use case, integrated and complex support, but with the common intention to improve
the care path of pwMS leading to better outcomes. Social eHealth interventions (e.g., My
Support Plus [11–13]) are usually meant for pwMS to get connected to other pwMS, to
obtain information or to get in contact with their neurologist. Single use case solutions
focus more on the disease and usually contain one or more measurement methods, which
may be digital biomarkers or biomarker components. Scholz et al. [1] distinguish these in-
terventions from the more integrated eHealth interventions, such as Floodlight (Genentech,
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Inc., Basel, Switzerland), MSCopilot (Ad Scientiam, Paris, France), MSPT (Cleveland Clinic
Foundation & Biogen, Cleveland, OH, USA), etc. These digital biomarker–based eHealth
interventions aim at enhancing MS monitoring and to better detect disease activity and
progression so that better therapy can be applied.

Another example of an integrated eHealth intervention containing digital biomarkers
for MS, is MS sherpa (Orikami Digital Health Products, Nijmegen, The Netherlands). MS
sherpa is a CE-certified eHealth intervention (medical device) intended to support the
monitoring of persons with MS with the help of digital biomarkers, in order to give pwMS
and their health care professionals personalized insight into the presence and progress of
MS-related symptoms. The digital biomarkers are embedded in a smartphone application
for pwMS and consist of tests that pwMS can perform regularly. The results are directly
available for their neurologist via a web-based portal for caregivers, integrating MS sherpa
into the MS care path. The Orikami Digital Biomarker platform on which the app and
portal are built consists of several components to combine the sensors of the smartphone
and user input with proprietary algorithms into digital biomarkers and of supporting
modules such as a customer support, subscription and consent management and modules
for regulatory compliance and authentication. A graphical presentation of MS sherpa
concept is given in Figure 1.
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Figure 1. Graphical representation of the MS sherpa concept.

The current MS sherpa digital biomarkers are validated to reliably measure cognitive
processing speed and walking function [14–16]. These digital biomarkers represent relevant
MS symptoms that are selected based on their relevance in MS and relation with disease
activity and relapses. eHealth interventions require the willingness of the users to adhere to
the intervention and to include the insights in disease management, therefore it is important
to tailor the designs of eHealth interventions to the needs of the different users and to
involve them in the development [17–19]. During the development of MS sherpa, input of
different users, both pwMS and neurologists, were included via co-creation. Additionally,
the designs have been tested via usability testing methods [18]. Adherence to eHealth
interventions with digital biomarkers show promising results. MS Sherpa has shown in
a one-month study that there was >90% adherence to the scheduled tasks [20]. This is in
line with high adherence figures of other digital biomarker–based e-health interventions
like Floodlight, which shows 70% adherence in a 24-week study [21], and an acceptability
study with MSCopilot that shows that 85% of questioned pwMS are willing to use the
intervention more than once a month and that 68% prefer the digital biomarkers over the
MSFC [22], supporting the believe that adoption of and adherence to such interventions
can be reasonably expected.
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As eHealth interventions, and digital biomarkers more specifically, are a very nascent
field, there are currently no RCTs that show their impact to personalized treatment. How-
ever, the potential impact of digital biomarker–based integrated eHealth interventions like
MS sherpa in the MS care path is more and more being investigated in clinical trials. MS
sherpa has multiple clinical trials in preparation or under investigation.

The Dutch Ministry of Health, Welfare and Sport and the iMTA institute aimed to
show the potential impact of AI in healthcare, and MS sherpa was selected as a suitable
eHealth intervention for Health Technology Assessment by both organizations, because of
its already accumulated evidence and the availability of a model for MS to map the impact
of an intervention on the care path.

1.2. (Early) Health Technology Assessment ((e)HTA)

To estimate the impact of health technologies, in terms of costs and benefits that fall
upon the health care system and wider society, Health Technology Assessments (HTA) are
conducted [23]. Cost-effectiveness analysis (CEA) is a central component of HTA. When
a CEA is conducted before all effectiveness estimates have been collected in studies, the
analysis is referred to as ‘early HTA’.

The result of an early HTA (eHTA) is an estimate of incremental costs and benefits with
and without a new technology. The ratio between these increments gives the incremental
cost-effectiveness ratio (ICER), which is compared with some reference value reflecting if
the technology should be adopted in the basic benefit package [23]. Benefits are expressed
in quality adjusted life years (QALYs). In the Netherlands, the National Health Care
Institute determines the reference value for cost-effectiveness, based on the disease burden
of the health care problem under study [24]. For MS, this value is set at EUR 50,000 per
QALY [25].

In this article, we describe an eHTA analysis for the potential impact of MS sherpa,
both from the societal and health care perspective using a recently published decision
analytic model for MS treatments [25]. The analysis focused on the impact of MS sherpa on
treatment decisions, and more specifically on switches of MS medication based on disease
insights achieved with MS sherpa. The impact of digital biomarkers on treatment decisions
is one of the important concepts to be tested for the MS field.

2. Materials and Methods
2.1. Early Health Technology Assesment (HTA), Concept and Analyses

This eHTA was performed according to the Dutch guidelines for economic evalua-
tions [26]. The MS model was used to estimate the costs and benefits of MS standard care
with and without the use of MS sherpa and expressed in an ICER.

ICER = (costs new intervention − costs standard care)/(health gains new intervention − health gains
standard care) = € per QALY

This ICER is compared to the reference value for the maximum costs that the society
is willing to pay for 1 additional QALY within MS in the Netherlands [25].

These calculations were performed from both a societal and a health care perspective.
In a societal perspective, all relevant costs and benefits related to MS are included in the
cost-effectiveness analysis (CEA), regardless of who bears the costs or enjoys the benefits.
The costs of an intervention are therefore not limited to costs within health care, but costs
outside health care are also included in the CEA. Costs outside of health care include the
costs of informal caregivers and reduced productivity in paid and unpaid work due to
health problems. This is the standard perspective as prescribed by the National Health Care
Institute [26]. In a health care perspective, costs outside healthcare (i.e., costs of informal
care and productivity losses) are not included.
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2.2. MS Model and Clinical, Costs and Quality of Life Input

The CEA was performed using the MS model developed by Huygens and Ver-
steegh [25]. This model describes the lifetime of a pwMS based on MS relapses (Annual
Relapse Rate (ARR)) and MS disease progression (EDSS). The rate of progression and
relapses are influenced by the efficacy of the MS medication. Treatment switching was
allowed for up to five lines of treatment. Besides disease progression and relapse, adverse
events of MS medication, the option of discontinuing MS medication, health-related qual-
ity of life (HRQoL) and mortality rate were included in the model. All costs related to
the treatment of MS (MS medication, other health care costs, informal care, productivity
loss) were included in the model. During the development of this model, neurologists
were involved to confirm clinical assumptions and decisions in this model. A graphical
representation of the model is given in Figure 2.
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The output of the MS model are the lifetime costs and subsequent the lifetime clinical
MS outcomes (‘benefits’) represented as EDSS and ARR for pwMS, both for MS care with
and without MS sherpa. These modeled costs and benefits are used for the CEA and
ICER calculations.

To assess uncertainty of the model and tested intervention, univariate sensitivity
analyses were performed, in which the value of one key parameter at a time is changed
into a higher and lower value than assumed in the base-case analysis. The results of this
analysis, which will be presented in a tornado diagram, give insight in which parameters
have the most impact on the cost-effectiveness of MS sherpa. This might serve as input for
future improvements of MS sherpa or for other eHealth interventions that share the same
or equivalent components or digital biomarkers. The cost-effectiveness in this analysis is
presented as the net health benefit, calculated with the following formula:

Net Health Benefit = Total QALYs − (total costs/Cost-effectiveness threshold (€50,000/QALY))

2.3. MS Sherpa and Potential Effects

MS sherpa is a CE Class I Medical Device under MDD consisting of a smartphone
application for pwMS and a web-based portal for caregivers. For this eHTA, MS sherpa
version 1.12 was used. The MS sherpa 1.12 app for pwMS contains two digital biomarkers:
one as an indicator for cognitive processing speed, an adaptation of the Symbol Digit
Modalities Test (SDMT); and one for walking speed, an adaptation of the two-minute
walking test (2MWT). Both are smartphone adaptations of standardized tests that assess
important symptoms of MS and are suitable for frequent self-administration. The SDMT
was chosen because of its sensitivity to changes in mental status during clinical relapses,
and during isolated cognitive relapses without changes on EDSS [27–29]. The 2MWT was
chosen because of its strong correlation with EDSS [30]. Both digital biomarkers showed
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robust concurrent validity and test–retest reliability [14–16], and for the SDMT also the
construct validity was shown by distinguishing pwMS from healthy controls [15]. As such,
these digital biomarkers are reliable tools for monitoring relevant MS symptoms, enabling
pwMS to monitor their symptoms objectively and more frequently in their home situation.

In addition to the objective measurements, pwMS can answer a daily questionnaire
in MS sherpa, containing several Likert-scale questions on fatigue, pain, stress, memory,
concentration and the impact of MS on the day. PwMS can also leave notes in the app on
events and symptoms as deemed relevant by the patients. The clinician portal contains a
dashboard for caregivers that shows their pwMS’ results from the MS sherpa app. They can
see the SDMT and 2MWT scores as individual data points, but also informative curves over
time using multiple measurements to model individualized performance trajectories. This
is giving more detailed insights in MS symptom changes over time than during clinical
visits. Recent results [31] showed that more frequent monitoring in combination with smart
algorithms significantly reduces signal-to-noise ratio of the measurements and the ability
to follow individualized trajectories (patent pending: N2028255). For the MS field these
innovations make it possible to detect more subtle changes with the potential to detect
disease progression and relapses earlier. Moreover, the answers to the questionnaire and
the notes that pwMS write can also be viewed, giving context to the measurements. This
can improve the shared decision-making process between the neurologist and pwMS. The
information from MS sherpa can help tailor the care path to the individual pwMS, resulting
in earlier treatment switches to other, more effective treatment.

The MS sherpa solution and its effect on treatment decisions was operationalized
in the MS model as shown in Figure 2: with the use and insights of MS sherpa, pwMS
and neurologists will have insight into active disease sooner and, as a consequence, will
switch to the next treatment line earlier than without MS sherpa. Second line treatments
are generally considered to be more effective, but also more expensive treatments. Timely
switches to these treatments could prevent disease progression and relapses, which will
subsequently lead to health and quality of life benefits and potential cost savings. It is
assumed that all pwMS with an EDSS below 7 will use the MS sherpa app, as pwMS with
an EDSS of 7 and higher are wheelchair-dependent and not able to use the app in the
intended way [32]. As the effect of MS sherpa on treatment switches is not yet known and
is dependent of the efficacy in the detection of disease activity, different assumptions of
the efficacy of MS sherpa were tested in the eHTA. MS sherpa’s efficacy is defined as the
proportion of pwMS who are detected early by MS sherpa to have disease progression or
relapse that will switch to a next line treatment prior to that disease progression or relapse
occurring. Four scenarios for MS sherpa’s efficacy in detecting disease activity earlier than
standard care were chosen: 5, 10, 15 and 20 percent. As the effect size of MS sherpa is not
yet known, and effects of comparable eHealth interventions are also not available, the effect
sizes were discussed with neurologists who are involved in the ongoing clinical studies
with MS sherpa. They are familiar with the insights provided by MS sherpa and the role
of the digital biomarkers in MS sherpa, which are smartphone adaptations of commonly
used clinical outcome measures (i.e., SDMT and 2MWT). They indicated that it is currently
difficult to estimate the efficacy of MS sherpa for early detection of disease activity, but
they confirmed that the chosen range seems plausible given the current development stage
of MS sherpa.

The cost of MS sherpa is currently estimated to be EUR 480 per patient per year.

3. Results
3.1. Clinical Effects (Benefits) of MS Sherpa (Modeled)

Based on the MS model, the clinical outcomes for MS care both with and without MS
sherpa were modeled. Figures 3 and 4 demonstrate the reduction in disease progression
and relapse rates of MS sherpa use, under the assumption of 5% efficacy. Figure 3 shows
that, under this assumption, the use of MS sherpa slows down disease progression: a larger
proportion of pwMS have mild disability due to MS (EDSS 0–3) for a longer period of time,
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a smaller proportion of pwMS develop severe disability (EDSS 7–9), and severe disability
develops later than without the use of MS sherpa. For example, 10 years after the diagnosis
of MS, the proportion of pwMS who still have mild disability due to MS is higher with
use of MS sherpa (63.5%) compared to without (61.7%). The number of pwMS who had
progressed to moderate disability 10 years after MS diagnosis is lower with the use of
MS sherpa (22.8%) than without the use of MS sherpa (23.4%). The same is true for the
percentage of pwMS with severe disability: 13.0% with MS sherpa compared to 14.2%,
without MS sherpa.
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Figure 4. Average number of MS relapses per patient per year over time, with and without use of MS sherpa. The hiccup at
t = 41 can be explained by the rule in the MS model (see Figure 2) that pwMS will discontinue DMTs at age 70 in the absence
of disease activity ≥10 years and the risk of relapses is not reduced by the DMT anymore.

In addition, Figure 4 shows that the ARR is slightly lower among users of MS sherpa.
Ten years after the diagnosis of MS, the probability of an MS relapse without the use of MS
sherpa is 15.7% compared to 15.3% with the use of MS sherpa.
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3.2. Cost-Effectiveness of MS Sherpa, Societal Perspective

The cost-effectiveness results for MS sherpa compared to standard of care without
MS sherpa for each of the MS sherpa efficacy scenarios from a societal perspective are
shown in Table 1. When assuming 5% and 10% efficacy of MS sherpa, QALYS were gained
(0.43 and 0.87, respectively), but this was associated with higher costs. Compared to the
reference value of EUR 50,000 per QALY, MS sherpa is cost-effective in these scenarios. In
the scenarios where the assumed effect of MS sherpa was 15% or 20%, MS sherpa became
dominant, which means costs are saved while pwMS yielded 1.33 or 1.78 additional QALYs.

Table 1. Cost-effectiveness results of MS sherpa versus standard care from a societal perspective.

Total Difference between
Standard Care and MS Sherpa

Scenario Costs QALYs Costs QALYs ICER

MS standard Care €614,732 20.51
MS sherpa 5% €620,990 20.94 €6258 0.43 €14,535

MS sherpa 10% €618,288 21.38 €3556 0.87 €4069
MS sherpa 15% €614,538 21.84 €−194 1.33 D
MS sherpa 20% €611,073 22.29 €−3659 1.78 D

QALY = Quality Adjusted Life Year. D = Dominant (lower costs and more benefits).

3.3. Cost-Effectiveness of MS Sherpa, Health Care Perspective

Table 2 presents the cost-effectiveness results from a health care perspective (i.e.,
without costs of informal care and productivity loss). The results show that total costs
are lower, but that the difference in costs between standard of care with and without MS
sherpa is larger because some of the benefits of using MS sherpa, such as reducing informal
care and productivity loss due to less disease progression and relapses, are no longer
included in the cost calculations. Nevertheless, the ICER is still below the reference value
of EUR 50,000.

Table 2. Cost-effectiveness results of MS sherpa versus standard care from a health care perspective.

Total Difference between
Standard Care and MS Sherpa

Scenario Costs QALYs Costs QALYs ICER

MS Standard Care €540,345 20.51
MS sherpa 5% €539,528 20.94 €9183 0.43 €21,328

MS sherpa 10% €539,803 21.38 €9458 0.87 €10,822
MS sherpa 15% €539,101 21.84 €8756 1.33 €6574
MS sherpa 20% €538,703 22.29 €8358 1.78 €4696

3.4. Sensitivity Analysis, Tornado Diagram

The results of the univariate sensitivity analyses are shown in Figure 5. The vertical
line represents the net health benefit (this is the number of QALYs reduced with the total
costs, in which the QALY has a value of EUR 50,000) in the base-case analysis (i.e., 5%
efficacy of MS sherpa). The bars represent the impact of the different parameters on the
cost-effectiveness results.

These results show that the assumed effect of MS sherpa has substantial impact on the
net health benefit. The higher the efficacy of MS sherpa in detecting disease activity, the
higher the effect on treatment switches and the higher the net health benefit. This means
that it would be worthwhile to focus on further improving the efficacy of MS sherpa. In
addition, the diagram shows that quality of life and health care costs of pwMS with mild
MS (EDSS 0–3) have substantial impact on the net health benefit. This is not surprising as
pwMS spend a large part of their life with mild MS, and this period is prolonged when
using MS sherpa.
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All other key parameters showed to have less influence on the outcomes of the model
when assuming a 5% efficacy of MS sherpa. For instance, when the annual costs of MS
sherpa per patient were increased to EUR 1000, even with 5% efficacy, it is still cost-effective.

4. Discussion
4.1. Principal Results and Implications for Clinical Practice and MS Society

MS sherpa is an eHealth intervention aimed at enabling (home) monitoring of pwMS
with the help of digital biomarkers, in order to give pwMS and their caregivers individual
insights into the presence and progress of MS-related symptoms and disease activity. In
this research, we modeled how with the insights from digital biomarker interventions
like MS sherpa (efficacy), neurologists together with pwMS have the potential to decide
earlier to switch to more effective MS medication, with the intention to prevent or slow
down disability worsening and disease progression. The recent Huygens and Versteegh
MS model [25] that simulates the disease progress over the lifetime of a patient was used
to show whether using MS sherpa to support treatment decisions would be cost-effective.
The eHTA showed that under all efficacy assumptions MS sherpa is cost-effective from
both a societal and health care perspective in the MS care path. Moreover, in the societal
perspective MS sherpa can become dominant and cost saving when the efficacy of detecting
disease activity early is 15% or higher and higher proportions of pwMS switch medication.

The eHTA as performed in this research gives valuable insight into the potential cost
and benefits of digital biomarkers in MS and supports the use of new solutions like MS
sherpa by neurologists to detect early symptom progression and disease activity of pwMS.
While the effect of a digital biomarker–based eHealth intervention on clinical outcome can
seem moderate from this analysis, it should be placed in the right context. First of all, the
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effect on clinical outcomes can be strong for an individual pwMS where preventing one
relapsewith the associated brain damage can mean the difference between years with or
without work or physical dysfunction on the long term. Second, cost-effectiveness of cur-
rent DMTs has long been debated and health gains come at a high costs. For example, it was
shown that cost-effectiveness of MS DMTs in the US far exceeded USD 800,000/QALY [33].
The results of the current analysis on an ICER of EUR 14,535/QALY gives another dimen-
sion to more appropriate investment and reimbursement decisions. At this moment, the
literature is lacking a strong benchmark of cost-effectiveness of monitoring solutions in
MS. It would be relevant for future research to show how self-monitoring with digital
biomarker–based eHealth interventions benchmarks with other monitoring solutions like
MRI, test batteries administered by a clinician and recent blood-based biomarkers.

The presented eHTA was performed both from a societal and health care perspective.
As MS usually onsets in early adult life, when persons are still active and taking part in the
working life, developing MS will affect not only health care costs but especially also the
non-health care costs like employability. Therefore, we feel that the presented eHTA with a
societal perspective is the most comprehensive. The health care perspective is of importance
for hospitals or health insurance companies in adopting digital biomarker–based eHealth
interventions and gives them more insights where costs and benefits are falling within the
health care setting. Reimbursement decisions based on health care perspective alone might
not be appropriate for eHealth interventions; therefore, this confirms that it is advisable to
include the societal perspective in reimbursement models for such interventions.

4.2. Relation to Previous Work

The efficacy of MS sherpa in detecting disease activity and enable optimal disease
management earlier compared to standard care, is now varied between 5% and 20%. Digital
biomarker–based eHealth interventions for monitoring MS, like MS sherpa, are relatively
new in the MS field. The current literature gives us no guidance in the potential clinical
impact of these solutions. A benchmark for integrated eHealth interventions and digital
biomarkers on MS outcomes is not (yet) available. As explained, the impact of MS sherpa
insights on treatment decisions are thought to achieve at least the assumed efficacy of 5%,
based on the described evidence and setting. Additionally, a minimum efficacy of 5% as a
starting point seems plausible according to interviewed neurologists involved in testing
the MS Sherpa solution.

The MS model was used to calculate the costs and clinical benefits, and was used in the
eHTA. While all models require assumptions, this model is shown to be a good predictor for
short-term switch behavior when validated against external data [25]. Moreover, this is the
first model that takes into account subsequent medication steps, as a complete treatment
sequence cost-utility model for MS. As the presented concept of MS sherpa is mainly
focused on treatment decisions, this MS model seems currently the best basis to test the
potential effects of an eHealth intervention like MS sherpa. As such, we believe that the
chosen model is both fit for purpose and state-of-the-art in showing impact by treatment
decisions on switching medication.

4.3. Considerations and Limitations

Next to the abovementioned assumptions in the model, some aspects can still be
considered. Firstly, in the effectiveness of MS sherpa on treatment switches, the entire MS
population with an EDSS below 7 is included. The adoption rate of an eHealth intervention
might be a smaller proportion of this population. Moreover, subgroups may be identified
in which a higher or lower effect is to be expected; for instance, neurologists may be able to
identify pwMS for whom a higher gain from using MS sherpa is expected.

Secondly, the MS model is based on the MS care path in the Netherlands and the CEA
is based on guidelines from the National Health Care Institute [26], which may not be
applicable in other countries. Naturally, changes in the MS field in the future (e.g., new
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treatment options become available) can also influence the underlying assumptions in the
MS model.

Besides the efficacy of MS sherpa in the MS care path, adherence to and acceptance
of these kind of interventions is also important. Using eHealth interventions during a
lifetime (or until EDSS is 7 or higher as modeled) might be challenging, which might
reduce its impact. Usually, pwMS show their first symptoms at the age of 20 to 40 years;
consequently, they live with this chronic disease for several decades, which is why these
patients may be important early adopters of emerging eHealth trends [1,34]. A part of the
pwMS indicated that using eHealth tools confront them with their disease. On the other
hand, pwMS that start using MS sherpa showed high adherence to scheduled tests and
valued the insights [20].

Next to the adherence of pwMS to the eHealth intervention, the adoption of MS
sherpa by neurologists and its use in treatment decisions is an important factor [20]. The
current model assumes that the efficacy of MS sherpa is directly related to treatment
switch. It is expected that neurologists perform additional clinical assessments before
switching treatment. Growing evidence, improved user experience, training of clinicians
and algorithm improvements will help tackle this challenge.

4.4. Further Research

The key assumption that should be further investigated is the efficacy of the MS
sherpa intervention in detecting disease activity early. Especially a clinical study that
determines the sensitivity and specificity of the intervention in early detection of disease
activity compared to standard care would be valuable. A multi-center RCT with MS sherpa
as integrated eHealth intervention is scheduled presently.

In the meantime, the eHTA results show that by increasing the effect of MS sherpa on
treatment switches, more benefits could be gained and as such the ICER becomes more
favorable for MS sherpa. Increasing the MS sherpa efficacy is shown to be the most sensitive
parameter of the model and therefore confirms that this should be the main focus in further
development. As there are no univocal criteria for reimbursement of eHealth interventions
in current reimbursement models, the sensitivity analyses provide us with helpful insights
into which aspects of the eHealth intervention to focus on. Improving the efficacy can be
achieved by improving the algorithms in the MS sherpa tool or adding measurements,
so that disease progression, subclinical disease activity and relapses can be detected or
predicted earlier.

Besides earlier detection of disease activity and subsequent treatment switches, MS
sherpa potentially has other benefits within the MS care path, like supporting stopping
of MS treatment in stable pwMS, earlier diagnosis of SPMS, improved self-efficacy and
patient empowerment, monitoring effects of therapies other than DMTs, etc. The use
of eHealth interventions might substitute clinical procedures with home/remote testing,
leading to cost and efficiency gains. Especially for pwMS, not only disease outcomes are
important, but self-efficacy and patient empowerment might be more relevant drivers for
them to adopt eHealth interventions like MS sherpa [20]. Future research will also focus on
a broader spectrum of benefits than the impact on earlier treatment switch alone.

5. Conclusions

eHealth interventions hold the promise of alleviating pressure on the health care
labor force and improve the lives of patients. Several eHealth initiatives are underway
in the MS field, but the evidence on their impact on pwMS, MS care path and wider
society is still lacking. Digital biomarker interventions for home-monitoring of pwMS
like MS sherpa are promising. This research showed positive impact from using a digital
biomarker–based eHealth intervention for early detection of active disease and switching
treatment accordingly. This eHTA for MS sherpa is the first to combine a complex decision
analytical model which captures lifetime treatment sequences with an MS-specific eHealth
intervention. The results indicate the potential of MS sherpa to be cost-effective or even

107



Brain Sci. 2021, 11, 1305

cost-saving. It is shown that its use may increase costs within the health care setting, but
that these costs are offset by savings outside the health care setting. Dependent on the
efficacy of the solution in early detection of active disease, MS sherpa has the potential
to become dominant. The results of future and ongoing research should validate the
assumptions on efficacy of MS sherpa incorporated in the model. Moreover, improving MS
sherpa may further increase benefits.
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Abstract: Aim: To develop a microsimulation model to assess the potential health economic impact
of software-assisted MRI in detecting disease activity or progression in relapsing-remitting multiple
sclerosis (RRMS) patients. Methods: We develop a simulated decision analytical model based on a
hypothetical cohort of RRMS patients to compare a baseline decision-making strategy in which only
clinical evolution (relapses and disability progression) factors are used for therapy decisions in MS
follow-up, with decision-making strategies involving MRI. In this context, we include comparisons
with a visual radiologic assessment of lesion evolution, software-assisted lesion detection, and
software-assisted brain volume loss estimation. The model simulates clinical (EDSS transitions,
number of relapses) and subclinical (new lesions and brain volume loss) disease progression and
activity, modulated by the efficacy profiles of different disease-modifying therapies (DMTs). The
simulated decision-making process includes the possibility to escalate from a low efficacy DMT to a
high efficacy DMT or to switch between high efficacy DMTs when disease activity is detected. We also
consider potential error factors that may occur during decision making, such as incomplete detection
of new lesions, or inexact computation of brain volume loss. Finally, differences between strategies
in terms of the time spent on treatment while having undetected disease progression/activity, the
impact on the patient’s quality of life, and costs associated with health status from a US perspective,
are reported. Results: The average time with undetected disease progression while on low efficacy
treatment is shortened significantly when using MRI, from around 3 years based on clinical criteria
alone, to 2 when adding visual examination of MRI, and down to only 1 year with assistive software.
Hence, faster escalation to a high efficacy DMT can be performed when MRI software is added to the
radiological reading, which has positive effects in terms of health outcomes. The incremental utility
shows average gains of 0.23 to 0.37 QALYs over 10 and 15 years, respectively, when using software-
assisted MRI compared to clinical parameters only. Due to long-term health benefits, the average
annual costs associated with health status are lower by $1500–$2200 per patient when employing
MRI and assistive software. Conclusions: The health economic burden of MS is high. Using assistive
MRI software to detect and quantify lesions and/or brain atrophy has a significant impact on the
detection of disease activity, treatment decisions, health outcomes, utilities, and costs in patients
with MS.

Keywords: relapsing-remitting multiple sclerosis (RRMS); magnetic resonance imaging (MRI); brain
MRI analysis software; non-evidence of disease activity (NEDA); Markov model
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1. Introduction

There are almost 25,000 newly diagnosed Multiple Sclerosis (MS) cases in the US
each year, and nearly 1 million people are living with MS in the US (Atlas of MS, 2020,
www.atlasofms.org, accessed on 15 October 2021). Relapsing-remitting multiple sclerosis
(RRMS) is the most prevalent type of MS at diagnosis, with about 85% of people with MS
being initially diagnosed with relapsing MS and approximately three times more females
than males (Atlas of MS, 2020, www.atlasofms.org, accessed on 15 October 2021).

When a person is diagnosed with MS, the therapy goal is to stop or slow down
the natural course of disease evolution, while balancing at the same time an accept-
able level of burden, risks of side effects, and costs. Currently, there are more than
twenty FDA-approved disease-modifying therapies (DMTs) available for RRMS patients
(nationalmssociety.org/Treating-MS/Medications, accessed on 15 October 2021). These are
intended to reduce the disease burden, disease activity, and progression, but they do not
cure the underlying disease. The current treatment guidelines state that any evidence of
disease activity while on consistent treatment should prompt the consideration of an alter-
native regimen to optimize therapeutic benefit [1]. Therapy selection, either immediately
after diagnosis or in further follow-up, is made on a case-by-case basis and depends on the
perceived level of clinical and subclinical disease activity and progression.

Evidence of clinical disease activity and progression are new relapses and disability
worsening, as often measured by the Kurtzke Expanded Disability Status Scale (EDSS).
Subclinical disease activity and progression are evaluated on brain (and spinal cord)
magnetic resonance imaging (MRI) scans, by measuring the number of new and enlarging
lesions as well as brain atrophy [2]. Though relapses and EDSS are considered primary
endpoints in pivotal clinical trials and are an important therapeutic target in MS, yearly MRI
scans have become part of standard MS monitoring and are crucial for clinical decision-
making. In addition, “silent” progression due to brain atrophy has been found to be
associated with long term disability accumulation in patients without relapses, suggesting
that the process that underlies secondary progressive MS likely begins far earlier than is
generally recognized [3].

Though MRI measures of new and enlarging lesions and brain atrophy are essential for
therapeutic decision-making in MS, the typical radiological report is qualitative and based
on a visual assessment. Detecting and quantifying disease activity based on brain MRI
scans visually is a difficult and tedious task, and it is known that around 24% of radiological
reports of brain MRI scans contain discrepancies [4]. Fortunately, thanks to recent imaging
artificial intelligence (AI) innovations, reliable regulatory cleared software solutions for
MRI volumetry are being increasingly used in clinical practice to enhance radiological
reporting [5]. This technology brings potential advantages in terms of enhanced sensitivity
for detecting subclinical pathologic aspects, as well as increased reproducibility compared
to visual radiological evaluation [4,6,7].

In this paper, we focus on the potential health economic impact of using brain MRI
reading and analysis software during decision-making in MS. To this end, a novel approach
is proposed, where a cohort of RRMS patients is simulated based on a hidden state of
disease activity, which is assessed with different decision-making strategies. The impact of
these decisions over time is evaluated in terms of health outcomes and costs.

Evaluating the health economic impact of treatment decisions in MS is very relevant,
as, in the US, MS is the second most costly chronic condition (after congestive heart failure),
with more than $4 million in total lifetime costs per patient [8–10]. With several MS
therapies available, it has been shown that adopting a more personalized medicine in MS,
including data-driven clinical decision-making, has the potential to increase the health
impact of existing treatments by over 50%, and therefore significantly reduce the costs [11].

The present simulated decision analytical model compares a baseline decision-making
strategy for RRMS follow-up, in which only clinical evolution (relapses and EDSS pro-
gression) factors are used, with decision-making strategies involving MRI actively. In
addition, the health economic analysis is simulated in the case of visual inspection of
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MRIs vs. using assistive software that detects new lesions and estimates the rate of brain
atrophy. We run the model on a simulated cohort of RRMS patients from the moment they
are prescribed a low efficacy DMT and evaluate the impact of the therapeutic decision-
making path on outcomes, health utilities, and related costs, thereby adopting the US
healthcare perspective.

2. Materials and Methods
2.1. Model Structure

We construct a decision-analytic model as a Markov model in which the states and
state transitions are based on disability progression as measured with the EDSS, similar to
previous widely used model structures of disability progression in RRMS [12–14]. In addi-
tion to these classical EDSS-based Markov models, the simulated patients can experience
both clinical and subclinical disease activity, in the form of EDSS progression, relapses, new
lesions, and/or brain atrophy; see Figure 1. The cycle duration is one year, which is the
maximally recommended duration between neurological (including MRI) examinations
for RRMS patients [15].
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Figure 1. Schematic representation of the Markov model for disease progression; EDSS = Kurtzke Expanded Disability
Status Scale; state A = EDSS state at the start of a model cycle; state B = EDSS state at the end of a model cycle. EDSS
progression (B > A), regression (B < A) or stability (B = A) are possible. Clinical and subclinical disease activity may occur
during each cycle.

A hypothetical cohort of 1000 RRMS patients (female to male ratio 3:1) is simulated
from the moment they start therapy on a low efficacy DMT. During each model cycle over
a certain horizon (here, 10- or 15-years horizons are considered), patients can experience
disease progression in terms of EDSS, relapses, lesion evolution, and/or brain volume
loss. EDSS transition probabilities are defined based on historical data of natural disease
progression in RRMS under the “best supportive care” [16], modulated by the efficacy
of various DMTs in slowing down disease progression. The number of annual relapses
(aR) and the annual number of new lesions (aNL) are randomly drawn from discrete
probability distributions, constructed based on the same two factors: (1) natural history
data of annualized relapse rates and new lesions in untreated “best supportive care” RRMS,
and (2) the efficacy of various DMTs in suppressing relapses or new lesion formation,
respectively. Brain volume loss is modeled as an annualized percentage of brain volume
change (aPBVC), which is simulated from a Gaussian distribution with mean and standard

113



Brain Sci. 2021, 11, 1570

deviation parameters that depend on DMT efficacy in slowing down brain atrophy. Details
regarding all simulation parameters are presented in Section 2.3.

These 4 parameters characterize each patient during each cycle, and, by applying
appropriate thresholds (defined in Table 1 in Section 2.2), these parameters define the
hidden state of disease activity for each patient at the end of each model cycle. If any one
of the 4 parameters exceeds its respective threshold, then we refer to the patient’s hidden
state as “true disease activity”, which might signify a suboptimal response to therapy if
the patient is on a DMT. Else, we label the patient as stable since there is no evidence of
disease activity.

Table 1. Observation strategies and choice of decision parameters.

Strategy Criteria for Detecting Disease Activity Parameter Choices *

without MRI
at least nrelapse clinical relapses

or
EDSS disability progression **

nrelapse: {1, 2, 3}

NEDA-3
(visual)

same as “without MRI”
or

at least nlesion new lesions, but
only a proportion plesion of true lesions are caught

nlesion: {1, 2, 3, 4}
plesion: 33%, 66%

NEDA-3
(software) same as “NEDA-3 (visual)” nlesion: {1, 2, 3, 4}

plesion: 90%, 100%

NEDA-4
(software)

same as “NEDA-3 (software)”
or

annualized whole brain volume loss > α%
measurement error between two consecutive

scans: ±ε%

α: {0.4, 0.52, 0.72}
ε: {0.1, 0.2, 0.3}

* Default values used in the Section 3 are in bold; alternative parameter choices are discussed in Ap-
pendix C. ** EDSS disability progression is defined here as one of the following: if baseline EDSS 0,
EDSS increase ≥ 1.5 points; if baseline EDSS ≥ 1, EDSS increase ≥ 1 point; if baseline EDSS > 5, EDSS
increase ≥ 0.5 points. Abbreviations: EDSS, Expanded Disability Status Scale; NEDA, No Evidence of
Disease Activity.

Additionally, we consider a clinical observation model that simulates how a clinician
reads and interprets the (partially) available disease activity/progression information, and
how this translates into therapy decisions (see Figure 2). In this context, four different
clinical decision strategies are compared:

1. clinical examination without MRI: disease activity or progression is established solely
on clinical relapses and/or EDSS progression;

2. NEDA-3 (visual): clinical criteria (as above) are complemented by visually inspected
MRI to detect lesion evolution;

3. NEDA-3 (software): NEDA-3 (visual) criteria as above are complemented by software-
assisted lesion detection;

4. NEDA-4 (software): NEDA-3 (software) criteria as above are complemented by
software-assisted brain volume loss computation.
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ferent time points, or highlight new lesion candidates using a color code, with the rate of 
new lesion detection shown to be around 3–4 times higher when using assistive software 
compared to visual inspection of MRI scans [7,18–21]. 

In addition, visual MRI assessment is non-quantitative and precludes the use of a 
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Figure 2. Schematic representation of the interaction between the hidden patient state, defined by the disease activity
parameters, the considered observation strategies, and the therapy decision-making options after each model cycle.

Under the considered observation strategies, not all parameters are available or are
used. Thus, different observation strategies might lead to different therapeutic decisions.
The options are to either continue the current DMT or to stop/switch it (see Figures 2
and 3). For simplicity, we group DMTs in two families of “low efficacy DMTs” and “high
efficacy DMTs”, where the grouping reflects differences in the efficacy profile [17]. All
patients start on a low efficacy DMT, with the possibility to escalate to a high efficacy DMT.
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Figure 3. Schematic representation of the clinical decision-making process for a particular decision-
making strategy. The disease activity status is either correctly or wrongly detected depending on the
available information. At the next cycle, a patient stays on the same therapy if no disease activity is
detected or can stop/switch therapy if disease activity is detected.

2.2. Simulation of Observation and Therapy Decision Strategies

At the end of a model cycle, each therapy decision-making strategy is applied to
each simulated patient. Table 1 presents the specific criteria defining detection of disease
activity/progression for each strategy. The same thresholds are also applied for deciding
the “ground truth” status based on the simulated hidden disease activity parameters.
An increase in EDSS, the occurrence of relapses, the occurrence of new lesions, or abnor-
mal brain volume loss, with the thresholds described in Table 1, thus indicate disease
activity/progression.

For the EDSS and aR values, which are used identically in all strategies, it is assumed
that the true values are available, without measurement error. Inter-rater variability and
other uncertainties are not modeled for these clinical parameters. For aNL, it is known
that visual detection of lesion activity on MRI follow-up scans can be imperfect, and is
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also highly dependent on radiologists’ experience and specialization [7,18]. Detection
is significantly enhanced by assistive software, e.g., by tools that align MRI scans from
different time points, or highlight new lesion candidates using a color code, with the rate of
new lesion detection shown to be around 3–4 times higher when using assistive software
compared to visual inspection of MRI scans [7,18–21].

In addition, visual MRI assessment is non-quantitative and precludes the use of a
numerical threshold on the annualized brain volume loss, as this is impossible to assess
with the naked eye. Specialized MRI volumetric software becomes a necessity to quantify
subtle changes, which are typical of the order of −0.5%/year in MS patients [22]. However,
aPBVC estimation with state-of-the-art software may suffer from measurement error of 0.1%
(median absolute error) or higher, depending on the MRI machines, imaging sequences,
use of different scanners for follow-up, etc [23]. In our model, we simulate measurement
error on the aPBVC between two consecutive MRIs in the “NEDA-4 (software)” strategy by
adding a zero-mean random error term on the ground truth aPBVC (see parameter choices
in Table 1). However, when MRI scans are available for multiple years in a row, the brain
volume loss computation would become more precise, because random measurement
errors can be averaged out. To model this aspect, the standard deviation of the error
term decreases in time with a factor equalling the square root of the number of available
consecutive pairs of follow-up scans.

Based on these assumptions, true disease progression can be correctly or wrongly
detected at the end of each cycle with any strategy, leading to a transition towards the “true
detection of disease activity” or “undetected disease activity” states (i.e., the 2 bottom nodes
in Figure 3), respectively. However, due to the nature of the simulation, only the “NEDA-4
(software)” strategy can lead to a wrong detection of disease activity (top-right node in
Figure 3), which happens when there is no disease activity (i.e., all ground truth clinical and
subclinical parameters correspond to a NEDA-4 status), but aPBVC gets slightly beyond
the considered pathological threshold due to measurement error. In Section 3, we evaluate
how often this happens, and what health economic consequences can be attributed to that.
We also show the frequency of all other decision-making reasons per strategy and cycle.

Finally, if disease activity is detected based on the available parameters and the
considered strategy, a patient on low efficacy DMT can switch to a high efficacy DMT.
Whether the new DMT is successful or not is then evaluated at the end of the next model
cycle under the same decision-making strategy.

If a patient with detected disease activity was already on high efficacy DMT, then
a random switch within the high efficacy DMT family is allowed once, after which the
patient is kept on the latest DMT until the end of the simulation or until it reaches EDSS
greater than or equal to 7. In the latter case, it is assumed that the patient is taken off DMTs;
the patient remains in the Markov model and follows a natural course of the disease but
is ignored in the therapy decision-making model, meaning that no therapy decision state
changes occur in the next model cycles.

2.3. Model Inputs—Simulation Details
2.3.1. MS Disease Progression Parameters

As mentioned above, the hidden state parameters (EDSS, aR, aNL, and aPBVC) are
simulated for each patient at each cycle. They are randomly sampled from appropriate
probabilistic distributions, learned from untreated “best supportive care” RRMS natural
history data, but modulated by relative efficacy gains characterizing each DMT family.
Efficacy gains for EDSS progression and aR are taken from a network meta-analysis of
33 unique randomized trials with 21,768 patients presented in [17] evaluating more than
10 FDA-approved DMTs, which we recombine into 2 wide intervals corresponding to
low and high efficacy DMT families (Table 2). To simulate how well a particular DMT
suppresses disease activity in a particular simulated patient, a percentile score is randomly
chosen for each patient on DMT and defines the efficacy gain factors for each hidden
parameter. This percentile score stays in principle constant for each patient during model
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cycles until a change in DMT occurs for that patient. However, the model assumes that
undetected patients with MRI activity experience a faster EDSS progression than stable
patients. This is penalized by including an acceleration parameter (AP = 1.484) in the model
to increase the probability of future progression prior to adjustment for the effect of DMT,
as described in [24].

2.3.2. EDSS

The disability states in the model are defined using steps 0 (normal) through 9.5 (help-
less patient confined to bed and unable to communicate effectively or eat/swallow) of the
EDSS. Each patient in the simulated cohort is initially assigned a random starting value for
EDSS, uniformly sampled from 0 to 3 (Appendix A Table A1). In each model cycle, patients
may stay in the same disability state, progress to a higher (worse) disability state, or regress
to a lower (better) disability state. The unmodulated EDSS transition probability matrix is
based on the British Columbia Multiple Sclerosis longitudinal observational cohort [16,25]
and is presented in Appendix A Table A2. This “natural course” EDSS transition probability
matrix is based on a mixed-sex cohort, therefore it is first modified for each patient by a
sex-specific risk factor (1.05 for males and 0.97 for females, corresponding to an increased
chance of EDSS progression in males, as observed in an analysis of the MSBase Registry
data [26]). Then it is further modified for each patient by a relative risk factor based on the
efficacy gain percentile score assigned to that particular patient and the assigned DMT:

• first, the relative risk factor is obtained from the interval corresponding to the patient’s
DMT family (see Table 2, second column) assuming a uniform distribution and using
the patient’s fixed percentile score;

• secondly, a new EDSS transition matrix is constructed by multiplying all transitions
going from the patient’s current EDSS state towards states higher than the current
EDSS state by f. For f < 1, this leads to less chance of EDSS progression. The remaining
transition probabilities corresponding to EDSS states lower than or equal to the current
state are scaled proportionally in order to ensure that all probabilities sum to 1 in
each row.

At the end of a cycle, a new EDSS state is randomly generated based on the current
EDSS state and the adapted transition probability matrix.

2.3.3. Relapses and New Lesions

Both lesion activity and relapses are simulated as discrete random counts from zero-
inflated distributions. The most widely accepted statistical model for annual counts of
relapses or new lesions in MS is the negative binomial distribution, which is defined based
on an average value µ and an over-dispersion parameter θ [27]. For aR, the mean µ is
around 0.6–0.8 and varies with EDSS. We use estimates from [17], see Appendix A Table A3.
The dispersion parameter is fixed at θ = 0.5. For aNL, we use experimental lesion count
fitting results in untreated MS MRI datasets [28], to get approximate estimates for µ and θ
as 10 and 0.5, respectively.

In order to simulate treatment effects on aR and aNL, the mean value is modulated by
the efficacy improvement expected for low or high efficacy DMTs, respectively. Aban et al. [29],
among others, argued that the dispersion parameter θ can be kept constant, regardless of
the treatment, and only the mean µ should be modulated by the treatment effect as f * µ
with f < 1. It remains to define the specific efficacy factors f for aR and aNL, respectively.
For aR, there are various sources (including the meta-analysis in [17]) that provide these
factors for a range of currently available DMTs for RRMS. Moreover, the patient’s sex
is an additional modifier for the mean relapse rate, with the relapse frequency 17.7%
higher in females compared with males [30]. We group the low and the high efficacy
DMTs and express the efficacy gain in terms of a rate ratio (see Table 2, middle column).
For the effect of DMTs on new lesions, we did not find efficacy gain estimates expressed
similarly in the literature. However, we rely on the relationship between treatment effects
on lesions and relapses uncovered in a comprehensive meta-analysis of MRI outcomes
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from 54 comparative randomized trials in more than 25,000 patients with RRMS [31]. The
mean cumulative number of new or active T2 lesions, or gadolinium-enhancing lesions on
monthly scans, counted over the follow-up period was extracted from each trial as the MRI
endpoint for the analysis. The ratio between the average number of MRI lesions per patient
in the experimental and the control groups was used to summarise the treatment effect
on MRI lesions (lesions_effect) in each trial, and the effect on relapses (relapse_effect) was
similarly computed. The treatment effect on lesions was found to be well correlated to the
treatment effect on annual relapse rates, with log (relapse_effect) = 0.53 log (lesions_effect),
R2 = 0.76. We apply this relationship to the rate ratios available from [17] for aR in order to
obtain rate ratios for new lesions; see Table 2 (4th column).

Table 2. Effectiveness of disease-modifying therapies on EDSS disability progression, relapses, new
lesions, and brain volume loss.

Therapy Family
Relative Risk of

Disability
Progression c

Rate Ratio for
Relapse Rate c

Rate Ratio for
New Lesions d aPBVC e

low efficacy a 0.52–1.23 0.55–0.94 0.32–0.89 −0.51% ± 0.27%

high efficacy b 0.25–0.90 0.22–0.63 0.06–0.42 −0.27% ± 0.15%
a Beta interferon, glatiramer acetate, teriflunomide are included. b Alemtuzumab, natalizumab, ocrelizumab are
included. c Values are pooled from [17], taking the minimum and maximum bounds from the intervals given
for different DMTs in the 2 considered DMT families. See also Appendix A Table A4. d Values are estimated
based on the relationship between the relative treatment effect on MRI lesions and the relative treatment effect
on relapses, log (relapse_effect) = 0.53 log (lesions_effect) [31]; in other words, the values in columns 3 and 4 are
linked through this equation. e Mean ± standard deviation of Gaussian distributions are taken from [22].

2.3.4. Brain Atrophy

Annual brain volume loss is simulated based on 2 Gaussian distributions that can be
attributed to low efficacy and high efficacy DMT profiles. It is known that the distribution
of aPBVC is highly overlapping between healthy subjects and untreated MS groups [22]
and that brain volume loss is age-dependent [32]. High efficacy DMTs are able to bring the
average annual volume loss down to values seen in healthy controls, while the distribution
of brain atrophy rates in patients treated with low efficacy DMTs is significantly more
pronounced and often at the same rates as in untreated MS [22,33,34]. Mean aPBVC values
observed in the placebo arms and treatment arms across about a dozen MS clinical trials
range from −0.43% to −0.78% for placebo, −0.44% to −0.60% for low efficacy DMT and
−0.22% to −0.36% for high efficacy DMT (see [34] (Table 4)). Since we consider only two
DMT families (low and high efficacy), the Gaussian model parameters used for aPBVC
simulation in our model are taken from [22] and shown in Table 2 (right-most column).

The probabilistic distributions used to simulate aR, aNL, and aPBVC, as well as to
perform EDSS state transitions, are illustrated in Appendix C Figure A1.

2.4. Outcome Measures, Utilities, and Costs

For each strategy, the total number of years (cycles) spent by each patient in the “un-
detected disease progression” state while on low efficacy DMT is computed. This number
gives an indication about the potential time lost before escalating to a high efficacy DMT.

The simulation also keeps track of utilities and costs for each patient by assuming them
to be conditional on the EDSS state and the number of relapses occurring in each model cy-
cle. Mean utility (in QALYs) by EDSS state is sourced from [25] (see Appendix B Table A5)
and ranges from 0.9248 at EDSS 0, which is close to the value 1 corresponding to perfect
health, to a negative value of −0.2304 at EDSS 9 (a state that is subjectively deemed as
being worse than dead). For each cycle spent in a certain EDSS state, the utility value
corresponding to that EDSS state is added to the total utility of the simulation. Disutility
values per relapse vary widely in the literature and are usually dependent on relapse
severity. For simplicity, we consider only an average relapse disutility of −0.0437 per
relapse as in [12,35]. No disutility is considered for the occurrence of new lesions or brain
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atrophy during a cycle. Based on these (dis)utility values, the annual QALYs averaged
over the considered 10-years horizon can be computed for each strategy. As a 14.67-years
horizon was used in [13] to evaluate the effect of DMTs, the QALY and cost analysis was
also performed for 15 years.

The costs of conventional care due to disease progression, i.e., annual health state
costs conditional on EDSS state, are taken from ([17] Table 20), see Appendix B Table A6.
Also, an average cost per relapse of US$3069 is applied, cfr. [17,36]. All costs are inflated to
2021 US dollars and are allowed to vary by ±20% for each occurrence. In order to focus
purely on costs driven by the patients’ health state, no DMT costs are explicitly included in
the simulation, neither are costs for acquiring and reading MRI scans, or other factors such
as adverse effects.

3. Results
3.1. Effect of Decision-Making Strategy on Detecting Disease Progression

Depending on the decision-making strategy, different proportions of patients having
or not having disease activity at the end of each one-year cycle are observed. These
proportions are illustrated per cycle in Figure 4 and reported as averages over the first 1, 5,
and 10 cycles in Table 3. As expected, the proportion of patients with undetected disease
activity decreases when increasing the complexity of the decision-making strategy, because
there are more criteria that can lead to a detection of disease activity or progression. After
the first model cycle, the simulation revealed 22% truly stable patients and 78% patients
with disease activity. The 22% stable patients were correctly identified by all strategies,
except for 4% wrongly perceived as having brain atrophy. However, among the 78%
active/progressive patients, large proportions were missed by the clinical strategy without
MRI (50%) and the NEDA-3 (visual) (36%). Averaged over more cycles, the two software-
assisted strategies continue to take the lead in detecting more disease activity/progression
compared to the clinical strategy without MRI and the NEDA-3 (visual) strategy. With the
cumulation of more MRI follow-up data, the atrophy computation becomes less prone to
measurement error, leading to a relatively low number (2%) of simulated decisions over
the whole horizon that falsely indicates disease progression in the “NEDA-4 (software)”
strategy. Since in our model all patients start on low efficacy DMT, there is more disease
activity at the beginning of the simulation, and thus more chance to detect it, especially with
the more sensitive strategies. Once patients switch to high efficacy DMT, the proportion of
truly active patients, as well as those detected as such by the different strategies, decreases
with time, until a stabilization takes place because only two switches are allowed in the
high efficacy DMT family.
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Table 3. The proportion of patients detected as stable or active in the four decision-making strategies. Results are reported for several
model horizons, namely after the first cycle, and averaged over the first 5, and 10 cycles/years. No decisions are reported for patients
who reached EDSS 7, but their respective proportions are listed for each strategy.

Year Decision Clinical
without MRI

NEDA-3
(Visual)

NEDA-3
(Software)

NEDA-4
(Software)

1

stable 72% 58% 40% 22%
- truly stable 22% 22% 22% 18%
- undetected disease activity 50% 36% 18% 4%

active 28% 42% 60% 78%
- true disease activity 28% 42% 60% 74%
- false detection of disease

activity - - - 4%

reached EDSS 7 0% 0% 0% 0%

5

stable 74% 71% 60% 59%
- truly stable 38% 50% 55% 58%
- undetected disease activity 36% 21% 5% 1%

active 24% 28% 39% 41%
- true disease activity 24% 28% 39% 37%
- false detection of disease

activity - - - 4%

reached EDSS 7 2% 1% 1% 0%

10

stable 75% 72% 62% 60%
- truly stable 46% 54% 59% 59%
- undetected disease activity 29% 18% 3% 1%

active 20% 25% 35% 38%
- true disease activity 20% 25% 35% 35%
- false detection of disease

activity - - - 3%

reached EDSS 7 5% 3% 3% 2%

As a consequence of detecting more patients with active disease in the first cycles of the
simulation, a faster escalation to high efficacy DMT occurs in the decision-making strategies
assisted by MRI. This is illustrated in the DMT distribution per strategy in Figure 5. Note
the difference in escalation speed between the strategies.
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3.2. Health Outcomes

On average, the simulation indicates that the considered cohort of RRMS patients
stays on low efficacy DMT for:

• 3.2 ± 2.4 years for the clinical strategy without MRI,
• 2.3 ± 1.6 years for the NEDA-3 (visual) strategy,
• 1.7 ± 1.1 years for the NEDA-3 (software) strategy,
• 1.3 ± 0.7 years for the NEDA-4 (software) strategy.

While on this first-line therapy, the average time per patient in “undetected disease
activity” state, which includes the year prior to the first decision moment, is:

• 2.8 ± 2.3 years for the clinical strategy without MRI,
• 1.9 ± 1.4 years for the NEDA-3 (visual) strategy,
• 1.3 ± 0.8 years for the NEDA-3 (software) strategy,
• 1.0 ± 0.2 years for the NEDA-4 (software) strategy.

There were no differences in these numbers when comparing the male and female
subgroups, except for a mean difference of 0.1 years in detecting disease activity in males
faster than in females with the clinical strategy; this can be attributed to the fact that there
were proportionally more simulated male patients with EDSS progression than females. On
the other hand, the slightly higher relapse rate in females did not influence these findings.

3.3. Utilities and Costs

Utilities per patient for each strategy are on average 6.48 to 6.71 QALYs over a 10-years
horizon and 9.45 to 9.83 over a 15-years horizon for the different strategies (Table 4). The
incremental comparisons between strategies in terms of the computed utilities presented in
Table 4 indicate gains of up to 0.37 QALYs over the considered 15-years horizon compared
to the clinical strategy without MRI.

Table 4. Utilities (in QALYs) and incremental utilities per patient compared between strategies.

Strategy Utility
Incremental Utility Compared to

Clinical without MRI NEDA-3 (Visual) NEDA-3 (Software)

over a 10-year horizon

Clinical without MRI 6.48 ± 4.49 - - -

NEDA-3 (visual) 6.50 ± 4.63 0.03 ± 2.81 - -

NEDA-3 (software) 6.67 ± 4.53 0.19 ± 2.80 0.16 ± 2.83 -

NEDA-4 (software) 6.71 ± 4.42 0.23 ± 2.79 0.20 ± 2.80 0.04 ± 2.81

over a 15-year horizon

Clinical without MRI 9.45 ± 4.83 - - -

NEDA-3 (visual) 9.48 ± 4.97 0.03 ± 4.71 - -

NEDA-3 (software) 9.78 ± 4.85 0.32 ± 4.68 0.29 ± 4.75 -

NEDA-4 (software) 9.83 ± 4.78 0.37 ± 4.63 0.34 ± 4.69 0.05 ± 4.67

The annualized costs per patient for each strategy over the considered 10-years and
15-years horizons, as well as incremental comparisons between the strategies, are presented
in Table 5. These costs are driven by each patient’s health status (EDSS value per cycle) and
disease activity (relapses per cycle). The maximal annual savings average is $2155 after
10 years and $2267 after 15 years when increasing the complexity of the decision-making
strategy by adding both the MRI lesions and brain atrophy criteria to the clinical criteria.
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Table 5. Annual costs related to health status (in US$ 2021) and incremental costs per patient compared between strategies.

Strategy Cost
Incremental Cost Compared to

Clinical without MRI NEDA-3 (Visual) NEDA-3 (Software)

in a 10-years horizon

Clinical without MRI $33,809 ± $15,918 - - -

NEDA-3 (visual) $33,176 ± $16,056 −$633 ± $18,606 - -

NEDA-3 (software) $32,272 ± $15,470 −$1538 ± $18,759 −$905 ± $18,686 -

NEDA-4 (software) $31,655 ± $15,104 −$2155 ± $18,764 −$1521 ± $18,661 −$617 ± $18,384

in a 15-years horizon

Clinical without MRI $35,142 ± $17,304 - - -

NEDA-3 (visual) $34,567 ± $17,437 −$576 ± $21,718 - -

NEDA-3 (software) $33,341 ± $16,565 −$1800 ± $21,366 −$1225 ± $21,348 -

NEDA-4 (software) $32,875 ± $16,567 −$2267 ± $21,380 −$1691 ± $21,467 −$466 ± $20,831

4. Discussion and Conclusions

As many disease modifying treatments are available for MS patients, it is crucial to
optimize therapeutic decision-making, especially as it has been shown that a more person-
alized medicine in MS has the potential to increase the health impact of existing treatments
by over 50% [11]. In this context, a common paradigm is to aim for ‘no evidence of disease
activity’ in each patient at each time point of evaluation. Depending on the definition,
and the preference of the treating physician, disease activity is defined as a combination
of relapses, disability (EDSS), new/enlarging lesions, and brain atrophy. However, it
is known that, in a daily clinical routine setting, each of these has a measurement error
as well as different sensitivities and specificities, resulting in a significant variation in
decision-making.

The introduction of DMTs in the early nineties improved the lives of people with
MS with about 0.5 QALYs accumulated in 15 years [13]. Our simulations (see Table 4)
demonstrate that the introduction of a software-supported treatment paradigm (NEDA-
4 with software) has the potential to add 0.34 QALYs compared to a visual analysis of
brain MRI scans in 15 years, representing a relative improvement of 68% compared to the
introduction of disease-modifying therapies.

To the best of our knowledge, this paper evaluates for the first time the effect of
different treatment strategies in MS, as well as the availability of clinical and subclinical
information in a microsimulation-based health economic setting. To this end, we modeled
1000 early MS patients, thereby simulating clinical and subclinical progression based on
natural history data, modulated by treatment effect. These processes are assumed to be
weakly correlated (e.g., the number of relapses per year differs across the EDSS spectrum;
see Appendix A Table A3 for the employed mean rates), but the correlations are weak,
because of high individual variability. We used a natural history EDSS transition matrix
and applied a relative risk for each DMT family, in order to derive adapted transition
probabilities between EDSS states. Furthermore, we included treatment effects in the
simulation of relapse rates, new lesion rates, and brain atrophy rates. As the goal of this
study is to evaluate current practice, rather than the future of more personalized decision-
making, our model focused on assessing the time needed to detect disease progression
or activity while on therapy under different decision-making strategies. DMT allocation
and patient response to DMTs were simulated by assigning a DMT efficacy profile to each
patient and it was assumed that the relative risk of EDSS transition, the rate ratio for relapse
occurrence, the rate ratio for new lesion occurrence, and the annual brain volume loss
were constant while the patient stayed on the same therapy, but changed (degraded) if the
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patient’s disease activity remained undetected and (potentially) improved if the patient
was switched to another DMT.

The results of this paper indicate that using MRI and assistive software leads to benefits
in terms of faster detection of disease activity and better long-term health outcomes due to
faster escalation to high efficacy DMTs. Indeed, a clear difference in the detection of true
disease activity was observed of 28%, 42%, 60%, and 74% after one year for decisions based
on clinical information without MRI, NEDA-3 with visual MRI reading, NEDA-3 with
software assistance, and NEDA-4 with software assistance, respectively. The undetected
disease activity for these treatment strategies after year 1 is 50%, 36%, 18%, and 4%,
respectively. As true disease activity that wasn’t picked up after one year is more likely
to be picked up with a delay in the years later, and as we simulate that an increasing
proportion of patients will be on a higher efficacy DMT throughout the years, the difference
between the treatment strategies becomes smaller over time, with 20%, 25%, 35%, and 35%
of detected true disease activity and 29%, 18%, 3%, and 1% of undetected disease activity,
respectively, after 10 years. As a consequence, a higher proportion of patients would
be switched to a higher efficacy DMT earlier when the NEDA-3 and NEDA-4 treatment
strategies with assistive software are followed.

In MS, it is known that not being on the optimal treatment early in the disease has a
significant health impact in later life and that being on a suboptimal treatment is similar
to not being treated at all [11]. In this context, our results indicate that the average time a
patient with MS has disease activity or progression while on treatment is 2.8 years, 1.9 years,
1.3 years, and 1.0 years when treatment decisions are based on clinical information without
MRI, NEDA-3 with visual MRI reading, NEDA-3 with software assistance, and NEDA-4
with software assistance, respectively.

Regarding costs, the real total costs are composed of the sum of costs over the consid-
ered horizon, including costs of pharmaceuticals, medical visits, and indirect costs. Costs
of DMT are typically treated separately from other health-related costs in health economics
studies. Annual wholesale acquisition costs of individual DMTs in MS (see, e.g., ([17] Table 19))
in the US are high, at around $80,000 per year in 2021, but very similar between low and
high efficacy DMTs. In our model, the proportion of patients stopping DMT would play a
role in the overall average annual cost over the considered cohort. In this study, we decided
to focus only on the costs associated with health states. The estimated costs driven by the
patients’ health states show potential annual differences over the 10- or 15-year horizon of
around $2200 per year on average. One has to take into consideration the cost of acquiring
an annual MRI and performing radiological reading (with or without assistive software).
Such costs can be in the range of $2000–$4000 in the US.

We aimed at developing our models as similar to clinical reality as possible, but
theoretical models always have limitations. For example, therapy discontinuation was only
modeled under the condition of reaching EDSS 7, while, in reality, intolerability, adverse
effects, patient preference, and convenience play an important role in deciding therapy
(dis)continuation. Taking such aspects into account would increase the percentage of
patients that stop or switch DMTs, but this wasn’t modeled, as it would affect all treatment
strategies considered in this study. In addition, our simulated observation model imposed a
therapy switch if any of the observed parameters exceeded a predefined threshold, without
taking into consideration the disease aggressiveness prior to DMT initiation. In practice,
the thresholds for deciding that disease activity or progression occurs would need to be
patient-specific rather than generic, to allow therapy continuation if there are potential
benefits compared to stopping the DMT. In particular, deciding whether the rate of brain
volume change is within normal limits or more pronounced compared to healthy controls
should be done using age-specific thresholds and taking the stage of the disease into
account, since the rate of brain atrophy is not constant over the life span or the course of
MS [32,37].

Another way to refine the proposed microsimulation model is to incorporate addi-
tional confounding factors as part of the profile of each hypothetical patient. In particular,
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the age at MS onset could be included, since previous studies have shown that disability
accumulates at a different pace depending on the onset age [38]: young-onset patients
attain disability milestones earlier in life, but patients diagnosed later in life progress faster
through the lower half of the EDSS scale. To account for such relations, the probabilistic
distributions of the patient’s hidden state parameters, as well as the thresholds of the
decision-making criteria, would require adaptations.

Though this study demonstrates a clear benefit in using assistive MRI software in the
follow-up of MS patients, several design choices of the simulated model were not made in
favor of using MRI (software). For example, the only parameter for which measurement
error was generated was the annualized brain volume change. This led to a potential
detection of false disease activity in 3% of the simulated decisions with the NEDA-4
(software) strategy over 10 years. This type of misdiagnosis deserves attention when
balancing the advantages and disadvantages of implementing such a strategy in the real
world. Furthermore, in this study, the EDSS state is used to measure progression, because
it has historically been linked to costs and health outcomes. However, patients may have
brain atrophy without changes in EDSS, but with a potentially large long-term impact
on EDSS and/or cognition. Hence, more refined models and additional clinical evidence
should be considered in future studies. Furthermore, in our model, inter-rater variability
and other uncertainties were not modeled for the clinical parameters EDSS and the number
of relapses. Nevertheless, it is known that estimating EDSS is prone to significant inter-rater
variability and even daily variations.

In conclusion, using assistive MRI software to detect and quantify new lesions and/or
brain atrophy has a significant impact on the detection of disease activity, treatment
decisions, health outcomes, utilities, and costs in patients with MS.
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Appendix A. Model Inputs

Appendix A Tables A1–A4 present details relevant to the disease progression Markov
model, including the considered initial distribution, state transition matrix, and assumed
relations between variables.

Table A1. Initial EDSS state distribution of the RRMS population entering the model.

EDSS 0 EDSS 1 EDSS 2 EDSS 3 EDSS 4 EDSS 5 EDSS 6 EDSS 7 EDSS 8 EDSS 9

Proportion 25 25 25 25 0 0 0 0 0 0

EDSS, Kurtzke Expanded Disability Status Scale.
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Table A2. Transition Probability Matrix for 10-State Disability (EDSS) in the British Columbia Multiple Sclerosis Dataset.

Age ≥ 28 y EDSS State at End of Year

0 1 2 3 4 5 6 7 8 9

EDSS State at
Start of Year

0 0.6954 0.2029 0.0725 0.0217 0.0042 0.0014 0.0018 0.0001 0.00003 0.00000

1 0.0583 0.6950 0.1578 0.0609 0.0164 0.0046 0.0064 0.0005 0.0001 0.00001

2 0.0159 0.1213 0.6079 0.1680 0.0446 0.0185 0.0216 0.0017 0.0005 0.0000

3 0.0059 0.0496 0.1201 0.5442 0.0911 0.0584 0.1165 0.0103 0.0035 0.0003

4 0.0016 0.0221 0.0666 0.1152 0.4893 0.1039 0.1681 0.0258 0.0067 0.0006

5 0.0005 0.0053 0.0294 0.0587 0.0874 0.4869 0.2731 0.0388 0.0188 0.0010

6 0.0001 0.0013 0.0044 0.0250 0.0307 0.0408 0.7407 0.1090 0.0438 0.0042

7 0.00001 0.0002 0.0005 0.0025 0.0073 0.0039 0.1168 0.6927 0.1606 0.0156

8 0.0000 0.00001 0.0000 0.0003 0.0005 0.0005 0.0188 0.0557 0.9034 0.0207

9 0.0000 0.0000 0.0000 0.00002 0.00004 0.00003 0.0018 0.0057 0.1741 0.8183

EDSS, Kurtzke Expanded Disability Status Scale. Source: [25].

Table A3. Annual Natural History Relapse Rate by EDSS Health State Used in the Model.

EDSS 0 EDSS 1 EDSS 2 EDSS 3 EDSS 4 EDSS 5 EDSS 6 EDSS 7 EDSS 8 EDSS 9

Relapse rate * 0.71 0.73 0.68 0.72 0.71 0.59 0.49 0.51 0.51 0.51

EDSS, Kurtzke Expanded Disability Status Scale. * Mean number of relapses per patient per year. Source: ([17] Appendix Table E7).

Table A4. Treatment effect parameters for individual DMTs.

Treatment Relative Risk EDSS Progression (Range) Rate Ratio for Relapse Rate (Range)

Alemtuzumab 0.25–0.68 0.22–0.35

Dimethyl Fumarate 0.46–0.84 0.43–0.63

Fingolimod 0.51–0.90 0.39–0.55

Glatiramer acetate 20 mg 0.58–0.94 0.55–0.71

Interferon β-1a 30 mcg 0.63–1.00 0.74–0.94

Interferon β-1a 22 mcg 0.52–1.23 0.55–0.85

Interferon β-1a 44 mcg 0.52–0.99 0.54–0.73

Interferon β-1b 250 mcg 0.46–0.89 0.55–0.77

Natalizumab 0.37–0.84 0.25–0.40

Ocrelizumab 0.28–0.76 0.27–0.44

Peginterferon β-1a 0.37–1.02 0.47–0.86

Teriflunomide 7 mg 0.63–1.14 0.67–0.93

Teriflunomide 14 mg 0.52–0.97 0.56–0.79

Source: adapted from ([17] Appendix Table E7).
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Appendix B. Utilities and Costs

Appendix B Tables A5 and A6 give numerical details about the cost-utility data used.

Table A5. Utility by EDSS state.

EDSS 0 EDSS 1 EDSS 2 EDSS 3 EDSS 4 EDSS 5 EDSS 6 EDSS 7 EDSS 8 EDSS 9

Utility 0.9248 0.7614 0.6741 0.5643 0.5643 0.4906 0.4453 0.2686 0.0076 −0.2304

EDSS, Kurtzke Expanded Disability Status Scale. Source: [25].

Table A6. Annual costs by EDSS state (US$ 2021).

Annual
Costs EDSS 0 EDSS 1 EDSS 2 EDSS 3 EDSS 4 EDSS 5 EDSS 6 EDSS 7 EDSS 8 EDSS 9

Direct $3221 $5536 $7851 $10,165 $12,481 $14,796 $17,111 $19,427 $21,741 $24,056

Indirect $12,211 $16,704 $21,198 $25,692 $30,187 $34,681 $39,175 $43,669 $48,164 $52,658

EDSS, Kurtzke Expanded Disability Status Scale. Source: ([17] Table 20); values inflated to US$ 2021.

Appendix C. Model Parameter Distributions

The probabilistic distributions used to simulate aR, aNL, and aPBVC, as well as to
perform EDSS state transitions, are illustrated in Appendix C Figure A1 below.

The aR is shown for EDSS = 1 (mean aR is 0.58 for low efficacy DMT and 0.24 for high
efficacy DMT), for EDSS = 2 (mean aR is 0.44 for low and 0.31 for high efficacy DMT), and
for EDSS 3 (mean aR is 0.56 for low and 0.28 for high efficacy DMT). Mean aNL is 6.0 for
low, and 2.3 for high efficacy DMT.

Appendix C Table A7 shows the effect of individual decision parameters on the
proportion of simulated patients for which disease activity would be detected after one
year, using the decision-making criteria in Table 1. 1000 simulated patients are generated
for 3 situations: natural disease course, disease course modulated by low efficacy DMTs
(with randomly generated efficacy according to the ranges given in Table 2 for the low
efficacy DMTs family) and disease course modulated by high efficacy DMTs (with randomly
generated efficacy according to the ranges given in Table 2 for the high efficacy DMTs
family). For the number of relapses, the number of lesions, and aPBVC, several thresholds
are considered, as listed in Table 1. These proportions do not show when several criteria
are met simultaneously.
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Figure A1. Distribution of simulated disease activity parameters. For comparison purposes, we
show the untreated MS (natural course) distributions, together with those modulated by low or
high efficacy DMTs. Efficacy rates are randomly generated to be representative for a whole family
of DMTs, as specified in Table 2, and are thus not specific for a single DMT. (a) EDSS transitions
showing the proportion of patients moving to the next EDSS state at the end of a cycle, when the
EDSS at the beginning of the cycle was 0, 1, 2, or 3; (b) histograms of the number of relapses during
one cycle, assuming an EDSS of 1; (c) histograms of the number of new lesions during one cycle;
(d) Gaussian distributions of aPBVC for healthy controls, which is also used as target distribution
for high efficacy DMT, and (untreated or on low efficacy DMT) MS patients. The −0.52% threshold
giving 5% ‘false positives’ is illustrated (from [22]). With a mean of the MS distribution at −0.51%,
the ‘sensitivity’ for this threshold is 49%.

Table A7. The proportion of simulated patients where disease activity would be detected based on individual criteria is
presented in Table 1, with different threshold choices.

EDSS
Progression

Relapse Progression Using nrelapse

Threshold of
Lesion Progression Using nlesion

Threshold of
PBVC Progression Using α

Threshold of

- 1 * 2 3 1 2 3 * 4 −0.40 −0.52 * −0.72

natural
course 22% 35% 17% 8% 64% 56% 48% 43% 66% 49% 21%

low efficacy
DMT 19% 30% 12% 5% 64% 43% 38% 28% 66% 49% 21%

high efficacy
DMT 12% 20% 6% 2% 48% 28% 15% 11% 19% 5% 0%

The * superscript indicates the selected threshold.
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Abstract: (1) Background: eHealth interventions play a growing role in shaping the future health-
care system. The integration of eHealth interventions can enhance the efficiency and quality of
patient management and optimize the course of treatment for chronically ill patients. In this in-
tegrative review, we discuss different types of interventions, standards and advantages of quality
eHealth approaches especially for people with multiple sclerosis (pwMS). (2) Methods: The electronic
databases PubMed, Cochrane and Web of Science were searched to identify potential articles for
eHealth interventions in pwMS; based on 62 articles, we consider different ways of implementing
health information technology with various designs. (3) Results: There already exist some eHealth
interventions for single users with a single-use case, interventions with a social setting, as well as
eHealth interventions that integrate various single and social interventions and even those that
may be used additionally for complex use cases. A key determinant of consumer acceptance is
a high-quality user-centric design for healthcare practitioners and pwMS. In pwMS, the different
neurological disabilities should be considered, and particular attention must be paid to the course of
the treatment and the safety processes of each treatment option. (4) Conclusion: Depending on the
field of application and the respective users, interventions are designed for single, social, integrated
or complex use. In order to be accepted by their target group, interventions must be beneficial and
easy to use.

Keywords: multiple sclerosis; digital health; eHealth; intervention; patient management

1. Introduction

In a society of growing digital proficiency, 80 percent of all Internet users go online to
seek health information [1]. The use of health information technology (HIT) in healthcare
has become increasingly prominent since the late 1980s [2]. Early HIT mainly referred to
the digitization of traditional processes in the public health sector. With the development
of new technologies, the term has become more general [3]. Focusing on eHealth-assisted
patient management, we have also witnessed a steady increase of research interest in the
last two decades (Figure 1) [4].

Several approaches exist to defining constructs such as eHealth, telehealth and other
HIT terms [5], but we want to provide a common ground for our review: eHealth is defined
as “an emerging field in the intersection of medical informatics, public health and business”
using information and communication technologies [3]. Such technologies are shown in
Figure 2 and may contain personalized health (pHealth), telemedicine and telecare, mobile
health (mHealth), clinical information systems (e.g., electronic health record), disease
registries and other non-clinical systems, integrated regional and national information
networks and Big Data approaches [2,6,7].
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Good eHealth interventions are easy to use and should enhance efficiency and quality,
translate evidence-based knowledge into practice, enable patient empowerment by giving
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them more control over their health, education and information exchange as well as
facilitate specific interventions [8–10]. Especially for people with chronic diseases, adequate
treatment and monitoring are difficult to supply [11]. eHealth interventions are an effective
way to identify the health needs of people with complex chronic diseases and may meet
their long-term care needs because many areas can be addressed and acceptance as well as
satisfaction with such interventions is supposed to be high [12].

An important chronic disease is multiple sclerosis (MS), one of the world’s most
common neurological disorders of young adults that results in central demyelination and
neurodegeneration causing multifocal neurological problems [13–16]. Usually, people
with MS (pwMS) show their first symptoms at the age of 20 to 40 years; consequently,
they live with this chronic disease for the following decades, which is why these patients
may be important early adopters of emerging eHealth trends [17]. Additionally, their
physical and cognitive impairments complicate traditional face-to-face interventions for
pwMS. Such disabilities and the willingness to use digital media for communication with
healthcare providers make MS an excellent model for innovative improvements in care
delivery, including eHealth interventions [18–20]. In addition to individual disabilities,
there are other circumstances that make a face-to-face visit even more challenging. On
the one hand, these include geographical barriers. Long distances to specialists, especially
in rural areas, mean an enormous effort for patients to obtain the required care. On the
other hand, there are special situations such as the recent coronavirus disease (COVID-19)
pandemic making smooth patient care problematic. Reducing person-to-person contact
in order to stop a rapid spread of the disease is a preventive measure against prolifera-
tion [21]. This commandment and the fear of possible infection lead patients to cancel
their medical appointments. To enable continuous patient care without a face-to-face visit
and to overcome geographical barriers [22], eHealth interventions can serve as a helpful
tool. By extending the collection of health data electronically beyond the consultation
itself, a continuous recording of all facets of this complex disease may enable a safe and
efficient management of the individual disease course. Therefore, HIT serves as a support
for medical and health policy practice [11] that reduces costs. Since the quality of care
achieved by eHealth interventions may deviate from traditional face-to-face interactions,
cost reductions and treatment outcomes need to be balanced. To optimize the specific treat-
ments of pwMS, eHealth interventions can support physicians in long-term documentation
and management of treatment steps in any disease-modifying therapy (DMT) [23].

The aim of this integrative review is to offer an overview of eHealth interventions
for pwMS grouped into single, social, integrated or complex eHealth interventions. We
also provide not only a theoretical description of the benefits of complex interventions, but
also a practical demonstration. Key factors for a successful development of good patient
management are discussed.

2. Materials and Methods

We searched the electronic databases PubMed, Cochrane and Web of Science from
2000 to December 2020 to identify potential articles for eHealth intervention in pwMS. The
keywords used in this article were “(eHealth OR telemedicine OR telehealth OR “digital
health” OR “mobile Health” OR “personalized Health” OR “electronic health”) AND
“multiple sclerosis” NOT (Parkinson OR “major depressive disorder” OR epilepsy OR
diabetes)”. In total, there were 451 articles obtained from the three databases using the
keyword searches. After looking for false entries that did not focus on MS and articles
that were not written in English or German, 283 articles were determined to be irrelevant
to this study and 106 were recognized as duplicates and were therefore removed. The
remaining 62 articles were reviewed and discussed. As a taxonomy for eHealth interven-
tions, we consider different ways to implement HIT, for instance, by phone, telehealth,
web-based, via remote sensoring or virtual technologies [7,24,25], which are designed as
an intervention with a single-use case, interventions with a social setting, as well as an
eHealth intervention that integrate various single and social interventions and even those
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that may be used additionally for complex use cases. There are numerous heterogeneous
options for classifying eHealth interventions [26,27]. In this integrative review, we applied
a classification based on a taxonomy that was developed for the Office for Life Sciences
of the UK [28,29]. For some interventions, we provide information for cooperation and
funding in brackets. Additionally, we present some success factors of eHealth interventions
for pwMS found in the selected literature.

3. Results
3.1. eHealth Interventions for a Single-Use Case

Health technologies for a single-use case focus on a single purpose for an individual
user. Typically, single-use interventions are consumer-initiated and record vital measure-
ments, training values, health behavior, medication and food intake [8,11]. In this way,
pwMS use applications that focus on their disease. Patients can record their medication
intake, subsequent consultations and disease-related vital signs to get an overview of
their disease progression. It is also feasible to inform pwMS about the latest results and
guidelines for different MS treatments and medications via single-use technologies or to
remind them of appointments or medication intake [18,30,31].

The Multiple Sclerosis Centers of Excellence website (Veterans Health Administration;
2003) is such a single-use application for an eHealth intervention. It prepares caregivers
for the special needs of MS and empowers patients to care for themselves by asking
questions and providing guidelines on the website [32]. Self-managing MS is feasible
with MS Energize (AUT Ventures, New Zealand; New Zealand; Kiwinet, New Zealand;
MEA Mobile, Stuttgart, Germany; 2019) [33], MSCopilot (AD SCIENTIAM, Paris, France;
2019) [34], MS COMPASS++ (PEARS HEALTH CYBER, Czech Republic; 2015) [35], via
digital diary [36], MS Invigor8 [37], Managing Fatigue [38], MS Sherpa (MS sherpa BV,
Nijmegen, Netherlands; 2019) [39], MyMS&Me (Irody, Inc., Boston, MA, USA; 2020) [40]
and other mobile applications [41]. Especially wireless and wearable devices are useful
interventions to enhance rehabilitation in pwMS [26,42]. Functions of the autonomic
nervous system, upper and lower limb functions, movement, cognition and other body
functions can be permanently recorded with accelerometers, gyroscopes and glove-type
monitors and thus provide a more precise overview of the disease [26]. Special offers such
as Home-Based Tablet App for Dexterity Training (Swiss Multiple Sclerosis Society, Bayer
AG; 2020) [43], the personalized mobile application WalkWithMe [44], the App for Dual-
Task Assessment and Training Regarding Cognitive-Motor Interference (Novartis Pharma
AG;; Swedisch PROMOBILIA foundation; Flemish MS Liga; 2016) [45] and additional
eHealth interventions [46–52] offer exercises to reduce various disabilities.

3.2. Social eHealth Interventions

The availability of supporters can help chronically ill patients to face their daily chal-
lenges and improve their self-management in chronic diseases. Social eHealth interventions
can provide social support from other users such as experts, physicians or other patients [8].
Social eHealth interventions enable these physically and cognitively impaired people to
participate digitally in communities and stay “connected” with friends and family [53].
With the application of gamification, patients are encouraged and motivated to make
greater use of eHealth interventions and achieve goals more easily [8]. Gamification is
the application of game design elements such as rewards, challenges and competition,
teamwork, point scoring and rankings [54].

Social media such as the BartsMS Blog, the SMsocialnetwork [26], PatientsLikeMe [55],
the Overcoming Multiple Sclerosis [56] website and telemedicine support such as My
Support Plus [57], ECHO [58], CareCall [59], Tele-MIT [60], Multiple Sclerosis at Home
Access [61] and Télé-SEP [62] try to prevent misinformation, disseminate valid information
and improve quality of care. Patients can talk about their illness or ask specialists for
advice before their visit. The T-EDSS is a telephone-based Expanded Disability Status Scale)
(EDSS) that simplifies communication for physicians and patients by eliminating the need
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to commute to health centers [63]. YouTube videos created by pwMS are used for commu-
nication (e.g., dealing with blindness or chronic illness in daily life) and education between
patients [64]. However, patients should be careful as long as all information is not regularly
checked for accuracy and correctness. In addition to online offers, gamification is a playful
way to train physical and cognitive areas, even if it does not replace telerehabilitation [26].
To improve sensory strategies, pwMS can use gamification intervention such as Nintendo®

Wii® Balance Board® (Nintendo, Kyoto, Japan), Xbox 360® (Microsoft, Redmond, WA,
USA) and Kinect console (Microsoft, Redmond, WA, USA) [65,66], More Stamina [67] or
BrainHQ® tool (PositScience, San Francisco, CA, USA) [68]. Visual feedback exercises
can be used to train balance [69]. To improve functional outcomes, home-based physical
telerehabilitation [15] or web-based telephone consultations like FACETS [70] have become
a useful complement to standard interventions.

3.3. Integrated eHealth Interventions

Integrated eHealth interventions link patients with the healthcare system. Apps
and websites are used to provide information exchange between healthcare providers,
deliver video and image instructions to patients and encourage them speaking about their
experience with the disease and the way they deal with it. This is an optimal way to
prepare caregivers for the special requirements of MS [32]. It is also applied to remind
participants to take medication and monitor their compliance, eating habits and emotional
well-being. Furthermore, integrated eHealth is used to send educational and motivational
messages or to provide feedback to patients and to support them in self-managing their
chronic condition [8,11,32,53].

The web-based Mellen Center Care On-Line (MCCO) (Cleveland Clinic., Cleveland,
OH, USA; 1998) [71] patient portal provides improved patient–physician communication,
information about the disease through appropriate links and control over disease pro-
gression as well as future clinical visits [18]. Other integrated eHealth interventions that
simplify and control clinical procedures or reduces costs and geographical barriers are “GP
at Hand” (Babylon GP at Hand, London, UK; 2021), MS Mosaic (Duke Health and Duke
University; 2004), Floodlight (Genentech, Inc., Basel, Switzerland; 2021), ElevateMS (Sage
Bionetworks, Novartis Pharmaceuticals Corporation, Seattle, WA, USA; 2017), MSmonitor
(TEVA Netherlands; 2014), PatientConcept (NeuroSys GmbH, Ulm, Germany; 2015), Pa-
tientSite (Beth Israel Deaconess Medical Center, Boston, MA, USA; 2000), [9,17,26,72,73] the
Open MS BioScreen [74], MS PATHS (Biogen, Cambridge, UK; 2020) [75], MSProDiscuss
(Adelphi Communications Ltd.; Novartis, London, UK; 2020) [76] and Multiple Sclerosis
Documentation System (MSDS)3D (MedicalSyn GmbH, Stuttgart, Germany; 2010) [77].
MSDS3D can not only be used for the collection and interpretation of patient data, but
also to monitor drug safety as well as for conveying information to the patient and to get
a clinical opinion from an expert neurologist or radiologist via the expert advice tool of
MSDS3D [78,79].

3.4. Complex eHealth Interventions

Complex eHealth interventions have multiple components for interaction. They focus
on the optimal management of a particular disease. Data, collected electronically by
patient, physician or nurse, are analyzed by the system and used for the prognosis of the
chronic disease. This enables the early recognition of critical events and correlations in
social processes. Furthermore, the interpretation of complex data by the system enables
a quick prediction of answers to various questions [80]. These systems increase safety
and control the efficacy of MS therapies [26,27]. The next step for MSDS3D will be the
inclusion of specific management pathways. The implementation of such clinical pathways
for disease monitoring or the treatment of symptomatic disabilities will enable data-driven
standardized care and make it measurable and verifiable [81]. The quality of care can be
assessed implementing guidelines [23] and pharmacoeconomic outcomes can be analyzed
as well [82].
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The Home Automated Tele management (HAT) system is such an intervention that
analyzes patient self-testing results and reviews computer-generated alerts. It implements
computerized decision support based on individualized alert setup and real-time monitor-
ing of patient self-testing data. A personalized training plan with written descriptions and
a video of the therapist performing the exercise is uploaded to a HAT home unit for each
patient [83]. Another intervention is the MS SCDS toolkit that facilitates quality initiatives
and ensures that care conforms to best practices. This toolkit supports initial and follow-up
visits [84].

The Integrated Care Portal Multiple Sclerosis (IBMS) is an eHealth portal solution
that is adapted to the clinical patterns of MS and associated patient needs to improve the
overall diagnostic and therapeutic quality of care [85]. Therefore, IBMS is connected to
the existing MSDS3D and enables fast and easy networking of all participating healthcare
providers. Necessary medical diagnostic services such as magnetic resonance imaging
(MRI) or laboratory examinations are accessible more quickly from any location. Thera-
peutic decisions are supported by experts and implemented efficiently and in accordance
with guidelines. Information on examination results, previous illnesses or medication can
be read into an electronic patient record that is accessed by different physicians any time
so that they can quickly and purposefully consider interdisciplinary patient information
for treatment (see Figure 3 for the basic concept of IBMS). Patients with difficult disease
progression and complex care requirements can be assigned to the specialized setting of
the University Hospital Dresden in order to guarantee the best possible care being tailored
to their needs. Patients with less complex care needs can be treated locally by general
practitioners or neurologists in private practices for routine presentations or information
meetings. This efficient demand-oriented use of health services is intended to reduce the
physician workload and treatment costs.
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In addition to the integration of professional healthcare providers in the treatment
of MS, IBMS has set itself the goal of improving the integration of patients and their
families. Patients and their family (if requested by the patients) should also be able to view
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diagnostic results and other medically relevant data on their treatment in a comprehensible
form. Moreover, pwMS and their family can receive recommendations for treatment
based on the latest guidelines. In this way, the willingness of the family to participate
in the coordination of patient care can be improved and the patients have a stronger
involvement in their treatment management. Obstacles in treatment management are
distance to healthcare, complex clinical patterns or job constraints. The use of modern
information and communication technologies must make treatment as independent of time
and place as possible in order to overcome such obstacles. This reduces not only job-related
restrictions and the associated costs but also strengthens the mental resources of family
members.

3.5. Success Factors of eHealth Interventions for pwMS

After looking through the existing landscape of eHealth interventions for pwMS,
we identified general factors of success and failure that can influence the use of eHealth
interventions. A key determinant of consumer acceptance and engagement with these
programs is a high-quality user-centric design [86]. This includes the accommodation
for varying physical and cognitive impairments and providing high-quality information,
choice and control as part of overcoming practical challenges [87].

Visual deficits require a large font with large line spacing, low contrast to black letters
on a white background, no color and no blinking effects for the interventions. Because
of possible motor impairment, there must be an alternative for control beyond mouse or
keyboard. One possibility would be the linguistic control or using only a few keyboard
buttons. Cognitive limitations can be bypassed by creating an intuitive user interface [18].
To improve walking impairments and avoid comorbidities such as cardiovascular disease,
eHealth interventions should enhance the physical activity [88].

In order to provide pervasive and patient-centered care, the design of interventions
should be appropriate and tailored both for healthcare practitioner and for patients [10,11].
Individual counselling, group contacts and self-management also increase the use of
eHealth applications [7,8,10].

Social support can increase empowerment and self-management skills and motivate
chronically ill people like pwMS to search for health information online [7,8,89,90]. Fur-
thermore, gaming-based systems such as the Nintendo® Wii® Fit console or Kinect motion
sensor motivate patients to use eHealth applications [1,9]. The adaptation of digital self-
monitoring tools to a patient’s personal situation, guidance to increase the value of the
data and integration of digital self-monitoring into treatment plans are features that can
increase user acceptance [91]. The design of eHealth interventions must be tailored to
different users and consider a wide range of aspects. Therefore, it is necessary to design
flexible interfaces. Especially chronically ill patients like pwMS need an adaptive design for
various symptoms. EHealth interventions are not only used for rehabilitation but also for
preventing risk behaviors [1,4,8,9,53]. To meet all needs and demands of pwMS, healthcare
professionals, researchers and industry partners must work together to develop effective
eHealth solutions [92].

In addition to the design requirements and the consideration of different user perspec-
tives, application support plays an important role in the uncomplicated implementation of
interventions. A lack of knowledge about new technologies and programs by patients and
even professional nurses makes it harder to use the applications without errors. Therefore,
training on such technologies and programs for caregivers and patients is required in order
to provide easy access and act in accordance with predefined protocols. Continuous data
recording and user acceptance of an intervention can only be achieved if device and system
errors as well as technical difficulties in uploading self-monitored data are avoided or
promptly remedied. In order to ensure a legally secure consultation between patient and
healthcare professional as well as sound patient management, an appropriate standard of
care must be achieved [93–95]. This means, on the one hand, protecting electronic data
from misuse and manipulation and, on the other hand, interconnecting different systems
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and making data transparent [24,96]. A major challenge remains to ensure interoperability
between different types of systems and data sources [2]. The basis for successful data ex-
change between participating individuals is the assurance of standards for data protection
and data security. Informations critical to the individual should only be collected, stored or
disseminated following their guidelines. In this context, it must be transparently defined
what kind of data are collected and how they are stored, who ultimately owns them,
how the patient can access them, and who gets (partial) access to them [97]. Especially in
industry-funded projects, different interests clash when it comes to who gets access to study
data, as well as when and how. Significant progress has been made in this area in recent
years, not the least due to the European General Data Protection Regulation. However, the
more complex the scope and the larger the group of the addressed audience, the higher
the requirements are for establishing a (multinational) eHealth project as well as those for
monitoring compliance with existing regulations. In principle, integrated and complex
eHealth interventions offer a more promising approach here as opposed to a plethora of
individual apps, as a smaller number of bundled data protection processes enables a more
careful examination of the respective conditions through the patient. Likewise, longer
support times and more easily reachable responsible entities can be expected for data
protection inquiries in larger projects [98].

4. Discussion

EHealth interventions are helpful tools to close the supply shortfall in the healthcare
system and to improve the care of chronically ill patients because they can present the
course of illness more comprehensively and more accurately than face-to-face visits. They
are designed for various use cases and different users. On the one hand, individual health
parameters of patients can be entered and interactions with physicians or other patients
can take place. On the other hand, health systems are interconnected to exchange data, give
feedback and receive optimal disease management. For the implementation of eHealth
interventions, a number of requirements for various deficits in relation to different diseases
must be considered. Well-designed interventions can provide relief to the patient and all
other persons involved in the recovery process if the digital divide in chronic care can be
minimized [24].

PwMS may be an ideal, trend-adopting group of eHealth users. There are already
several eHealth interventions on the market for MS, specifically targeted to the impairments
of the disease. One example is the MSDS3D. A special feature of MSDS3D is the focus on the
management of individual DMTs, which ensures a comprehensive and safe treatment of the
patient. The system also includes a module focusing on treatment satisfaction. Treatment
satisfaction is an important factor for patient compliance and an indication of comorbidity;
therefore, it should be added to any eHealth intervention directly [36]. Being connected to
MSDS3D via the IBMS portal, both physicians and patients are able to follow the course
of disease exactly. In addition, patients and their family can exchange information with
healtcare professionals via the platform and obtain the latest information.

Our research is not without limitations. In the present review, only those papers
published in English or German in PubMed, Cochrane or Web of Science were included.
This may have resulted in the omission of eHealth interventions from other databases, in
other languages, without a product name or not (freely accessible) published commercial
interventions of private companies. Our definition of eHealth has also led us not to include
domains such as robotics. In this paper, we only presented various interventions and
mentioned their positive aspects. However, we did focus only on the effect of eHealth
interventions on treatment or patient management. It is to be determined whether eHealth
interventions help to provide a better picture of disease status than standard interventions
and whether these technologies are associated with improvements in long-term patient
outcomes. It is important to know how effective the individual interventions are and to
identify the most useful and cost-effective technology. This could increase acceptance of the
use of eHealth interventions. However, the comparison of the interventions is difficult due
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to the differently used methods. In addition, long-term studies are necessary to determine
the long-term effect of an intervention, but for cost reasons, this is rarely done. It would
also be informative to know how interventions can assist the paradigm shift of healthcare
from disease-focused to patient-centered and facilitate conducting pragmatic clinical trials.

Future research should focus on patients’ self-monitoring to empower them in viewing
and understanding their disease progression independently of the physician and in making
self-determined decisions regarding treatment. For this, interventions should not only be
able to display data and results in an easy-to-understand manner but should also enable
specific treatment options for each outcome (e.g., specific exercises for foot drop; different
medication options). An option to make appointments with specialists would complement
the intervention. This all leads us to a system that combines all health-related aspects in a
patient- centered eHealth approach.
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Abstract: The development of mobile technology and mobile Internet offers new possibilities in
rehabilitation and clinical assessment in a longitudinal perspective for multiple sclerosis management.
However, because the mobile health applications (mHealth) have only been developed recently,
the level of evidence supporting the use of mHealth in people with multiple sclerosis (pwMS) is
currently unclear. Therefore, this review aims to list and describe the different mHealth available
for rehabilitation and self-assessment of pwMS and to define the level of evidence supporting these
interventions for functioning problems categorized within the International Classification of Func-
tioning, Disability and Health (ICF). In total, 36 studies, performed with 22 different mHealth, were
included in this review, 30 about rehabilitation and six for self-assessment, representing 3091 pa-
tients. For rehabilitation, most of the studies were focusing on cognitive function and fatigue.
Concerning the efficacy, we found a small but significant effect of the use of mHealth for cognitive
training (Standardized Mean Difference (SMD) = 0.28 [0.12; 0.45]) and moderate effect for fatigue
(SMD = 0.61 [0.47; 0.76]). mHealth is a promising tool in pwMS but more studies are needed to
validate these solutions in the other ICF categories. More replications studies are also needed as most
of the mHealth have only been assessed in one single study.

Keywords: mHealth; multiple sclerosis; telemonitoring; longitudinal assessment; rehabilitation;
fatigue; walking; cognition

1. Introduction

People with Multiple Sclerosis (pwMS) may manifest heterogeneous symptoms and
functioning problems that require continuous and long-term rehabilitation programs in
clinical and community settings across the disability spectrum. In high-income countries,
the pressure on healthcare systems is increasing [1] and the continuity of high-level care is
threatened due to lack of reimbursement, while in some countries access to the specialized
MS centers has always been poor [2]. Furthermore, a vast majority of pwMS often present
fatigue, emotional or cognitive dysfunction, or restricted physical mobility or a combination
of those which limits access to rehabilitation centers. In this context, the WHO stated that
lack of access to specialized centers or healthcare professionals is one of the most important
limitations for the rehabilitation process [3]. The use of mobile technologies and electronic
health (eHealth) could be an alternative to tackle the above-mentioned limitations (i.e.,
lack of access to centers) of rehabilitation of pwMS or complement current rehabilitation
services. eHealth is also expected to facilitate the monitoring of functioning of pwMS
between medical consultations, which is informative to define whether to continue or
adapt medical treatment.
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The number of healthcare interventions delivered via personal mobile devices (mHealth)
has increased exponentially thanks to the availability of mobile technology (the number
of smartphone subscriptions worldwide today surpasses six billion and is forecast to fur-
ther grow by several hundred million in the next few years [4]). The development and
implementation of mHealth open new perspectives and opportunities in the healthcare
sector. Previous studies highlighted that mHealth has already been accepted by patients.
Amongst the most important benefits identified by the patients are easy access to per-
sonalized information, convenience, better information on their health, and the ability to
communicate more easily with healthcare professionals [5,6]. So far, most studies have
focused on patients with cancer [7–9], patients with cardiovascular diseases [10,11], or
older adults with [12] or without cognitive impairment [13].

Concerning pwMS, a meta-analysis showed that technology-based distance physical
rehabilitation intervention has a positive effect on physical activity and walking ability
when compared to usual care or no intervention [14]. Another review synthesized the
different eHealth technologies that are available for the management of pwMS [15]. eHealth
is a broader term than mHealth; eHealth is composed of the electronic records, self-remote
disease monitoring (i.e., blood markers, vital signs), mobile and wired communication
for advice and education, and tools to facilitate self-management (i.e., physical activity
tracker, rehabilitation exercises reminder or calendar). This previous review was published
in 2018 and given the important development of technology-supported rehabilitation tools
a lot of new solutions have been developed. Furthermore, there is currently a lack of
information about the different mHealth currently available, and the level of evidence
supporting them, in pwMS.

Therefore, the aim of this paper is first to describe the different mHealth applications
currently available to assist the rehabilitation of pwMS and the tools that exist to perform
longitudinal self-assessment of the patients. The second aim of this review is to determine
the level of evidence supporting the use of mHealth in pwMS on their functioning according
to the International Classification of Functioning, Disability, and Health (ICF).

2. Methods
2.1. Search Strategy and Selection Criteria

Records were searched on three databases (Pubmed, Biber, and Scopus) to identify
eligible studies published between 2011 (after the release of the first generation of iPad,
which was an important step in the development of mobile applications) and June 2021.
MeSH terms and free words referring to e-health intervention in pwMS (‘multiple sclerosis’,
‘ms’, ‘ehealth’, ‘mhealth’, ‘mobile apps, smartphone intervention’, ‘apps’, ‘self-monitoring,
‘self-assessment’, ‘functioning’, ‘intervention’, ‘rehabilitation’) were used as keywords. The
complete search strategy is presented in Table S1.

2.2. Eligibility Criteria

A PICOs approach was used as inclusion and exclusion criteria, which were assessed
by the study team [16].

• Population: pwMS performing training (rehabilitation exercises) or self-assessment
in home-environment, studies with inpatient treatment or assisted-rehabilitation were
not included.

• Intervention: mHealth rehabilitation intervention (planned and supervised interven-
tions), or self-assessment studies with repeated measurements over time, using any
type of support (e.g., smartphones, phones, apps, web applications). Studies using
non-specific games, virtual reality or active video games (e.g., Nintendo Wii, Microsoft
Xbox Kinect), or computer-supported therapy were not included.

• Control: usual care or no intervention.
• Outcome measures: any type of outcome measure related to the International Classi-

fication of Functioning, Disability and Health (ICF).
• Study design: RCTs, explorative studies.
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A flow diagram of the study selection with the screened articles and the selection
process is presented in Figure 1.

Figure 1. Flowchart of study selection.

2.3. Quality Assessment

Since we included different types of articles, the critical appraisal of the methodological
quality was based on the Downs and Black checklist [17], as this checklist is the best option
to assess the quality and risk of bias for both RCT and non-RCT [18].

2.4. Data Extraction

The following information was extracted from the included studies: characteristics of
the patients (age, sex ratio, type of MS and severity), type and duration of the mHealth
intervention, study design, main outcomes, and ICF domains evaluated.

2.5. Statistical Analysis

For studies assessing the efficacy of a rehabilitation program, we performed a meta-
analysis. The measure of treatment effect was the standardized mean difference ef-
fect size (standardized mean difference (SMD)), defined as the between-group differ-
ence in mean values divided by the pooled SD computed using the Hedge’s g method
(Hedges′g = M1−M2

SDpooled
). If different tests were used to assess the same ICF domains in the

same study, the different results were pooled to have one unique SMD as recommended by
Cochrane’s group [19]. A positive SMD implies better therapeutic effects in the intervention
group compared to the control. We assessed the heterogeneity in stratified analyses by type
of ICF domains. We calculated the variance estimate tau2 as a measure of between-trial het-
erogeneity. We prespecified a tau2 of 0.0 to represent no heterogeneity, 0.0–0.2 to represent
low heterogeneity, 0.2–0.4 to represent moderate heterogeneity, and above 0.4 to represent
high heterogeneity between trials [20]. To deal with high or moderate heterogeneity we
used random-effect models and presented forest plots for the different ICF domains. We
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checked for publication bias using funnel plot [21] and Egger’s test for the intercept was
applied to check the asymmetry [22].

2.6. Ethical Approval

This systematic review was reported following the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) recommendations [23]. For the present
study, no ethics committee approval was necessary.

3. Results

For the sake of clarity, this section has been divided into three different parts; first,
we will present the characteristics of the included studies and the patients; then we will
describe the different mHealth used in these studies and finally, we will present the clinical
efficacy for the different domains in the ICF.

3.1. Search Results

In total, 1346 articles were found with the systematic review. A total of 112 full-text
articles were assessed and 36 papers were included in the analysis. The PRISMA flowchart
on the study selection is presented in Figure 1.

3.2. Characteristics of the Included Studies

Thirty studies about the use of mHealth for rehabilitation interventions of pwMS
were included in this review, representing a total of 1962 patients [24–53]. The majority of
these studies (n = 25; 3%) were RCTs. Concerning the patients, the majority of the patients
were female (76 ± 10%); concerning the type of MS the majority of the included patients
(79%) have relapsing-remitting multiple sclerosis (RRMS), 16% have secondary progressive
multiple sclerosis (SPMS) and 5% primary progressive multiple sclerosis (PPMS), and
the average EDSS is 3.5 ± 1.1. The median duration of the intervention was 9 weeks
[p25 = 8 weeks, p75 = 12 weeks] for a median time of 18 h [p25 = 13.25 h, p75 = 27 h].
Finally, for the ICF, 16 (53%) of the studies reported outcomes related to cognition, 11 (37%)
to fatigue, 10 (33%) to quality of life, 7 (23%) on motor function, and 6 (20%) on activity
level; we observed that most of the studies are assessing different primary outcomes
(ICF domains). The complete description of the included studies is presented in Table 1.
Amongst the 30 studies, 16 different mHealth apps have been tested.

Concerning the self-assessment tools six studies, using six different mHealth applica-
tions, were included in the review, representing 1129 participants (955 pwMS [88% with
RRMS, 5% with SPMS and 7% with PPMS, average EDSS 2.5 ± 0.5] and 174 healthy par-
ticipants) [54–59]. The median duration of the follow-up was 12 weeks [p25 = 6 weeks,
p75 = 24 weeks].

The characteristics of the studies and participants are summarized in Table 2.
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3.3. Quality Assessment

The quality of the included papers was checked using the Downs and Black checklist.
Overall, the average score for the included studies is 21.9 out of 28 (22.2 for studies on
rehabilitation, 20.3 for studies assessing self-assessment). The average results for the
different questions and sub-analysis of the Downs and Black checklist are presented in
Figure 2.

Figure 2. Quality of the study, author’s judgment broken down for each question of the Downs and Black checklist across
all included studies (IV): internal validity, for the question about the data dredging the green color indicates that there is no
problem and data were acquired directly and have not been imputed.

When analyzing individual items, we observed that, due to the nature of the training,
the blinding of the participants was not possible, on the other hand, the blinding of the
investigators was not guaranteed either. Another potential source of bias is the uncertainty
about the randomization assignment until the complete recruitment. The last important
point is that a high number of studies do not take into consideration the patients that did
not complete the intervention (loss in follow-up) so leading to uncertainty on reasons of
non-adherence. Only a few studies used intention-to-treat analysis. On average 90.6% of
the included patients completed the entire protocol and were included in the final analysis.

3.4. Description of the Available mHealth Solutions

First, we present the mHealth solutions that are mainly used for rehabilitation pur-
poses. Most of the proposed mHealth solutions have been studied for cognition, QoL, and
fatigue and were limited to one single ICF domain. We later discuss the applications for
the respective domains, although some overlap occurred.

RehaCom [24,30,33,48] is a comprehensive and sophisticated system of software for
computer-assisted cognitive rehabilitation. It proposes different solutions for screening
and training cognitive functions and offers apps for home training.

BrainHQ [32,41,42] is a platform providing a set of more than 30 mini brain training
exercises designed to challenge different cognitive functions (processing speed, attention,
working memory, and executive function through visual and auditory domains). The initial
level of challenge is low and the difficulty is adapted on an individual basis as learning and
abilities improve over time. The company was previously known as Posit Sciences [27].

Luminosity [25] is a platform providing cognitive training exercises embedded in
games. As for BrainHQ different cognitive functions can be challenged in a set of different
mini-games.

155



Brain Sci. 2021, 11, 1187

The Memory, Attention, and Problem Solving Skills for Persons with Multiple Sclero-
sis (MAPSS-MS) intervention [35] aims to help pwMS acquire the highest level of cognitive
functioning and functional independence. It includes problems solving and lifestyle adjust-
ments (sleep, stress management, physical activity) that support cognitive functioning and
will support persons with MS in the use of compensatory cognitive strategies and cognitive
skills. The cognitive training is done with Luminosity app.

BrainStim [28] is a computerized training tool based on the working memory (WM)
model of Baddeley [60]. It consists of three different modules targeting both, verbal and
visual-spatial aspects of WM.

COGNI-TRAcK [31] implements three different types of exercises which were shown
to be effective in improving the cognitive status of healthy subjects. The exercises consisted
of (i) a visuospatial WM task; (ii) an “operation” N-back task; (iii) a “dual” N-back task [61].

The Attention Processing training (APT) program [25] is a cognitive rehabilitation
intervention that targets focused, sustained, selective, alternating, and divided attention.
The aim is to increase the ability to respond to specific stimuli [62].

ELEVEDIA [37] content is based on cognitive behavioral therapy strategies and is con-
veyed chiefly via the technique of a ‘simulated dialogue’. Program modules are composed
of an introduction and a summary and include homework tasks. Patients are advised to
access the program once to twice per week.

The MS Home Automated Telehealth (MS HAT) system [34,43] is supporting patient-
centered care, self-management and allows easier patient–provider communication. Three
interfaces are available: patient unit, server, and clinical unit. The patient unit had interac-
tive options for data collection, educational content, exercise information, and therapist–
patient communication, access to exercises, response to exercise-specific assessments, and
documenting exercise data from home. Exercises consist of task-oriented training such as
digitized writing tracking or manipulating light bulbs or keys. Exercise adherence feedback
was via diary entries, calendars, and graphs [63].

AKL-TO3 [51] is engaging the patients in simultaneous sensory and motor tasks and is
designed to engage the frontal neural network. It enabled real-time monitoring of progress
and continuously challenges patients so that the training is never too easy or difficult
encouraging patients to improve performance.

RELAXaHEAD [49] is designed for pain management and in particular migraine and
neck pain. It contained a headache diary, which includes features for tracking headache
characteristics, headache medications and sleep, and tracking medication side effects and
menstrual cycles. The app also contains a serious game module to ease muscle relaxation.

WalkWithMe [50] has been developed to motivate and stimulate patients to walk more
and farther. It allows to track the walking activities and follow up on progress. The app
detects the walking speed and gives feedback during walking with verbal feedback (i.e.,
pace) by the virtual coach.

Webbasedphysio.com [47] is an internet-delivered therapeutic exercise program. The
web-based physio allows people the flexibility to do their own, individualized exercise
program at a time and location which is convenient to them, thus enhancing the individual’s
ability to self-manage their condition on a long-term basis.

Deprexis [29] is an online program based on principles of cognitive-behavioral therapy.
It consists of 10 sequential modules—psycho-education, behavioral activation, cognitive
modification, mindfulness and acceptance, interpersonal skills, relaxation, physical exercise
and lifestyle modification, problem-solving, expressive writing and forgiveness, positive
psychology, and emotion-focus interventions.

The Mindfulness Based Stress Reduction (MBSR) [38] deals with stress management,
relaxation training, sleep hygiene, fatigue, and social relationships. The course mate-
rials were developed using existing informative MS videos, created by the Italian MS
Association, recording new interviews and generating new exercises.

Concerning the mHealth apps that are mainly used for self-assessment:
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MSdialog [55] is a web and mobile (i.e., cell phone and tablet) based software ap-
plication that combines information from RebiSmart (with health information recorded
by patients via their personal computer or smartphone to collect and store real-time data
regarding administration of Rebif (interferon β-1a), clinical outcomes, and patient reported
outcomes). MSdialog offers a practical means by which patients record and exchange
information with their healthcare specialists intending to support the patient–physician
relationship and offering patients a method of engaging in the pharmaceutical management
of their MS and patients’ self-reported outcomes [64].

MS Telecoach [56] provides a combination of monitoring, self-management, and moti-
vational messages, focusing on energy management of physical activity to improve fatigue
levels. It has two components: telemonitoring (physical activity through accelerome-
ters and self-reported fatigue impact levels) and tele-coaching (motivational messages
and advice).

Floodlight [57] is a combination of continuous sensor data capture and standard
clinical outcome measures. It involves performing a set of daily active tests to evaluate
cognition, upper extremity function, gait, and balance domains and contribute sensor data
via passive monitoring, also including self-reported patient outcomes.

The Mellen Center Care Online (MCCO-enhanced) [54] is an electronic messaging
system between clinician and patient. It contains a self-monitoring and self-management
system to assess MS symptoms and the pwMS receives graphical feedback to evaluate
symptom changes

FatigueApp.com [58] is collecting data to correlate fatigue measures with other symp-
toms and quality of life. Fatigue questionnaires are completed every morning for 6 consec-
utive days and again 4 weeks later.

ElevateMS [59] allows collecting different data in the real-world environment of the
patients such as self-reported measures of symptoms and health via ‘check-in’-surveys
Independent assessments of motor function occur via sensor-based active functional tests,
participants are encouraged to complete surveys daily, and notifications to perform more
comprehensive functional tests are provided once a week.

3.5. Outcome Data Related to ICF
3.5.1. Rehabilitation

Amongst the included RCTs, 20 were included in the meta-analysis assessing the
efficacy of mHeath for rehabilitation [24,26–31,33–37,39,40,44,45,47–49,51,65], representing
1393 pwMS. When considering all the studies and ICF domains together, the heterogeneity
between the studies was moderate (tau2 = 0.30, 95%CI [0.26; 0.62]), therefore we decided to
use random-effect model. The funnel plot did not show significant asymmetry (Egger’s
intercept = 0.45, p = 0.91) (Figure S1). The sensitivity analysis did not show any outlier
(Figure S2).

The overall effect of mHealth intervention in pwMS is moderate (SMD = 0.50 [0.35;
0.66]) and statistically significant (p < 0.0001). Since different studies evaluated human
functioning at different aspects according to the ICF, we then performed subgroup analysis
to assess the efficacy across the different ICF. The forest plot is presented in Figure 3.

157



Brain Sci. 2021, 11, 1187

Figure 3. Stratified meta-analysis according to ICF domains, results are indicated with 95% confidence
intervals Positive Standardized Mean Differences (SMD) indicates superior efficacy of the mHealth
intervention compared to control group [24,26–31,33–37,39,40,44,45,47–49,51,65].

At the ICF domains level, we observed the biggest effect for fatigue (SMD = 0.61 [0.47;
0.76]), followed by outcome measures at the activity level (SMD = 0.56 [0.25; 0.87]) and
cognitive impairment (SMD = 0.28 [0.12; 0.45]). Note that for activity level these results
must be interpreted carefully due to the small number of included studies (n = 3). For
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the domains of motor function and quality of life the results were not significant but only
included two and three studies, respectively. Using a fixed-effect model to summarize
the overall ICF functioning we found an overall moderate effect (SMD 0.47 [0.37; 0.56],
p < 0.0001).

We then summarized the main results and conclusions of the studies that were not
included in the meta-analysis.

Concerning cognitive function, Fuchs et al., 2019 investigated the clinical charac-
teristics predicting response to a home-based restorative cognitive training. Significant
improvements were observed after training [41]. Villou et al., 2020 is an explorative study
that reported statistical improvement of various cognitive functions after training such
as visuospatial memory, visual attention, task-switching, reading speed and response
inhibition, and verbal learning [42].

For fatigue, Stuifenbergen et al., 2018 analyzed the acceptability and effect of MAPSS-
MS on cognitive function and fatigue. The authors find similar results as with usual care;
interestingly, the improvements were maintained during the follow-up at 3 and 6 months
and were superior in the intervention group [35].

For the quality of life, Cavalera et al., 2018 showed an improvement of QoL after
8 weeks of intervention using a mindfulness program but the progress was not main-
tained over time (6-month follow-up after the end of the intervention) [38]. Tarakci et al.,
2021 compared an in-person rehabilitation program with a telerehabilitation program.
After 12 weeks of training, the results were similar in the two groups for fatigue and
activity level [52]. Manns et al., 2020 demonstrated a reduction of fatigue after a combined
intervention (SitLess and MoveMore) but the difference was not significant compared to
usual care [46]. Interestingly the total sedentary time decreased in the intervention group
and these results are maintained over time.

Van Geel et al. reported that using the WalkWithMe app induced a significant improve-
ment in quality of life, walking, and leisure, 36-Item Short-Form Health Survey (SF-36)
quality of life, cognition, cognitive fatigability, lower limb strength, and dominant hand
function. However, it was an observational study without a control group [50].

3.5.2. Self-Assessment

Concerning the efficacy of self-assessment and monitoring, only six studies were
included in this review.

Miller et al. highlighted group differences between the MCCO-original and MCCO-
enhanced groups. MCCO-original had a higher European Quality of Life level after
12 months of regularly self-monitoring their quality of life [54].

Greiner et al. performed a 6-week longitudinal observation and showed that MSdialog
was adapted to monitor patient-reported outcomes. Amongst the different functions
evaluated by the pwMS, fatigue (99%), physical health (96%), cognitive deficits (93%), pain
(91%) and sleep quality (91%) were the most important. These numbers represent the
weight given by the patients for these different functions that scored the MS quality-of-life
questionnaire using a visual analogical scale [55].

D’Hooghe et al. showed that it is feasible to use the MS TeleCoach at home without
supervision. The authors observed a significant decrease in fatigue and an increase in
cognitive function after 12 weeks of use [56].

Midaglia et al. assessed the usability and acceptability of the Floodlight for active
monitoring and passive monitoring intervention. After 24 weeks of intervention, mHealth
had an acceptable impact on daily activities including cognition and physical activity for
80% of the pwMS [57].

Newland et al. reported that the FatigueApp could collect self-reported symp-
toms including fatigue, self-reported EDSS (EDSS-SR), pain, and cognition [58]. Par-
ticipants were asked to complete the questionnaires for 7 consecutive days and then again
4 weeks later.
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Pratap et al. in a large study including more than 500 pwMS described that ElevateMS
can be used to longitudinally (12 weeks period) to collect information about the most
common symptoms of MS. During this follow-up, they observed that the most frequent
complaints are fatigue (63%), memory issues (42%) and difficulty with walking (41%). After
the intervention, there were significantly increased functional performances and QoL [59].

3.6. Summary

To summarize the findings of this study we listed the different mHealth according to
the targeted ICF domain for both rehabilitation and self-assessment in Table 3.

Table 3. Overview of the different mHealth solutions for rehabilitation and self-assessment according
to the mean ICF targeted.

Functioning (ICF)
mHealth

Rehabilitation Self-Assessment

Cognition

BrainHQ [27,32,39,41,42]
Lumosity [26]

RehaCom [24,30,33]
BrainStim [28]

COGNI-TRAcK [31]
MAPPS-MS * [35]

APT [25]
MS-HAT [43]

Walk-With-Me [50]
AKL-T03 [51]

MSdialog [55]
Floodlight [57]

Fatigue

RehaCom [24,33]
ELEVEDIA [37]
MAPPS-MS [35]

SitLess and MoveMore [46]
Walk-With-Me [50]

AKL-T03 [51]

MSdialog [55]
MS TeleCoach [56]

FatigueApp.com [58]

Quality of Life

ELEVEDIA [37]
MBSR [38]

MS-HAT [43]
webbasedphysio.com [47]

RehaCom [48]
RELAXaHEAD [49]
Walk-With-Me [50]

MCCO-enhanced [54]
ElevateMS [59]

Activity Level
MS-HAT system [34]

SitLess and MoveMore [46]
Walk-With-Me [50]

Floodlight [57]
ElevateMS [59]

Motor Function MS-HAT system [34,43]
webbasedphysio.com [47] /

* The cognitive training module of MAPPS-MS is done with Luminosity.

4. Discussion

The main result of this review is the high number of solutions (applications) currently
being tested with pwMS for rehabilitation (n = 16), despite the relatively recent development
and use of these new apps in rehabilitation. On another side, the development of mHealth
for self-assessment and home-monitoring is still limited (six apps found). Consequently,
one of the downsides is that there are only very few studies performed with the same
mHealth which makes it more difficult to compare the studies and thus to determine
the level of evidence. Therefore, rather than comparing the efficacy of each particular
mHealth, we performed the analysis at the ICF domain level. The most studied ICF
domain is cognition: we found a small but significant effect of the training using mHealth
(SMD = 0.28 [0.12; 0.45]) which is consistent with other meta-analyses summarizing the
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effect of computerized cognitive training, including computer solutions and supervised
training (SMD = 0.30 [0.18; 0.43]) [66]. It is important to note here that there is currently
a lack of information about the transfer of the benefits gained in the mHealth solution in
the activity of daily living as most of the studies only assess direct or near transfer effects.
The second most studied function is fatigue, with a moderate effect (SMD = 0.61 [0.47;
0.76]). The effect of mHealth is a bit lower than the effect of pharmacological treatment
(i.e., amantadine): SMD = 1.09 [0.87; 1.30] [67], but similar to the effect of exercise therapy
(SMD = 0.53 [0.33; 0.73]) [68].

For the motor function and quality of life, there are, currently, not enough studies
available, but the few studies available also seem to indicate a favorable effect. The paucity
of studies investigating the effects of mHealth applications to train motor functions is
somehow surprising. However, we excluded studies including wearables and thus the
number of interventions done to increase physical activity based on step count (i.e., [69]).
The low numbers of studies investigating the effects of mHealth interventions on quality
of life may be expected as the quality of life is often thought to be the result of improving
specific ICF domains.

Another major finding of this systematic review regarding self-assessment is the fact
that mHealth can be used directly by the patients to continuously monitor several different
functions in their living environment. The solutions are not only well accepted by the
patients, but several studies also show that using this type of mHealth is directly beneficial
for the patients. This positive effect may be mediated by a better knowledge of the diseases
and symptoms (education) [70] but also by the more active participation of the patient in
his treatment (patients’ engagement) [71].

There are several limitations to this review. The first one is the lack of standardization
in the nomenclature used to describe the different mHealth currently tested in research.
Therefore, due to the small numbers of studies published, we ended up including studies
assessing different types of applications and intervention modalities or duration. The
heterogeneity between the studies, and the patients, makes it more difficult to compare
studies and especially to generalize the results. There is also a huge heterogeneity in
the duration of the intervention for both the duration of the intervention (ranging from
minimum 4 to maximal 26 weeks) and the total amount of training (ranging from 4 to 65 h).
Unfortunately, due to the small number of studies included in the different ICF levels, we
could not perform meta-regression to determine if there is a dose–response relationship
between the amount of training using the mHealth and the clinical outcome.

A third important limitation is that most of the included studies on the rehabilitation
aspects (except [32,35,38,40,45]) have relatively small sample sizes and the results are likely
to be underpowered [72]. Furthermore, the percentage of participants that were included
in the final analysis is 90% and information about the adherence to the intervention was
missing (usually a threshold of 80% is applied to determine if the participants do a sufficient
amount of exercises [73]). Concerning the meta-analysis, due to the relatively small number
of included studies, the results must also be interpreted carefully, especially for the ICF
motor function and quality of life. Concerning motor functions, most of the current
solutions are focusing on walking while patients may also experience severe disability in
upper limbs functions and dexterity, efforts must be made to develop solutions that focus
on these problems. Concerning the external validity of this review and the translation to
the clinic, it is important to note that the vast majority of the applications were tested in
pwMS with mild disability (EDSS = 3.5 ± 1.1) with RRMS (79%), and thus not guaranteed
to be applicable to the same extent in more disabled patients with restricted mobility.
Further studies must therefore focus on more disabled patients to determine the feasibility
of mHealth with these patients if the efficacy is similar.

Finally, most of presented solutions are still at the research project stage and applica-
tions are not yet widely available to patients or their treating clinicians.

Despite these limitations, this review highlights interesting and promising results
for patients. However, there are still a few points that should be addressed before these
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solutions can be used in daily practice. The first, and probably most important is the
recognition of the m- and eHealth apps as medical devices. In June 2020, the US Food and
Drug Administration (FDA) permitted the marketing of the first game-based digital thera-
peutic device to improve attention function in children with attention deficit hyperactivity
disorder (ADHD). The mHeath, EndeavorRx, is indicated to improve attention function as
measured by computer-based testing and is the first digital therapeutic intended to improve
symptoms associated with ADHD, as well as the first game-based therapeutic granted
marketing authorization by the FDA for any type of condition. The device is intended for
use as part of a therapeutic program that may include clinician-directed therapy, medica-
tion, and/or educational programs, which further address symptoms of the disorder [74].
Interestingly this solution is developed by Akili, the company that has developed AKL-
T03 which also shows significant results in pwMS [51]. The COVID-19 pandemic has not
only disrupted healthcare systems but has also allowed for a very significant acceleration
in the development, implementation, and recognition of mHealth in the clinics [75]. It
is important to note, however, that most of the measures taken during the crisis may be
temporary and it is hoped that efforts will continue in this direction once the crisis is over.
For example, it will be important to adapt the nomenclature of interventions, as mobile
solutions are currently placed in the same categories as drugs, which poses problems
for the validation and reimbursement of these interventions [76]. Another limitation is
that, for the moment, the majority of the analyzed mHealth is being developed during
research projects and is therefore not easily accessible for patients, except for BrainHQ
and Luminosity that are two commercial (gaming) companies. As an indication, the price
of an annual subscription to these companies is less than USD 100 per year for a full
premium account. RehaCom is also already widely used by clinical centers but mostly for
research purposes.

This brings us to the second biggest current limitation which is the lack of reim-
bursement by the social security system. The organization and involvement of healthcare
systems in the revalidation process is country-specific and we will not discuss reimburse-
ment specifically here. However, we know that two of the most important barriers to the
implementation of telemedicine and telehealth for the patients, regardless of the patholo-
gies or the specialties, are the financial issues and the lack of knowledge and familiarity
with the use of (new) technology [77,78]. The pwMS being relatively young, most of them
are familiar with smartphones, apps, and mobile technology, therefore the familiarity
with the technology should not be an issue for most of the patients [79], but this can be
a real barrier for other diseases or patient groups (e.g., older adults with dementia) [80].
Efforts must also be directed to the education of healthcare professionals as they need to be
perfectly aware of the technology and its limitations to motivate the patients to use it.

As a result of all the above limitations, in practice, the solutions described in this
article are only used by a small fraction of the pwMS. A recent survey performed in the US
found that only 3.1% of the pwMS who took part in the survey (n = 786) are using mHealth
solutions regularly [81].

We will now discuss some ideas for consideration to facilitate the implementation of
these solutions in the rehabilitation process.

The first point would be to integrate the mHealth solutions into the healthcare system,
with reimbursement for the patients, providing education of the mHealth solutions for
healthcare professionals, and the integration of the data collected with the apps (see [54–59])
in patients’ medical records. This could speed up and ease the implementation of mHealth
in the daily management and rehabilitation of pwMS. This would not only save time
but also allow for a more accurate and regular assessment of patients [65]. Furthermore,
these assessments could be carried out in the patients’ homes. This fits in perfectly with
telemonitoring [82] and the use of real-world data [83]. This would therefore allow the
development (by increasing the number of potential users, companies may be more inclined
to invest in such solutions) and wider use of these solutions.
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A last important point is the sustainability of the studied solutions [84]. The speed
of the development of mobile technology (hardware and software) is one of the most
important considerations, and the technology becomes quickly obsolete (for example
there is a new version of the operating systems [Andoid© or iOS©] on average every
6 months). Thus, the apps that have been developed with the previous version are not
supported anymore with the more recent one. This is not much of an issue with the
commercial solutions, but it is more problematic with the solutions being developed during
research projects.

5. Conclusions

This review highlights an important potential of mHealth for pwMS with evidence of
a small but significant effect on fatigue and cognition. Although we have seen that current
mHealth is, at the moment, not a perfect solution, given the high prevalence of fatigue and
cognitive impairment in pwMS and the lack of low-cost tools to assist and stimulate the
patients at home, the use of apps could be greatly beneficial.

To develop innovative, effective solutions adapted for pwMS whose cognition, quality
of life, functionality, and wellbeing are impaired, researchers, clinicians, policy makers,
and app developers will need to further collaborate.
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Abstract: Despite improvements in diagnosis and treatment, multiple sclerosis (MS) is the leading
neurological cause of disability in young adults. As a chronic disease, MS requires complex and
challenging management. In this context, eHealth has gained an increasing relevance. Here, we aim
to summarize beneficial features of a mobile app recently implemented in clinical MS routine as
well as beyond MS. PatientConcept is a CE-certified, ID-associated multilingual software application
allowing patients to record relevant health data without disclosing any identifying data. Patients
can voluntarily share their health data with selected physicians. Since its implementation in 2018,
about 3000 MS patients have used PatientConcept. Initially developed as a physician–patient
communication platform, the app maps risk management plans of all current disease modifying
therapies and thereby facilitates adherence to specified monitoring appointments. It also allows
continuous monitoring of various PROs (Patient Reported Outcomes), enabling a broad overview
of the disease course. In addition, various studies/projects currently assess monitoring, follow-
up, diagnostics and telemetric evaluations of patients with other diseases beyond MS. Altogether,
PatientConcept offers a broad range of possibilities to support physician–patient communication,
implementation of risk management plans and assessment of PROs. It is a promising tool to facilitate
patient-tailored management of MS and other chronic diseases.

Keywords: multiple sclerosis; chronic disease; disease management; Patient Reported Outcomes;
e-health; app; communication; digital tools

1. Introduction

“Every 5 min, someone, somewhere in the world is diagnosed with MS” [1]. As the
leading neurological cause of disability in young adults [1], MS is considered a growing
global problem [2,3]. Disease symptoms are highly individual, ranging from fatigue, visual
and bladder disorders, spasticity and mobility restriction to psychological disorders such
as depression [4,5] which have a severe impact on the patient’s life.

Despite improvements in the diagnosis of MS and a major expansion of effective
treatment options [2], disease management remains complex and challenging. As with
other chronic diseases, it usually requires long periods of supervision, including regular
monitoring and routine visits to observe disease progress or complications [6]. Therefore,
there is a high demand for individually tailored concepts that facilitate patients’ access to
healthcare and support the treating physicians in the provision of healthcare services.

During recent years, the development of digital healthcare technologies including
mobile phone apps has gained an increasing relevance in disease management [7–10].
In particular for complex and unpredictable diseases such as MS, eHealth can improve
monitoring and individual treatment [11], and furthermore promises to expand the possibil-
ities for patients to manage their own care [12]. The relevance of eHealth is also underlined
by the German Digital Healthcare Act, a recently passed law to support the future use of
apps and other digital applications in the health system [13].
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We successfully implemented an ID-associated application to facilitate patient-tailored
management of MS [14]. Here, we aim to summarize its features in clinical routine with
MS patients as well as its use in projects beyond MS, demonstrating the broad spectrum
of possible applications and thus its adaptability to different diseases and individual
patient needs.

2. Materials

The PatientConcept app is a CE (Conformité Européenne) certified mobile health
software application that was developed in 2016 by a multidisciplinary team of physicians
(neurologists, psychiatrists, experts on diabetes) and statisticians in cooperation with an
IT company. Development was conducted in compliance with essential health and safety
requirements of Directive 93/42/EEC and the product-related harmonized standards and
specifications DIN EN ISO 14971, DIN EN ISO 62304, IEC 62366 and DIN EN ISO 13485 [14].
To ensure data safety, the app employs a secure ID associated data management, in which
each patient receives their own, worldwide explicit ID for the patient’s mobile device. This
approach allows distinguishing between medical data (e.g., blood values, disease history)
and optional patient identifying data (optional details exclusively stored locally on the
smartphone: name, phone number and date of birth). Thus, patients can record relevant
health data without disclosing any identifying data. In case patients voluntarily decide to
share their health data with selected physicians, practices and/or pharmacies by providing
their personal ID, physicians can access health data and bidirectional communication
is enabled.

The PatientConcept app is available for free download via the German app store (for
both iOS and android smartphones or tablets). It can be used in a multilingual manner
(German, English, Italian, French, Portuguese) [14].

3. Results
3.1. Application in the Field of MS

The app was initially developed as a doctor–patient communication platform with
the aim of improving patient education, facilitating and thereby strengthening the commu-
nication between patients and their physicians, and to ease the daily routine of chronically
ill patients. For example, the app provides a medication timer and simplifies request-
ing follow-up prescriptions for drugs and non-pharmacological therapies (physiotherapy,
ergotherapy) from the treating physician with minimal effort.

The app enables bidirectional structured communication: Not only can patients
contact their treating physician, but the physician can also communicate specifically with
the patient. The patient can thereby receive regular information from the treatment center
via push-news, e.g., on current seminars and disease-related updates and useful tips.

Since its implementation in 2018, about 3000 MS patients are/have been using the
application. Meanwhile, many additional functions were added to the application. Risk
management plans for all current disease modifying therapies have been integrated into
the app to accompany the patient in adhering to the specified monitoring. In addition to
reminding the patient of monitoring appointments (imaging, laboratory or consultative
examinations) according to the guidelines of the respective therapy, the app also controls
compliance. ToDo messages that have not been carried out or limit values that have
been exceeded automatically result in specific information being sent to the responsible
treatment practitioner (Figure 1).

The app offers the possibility of entering various monitoring parameters, which are
also checked by the system through an implemented red-flag warning system that can
automatically inform the physician via red-flag email in case of critical data (e.g., aber-
rant blood values). In addition to the parameters specified in the risk management plan,
the daily step count and important patient-reported outcome (PRO) measurements can
be monitored (Figure 2) in PatientConcept and the upcoming MS-DiGA Emendia (de-
scribed below). Examples include the assessment of cognition, pinching and drawing
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tests. Tests/questionnaires can be completed by the patients on a regular basis. Physicians
receive supplementary information on the individual disease course via features such as
the MS diary. Overall, physicians are provided with a broad treatment overview, e.g., on
therapy history and disease progression (Figure 3).

Figure 1. Risk Management Plan. PatientConcept currently maps all risk management plans in MS
therapy. Control appointments are specified and checked by the system.

Importantly, the app allows safe use across all indications. Through its anonymous
ID-based data management system anonymous disease- and therapy-associated patient
data can be collected over a prolonged period of time for research into therapy benefits
and patient care.

Beyond the indication MS, the APP is used by about 1000 migraine patients and is
currently also used in the indication of dizziness and gastroenterology, and furthermore for
the follow-up of breast cancer patients in Germany and COVID patients in Luxembourg.
In the meantime, the APP has been in sustained use in the indication of MS since its
first publication 4 years ago, and there are more than 2 year data sets used in everyday
clinical practice.

A new development for digital support of MS-therapy is the mobile health applica-
tion Emendia (Latin: “emendare”—to improve), which is planned for market launch in
Germany as a Digital Health Application (DiGA) in 2022. According to the German Digital
Care Act, DiGAs can be prescribed by a physician at the expense of the statutory health
insurance companies. To be approved as a DiGA, such an app has to comply with the
strict medical guidelines of the Federal Institute for Drugs and Medical Devices. Emendia
MS can provide opportunities for improved self-assessment of the patient’s disease status.
This is accomplished by a combined collection of subjective parameters of the patient’s
perceived well-being (e.g., self-perceived overall health) on the one hand and objective
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patient data (e.g., on motor function via sensors in the smartphone) on the other hand.
In addition, Emendia MS aims to strengthen the health literacy of patients by providing
valid, understandable information to help them better cope with their disease in everyday
life. In contrast to the previously described system PatientConcept, which has been de-
signed as a system for patient–physician communication, Emendia MS has been primarily
created for individual use by the patient. Nevertheless, patients receive the opportunity to
transmit their health data to the attending physician. In the case that the practice treats
patients using either the PatientConcept or Emendia MS system, the backends of both
systems are connected enabling interoperability. Patient searches across both systems via
patient ID are made possible by this seamless connection without the need for an additional
log-in (Figure 4).

Figure 2. Monitoring of PROs. Patients complete tests/questionnaires on a regular basis, allowing
monitoring of various patient reported outcomes.

3.2. Further Applications beyond MS

Besides MS, other chronic diseases also require permanent and continuous medi-
cal care. Therefore, we investigated whether the app is suitable for the management of
patients with hereditary transthyretin-amyloidosis in an interdisciplinary setting (neurol-
ogy/cardiology/gastroenterology, etc.) and according to GDPR (general data protection
regulation). Time required for the consultation can be optimized, conversations are more
specific and targeted, and the exchange between treating colleagues intensified [15].

Patients require monitoring not only during a disease, but also afterwards. The app
is currently being used in a nationwide project in 40 cancer centres for continuous tumor
follow-up of breast cancer patients (PRO B (Charite, Berlin); https://pro-b-projekt.de
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(accessed on 12 August 2021)). Corresponding projects are also planned for the follow-up
care of patients with prostate carcinomas and testicular tumors.

Figure 3. Treatment overview: Using a browser-supported portal for therapy monitoring, no addi-
tional software installation is necessary. The attending physician receives a comprehensive overview
of the therapy course.

Figure 4. DiGA. Illustration of the interoperability of the PatientConcept and Emendia MS systems.
A switch button enables seamless connection without additional log-in between the systems.

In addition, the Luxemburg based CON-VINCE study (https://researchluxembourg.
lu/covid-19-taskforce/con-vince, (accessed on 12 August 2021)) currently investigates
the use of the app (available in five languages) in monitoring COVID patients across
Luxembourg [16].

Beyond the aspect of monitoring, possibilities and limitations of the app as a diagnosis-
supporting tool for the differentiation of selected neurological clinical pictures and disease
groups were tested [17]. Diagnosis of rare neurological diseases is often difficult. There-
fore, the aim was to use diagnosis-supporting procedures that recognise patterns in vast
amounts of raw data via artificial intelligence (AI) and generate diagnostic suggestions
based on these patterns. By means of specifically generated questionnaires, the app was
able to support diagnostics through implemented differential diagnoses and could be used
supportively for telemedical solutions (ARTIS Project— www.patientconcept.de/artis,
(accessed on 12 August 2021)).

As possibilities in the telemetric evaluation of examinations are increasing, we recently
tested the transmission of high-resolution images from the peripheral consultation to the
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ophthalmological specialist via PatientConcept. Analysis of 150 patients in five neurological
practices demonstrated the basic feasibility of a telemetric assessment of ocular fundus
images using the app [18].

For patients with Parkinson’s disease we also plan to launch a digital health appli-
cation by the end of 2021/beginning of 2022. This results from further development of a
project in which sensor data and diary entries from Parkinson’s patients were joint. The aim
of the DiGA is to record the status of Parkinson’s disease and optimise therapeutic decisions.

4. Discussion

“The disease with a thousand faces” [19]—this well-known term for the chronic
disease multiple sclerosis already implies the high and complex demands on disease man-
agement. One of the central aspects of disease management should be continuous and
regular monitoring of safety [20]. Risk management plans define specific examinations for
each drug; compliance with these is tedious as well as time- and cost-consuming and thus
a major challenge for both patients and physicians. Nevertheless, implementation of risk
management plans is indispensable to reduce or avoid serious side effects. To facilitate
continuous monitoring, digital applications such as mobile apps have proven useful. In re-
cent years, their development has advanced rapidly and can be of profound benefit [8,9].
mHealth (mobile Health) potentially may deliver healthcare regardless of time and place
or geographical constraints [21,22]. Particularly for MS with its long and unpredictable dis-
ease course, long-term monitoring preferably with digital applications is a necessity [11,23].
Examples of apps supporting monitoring include the Novartis SymTrac app, My MS man-
ager and MS dialog app [8]. The PatientConcept app and the integrated risk management
plan can better help to comply with predefined and monitored requirements by reminding
patients of their regular imaging, laboratory or consultation examinations and controlling
for documented aberrant values.

Monitoring should not only contain safety aspects, but also clinical and subclinical dis-
ease activity to evaluate treatment effectiveness, supporting individualized treatment [20].
In addition to clinical and radiological monitoring, the patients themselves can contribute
to evaluating the efficacy of their medication by documenting PRO measurements. These
are provided directly by the patient and include symptoms, activity limitations, cognitive
and health status, level of fatigue or quality of life [20,24]. Besides their relevance in clinical
trials that increasingly define PROs as secondary or tertiary outcomes, PROs are playing
an important role also in clinical practice in order to better understand the impact of MS
and its therapy on the patient’s life under real world conditions [24,25].

Continuous assessment of PROs via the PatientConcept app enables the physician to
follow the progression of the disease based on various parameters over time compared to
the limited possibilities of a “snapshot” during the personal visit to the practice. It also
saves valuable time that physicians could use more sensibly for their patients. In addition,
continuous PRO monitoring facilitates the physician in discussing past processes and
events with the patient more clearly. The immediate check of patient entries by the system,
which informs of any aberrant values, allows the physician to intervene earlier and to make
necessary treatment adjustments, resulting in a more patient-tailored therapy approach.
The integrated walking assessment via step counts (by the smartphone) could be beneficial
for evaluating the severity of the disease, as it facilitates a meaningful assessment of patient
mobility [26]. PROs are one example of giving patients a voice. PREMs (patient-reported
experience measures) should also be monitored long-term and integrated as a standard in
order to identify and prevent problems at an early stage [26].

Patients should also be well informed and involved in treatment decisions to achieve
patient engagement. Recognizing that each patient with their different needs is individual
displays a core aspect of patient engagement [27], that results in better outcomes and
treatment adherence [28–31]. Poor adherence displays a major challenge in MS manage-
ment [32,33]. Adherence to prescribed disease-modifying treatments (DMTs) can be further
improved by a better general connectivity of the patient to the practice or patient portal. In-
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tensified support of MS patients via patient support programs (through patient portal, MS
nurse or physicians) has been shown to be beneficial for improving quality of care, patients’
quality of life, patient participation and adherence in earlier studies [34–39]. Therefore, the
app was initially developed to intensify bidirectional patient–physician communication
and to increase patients’ commitment to the practice, thereby providing continuous support
for chronically ill patients without burdening the physician’s time budget.

Since the Digital Health Care Act was introduced in December 2019, DiGAs are
receiving growing attention. While a survey revealed that physicians perceive digital
health applications as an opportunity, measures to increase acceptance particular among
general practitioners appear sensible [40]. The presented DiGA Emendia is unique in
allowing the patient to share health data with the treating physician, offering the advantage
that a long-term use of Emendia for medical consultation and optimized therapy decisions
could be ensured. Currently, 17 DIGAs are listed with others under review [41], aiming at
further supporting patients in coping with their disease.

To reduce the patient’s burden, disease management should not only be tailored to the
individual patient but should also include multidisciplinary assessment [42]. This aspect is
of high relevance because a multimodal, interdisciplinary approach is indispensable for an
effective management of multisymptomatic diseases such as MS and involves close and
continuous collaboration between various specialists [43]. Applying such an interdisci-
plinary approach for MS patients has been shown to be difficult [44]. Since the parallel use
of different apps is not expedient, a consolidated approach is desirable. While most devices
are developed for use in the context of one specific disease, the PatientConcept platform
(various complementary APPs but only one portal for the physician) can be employed
across indications and thus allows easier interdisciplinary exchange and potentially im-
proves the flow of information on medical content for the benefit of patients. This enables
specific requests to a specialised centre even in structurally weak regions. Thus, the app
might offer an opportunity to improve the quality of care and treatment and to increase
the effectiveness of therapeutic measures in MS care. Particularly in times of a pandemic,
continuous monitoring could be carried out with the help of the app, potentially supplying
profound benefit.

Even though various mHealth (mobile Health) tools have been developed to ease
disease management, monitoring, rehabilitation and education of MS patients [8], the
usage of available medical software applications remains comparably low. Reasons include
concerns about privacy and security [45]. To our knowledge, PatientConcept App was one
of the first CE-certified apps and is utilizing a worldwide explicit ID used by the patient
to allow safe and structured data management and transfer while ensuring the highest
security standards and data privacy. This ID-based data management system could also
provide large real-world data sets of anonymous disease-related and therapy-associated
patient data over a prolonged period of time to evaluate therapy benefits and patient care
outside of clinical trials.

5. Conclusions

The ID-associated CE-certified PatientConcept app is widely used, not only by MS
patients, and offers a broad range of possibilities for enhancing bidirectional physician–
patient communication, aiming at improving treatment adherence. The use of automated
routines can facilitate the indispensable implementation of risk management plans. With
its various adaptable features including the assessment of PROs and its possible implemen-
tation also in interdisciplinary approaches, the application is a promising tool to facilitate
patient-tailored management of multiple sclerosis and other chronic diseases. The usage of
PatientConcept with its secure data storage in daily patient care could also provide relevant
data on the efficacy of medical measures in the real world.
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Abstract: In multiple sclerosis (MS), the early detection of disease activity or progression is key
to inform treatment changes and could be supported by digital tools. We present a novel CE-
marked and FDA-cleared digital care management platform consisting of (1) a patient phone/web
application and healthcare professional portal (icompanion) including validated symptom, disability,
cognition, and fatigue patient-reported outcomes; and (2) clinical brain magnetic resonance imaging
(MRI) quantifications (icobrain ms). We validate both tools using their ability to detect (sub)clinical
disease activity (known-groups validity) and real-world data insights. Surveys showed that 95.6% of
people with MS (PwMS) were interested in using an MS app, and 98.2% were interested in knowing
about MRI changes. The icompanion measures of disability (p < 0.001) and symptoms (p = 0.005)
and icobrain ms MRI parameters were sensitive to (sub)clinical differences between MS subtypes.
icobrain ms also decreased intra- and inter-rater lesion count variability and increased sensitivity for
detecting disease activity/progression from 24% to 76% compared to standard radiological reading.
This evidence shows PwMS’ interest, the digital care platform’s potential to improve the detection
of (sub)clinical disease activity and care management, and the feasibility of linking different digital
tools into one overarching MS care pathway.

Keywords: multiple sclerosis; icompanion; icobrain; eHealth; digital health technology; mobile
application; patient reported outcomes; magnetic resonance imaging

1. Introduction

Today, more than 2.8 million people are living with multiple sclerosis (MS), making
it the most common progressive neurological condition in young people [1]. MS is char-
acterized either by periods of relapses and remission or a progressive disability pattern.
Currently, there are over 20 disease-modifying treatments (DMTs) available, aiming to slow
down relapses and disease progression [2]. Thanks to these DMTs, the health of people
with MS (PwMS), expressed in quality-adjusted life years (QALYs), has been estimated to
have increased by 66% since the launch of the first drug in 1993 [3]. However, despite the
increased availability of DMTs, 26% to 40% of PwMS are estimated to be on a suboptimal
treatment [4,5].

These findings illustrate the challenge in MS care, which is providing individual PwMS
with the right drug at the right time. Hence, in order to make informed treatment decisions,
it is crucial to measure disease activity and progression in a standardized manner. In this
context, disease activity and progression are typically evaluated by the clinical assessment
of relapses and disability (measured by the Expanded Disability Status Scale (EDSS)), and
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longitudinal changes on the brain magnetic resonance imaging (MRI) scans (looking at
new/enlarging lesions and/or brain atrophy) [6].

However, it is known that clinical disease activity and progression often go unnoticed
during clinical assessment, partly due to the problem that relapses are systematically under-
reported by around half of PwMS [6,7]. In addition, MS progression goes beyond relapses
and physical disability worsening, as problems with memory but also linguistic and verbal
fluency problems are known to be important components of MS-related disability [8,9].
These components are often not routinely assessed during the patient visit or are based
on the PwMS’ recollection on how they have been doing since the last visit. In addition,
it has been demonstrated that there is a significant clinician-dependent variability in the
assessment of MS patient disease activity [10].

The second component of evaluating disease activity is based on the assessment of
subclinical progression on brain MRI scans. International guidelines recommend the acqui-
sition of brain (and increasingly spinal cord) MRI scans for diagnosis and a yearly scan for
follow-up [11]. However, in a clinical setting, brain MRI reading is known to be qualitative,
based on a visual assessment, and radiologist-dependent, leading to discrepancies in the
radiological reports [12]. Indeed, it has been reported that up to 24% of brain MRI reporting
contains discrepancies when reviewed by a panel of radiologists [12].

There is great promise in implementing digital health solutions to standardize MS
care, as they can improve efficiency and workflow, and complement clinical expertise.
A recent study indicated healthcare professionals’ (HCPs) most crucial problems in MS
disease management to be the lack of forwarding of information by the patient, the need
for the patient to visit on site for inquiries and poor reachability of PwMS, for which digital
telemonitoring tools can be a solution [13].

Remote patient monitoring through medical health (mHealth) applications in MS care
allows for a more continuous and data-driven monitoring of symptoms and disease pro-
gression [14,15]. Regular standardized check-ins through mHealth apps have the potential
to mitigate the underreporting of important clinical events [7] and bridge the information
gap between annual neurology visits. It has been estimated that personalized medicine
tools in MS have the potential to increase the impact of treatments by more than 50% by
quantifying both disease activity (clinical and subclinical) and the risk of side effects [3]. In
addition to the value of mHealth tools for health-care professionals (HCPs), there is also
the potential to further empower PwMS, resulting in an increased self-management and
allowing more open and early conversations about disease progression [16,17].

In addition to mHealth applications, artificial intelligence (AI) solutions have been
developed to detect and quantify disease activity on MRI scans, which play a central role
in disease management. In the last decades, several software tools have been developed
and applied for research and clinical trials. Examples of widely used neuroimage analysis
packages for research purposes include Freesurfer (https://surfer.nmr.mgh.harvard.edu
accessed on 27 August 2021), FMRIB Software Library (FSL; https//fsl.fmrib.ox.ac.uk/fsl,
accessed on 27 August 2021), and Statistical Parametric Mapping (SPM; https://www.
fil.ion.ucl.ac.uk/spm, accessed on 27 August 2021). However, only very few brain MRI
solutions exist that have been thoroughly validated and cleared as a medical device for
clinical use [18].

In this paper, we present a novel digital care management platform for MS that aims at
standardizing MS patient care and allowing more data-driven clinical decisions in the MS
care pathway. The platform includes a CE marked and FDA cleared mHealth application
that collects patient-reported information in the period of time between neurology visits, a
CE marked and FDA cleared solution that quantifies clinically relevant brain MRI changes
in PwMS, and the necessary software solutions that guarantee a seamless integration of
the digital MS care management platform into the clinical workflow. We investigate the
needs and interests of PwMS concerning such solutions, and their potential to improve the
detection of (sub-)clinical disease activity and care management of MS.
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2. Materials and Methods
2.1. MS Care Management Platform

As illustrated in Figure 1, the care management platform consists of multiple com-
ponents: (1) the icompanion patient mobile phone application (available on Android and
iOS) and website (accessible via web browser: icompanion.ms), (2) the icompanion web
portal for HCPs (accessible via web browser), (3) the icobrain ms volumetric brain reports
and (4) integrations with hospitals’ Picture Archiving and Communication System (PACS)
and electronic medical record (EMR) systems.
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portal, integration with icobrain ms volumetric brain reports and integration with hospital’s electronic medical records.

Both icompanion and icobrain ms are registered medical devices and were developed
by icometrix (Leuven, Belgium). According to FDA regulation, icompanion is a class
1 medical device, and under EU MDD regulation a class 1 medical device. icobrain ms
is an FDA class 2 medical device and MDD class 1m medical device. icometrix’ secure
cloud is ISO13485 and ISO27001 certified and GDPR and HIPAA compliant regarding
the Security and Privacy Rules. Incoming DICOM files of MRI scans are pseudonymized
according to HIPAA standard and all fields containing private patient information are
removed, except patient gender and birth date (transformed to YYYY-01-01) in order to be
able to provide a correct analysis and compare the patient with a healthy population.

2.1.1. icompanion Patient App and Website

Using the icompanion app and website, PwMS can keep a diary, log symptoms, and
perform tests for body function, cognitive function, and fatigue (Figure 2) based on clinically
validated patient reported outcomes (PROs) described below [19–22], which can be shared
with the patient’s clinical team. In addition, PwMS can add treatment information, from
DMTs to symptomatic and rehabilitation treatments, and set reminders on when to take or
perform their treatment. Furthermore, PwMS can easily upload their MRIs (via the patient
website) and view them (via patient website and app) as well as learn about topics related
to MS (e.g., MS types, MRI, lesions). Finally, PwMS can prepare their consultations using
a pre-visit checklist, the answers of which are also shared with the patient’s clinical team
(e.g., ‘Do you need any new prescription, certificates or reimbursement documents?’).
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1 
 

 
Figure 2. Overview of the icompanion patient app (a–g) and HCP platform features (h,i): (a) easy
check-in and diary, (b) PROs for symptoms, EDSS, fatigue, cognition, . . . , (c) treatment logging and
reminders, (d) preparation neurologist visit, (e) knowledge center, (f) MRI viewer, (g) linking with
MS team, (h) interactive overview of PRO data and downloadable reports and (i) automatic import
of MRI scans from hospital PACS system and integration with icobrain ms reports.
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The clinically validated PROs included into icompanion are the SymptoMScreen, a
patient-reported Expanded Disability Status Scale (prEDSS), Neuro-QoL (V1.0) Fatigue
short-form, and the Neuro-QoL (V2.0) Cognitive Function short-form:

• The SymptoMScreen [21] is a 12-item battery for MS-related symptoms with a 7-point
Likert scale per functional domain. Scores range from ‘not affected at all’ (score = 0) to
‘total limitation’ (score = 6). The SymptoMScreen composite is a score that summarizes
general symptom severity by summing up the entered twelve symptom severities.

• The prEDSS is a patient-reported version of the Expanded Disability Status Scale
(EDSS) which has shown to correlate well (Pearson’s coefficient 0.85) with a neurologist-
scored EDSS [22].

• The Neuro-QoL (V1.0) Fatigue and (V2.0) Cognitive short-forms are short question-
naires consisting of eight items scored on a five-point scale each [23], and have been
clinically validated in MS [19,20]. The Neuro-QoL t-scores reported in this paper are
standardized scores with a mean of 50 and standard deviation (SD) of 10 compared
to a reference population (for Cognitive a US general reference sample, for Fatigue
a clinical US sample; http://www.healthmeasures.net/images/neuro_qol/Neuro_
QOL_Scoring_Manual_Mar2015.pdf accessed on 27 August 2021). As an example, a
t-score of 60 means that a person scores 1 SD higher than the reference sample.

2.1.2. icobrain ms Volumetric MRI Analyses

icobrain ms is an AI software solution for brain magnetic resonance image analysis in MS,
producing annotated images and pre-populated radiological reports (icometrix.com/services/icobrain-
ms accessed on 27 August 2021). The main components of icobrain ms are the brain tissue
segmentation and MS lesion segmentation on single-time point T1-weighted and FLAIR
scans, as well as specific longitudinal volume change computations for establishing brain
atrophy rates and lesion evolution. Whole brain and gray matter volumes, normalized for
head size, are compared against age- and sex-matched reference controls populations. In
Figure 3, an example of the icobrain ms output is shown, including the annotated images,
the quantitative reports, and the pre-populated structured radiological report that are
provided in the local PACS system and available by the time the radiological reading starts.
In the top row of Figure 3, a sagittal slice of the annotated images (which are presented in
the same space as the original scans) is shown, the bottom row includes the quantitative
icobrain ms reports and an example of the pre-populated radiological report:

• top left = T1 overlaid with gray matter segmentation (blue) and T1 lesions (red);
• top middle = FLAIR overlaid with lesion segmentations color coded by location:

periventricular (yellow), deep white matter (blue), juxtacortical (purple), and infraten-
torial (green);

• top right = FLAIR overlaid with color coded lesion changes compared to last available
(or selected) scan: existing (green), enlarging (orange), new (red) lesions.

• bottom left = the quantitative report of whole brain and gray matter volume and
atrophy (and comparison with healthy population).

• bottom middle = the quantitative report of existing, enlarging and, new FLAIR lesions
and their location.

• bottom right = an example of a pre-populated radiological structured template, which
already includes the icobrain ms measures and is available in the local language.

The technical details, validation, and clinical usefulness of the methodology have
been published previously [24–28]. The software is seamlessly integrated in the clinical
workflow via icobridge (see Section 2.1.3 or https://icobridge.icometrix.com accessed on
27 August 2021). It includes direct and secure upload from the hospital’s image archiving
system to icometrix’ servers, where the AI pipeline is run, and secure transfer of reports
and annotated images back to the hospital’s system in time for the radiological reading.
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2.1.3. icompanion HCP Portal

In the HCP portal, HCPs can access the entered icompanion PRO data from their
linked PwMS as well as their MRI images and icobrain ms volumetric brain reports
(Figures 1–3). Access to the data on this portal can be easily managed via the MS team
functionality, which allows the set-up of a care team with different team members and
roles. The entered icompanion PRO data can be viewed in an interactive plot with tools
to help the interpretation, and HCPs can download pdf reports. HCPs can also view the
PwMS’ uploaded MRIs, and using icobridge (https://icobridge.icometrix.com accessed on
27 August 2021), icometrix’ secure DICOM gateway, MRI scans can also be automatically
imported from a hospital’s PACS system. All imported MRI scans are analyzed using the
icobrain ms volumetric analysis, after which a report can be downloaded from the HCP
portal (Figure 3). The icompanion and icobrain ms reports (and raw data points or inter-
mediate results) can be imported into a hospital’s EMR system. Using the HL7 v2 protocol,
these reports can be sent over to the EMR, either in their native pdf format, coded values
or as simple text. From there on this data can for instance be shown in a radiologic report
or attached to a study for future reference.

2.2. Patient Perspective
2.2.1. Patient Survey 1: Telemonitoring Tools for Monitoring Clinical Disease Activity

In order to develop a patient monitoring tool that responds to the needs of PwMS and
fits PwMS’ everyday life, a survey was sent out to PwMS with MS via local patient support
groups without any randomization. In this survey, answered by 45 PwMS, the PwMS were
asked about their knowledge about important topics such as MRI, EDSS, etc., which was
used to develop educational content for icompanion. Next, the PwMS were asked about
their attitude towards an app to monitor MS, different possible features, and their interest
in using such an app.
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2.2.2. Patient Survey 2: MR Imaging for Monitoring Subclinical Disease Activity

Together with iConquerMS (iConquerMS.org), a survey was sent out in June 2020 [29],
with questions about MRI access, viewing and knowledge, which was answered by
876 PwMS. As an example, questions included (see Appendices A and B for the com-
plete list of questions and possible answers in the survey):

• ‘Would you like to view your MRI images on your own—Why or why not?’
• ‘If you have or had access to your own MRIs, would you be interested in knowing

whether there were any changes between one MRI and the next (such as new lesions
or loss of brain volume)?’

2.3. Monitoring Clinical Disease Activity Using icompanion: Real-World Evidence
2.3.1. Study Synopsis-Characterizing MS Types with icompanion

The icompanion app and website were launched in July 2020. We describe the infor-
mation entered into icompanion and investigate the validity of the real-world collected
PRO data by looking at their sensitivity to clinical differences between MS types based
on known-groups validity. These MS types include clinically isolated syndrome (CIS),
relapsing-remitting MS (RRMS), secondary progressive MS (SPMS), and primary progres-
sive MS (PPMS). The descriptions of the collected data and the analyses were based on
an anonymized dataset of collected icompanion data. We performed a non-parametric
Kruskal–Wallis H test (or a one-way analysis of variance (ANOVA) on ranks), with MS
type as independent variable and the variable of interest as dependent variable (mental
feeling, physical feeling, prEDSS, SymptoMScreen composite, Neuro-QoL Fatigue, and
Neuro-QoL Cognitive Function). We used a significance level of 0.05 and p-values of the
separate models were corrected for multiple comparisons using false discovery rate (FDR)
correction [30]. For the variables that showed significant group effects, post-hoc multiple
comparisons tests were carried out for pairwise differences between the different MS types
with Dunn–Sidák correction, using a significance level of 0.05.

The percentage of PwMS with a statistically meaningful change in their Neuro-QoL
Fatigue and Cognitive Function scores was evaluated based on the conditional minimal
detectable change, specifically developed for the Neuro-QoL short-forms [31]. A statistically
meaningful change can be interpreted as a difference of more than one standard error (SE).
It was estimated from the average of the SEs from a normative dataset for any given pair of
scores multiplied by the z score for a 95% confidence interval, or ([SEScore1 + SEScore2]/2) ·
1.96 ·

√
2 [31]. Solely PwMS with more than one result for these PROs were included.

2.4. Monitoring Subclinical Disease Activity Using icobrain ms: Real-World Evidence

icobrain ms was launched in 2016 and has been adopted by more than 400 hospitals
worldwide since then. In the context of standardizing MS care, in this manuscript, we
evaluate how:

- icobrain ms’ lesion annotations bring the performance of non-specialized radiologists
closer to that of experienced neuroradiologists (Section 2.4.1)

- the availability of icobrain ms reports in MS follow-up refine the assessment of
subclinical disease activity (Section 2.4.2)

- how the use of quantitative AI based brain MRI reporting can improve the radiological
workflows (Section 2.4.2)

- icobrain ms volumetric brain biomarkers bring insights into the brain patterns of MS
types (Section 2.4.3)

2.4.1. Study Synopsis-Reliability of Lesion Count with icobrain ms

icobrain ms lesion segmentations were compared with the assessment of two raters,
one experienced radiologist and one assistant neurologist. The experiment consisted of
marking and counting MS lesions on fluid-attenuated inversion recovery (FLAIR) and
T1-weighted images acquired from 10 PwMS with a 3T MRI scanner (Achieva, Philips
Medical Systems) at the University Hospital Brussels. Inclusion criteria were MS diagnosis
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according to McDonald Criteria 2010 and no MRI contraindication. For more details,
see [27], from which a subset was used for this analysis. Two repeated acquisitions with
patient repositioning were taken to assess test-retest reliability of the lesion count. The two
raters independently assessed all images, which were presented in a shuffled order, first as
original MRI scans, then with lesion annotations obtained by icobrain ms. In addition, the
reporting time was recorded.

Intra-rater and inter-rater agreement of lesion counts was assessed. Of special interest
was the question whether there is an improved agreement between the counts reported by
the two raters after using icobrain ms segmentations, as opposed to the case when each
rater counted lesions on the original images without icobrain ms.

2.4.2. Study Synopsis-Detecting Subclinical Disease Activity in MRI Follow-Up with
icobrain ms

In this study, we evaluated how the availability of icobrain ms reports might change
the findings of radiological reading when assessing follow-up brain MRI scans. Longitudi-
nal MRI acquisitions from 25 PwMS approximately 1 year apart were randomly selected
(and limited to 25 because of feasibility) from different institutions that use icobrain ms in
clinical practice, ensuring that these centers obtained informed consent from their PwMS
to use fully anonymized MRI scans for research. The inclusion criteria were (1) being diag-
nosed as RRMS or SPMS, (2) having 2 pairs of scans separated at least one or more years
apart acquired at the same scanner, (3) Having MRI acquired at the 1.5T or 3T in which there
is a presence of high-resolution 3D-T1 and 2D or 3D FLAIR sequence, (4) having Expanded
Disability Status Scale (EDSS) assessment at baseline and at follow-up, and (5) not having
steroid treatment or relapse 30 days prior to the MRI scan. Each MRI dataset was presented
in random order to an experienced neuroradiologist: once without and once with an au-
tomatically generated icobrain ms report. In the latter case, besides color-coded lesion
and brain segmentation overlays, the expert also had access to the structured icobrain ms
reports. The two radiological reporting scenarios (without and with volumetric software
results) were compared in terms of effect on diagnostic findings and reporting time.

2.4.3. Study Synopsis-Insights into the MS Brain Patterns Using icobrain ms

In this study, it was evaluated whether icobrain ms is able to reveal different brain or
lesion volume patterns when comparing different MS clinical phenotypes. Multiple MR
sessions from CIS (n = 12), RRMS (n = 30), PPMS (n = 17), and SPMS (n = 28) PwMS, with
3D T1w and 2D FLAIR images acquired on a 1.5T MR system (Sonata Siemens) at CERMEP
in Lyon, were evaluated. EDSS was also available at each time point. For more details
on the original dataset, see [32]. First, differences between MS groups were calculated
in terms of longitudinal lesion evolution by location, where new and enlarging lesions
were estimated between two time points at least 2 years apart for each patient. Secondly,
we evaluated the known-groups validity or the sensitivity of icobrain ms to subclinical
differences in brain volumetrics. This was done in the same way as for the icompanion
data (see Section 2.3.1) using the Kruskal–Wallis H tests to look for a group effect, and
pairwise post-hoc tests to look for differences between different MS type groups.

3. Results
3.1. Patient Perspective
3.1.1. Patient Survey 1: Telemonitoring Tools for Monitoring Clinical Disease Activity

45 PwMS completed the survey, of which 80% (n = 36) were women. The average
age of participants was 45.6 (SD = 11.5). Of the sample, 55.6% (n = 25) were RRMS, 15.6%
(n = 7) were SPMS, 11.1% (n = 5) PPMS while 17.8% (n = 8) did not know their MS type or
did not want to disclose it. About one third of PwMS were diagnosed in the last three years
(31.1%, n = 14) or had a disease duration of 3 to 10 years (31.1%, n = 14), while 22.2%
(n = 10) and 15.5% (n = 7) had been diagnosed, respectively, 10 to 20 years ago and longer
than 20 years ago. The larger part of participants thought of themselves to be very digitally
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literate (33%, n = 15) or quite digitally literate (42.2%, n = 19) compared to neutral (22.2%,
n = 10) and not quite digitally literate (2.2%, n = 1) while no PwMS indicated to be not very
digitally literate.

We asked for PwMS’ attitude about the use of an app to monitor the disease course,
where only one person (2.2%) answered negatively (see Figure 4a). The most important
features (see Figure 2 for an overview of the main functions) for this cohort were Knowledge
center (97.8%, n = 44), Symptom logging (95.5%, n = 43), Treatment overview (88.9%,
n = 40), and Test/PROs (88.9%, n = 40). These were also the features reported to be the most
probable to be used by the PwMS. When asking whether PwMS had an intention to use
the app, 68.9% (n = 31) answered yes, 26.7% (n = 12) answered maybe and 4.4% answered
no (n = 2). When asking how frequently they would like to use the app, 26.7% (n = 12)
answered daily, 31.1% (n = 14) multiple times per week, 22.2% once per week (n = 10),
2.2% (n = 1) once every two weeks and 13.3% (n = 6) once every month while 4.4% (n = 2)
answered Other.
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3.1.2. Patient Survey 2: MR Imaging for Monitoring Subclinical Disease Activity

The survey was answered by 876 PwMS, predominantly located in the U.S. and
Canada (91.4%). Of the participants, 80% (n = 699) were female. 2.8% of PwMS were aged
75 to 84 years, 19.4% 65 to 74 years, 34.1% 55 to 64 years, 27.2% 45 to 54 years, 11.7% 35 to
44 years, and 4.9% 34 years or younger.

The results of the survey showed that only 0.6% (n = 5) of PwMS have never had an
MRI performed for the purpose of diagnosing or treating. Only 54.9% (n = 474) undergo an
MRI scan every year or more frequently (see Figure 4b). Almost 27% (26.9%, n = 228) of
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PwMS have never received an electronic version of their MRI from their clinic or radiology
lab. Of the PwMS that received an electronic version of their MRI, 79.9% (n = 560) got it on
a CD-ROM, 15.6% (n = 109) through their clinic’s patient portal, 4.0% (n = 28) through a
direct download into their computer or other device and 0.6% (n = 4) on a USB-drive.

Of PwMS that received an electronic version of their MRI, 70. 5% (n = 431) looked at
their MR images on their own. Of those people, only 13.3% (n = 57) claimed to completely
understand their MR images. 70.2% (n = 99) of the PwMS that had access to an electronic
MRI but have not looked at it on their own, would like to do so. Of the reasons for not
viewing the MR images, 46.1% (n = 83) of PwMS indicated to not know how to interpret
the images, while 33.9% (n = 61) did not have a software application to view them, 32.8%
(n = 59) did not know how to view the images, and 12.2% (n = 22) failed to load the images
onto their computer or software program.

Respectively 98.2% (n = 836) and 94.7% (n = 767) of PwMS answered to be interested
in knowing about changes between their MRIs and whether their MRI scan was performed
according to clinical MS guidelines. Finally, 96.6% (n = 714) of PwMS indicated that they
would be willing to share their MRI scans with researchers.

3.2. icompanion MS Patient App Validation
Sensitivity to Clinical Differences between MS Types

Summary statistics of icompanion users’ characteristics and entered data are presented
in Table 1, including gender distribution, and average age and disease duration of the
current user base. In Figure 5, the distribution of entered treatments per MS type is
visualized, for PwMS on a DMT. For CIS, 28.6% were on glatiramer acetate, 42.9% on
interferons, 14.3% on dimethyl fumarate, and 14.3% on teriflunomide. For people with
RRMS, 12.5% indicated that they were on fingolimod, 13.8% on glatiramer acetate, 13.3%
on interferons, 4.7% on cladribine, 17.8% on dimethyl fumarate, 9.4% on teriflunomide,
17.5% on ocrelizumab, 1.6% on alemtuzumab, and 9.4% on natalizumab. For people with
SPMS, 8.3% indicated that they were on fingolimod, 8.3% on glatiramer acetate, 12.5% on
interferons, 16.7% on dimethyl fumarate, 8.3% on teriflunomide, 33.3% on ocrelizumab,
8.3% on alemtuzumab and 4.2% on natalizumab. Finally, 4.4% of people with PPMS were
on fingolimod, 4.3% on glatiramer acetate, 8.7% on cladribine, 4% on dimethyl fumarate or
teriflunomide, 65.2% on ocrelizumab, and 9% on natalizumab.

Table 1. Descriptive statistics for the complete dataset of app users that indicated to know their MS type (82.8%, n = 1301).
Except for gender, all variables are described as [average (standard deviation, n)]. Group effect column provides the results
of the Kruskal–Wallis analyses to look for an effect of MS type on these variables. p-values have been corrected using
FDR correction.

CIS
3.1%

n = 42

RRMS
78.4%

n = 1061

SPMS
10.9%

n = 147

PPMS
7.6%

n = 103

Group
Effect

Gender (female) 76.2% 75.7% 61.2% 63.1%

Age 33.9
(10.2, 41)

39.7
(10.4, 1058)

47.7
(12.6, 144)

45.8
(12.6, 101)

Disease duration 5.24
(6.87, 42)

7.98
(6.84, 1061)

16.5
(9.21, 147)

7.38
(6.25, 103)

Mental feeling 0.17
(1.17, 33)

0.49
(0.91, 869)

0.37
(0.89, 114)

0.47
(0.91, 81)

H(3) = 5.15
p = 0.193

Physical feeling 0.12
(0.89, 33)

0.25
(0.88, 862)

−0.05
(0.81, 113)

0.06
(0.85, 80)

H(3) = 10.85
p = 0.025

prEDSS 2.87
(1.77, 16)

3.35
(1.57, 336)

5.13
(1.38, 41)

5.02
(1.62, 31)

H(3) = 64.47
p < 0.001

Sympto-MScreen
composite

10.5
(13.2, 40)

12.8
(13.5, 1024)

17.0
(15.5, 140)

17.9
(15.9, 101)

H(3) = 15.40
p = 0.005

Neuro-QoL
Fatigue

54.0
(11.91, 15)

55.1
(8.75, 319)

56.0
(7.74, 38)

55.1
(8.95, 30)

H(3) = 0.31
p = 0.312

Neuro-QoL
Cognitive

48.5
(8.95, 15)

43.7
(8.87, 334)

42.0
(9.09, 41)

44.2
(7.97, 30)

H(3) = 5.22
p = 0.193
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Figure 5. Treatments logged into icompanion by PwMS per MS type.

In context of the validation of icompanion through known-groups validity, we ob-
served a group effect of MS type on physical feeling (p = 0.025) (see Table 1 and Figure 6C).
We also observed a significant group effect of MS type on body function or prEDSS
(p < 0.001 Figure 6D) and general symptom load or SymptoMScreen composite (p = 0.005)
where progressive PwMS scored higher than people with CIS and RRMS (Table 1). For
mental feeling (p = 0.193) and the Neuro-QoL Fatigue (p = 0.312), we observed no effect
of MS type. For the latter, average scores for all MS types were worse than the average
general US reference sample, but within the range of 1 SD (50 ± 10) [23]. The same was
true for average scores on the Neuro-QoL Cognitive where lower scores indicate worse
functioning, and where also no effect of MS type was observed (p = 0.193).

Post-hoc tests for the variables that showed significant effects of MS type were carried
out, performing pairwise comparisons between the different MS types. For physical feeling,
we observed a significantly higher or better physical feeling in people with RRMS compared
to SPMS (p = 0.014). prEDSS scores for both PPMS and SPMS were each significantly
higher than both people with RRMS and CIS (all p < 0.001). Average symptom load, or
SymptoMScreen composite, was significantly higher in people with PPMS compared to
RRMS (p = 0.022).

For the Neuro-QoL PROs, we were able to calculate whether two consecutive scores
indicated a statistically meaningful change (based on conditional minimal detectable
change, described in Section 2.3.1 and [31]). We observed such statistically meaningful
change in 25.0% (n = 36) of PwMS with more than 1 logged Neuro-QoL Fatigue result score
(n = 118) and 12.3% (n = 18) of PwMS with more than 1 logged Neuro-QoL Cognitive score
(n = 121).

The scores for the separate 12 symptoms included in the SymptoMScreen are shown
in Figure 7. Visually, a clear distinction could be made between CIS and RRMS, and
progressive MS types (SPMS, PPMS). Especially concerning Walking problems, SPMS (2.32)
and PPMS (2.18) seem to score higher than CIS (0.86) and RRMS (1.13) on average, but also
on Spasticity and stiffness (CIS: 0.89; RRMS: 1.20; SPMS: 1.96; PPMS: 1.84), Hand function
and dexterity (CIS: 0.95; RRMS: 0.90; SPMS: 1.31; PPMS: 1.39) and Bladder control (CIS:
0.67; RRMS: 0.91; SPMS: 1.58; PPMS: 1.38).
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Figure 6. Summary statistics of icompanion users: (A) distribution of age based on sex, (B) distribution of age based on MS
type, (C) distribution of average mental and physical feeling based on MS type, (D) distribution of average Neuro-QoL
Cognitive and Fatigue score based on MS type.
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3.3. icobrain ms Brain MRI Analysis Validation
3.3.1. Reliability of Lesion Count with icobrain ms

Intra-rater test-retest lesion count agreement on scan and rescan images was sig-
nificantly improved for the assistant neurologist, from a standard deviation (SD) of the
differences between test and retest lesion counts of 28.1 without icobrain ms to 22.0 with
icobrain ms (improvement of 21.7%) but was constant for the experienced radiologist (SD
= 7.3 in both scenarios). Larger changes were observed in the case of inter-rater agreement:
without icobrain ms annotations, inter-rater lesion count agreement between experienced
radiologist and assistant neurologist was significantly worse (SD = 20.8) than with icobrain
ms (SD = 15.7), indicating an improvement of 32.5% by using icobrain ms. Figure 8 presents
all intra- and inter-rater comparisons as Bland–Altman plots, annotated with bias and
standard deviation of the lesion count differences, including the raters’ comparisons with
the automated lesion count obtained from the icobrain ms lesion annotations. It can be
observed that the assistant neurologist consistently overestimated the counts of icobrain
ms and of the experienced radiologist. Similar trends were observed when repeating the
analysis for T1 hypointensities (blackholes) and lesions per location, see [33].
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The timing also differed significantly between the task of performing lesion count
without (mean ± SD: 54.3 ± 11.8 min), or with icobrain ms (mean ± SD: 26.7 ± 19.8 min).

3.3.2. Detecting Subclinical Disease Activity in MRI Follow-Up with icobrain ms

Radiological findings were compared between the scenario when the radiologist
examined the raw MRI follow-up scans and the scenario when icobrain ms annotations
and reports were also available. The PwMS were considered stable, slightly active, and
active, as follows [34]:

• stable: if they had no new or enlarging lesions and had normal rate of brain atrophy
compared to controls (within 0.2% from normal atrophy rate of sex- and age-matched
healthy controls in the case of icobrain ms measurements);

• slightly active: if they had enlarging lesions or slightly abnormal atrophy rate com-
pared to controls (further than 0.2% but within 0.4% from normal atrophy rate of sex-
and age-matched healthy controls in the case of icobrain ms measurements);

• active: if they had new lesions or severe progression of brain atrophy (further than
0.4% from the normal atrophy rate of sex- and age-matched healthy controls in the
case of icobrain ms measurements).

Conventional radiological reporting indicated 19 out of 25 stable PwMS (no lesion
activity, no apparent atrophy) and 6 active PwMS (new lesion formation or lesion enlarge-
ment). The radiological findings with access to icobrain ms indicated 7 out of 25 PwMS as
stable (normal atrophy, no lesion activity), 7 PwMS with slight disease activity (slightly
abnormal atrophy rate and/or enlarging lesions), and 11 active PwMS (5 with new lesions,
10 with abnormal atrophy rate for their age). All stable PwMS identified by icobrain ms
were also deemed stable by conventional radiological reading. All active PwMS identified
by conventional reading were also identified as active or slightly active when using icobrain
ms. However, the automatic brain MRI measurements indicated several other PwMS as
(slightly) active, even if these were part of the stable group according to conventional radio-
logical reading. As such, the percentage of PwMS deemed as having (slight) disease activity
or progression grew from 24% in conventional reading to 76% (44% active, 32% slightly
active, according to the definitions above) with the icobrain ms assisted reading.

With respect to timing, radiological reporting took on average 7 min 28 s (SD: 3 min
6 s) without icobrain ms and 5 min 49 s (SD: 2 min 15 s) with icobrain ms. In other words,
computer-aided radiological reporting with icobrain ms was faster than conventional
reporting, with approximately 8 conventional reports per hour versus 13 computer-aided
reports per hour, which is an improvement by about 40%.

3.3.3. Insights into the MS Brain Patterns: Sensitivity to Subclinical Differences between
MS Types

In a two-year MRI follow-up study, new and enlarging lesions assessed with icobrain
ms were evaluated in different MS subtypes of CIS (n = 12), RRMS (n = 30), PPMS (n = 17),
and SPMS (n = 28) PwMS, with average age at baseline 31.8, 33.2, 39.5, and 41.1 years and
average disease duration 2.9, 8.3, 7.5, and 14.9, respectively [35]. The largest volume of
new lesion formation (i.e., lesions not touching any older lesion) was observed in CIS, with
approximately 0.1ml new lesion volume over 2-year follow-up, without a preferred location
(juxtacortical, periventricular, deep white matter). Further, it was also observed that people
with RRMS exhibited more deep white matter (WM) lesions (either new or pre-existing)
in comparison to other MS types. PPMS and SPMS had virtually no new periventricular
lesions, but a significant amount of enlargement in that region, consistent with a longer
disease duration. Figure 9 illustrates the location-dependent evolution patterns for new
and enlarging lesions obtained with icobrain ms in the 4 MS clinical phenotypes.
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SPMS. The schematic representation shows three colored layers, where colors represent new or enlarging lesion volumes in
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When examining brain and lesion volumes simultaneously (whole brain volume, gray
matter volume, lateral ventricles volume, total FLAIR lesion volume, and T1 blackholes
volume), very distinct group patterns were observed for the MRIs corresponding to all
time points for which EDSS was lower than or equal to 4 (Figure 10a), with all volumes
significantly different between groups according to a non-parametric Kruskal–Wallis H
test with MS type as independent variable (p < 0.001) (Table 2). The CIS and RRMS groups
showed significantly higher whole brain and gray matter volumes and lower ventricular
volumes compared to the PPMS and SPMS groups (Table 2). Highest volumes of FLAIR
hyperintensities and T1 blackholes were evident in SPMS. At higher EDSS (greater than 4),
the patterns corresponding to PPMS and SPMS groups were almost indistinguishable, with
no significant volume differences observed for whole brain, gray matter, lateral ventricles
and T1 blackholes (Table 2). In contrast, the RRMS group with EDSS > 4 showed higher
whole brain volume and lower ventricles volume compared to the progressive groups.
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EDSS ≤ 4
Group effect p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001

CIS vs. RRMS p = 0.008 p = 0.258 p = 0.029 p < 0.001 p < 0.001

CIS vs. SPMS p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001

CIS vs. PPMS p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001

RRMS vs. SPMS p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001

RRMS vs. PPMS p < 0.001 p < 0.001 p < 0.001 p < 0.001 p = 0.173

SPMS vs. PPMS p = 0.935 p = 1.000 p = 1.000 p = 0.902 p < 0.001

EDSS > 4
Group effect p = 0.013 p = 0.072 p = 0.014 p = 0.013 p = 0.054

RRMS vs. SPMS p = 0.005 p = 0.073 p = 0.006 p = 0.034 p = 0.101

RRMS vs. PPMS p = 0.007 p = 0.094 p = 0.027 p = 0.716 p = 0.662

SPMS vs. PPMS p = 0.992 p = 1.000 p = 0.955 p = 0.033 p = 0.251

4. Discussion

Digital solutions have the potential to assist clinicians to further standardize MS
clinical decision making, to allow for an early detection of disease activity and inform
therapeutic decisions. As these solutions are now available with the necessary regulatory
clearances and hospital integrations, they can be used in a routine clinical setting.

In this paper, we present the initial real-world evidence results of such a novel reg-
ulatory cleared and workflow-integrated MS care path solution. It was demonstrated
that the icompanion mHealth application is a response to clear patient needs and that
it is a sensitive tool to capture clinically relevant information about MS symptoms and
patient wellbeing, as well as significant longitudinal changes in cognition and fatigue
over time. In addition, it was shown that icobrain ms’ MRI volumetric brain reports save
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radiologists 40% time while also detecting subclinical MRI activity with a significantly
higher sensitivity.

4.1. Patient Perspective

In order to gain insight into the PwMS’ perspective on digital telemonitoring solutions,
we carried out a survey which was answered by 45 PwMS of which the larger part (75.2%)
indicated to see themselves as digitally literate. Only one patient (2.2%) indicated to have a
negative attitude towards using an app to monitor their disease course, which is in line
with previous reports about positive attitudes of PwMS [13].

Patients reported the most important features to be a knowledge center, symptom
logging, tests/PROs and treatment overviews (88–98%), but more than 60% also found
having an appointment calendar, viewing their own MRI scans, and viewing the evolution
of their MRI scan important. The features that PwMS thought they would actually use were
symptom logging, performing tests/PROs, treatment overviews and a knowledge center
were found to be most popular (84–91%). This is in line with recent research indicating a
patient demand for medication schedules and reminders [13]. This study also indicated
a strong interest for visit overviews, which has been implemented into icompanion’s
calendar and visit preparation feature recently. What differentiates icompanion from other
MS apps available is that icompanion integrates all the features mentioned above and, at
the same time, is a CE-marked and FDA-cleared medical device.

From PwMS in our cohort, 68.9% indicated to intend to start using an MS app like
icompanion, and 80.1% intended to start using it daily or weekly which is in line with a
previous study [36]. While our survey suggests that PwMS are interested in telemonitoring
apps and their features, and actually using them, it must be noted that the sample size of
this survey was relatively small and potentially biased due to the relatively small number
of non-digitally literate PwMS.

A second survey was carried out to gain insight into PwMS’ perspective on MRI scans
in collaboration with iConquerMS. The survey investigated PwMS’ experiences with MRI
scans as well as their knowledge and viewing behavior and was answered by a total of
876 PwMS. Responses indicated that about 45% of PwMS did not have a yearly brain MRI
scan, as advised by the MAGNIMS-CMSC-NAIMS recommendations [11]. Of the PwMS
who received an electronic version of their MRI, 70.5% looked at their images on their
own, but only 13.3% of PwMS reported to completely understand these MR images, in line
with previous studies [37]. Considering the key role that MRI plays in clinical decisions in
MS care, and the positive outcomes related to an increased patient involvement in clinical
decisions [38,39], it is important to include an MRI-focused knowledge center and MRI
viewer in medical apps for MS.

Relevant to the latter, our survey showed that many technological limitations pre-
vented PwMS from looking at their MRI scans on their own. 33.9% of PwMS reported not
having a software application to view the images, 32.8% not knowing how to view the
images, and 12.2% failing to load the images onto their computer or software program.
94.7% of PwMS indicated to be interested in knowing about whether their MRI scan was
performed according to clinical guidelines. This is relevant to PwMS, providers and payers,
as it has been demonstrated that less than 10% of the MRI scans for PwMS were acquired
according to the local guidelines [40]. Finally, almost all PwMS (98.2%) indicated their
interest in knowing about changes between their MRIs. This information is provided to
PwMS’ care teams via icobrain ms in the MS care platform.

4.2. icompanion MS Patient App Validation

In a first exploratory analysis aimed at investigating the validity and clinical relevance
of the real-world collected icompanion data, we assessed the sensitivity of icompanion
PROs (mental and physical feeling, prEDSS, SymptoMScreen composite, Neuro-QoL Fa-
tigue and Neuro-QoL Cognition) to clinical differences between MS types, so-called known-
groups validity. A significant effect of MS type on physical feeling, prEDSS and Symp-
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toMScreen composite was observed. We found physical feeling to be significantly worse
in people with SPMS compared to RRMS, while prEDSS scores for both RRMS and CIS
showed to be significantly lower than both PPMS and SPMS. These results are in line
with previous studies that described a significant effect of MS type on EDSS [38,39,41].
Average symptom load or SymptoMScreen composite was found to be significantly higher
in people with PPMS compared to RRMS, which is in line with a previous study [39] that
found that scores for symptoms associated with spinal cord abnormalities were signif-
icantly higher for SPMS and PPMS than for RRMS. These symptoms were included in
the SymptoMScreen as Spasticity and stiffness, Sensory symptoms, and Bladder control,
and consequently also in the SymptoMScreen composite [21]. While these findings are
expected, and in line with the literature described above, they indicate that the prEDSS [22]
and SymptoMScreen [21] PROs included in the icompanion mobile app are able to pick up
important clinical differences between MS types.

In addition, we observed statistically meaningful changes, based on conditional
minimal detectable change [31], for the Neuro-QoL (V1.0) Fatigue in 25.0% of PwMS with
more than one datapoint, and in 12.3% of PwMS with more than one datapoint for the
Neuro-QoL (V2.0) Cognitive. This is the first time that this measure, aimed at providing
a clinically useful way of interpreting individual change in the Neuro-QoL short-forms,
is employed in MS, and this suggests that icompanion is able to pick up statistically
meaningful and consequently clinically relevant changes in cognition and fatigue in PwMS.
In the HCP portal, HCPs can easily evaluate whether changes in the data entered by linked
PwMS for these PROs are statistically meaningful based on this measure. This provides
them with an indication of changes in clinical symptoms that are large enough to help
motivate treatment changes [31].

In summary, we provide real-world data obtained by a medical device app which
are in line with other published studies and provide initial evidence that it is feasible to
obtain reliable real-world data which can potentially be used for clinical decision making.
Further in-depth analyses will be needed on how mHealth app telemonitoring data can
help PwMS, inform clinicians, and impact clinical decision making and outcomes.

4.3. icobrain ms Brain MRI Analysis Validation

The use of follow-up brain MRI scans to detect disease activity in PwMS is recom-
mended by all international guidelines. Typically, changes in terms of new and enlarging
lesions and brain volume compared to the previous brain scan are evaluated visually.
However, especially because many lesions can be present in an MS patient’s brain and
subtle but significant brain atrophy is almost impossible to visually assess, it is known
that visual MRI reading is prone to inter-rater variability and potential discrepancies [12].
This was confirmed by the results reported in this paper, which demonstrate a significant
inter-rater lesion count difference, which can in part be explained by a subjective rater’s
preference for merging certain nearby lesions into one connected lesion, or for indicating
separate nearby lesion foci as distinct lesions. It should be mentioned here that in the
presented experiment the raters were asked to provide the best possible lesion count as
possible, not to perform a brain MRI reading they would do in a clinical setting. Given the
time pressure and distractions in a clinical context, it can be expected that the variability in
detecting (new) lesions can be even higher. In this study, it was demonstrated that icobrain
ms has an excellent test-retest lesion count agreement, and that the expert raters improved
their test-retest lesion count agreement when the software annotations were made available.
Such results are in line with previous studies that used various other assistive research
software approaches [42–45] although we must note that one limitation of this analysis
was the small number of raters.

As detecting brain MRI based disease activity is an essential part of the current MS
treatment guidelines, it is important to assess to what extent AI augmented radiological
reading can impact clinical decision making. In this context, it was demonstrated that the
use of icobrain ms together with the radiological reading detected a significantly higher
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number of PwMS with disease activity when compared to the visual radiological assess-
ment alone. This is in line with the results reported by [46], where the proportion of PwMS
who were found as having evidence of disease activity/progression grew from around
35% based on clinical criteria alone to around 54% based on conventional radiological
reading (with lesion activity and/or visually estimated brain atrophy), to 61% and 80%
when employing radiological reading assisted by icobrain ms (only lesion activity, and
lesion activity and estimated annual atrophy thresholded at 0.4%, respectively). In addition,
and as crucial to implement new technologies in the clinical setting, it was observed that
the radiological reading workflow was improved by 40%, which is significant given the
increasing time pressure on radiologists [47].

Finally, known-groups validity was also demonstrated for icobrain ms (Table 2) as sig-
nificant group differences were observed between MS phenotypes for the different icobrain
ms volumetric measures (Figure 10). These findings, albeit based on limited sample sizes,
indicated that lesion evolution and brain volumetry, as well as cognitive performance and
symptoms, have distinct patterns in the relapsing and progressive types/phases of MS, but
that the patterns seem to become more indistinguishable once the disease is more advanced.
Indeed, there is more heterogeneity in brain atrophy and lesion burden patterns among
different MS groups (relapsing-remitting, primary progressive, secondary progressive)
at low EDSS, and, conversely, brain atrophy and lesion burden patterns converge to a
common pattern when EDSS gets higher (Figure 10). The RRMS group is clearly distinct
from the progressive forms of MS. This divergence, followed by unification of clinical and
subclinical findings, is in line with the unifying concept of MS [48]. This highlights the
importance of not allowing the disease to progress beyond a certain stage, by addressing
the earliest signs of disease activity before irreversible damage sets in.

The results from these analyses demonstrate that it is feasible to implement brain
MRI AI solutions in a clinical routine setting and that they can improve the radiological
workflow. In addition, it is shown that the icobrain ms software, as an assistive tool for
radiological reading, decreases the intra- and inter-rater radiological reading variability.
Finally, it was demonstrated that icobrain ms results can help differentiate between MS
subtypes, in line with the literature, and that they allow for a significantly higher detection
rate of MS disease activity.

In further research, we aim to provide the combined icompanion and icobrain ms
results to clinicians to evaluate the potential impact of these technologies on clinical decision
making and standardization of care.

5. Conclusions

Given the heterogeneity of the disease, the increasing number of available treatment
options, and the long-term outcome effects of early clinical decisions in chronic disorders
such as MS, there is a clear need to move towards more personalized decision making in
MS. Hence, MS care pathways need to become more data-driven and standardized. In this
paper, real-world evidence on how new digital/AI technologies can impact MS patient
care was presented, and the feasibility of linking different digital tools into one overarching
MS care pathway was demonstrated.
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Appendix A

Note that these questions are part of a broader questionnaire that surveyed PwMS’
expectations of an MS app.

General

• What is your sex?

# Male
# Female
# Other

• What is your age?
• When were you diagnosed with MS?

# Less than 6 months ago
# 6 months–1 year ago
# 1–3 years ago
# 3–5 years ago
# 5–10 years ago
# 10–15 years ago
# 15–20 years ago
# Over 20 years ago
# I don’t know
# I prefer not to share this information

• Which type of MS do you have?

# Primary Progressive MS or PPMS
# Secondary Progressive MS or SPMS

198



Brain Sci. 2021, 11, 1171

# Relapsing Remitting MS or RRMS
# I don’t know
# I prefer not to share this information

Attitude towards MS application

• What is your attitude towards an MS app to help monitor your disease evolution?

# Very negative
# Rather negative
# Neutral
# Rather positive
# Very positive

Features

• Is it important that a knowledge center is included in an MS app?

# Yes
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○ Not sure/prefer not to say 

● Have you ever received or been given access to an electronic copy of your MRI? 
Check all that apply. 

○ CD/disc 

○ USB drive/thumb drive 

○ Direct download into my computer or other device 

○ Access through my clinic’s patient portal 

○ Other—Write In 

○ Not sure/prefer not to say 

● Have you ever looked at your own MRI images on your own, without your 
healthcare provider present? 

○ [in case of Yes] Did you find it helpful in any way to view your MRI images on 
your own? If so, how? 

○ [in case of Yes] Did you find it unhelpful in any way to view your MRI images 
on your own? If so, how? 

○ [in case of Yes] How well did you understand the images on your MRI?  

○ [in case of No] Why haven’t you looked at your MRI images on your own? 
Check all that apply. 
■ I wasn’t sure how to view the images 

■ I didn’t have a software program or application for viewing the files 

■ I couldn’t load the images onto my computer or another device where I could view them 

■ I didn’t know how to interpret the images 

■ I wasn’t interested in viewing my MRI images on my own 

■ Not sure/prefer not to say: 

■ Other—Write In 

○ [in case of No] Would you like to view your MRI images on your own? Why or why not?  

● Would you be interested in having your own copy of your MRI images to view? 
Why or why not? 

● If you have or had access to your own MRIs, would you be interested in knowing 
whether the MRI was performed according to the current clinical guidelines for MS?
 Why or why not? 

● If you have or had access to your own MRIs, would you be interested in knowing 
whether there were any changes between one MRI and the next (such as new lesions 
or loss of brain volume)? Why or why not? 

● If you have or had access to your own MRIs, would you be willing to share your 
electronic MRI with a researcher, if asked? Why or why not? 

● If you have or had access to your own MRIs, would you be willing to share them 
with iConquerMS, if asked, and allow iConquerMS to share them with researchers? 
Why or why not? 

References 
1. Coetzee, T.; Thompson, A.J. Atlas of MS 2020: Informing Global Policy Change. Mult. Scler. 2020, 26, 1807–1808. 

Would you use this feature?

• Yes
• No

# No

• Is it important that symptom logging is included in an MS app?

# Yes
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○ USB drive/thumb drive 
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healthcare provider present? 

○ [in case of Yes] Did you find it helpful in any way to view your MRI images on 
your own? If so, how? 
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on your own? If so, how? 

○ [in case of Yes] How well did you understand the images on your MRI?  

○ [in case of No] Why haven’t you looked at your MRI images on your own? 
Check all that apply. 
■ I wasn’t sure how to view the images 

■ I didn’t have a software program or application for viewing the files 

■ I couldn’t load the images onto my computer or another device where I could view them 

■ I didn’t know how to interpret the images 

■ I wasn’t interested in viewing my MRI images on my own 

■ Not sure/prefer not to say: 

■ Other—Write In 

○ [in case of No] Would you like to view your MRI images on your own? Why or why not?  

● Would you be interested in having your own copy of your MRI images to view? 
Why or why not? 

● If you have or had access to your own MRIs, would you be interested in knowing 
whether the MRI was performed according to the current clinical guidelines for MS?
 Why or why not? 

● If you have or had access to your own MRIs, would you be interested in knowing 
whether there were any changes between one MRI and the next (such as new lesions 
or loss of brain volume)? Why or why not? 

● If you have or had access to your own MRIs, would you be willing to share your 
electronic MRI with a researcher, if asked? Why or why not? 

● If you have or had access to your own MRIs, would you be willing to share them 
with iConquerMS, if asked, and allow iConquerMS to share them with researchers? 
Why or why not? 
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Would you use this feature?

• Yes
• No

# No

• Is it important that an overview and analysis of your MRI scans is included in an
MS app?

# Yes
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● Have you ever received or been given access to an electronic copy of your MRI? 
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○ CD/disc 

○ USB drive/thumb drive 

○ Direct download into my computer or other device 

○ Access through my clinic’s patient portal 

○ Other—Write In 

○ Not sure/prefer not to say 

● Have you ever looked at your own MRI images on your own, without your 
healthcare provider present? 
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whether there were any changes between one MRI and the next (such as new lesions 
or loss of brain volume)? Why or why not? 

● If you have or had access to your own MRIs, would you be willing to share your 
electronic MRI with a researcher, if asked? Why or why not? 

● If you have or had access to your own MRIs, would you be willing to share them 
with iConquerMS, if asked, and allow iConquerMS to share them with researchers? 
Why or why not? 
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Would you use this feature?

• Yes
• No

# No

• Is it important that the evolution of your MRI scans is included in an MS app?

# Yes
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● Have you ever received or been given access to an electronic copy of your MRI? 
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○ USB drive/thumb drive 

○ Direct download into my computer or other device 
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● Would you be interested in having your own copy of your MRI images to view? 
Why or why not? 

● If you have or had access to your own MRIs, would you be interested in knowing 
whether the MRI was performed according to the current clinical guidelines for MS?
 Why or why not? 

● If you have or had access to your own MRIs, would you be interested in knowing 
whether there were any changes between one MRI and the next (such as new lesions 
or loss of brain volume)? Why or why not? 

● If you have or had access to your own MRIs, would you be willing to share your 
electronic MRI with a researcher, if asked? Why or why not? 

● If you have or had access to your own MRIs, would you be willing to share them 
with iConquerMS, if asked, and allow iConquerMS to share them with researchers? 
Why or why not? 
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Would you use this feature?

• Yes
• No

# No

• Is it important that tests are included in an MS app?

# Yes
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● Have you ever received or been given access to an electronic copy of your MRI? 
Check all that apply. 

○ CD/disc 
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○ Other—Write In 
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■ I couldn’t load the images onto my computer or another device where I could view them 

■ I didn’t know how to interpret the images 

■ I wasn’t interested in viewing my MRI images on my own 

■ Not sure/prefer not to say: 

■ Other—Write In 

○ [in case of No] Would you like to view your MRI images on your own? Why or why not?  

● Would you be interested in having your own copy of your MRI images to view? 
Why or why not? 

● If you have or had access to your own MRIs, would you be interested in knowing 
whether the MRI was performed according to the current clinical guidelines for MS?
 Why or why not? 

● If you have or had access to your own MRIs, would you be interested in knowing 
whether there were any changes between one MRI and the next (such as new lesions 
or loss of brain volume)? Why or why not? 

● If you have or had access to your own MRIs, would you be willing to share your 
electronic MRI with a researcher, if asked? Why or why not? 

● If you have or had access to your own MRIs, would you be willing to share them 
with iConquerMS, if asked, and allow iConquerMS to share them with researchers? 
Why or why not? 
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• Is it important that a calendar to plan your doctor’s visits is included in an MS app?

# Yes

Brain Sci. 2021, 11, x FOR PEER REVIEW 25 of 27 
 

○ Not sure/prefer not to say 

● Have you ever received or been given access to an electronic copy of your MRI? 
Check all that apply. 

○ CD/disc 

○ USB drive/thumb drive 

○ Direct download into my computer or other device 

○ Access through my clinic’s patient portal 

○ Other—Write In 

○ Not sure/prefer not to say 

● Have you ever looked at your own MRI images on your own, without your 
healthcare provider present? 

○ [in case of Yes] Did you find it helpful in any way to view your MRI images on 
your own? If so, how? 

○ [in case of Yes] Did you find it unhelpful in any way to view your MRI images 
on your own? If so, how? 

○ [in case of Yes] How well did you understand the images on your MRI?  

○ [in case of No] Why haven’t you looked at your MRI images on your own? 
Check all that apply. 
■ I wasn’t sure how to view the images 

■ I didn’t have a software program or application for viewing the files 

■ I couldn’t load the images onto my computer or another device where I could view them 

■ I didn’t know how to interpret the images 

■ I wasn’t interested in viewing my MRI images on my own 

■ Not sure/prefer not to say: 

■ Other—Write In 

○ [in case of No] Would you like to view your MRI images on your own? Why or why not?  

● Would you be interested in having your own copy of your MRI images to view? 
Why or why not? 

● If you have or had access to your own MRIs, would you be interested in knowing 
whether the MRI was performed according to the current clinical guidelines for MS?
 Why or why not? 

● If you have or had access to your own MRIs, would you be interested in knowing 
whether there were any changes between one MRI and the next (such as new lesions 
or loss of brain volume)? Why or why not? 

● If you have or had access to your own MRIs, would you be willing to share your 
electronic MRI with a researcher, if asked? Why or why not? 

● If you have or had access to your own MRIs, would you be willing to share them 
with iConquerMS, if asked, and allow iConquerMS to share them with researchers? 
Why or why not? 
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Would you use this feature?

• Yes
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• No

# No

• Are you interested in an MS app?

# Yes
# Maybe
# No

• How frequently would you use an MS app?

# Daily
# Multiple times per week
# Once per week
# Once every two weeks
# Once per month
# Other

Appendix B

In case of fixed possible answers, see italic.

• Have you ever had an MRI performed for the purpose of diagnosing or treating
your MS?

• How often do you get an MRI for your MS, on average? Please disregard any recent de-
lays in getting an MRI that you may have experienced due to the COVID-19 pandemic.

• When did you last get an MRI of your brain?
• When did you last get an MRI of your neck or spinal column?
• Have you ever received or been given access to an electronic copy of your MRI? Check

all that apply.

# Yes, my clinic or radiology lab gave it to me without my requesting it
# Yes, my clinic or radiology lab gave it to me after I requested it
# Yes, I got one from participating in a research study
# No
# Not sure/prefer not to say

• Have you ever received or been given access to an electronic copy of your MRI? Check
all that apply.

# CD/disc
# USB drive/thumb drive
# Direct download into my computer or other device
# Access through my clinic’s patient portal
# Other—Write In
# Not sure/prefer not to say

• Have you ever looked at your own MRI images on your own, without your healthcare
provider present?

# [in case of Yes] Did you find it helpful in any way to view your MRI images on
your own? If so, how?

# [in case of Yes] Did you find it unhelpful in any way to view your MRI images
on your own? If so, how?

# [in case of Yes] How well did you understand the images on your MRI?
# [in case of No] Why haven’t you looked at your MRI images on your own?

Check all that apply.
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○ Not sure/prefer not to say 

● Have you ever received or been given access to an electronic copy of your MRI? 
Check all that apply. 

○ CD/disc 

○ USB drive/thumb drive 

○ Direct download into my computer or other device 

○ Access through my clinic’s patient portal 

○ Other—Write In 

○ Not sure/prefer not to say 

● Have you ever looked at your own MRI images on your own, without your 
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○ [in case of Yes] Did you find it helpful in any way to view your MRI images on 
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■ I didn’t have a software program or application for viewing the files 

■ I couldn’t load the images onto my computer or another device where I could view them 

■ I didn’t know how to interpret the images 

■ I wasn’t interested in viewing my MRI images on my own 

■ Not sure/prefer not to say: 

■ Other—Write In 

○ [in case of No] Would you like to view your MRI images on your own? Why or why not?  

● Would you be interested in having your own copy of your MRI images to view? 
Why or why not? 

● If you have or had access to your own MRIs, would you be interested in knowing 
whether the MRI was performed according to the current clinical guidelines for MS?
 Why or why not? 

● If you have or had access to your own MRIs, would you be interested in knowing 
whether there were any changes between one MRI and the next (such as new lesions 
or loss of brain volume)? Why or why not? 

● If you have or had access to your own MRIs, would you be willing to share your 
electronic MRI with a researcher, if asked? Why or why not? 

● If you have or had access to your own MRIs, would you be willing to share them 
with iConquerMS, if asked, and allow iConquerMS to share them with researchers? 
Why or why not? 
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I wasn’t sure how to view the images

Brain Sci. 2021, 11, x FOR PEER REVIEW 25 of 27 
 

○ Not sure/prefer not to say 

● Have you ever received or been given access to an electronic copy of your MRI? 
Check all that apply. 

○ CD/disc 

○ USB drive/thumb drive 

○ Direct download into my computer or other device 

○ Access through my clinic’s patient portal 

○ Other—Write In 

○ Not sure/prefer not to say 

● Have you ever looked at your own MRI images on your own, without your 
healthcare provider present? 

○ [in case of Yes] Did you find it helpful in any way to view your MRI images on 
your own? If so, how? 

○ [in case of Yes] Did you find it unhelpful in any way to view your MRI images 
on your own? If so, how? 

○ [in case of Yes] How well did you understand the images on your MRI?  

○ [in case of No] Why haven’t you looked at your MRI images on your own? 
Check all that apply. 
■ I wasn’t sure how to view the images 

■ I didn’t have a software program or application for viewing the files 

■ I couldn’t load the images onto my computer or another device where I could view them 

■ I didn’t know how to interpret the images 

■ I wasn’t interested in viewing my MRI images on my own 

■ Not sure/prefer not to say: 

■ Other—Write In 

○ [in case of No] Would you like to view your MRI images on your own? Why or why not?  

● Would you be interested in having your own copy of your MRI images to view? 
Why or why not? 

● If you have or had access to your own MRIs, would you be interested in knowing 
whether the MRI was performed according to the current clinical guidelines for MS?
 Why or why not? 

● If you have or had access to your own MRIs, would you be interested in knowing 
whether there were any changes between one MRI and the next (such as new lesions 
or loss of brain volume)? Why or why not? 

● If you have or had access to your own MRIs, would you be willing to share your 
electronic MRI with a researcher, if asked? Why or why not? 

● If you have or had access to your own MRIs, would you be willing to share them 
with iConquerMS, if asked, and allow iConquerMS to share them with researchers? 
Why or why not? 
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○ Not sure/prefer not to say 

● Have you ever received or been given access to an electronic copy of your MRI? 
Check all that apply. 

○ CD/disc 

○ USB drive/thumb drive 

○ Direct download into my computer or other device 

○ Access through my clinic’s patient portal 

○ Other—Write In 

○ Not sure/prefer not to say 

● Have you ever looked at your own MRI images on your own, without your 
healthcare provider present? 

○ [in case of Yes] Did you find it helpful in any way to view your MRI images on 
your own? If so, how? 

○ [in case of Yes] Did you find it unhelpful in any way to view your MRI images 
on your own? If so, how? 

○ [in case of Yes] How well did you understand the images on your MRI?  

○ [in case of No] Why haven’t you looked at your MRI images on your own? 
Check all that apply. 
■ I wasn’t sure how to view the images 

■ I didn’t have a software program or application for viewing the files 

■ I couldn’t load the images onto my computer or another device where I could view them 

■ I didn’t know how to interpret the images 

■ I wasn’t interested in viewing my MRI images on my own 

■ Not sure/prefer not to say: 

■ Other—Write In 

○ [in case of No] Would you like to view your MRI images on your own? Why or why not?  

● Would you be interested in having your own copy of your MRI images to view? 
Why or why not? 

● If you have or had access to your own MRIs, would you be interested in knowing 
whether the MRI was performed according to the current clinical guidelines for MS?
 Why or why not? 

● If you have or had access to your own MRIs, would you be interested in knowing 
whether there were any changes between one MRI and the next (such as new lesions 
or loss of brain volume)? Why or why not? 

● If you have or had access to your own MRIs, would you be willing to share your 
electronic MRI with a researcher, if asked? Why or why not? 

● If you have or had access to your own MRIs, would you be willing to share them 
with iConquerMS, if asked, and allow iConquerMS to share them with researchers? 
Why or why not? 
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I couldn’t load the images onto my computer or another device where I could
view them
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○ Not sure/prefer not to say 

● Have you ever received or been given access to an electronic copy of your MRI? 
Check all that apply. 

○ CD/disc 

○ USB drive/thumb drive 

○ Direct download into my computer or other device 

○ Access through my clinic’s patient portal 

○ Other—Write In 

○ Not sure/prefer not to say 

● Have you ever looked at your own MRI images on your own, without your 
healthcare provider present? 

○ [in case of Yes] Did you find it helpful in any way to view your MRI images on 
your own? If so, how? 

○ [in case of Yes] Did you find it unhelpful in any way to view your MRI images 
on your own? If so, how? 

○ [in case of Yes] How well did you understand the images on your MRI?  
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■ I didn’t have a software program or application for viewing the files 

■ I couldn’t load the images onto my computer or another device where I could view them 

■ I didn’t know how to interpret the images 

■ I wasn’t interested in viewing my MRI images on my own 

■ Not sure/prefer not to say: 

■ Other—Write In 

○ [in case of No] Would you like to view your MRI images on your own? Why or why not?  

● Would you be interested in having your own copy of your MRI images to view? 
Why or why not? 

● If you have or had access to your own MRIs, would you be interested in knowing 
whether the MRI was performed according to the current clinical guidelines for MS?
 Why or why not? 

● If you have or had access to your own MRIs, would you be interested in knowing 
whether there were any changes between one MRI and the next (such as new lesions 
or loss of brain volume)? Why or why not? 

● If you have or had access to your own MRIs, would you be willing to share your 
electronic MRI with a researcher, if asked? Why or why not? 

● If you have or had access to your own MRIs, would you be willing to share them 
with iConquerMS, if asked, and allow iConquerMS to share them with researchers? 
Why or why not? 
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I didn’t know how to interpret the images
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○ Not sure/prefer not to say 

● Have you ever received or been given access to an electronic copy of your MRI? 
Check all that apply. 

○ CD/disc 

○ USB drive/thumb drive 

○ Direct download into my computer or other device 

○ Access through my clinic’s patient portal 

○ Other—Write In 

○ Not sure/prefer not to say 

● Have you ever looked at your own MRI images on your own, without your 
healthcare provider present? 

○ [in case of Yes] Did you find it helpful in any way to view your MRI images on 
your own? If so, how? 

○ [in case of Yes] Did you find it unhelpful in any way to view your MRI images 
on your own? If so, how? 
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○ [in case of No] Would you like to view your MRI images on your own? Why or why not?  
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Why or why not? 
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whether the MRI was performed according to the current clinical guidelines for MS?
 Why or why not? 

● If you have or had access to your own MRIs, would you be interested in knowing 
whether there were any changes between one MRI and the next (such as new lesions 
or loss of brain volume)? Why or why not? 

● If you have or had access to your own MRIs, would you be willing to share your 
electronic MRI with a researcher, if asked? Why or why not? 

● If you have or had access to your own MRIs, would you be willing to share them 
with iConquerMS, if asked, and allow iConquerMS to share them with researchers? 
Why or why not? 
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I wasn’t interested in viewing my MRI images on my own
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○ Not sure/prefer not to say 

● Have you ever received or been given access to an electronic copy of your MRI? 
Check all that apply. 

○ CD/disc 

○ USB drive/thumb drive 

○ Direct download into my computer or other device 

○ Access through my clinic’s patient portal 

○ Other—Write In 

○ Not sure/prefer not to say 

● Have you ever looked at your own MRI images on your own, without your 
healthcare provider present? 

○ [in case of Yes] Did you find it helpful in any way to view your MRI images on 
your own? If so, how? 

○ [in case of Yes] Did you find it unhelpful in any way to view your MRI images 
on your own? If so, how? 

○ [in case of Yes] How well did you understand the images on your MRI?  

○ [in case of No] Why haven’t you looked at your MRI images on your own? 
Check all that apply. 
■ I wasn’t sure how to view the images 

■ I didn’t have a software program or application for viewing the files 

■ I couldn’t load the images onto my computer or another device where I could view them 

■ I didn’t know how to interpret the images 

■ I wasn’t interested in viewing my MRI images on my own 

■ Not sure/prefer not to say: 

■ Other—Write In 

○ [in case of No] Would you like to view your MRI images on your own? Why or why not?  

● Would you be interested in having your own copy of your MRI images to view? 
Why or why not? 

● If you have or had access to your own MRIs, would you be interested in knowing 
whether the MRI was performed according to the current clinical guidelines for MS?
 Why or why not? 

● If you have or had access to your own MRIs, would you be interested in knowing 
whether there were any changes between one MRI and the next (such as new lesions 
or loss of brain volume)? Why or why not? 

● If you have or had access to your own MRIs, would you be willing to share your 
electronic MRI with a researcher, if asked? Why or why not? 

● If you have or had access to your own MRIs, would you be willing to share them 
with iConquerMS, if asked, and allow iConquerMS to share them with researchers? 
Why or why not? 
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○ Not sure/prefer not to say 

● Have you ever received or been given access to an electronic copy of your MRI? 
Check all that apply. 

○ CD/disc 

○ USB drive/thumb drive 

○ Direct download into my computer or other device 

○ Access through my clinic’s patient portal 

○ Other—Write In 

○ Not sure/prefer not to say 

● Have you ever looked at your own MRI images on your own, without your 
healthcare provider present? 

○ [in case of Yes] Did you find it helpful in any way to view your MRI images on 
your own? If so, how? 

○ [in case of Yes] Did you find it unhelpful in any way to view your MRI images 
on your own? If so, how? 

○ [in case of Yes] How well did you understand the images on your MRI?  

○ [in case of No] Why haven’t you looked at your MRI images on your own? 
Check all that apply. 
■ I wasn’t sure how to view the images 

■ I didn’t have a software program or application for viewing the files 

■ I couldn’t load the images onto my computer or another device where I could view them 

■ I didn’t know how to interpret the images 

■ I wasn’t interested in viewing my MRI images on my own 

■ Not sure/prefer not to say: 

■ Other—Write In 

○ [in case of No] Would you like to view your MRI images on your own? Why or why not?  

● Would you be interested in having your own copy of your MRI images to view? 
Why or why not? 

● If you have or had access to your own MRIs, would you be interested in knowing 
whether the MRI was performed according to the current clinical guidelines for MS?
 Why or why not? 

● If you have or had access to your own MRIs, would you be interested in knowing 
whether there were any changes between one MRI and the next (such as new lesions 
or loss of brain volume)? Why or why not? 

● If you have or had access to your own MRIs, would you be willing to share your 
electronic MRI with a researcher, if asked? Why or why not? 

● If you have or had access to your own MRIs, would you be willing to share them 
with iConquerMS, if asked, and allow iConquerMS to share them with researchers? 
Why or why not? 
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Other—Write In

# [in case of No] Would you like to view your MRI images on your own? Why
or why not?

• Would you be interested in having your own copy of your MRI images to view?Why
or why not?

• If you have or had access to your own MRIs, would you be interested in knowing
whether the MRI was performed according to the current clinical guidelines for MS?
Why or why not?

• If you have or had access to your own MRIs, would you be interested in knowing
whether there were any changes between one MRI and the next (such as new lesions
or loss of brain volume)? Why or why not?

• If you have or had access to your own MRIs, would you be willing to share your
electronic MRI with a researcher, if asked? Why or why not?

• If you have or had access to your own MRIs, would you be willing to share them with
iConquerMS, if asked, and allow iConquerMS to share them with researchers? Why
or why not?
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