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ABSTRACT

The present work deals with the search for digital markers for the monitoring of

multiple sclerosis (MS).

Background: Current clinical assessments of people with MS (pwMS) are
incomplete, episodic and may miss fundamental features of functional
fluctuations and changes between visits. Sensor-based monitoring tools may fill

a critical gap in MS research and clinical care.

Objectives: We aimed (1) to assess the feasibility of remote active testing and
passive monitoring using smartphones and smartwatch technology in pwMS with
respect to adherence and satisfaction with the Floodlight MS application (app).
(2) To determine the association between exploratory sensor-based outcomes
(Floodlight MS app) and conventional MS clinical outcomes. (3) To explore
regional neural correlates of digital measures from smartphone sensor-based

tests in pwMS.

Methods: We conducted a prospective pilot study including pwMS (aged 20 to 57
years; Expanded Disability Status Scale [EDSS] 0-5.5; n=76) and healthy controls
(n=25). All participants performed the Floodlight MS app, comprising active tests
(daily, weekly, every two weeks, or on demand) for assessment of cognition
(electronic Symbol Digit Modalities Test), upper extremity function (Pinching
Test, Draw a Shape Test), and gait and balance (Static Balance Test, U-Turn
Test, Walk Test) and passive monitoring (sensor-based gait and mobility) for 24
weeks using a smartphone and smartwatch. (1) The primary analysis assessed
adherence (proportion of weeks with at least 3 days of completed testing and 4
hours per day passive monitoring) and questionnaire-based satisfaction. In-clinic
assessments including standard clinical measurements and magnetic resonance
imaging (MRI) were performed. (2) Intraclass correlation coefficients (ICCs) and
age- or sex-adjusted Spearman's rank correlation determined test-retest
reliability and correlations with clinical and MRI outcome measures, respectively.

(3) Finally, digital measures and standard clinical measures of MS disease state
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were correlated against regional and structural MRI outcomes acquired with
icobrain ms v.5.0 (icometrix, Leuven, Belgium), including normalized brain

volumes for 36 anatomical regions, using univariate Spearman’s rank correlation.

Results: (1) PWMS showed 70% (16.68/24 weeks) adherence to active tests and
79% (18.89/24 weeks) to passive monitoring; satisfaction score was on average
73.7 out of 100. Neither adherence nor satisfaction was associated with specific
population characteristics. Test-battery assessments had an at least acceptable
impact on daily activities in over 80% (61/72) of pwMS. (2) In pwMS, ICCs were
moderate-to-good (ICC = 0.61-0.85) across tests. Correlations with domain-
specific standard clinical disability measures were significant for all tests in the
cognitive (r=0.82, p < 0.001), upper extremity function (|r|= 0.40/0.64, all p <
0.001), and gait and balance domains (r= -0.25/-0.52, all p<0.05; except for
Static Balance Test: r = -0.20, p>0.05). Most tests also correlated with EDSS,
29-item Multiple Sclerosis Impact Scale items or subscales, and normalized brain
volume. (3) Worse performance on digital and clinical measures was associated
with smaller regional brain volumes and larger ventricular volumes. While digital
and clinical measures had many neural correlates in common, some were
observed only for digital measures. For example, accuracy over time on the Draw
a Shape Test and the time difference between fingers touching the screen on the
Pinching Test, but not the Nine-Hole Peg Test (9HPT), correlated with volume of
the hippocampus (r = 0.37 [Draw a Shape]/-0.45 [Pinching Test]), thalamus (r
= 0.38/-0.41), and pons (r = 0.35/-0.35).

Conclusions: (1) PWMS were engaged and satisfied with the Floodlight MS app.
(2) The Floodlight MS app captures reliable and clinically relevant measures of
functional impairment in MS. (3) Multiple neural correlates were identified for the
digital measures. Some correlates were only observed for the digital but not the
standard clinical measures, suggesting that digital measures may vyield higher

functional specificity.
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RESUMEN

El presente trabajo se basa en la busqueda de marcadores digitales para el
seguimiento de la esclerosis multiple (EM).

Antecedentes: Las evaluaciones clinicas actuales de personas con EM (pwMS)
son incompletas, episddicas y pueden pasar por alto caracteristicas
fundamentales como fluctuaciones y cambios funcionales entre visitas. Las
herramientas de monitorizacién basadas en sensores pueden llenar un vacio

critico en la investigacion y la atencién clinica de la EM.

Obijetivos: Nuestros objetivos eran (1) evaluar la viabilidad de las pruebas activas
y la supervision pasiva de manera remota utilizando teléfonos y relojes
inteligentes en pwMS con respecto a la adherencia y la satisfaccion con la
aplicacion (app) Floodlight EM. (2) Determinar la asociacion entre los resultados
exploratorios basados en sensores (app Floodlight EM) y los resultados obtenidos
de la clinica de la EM convencional. (3) Explorar correlatos neuronales regionales
de las medidas digitales obtenidas de pruebas basadas en sensores de teléfonos
inteligentes en pwMS.

Métodos: Realizamos un estudio piloto prospectivo que incluyé pwMS (edad de
20 a 57 afhos; Escala de estado de discapacidad expandida [EDSS] 0-5.5; n = 76)
y controles sanos (n = 25). Todos los participantes utilizaron la app Floodlight
EM, que comprende pruebas activas (diarias, semanales, cada dos semanas o a
demanda) disefiadas para evaluar la cognicion (prueba electronica de
modalidades de digitos y simbolos), la funcién de las extremidades superiores
(prueba de pellizco, prueba de dibujar una forma) y la marcha y el equilibrio
(prueba de equilibrio estatico, prueba de giro en U, prueba de marcha) asi como
la monitorizacidon pasiva (marcha y movilidad basadas en sensores) durante 24
semanas utilizando un teléfono y reloj inteligentes. (1) El primer analisis evalud
la adherencia (proporcién de semanas con al menos 3 dias de prueba completa
y 4 horas por dia de monitorizacion pasiva) y la satisfaccion a través de un

cuestionario. A su vez, durante las visitas en el centro se realizaron evaluaciones
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clinicas estandar y de resonancia magnética (RM). (2) La fiabilidad test-retest y
las correlaciones con las medidas de resultado clinicas y de RM se determinaron
mediante los coeficientes de correlacién intraclase (ICC) y la correlacidon de rango
de Spearman ajustada por edad o sexo, respectivamente. (3) Finalmente, las
medidas digitales y las medidas clinicas estandar del estado de la enfermedad
(EM) se correlacionaron con los resultados de RM regional y estructural
adquiridos con icobrain ms v.5.0 (icometrix, Lovaina, Bélgica), incluyendo los
volimenes cerebrales normalizados para 36 regiones anatdmicas, y utilizando la

correlacién de rango univariada de Spearman.

Resultados: (1) PWMS mostraron 70% (16,68/24 semanas) de adherencia a las
pruebas activas y 79% (18,89/24 semanas) a la monitorizacion pasiva; la
puntuacién de satisfaccion fue en promedio de 73,7 sobre 100. Ni la adherencia
ni la satisfaccion se asociaron con caracteristicas especificas de la poblaciéon en
estudio. Las evaluaciones de la app tuvieron un impacto aceptable en las
actividades diarias en mas del 80% (61/72) de pwMS. (2) En pwMS, los ICC
fueron de moderados a buenos (ICC = 0,61-0,85) en todas las pruebas. Las
correlaciones con las medidas estandar de discapacidad clinica especificas para
cada dominio fueron significativas para todas las pruebas en los dominios
cognitivo (r = 0,82, p < 0,001), funcion de las extremidades superiores (|r|=
0,40/0,64, todos p < 0,001) y marcha y equilibrio (r = -0,25/-0,52, todos p<0,05;
excepto para la prueba de equilibrio estatico: r = -0,20, p>0,05). La mayoria de
las pruebas también se correlacionaron con el EDSS, los items o subescalas de la
escala de impacto de la esclerosis multiple de 29 items y el volumen cerebral
normalizado. (3) El peor rendimiento en las medidas digitales y clinicas se asocio
con volumenes cerebrales regionales mas pequefios y volimenes ventriculares
mas grandes. Si bien las medidas digitales y clinicas tenian muchos correlatos
neuronales en comun, algunos se observaron solo para las medidas digitales. Por
ejemplo, la precision a lo largo del tiempo en la prueba de dibujar una forma y
la diferencia de tiempo entre los toques de la pantalla con los dedos en la prueba
de pellizco, pero no en la prueba de las clavijas y nueve agujeros (9HPT), se

correlacionaron con el volumen del hipocampo (r = 0,37 [prueba de dibujar una
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forma]/-0,45 [prueba de pellizco]), talamo (r = 0,38/-0,41) y protuberancia (r =
0,35/-0,35).

Conclusiones: (1) PwWMS estaban comprometidos y satisfechos con la app
Floodlight EM. (2) La app Floodlight EM captura medidas confiables y
clinicamente relevantes de deterioro funcional en la EM. (3) Multiples correlatos
neuronales fueron identificados para las medidas digitales. Algunas correlaciones
solo se observaron para las medidas digitales pero no para las medidas clinicas
estandar, lo que sugiere que las medidas digitales pueden proporcionar una
mayor especificidad funcional.
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1. INTRODUCTION

1.1 INTRODUCTION TO MS

Multiple sclerosis (MS) is an inflammatory-demyelinating and neurodegenerative
disease of the central nervous system (CNS) with an autoimmune mechanism,
which predominantly affects young adults, being the main non-traumatic cause
of disability in this population. It affects more than 2 million people worldwide (at
least 400,000 in the United States and 50,000 in Spain)!-.

1.1.1 Epidemiology

Age and gender. Being the first demyelinating attack that could lead to the
development of MS, a clinically isolated syndrome (CIS) occurs more typically in
young adults aged 20-40 years in 70.0% of cases with a mean age of 30 years?,
but suggestive symptoms can present at older and younger ages. In most
populations, women are affected more commonly than men, with the female-to-
male ratio varying between 1.5:1 and 2.5:1, with a trend toward higher values in
the most recent studies, probably related to lifestyle changes and environmental
factors. Although relapsing-remitting MS (RRMS) is the most common clinical
phenotype, 10-15% of patients have a progressive course from the beginning of
the disease, with or without associated relapses. Patients with primary
progressive MS (PPMS) are mostly older at onset and the gender difference in

this population tends to be smaller*3.

Geography. Both incidence and prevalence vary (Fig. 1.1.1A): areas with a high
prevalence (60 per 100000 inhabitants or more) include Europe, Southern
Canada, Northern United States, New Zealand, and Southeast Australia®1°, This
could be partly due to racial differences: people of northern European origin
appear to be the most susceptible, whereas people of Asian, American Indian or

African ancestry have the lowest risk!'-13, Nevertheless, an increase in prevalence
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has been observed in Latin Americal! and a higher incidence of MS was
determined in African Americans, with black women having the highest risk of
evolving to MS. The reasons behind the increasing incidence are not fully
understood, but improvements in hygiene and a decrease in vitamin D are likely
contributors!3. Besides, persons who migrate from a high to a low-risk area after
puberty retain their former risk, whilst those who migrate at earlier ages appear
to acquire the risk of the new area to which they migrated4, suggesting that
exposure to certain environmental factors at a young age may be key to
developing the disease. There has been an attenuation of the north-south
gradient after the 1980s, probably due to an increased incidence in lower
latitudes>1>. Conversely, although prevalence has increased in Australia, New
Zealand, Western Europe, and North America, incidence has not in the latter two
regions®, meaning that the observed latitudinal gradient of prevalence could be

explained by factors such as survival time or diagnostic accuracy.

People per -
100,000 with MS

B >0
[ s0.01-100
B 200160
B 50120
[] os

D Data not provided

Figure 1.1.1A. Worldwide prevalence of MS. The prevalence of multiple sclerosis (MS) varies
between countries. In general, the prevalence of MS is higher in countries of higher latitude and
in Western countries. The MS International Federation’s Atlas of MS, 2013. © www.atlasofms.org,
MSIF 2013.
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1.1.2 Risk factors

It is not known whether MS has a single or multiple causes, and rarely (if ever)
has a specific etiologic trigger been identified. Nonetheless, various genetic and

environmental risk factors have been found! (Fig. 1.1.2A).

Genetic risk factors. People with an affected first-degree relative have a 2 to
4% risk of MS (as compared with approximately 0.1% risk in the general
population), and concordance in monozygotic twins is 30 to 50%. Different
genetic studies, based on available samples from thousands of MS patients and
matched controls, have identified more than 200 genetic variants that increase
the risk of the disease, of which the most significant continues being the HLA
Haplotype DRB1 * 1501 (with an odds ratio of approximately 3). Most risk alleles
are associated with genes of the immune pathway, especially with class II alleles
of the major histocompatibility complex (MHC). In addition, the risk of MS may
vary according to the type of HLA-DRB1 allele, with a protective effect being
observed with the HLA-DRB1 * 04, * 07, and * 09 alleles, while a high risk is
observed with the DRB1 * 15, * 16, and * 08 alleles. The risk of MS is also
associated with other non-MHC susceptibility genes, such as IL2RA, IL7RA and
IRF816-18, Epigenetic changes affecting gene expression in response to external
influence represent the link between non-genetic and genetic risk factors, which
should be extensively studied to improve the knowledge of MS molecular

mechanisms?®,

Environmental risk factors

- Vitamin D. There is a close relationship between latitude and exposure to
sunlight and therefore with the resulting metabolism of vitamin D?°. Several
studies have shown that taking vitamin D supplements reduces the risk of
acquiring MS or that serum levels of 25-hydroxy vitamin D are inversely

associated with the risk of MS21-22,

- Infections. Neurotropic viruses have been studied as possible triggers for MS.
To date, there is no specific evidence directly linking viruses to the development

of MS, but there is increasing attention on the Epstein Barr Virus (EBV) as a cause
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or trigger of MS, observing a relative risk increase of 2.3 times [95% confidence
interval (CI) 1.7-3.0] after mononucleosis infectious and elevations of anti-EBV
antibody titres before MS onset, especially antibodies against the EBV nuclear
antigen 2 (EBNA-2)?3-26, However, proving a link between EBV and MS is complex
since serological evidence of EBV exposure can be found in up to 90% of the
general adult population and only about 1 in 500 will develop MS, meaning that
other critical factors must influence the development of the disease?’. In a recent
US Army cohort-based study, 801 MS cases and 1566 controls were identified
with samples available to assess EBV infection status. At baseline, 35 MS cases
and 107 controls were negative for EBV. All but one of these 35 EBV-negative MS
cases became infected with EBV during follow-up, and all seroconverted before
MS onset. The seroconversion rate among people who developed MS during
follow-up (97%) was definitely higher than among people who did not develop
MS (57%). The hazard ratio for MS comparing EBV seroconversion versus
persistent EBV seronegativity was 32.4 (95% CI 4.3 to 245.3, p>0.001)28,
Another hypothesis proposes that infections during early life could attenuate the
immune response to autoantigens and confer some protection against

autoimmunity later in life2%-30,

- Gut microbiota. Gut microbiota contributes to preventing colonization of
pathogenic microbes, modulating host immune responses, and promoting
intestinal barrier integrity3!. Whenever there is inflammation, it may damage the
tight junctions and mucous membranes of the intestine and gastrointestinal
mucosa. Toxic by-products in the gastrointestinal tract can be absorbed into the
bloodstream and affect many body organs, causing food allergies, inflammation,
and autoimmune disorders3?34, So, it has been suggested that altered gut
microbiota composition might partially be the underlying cause of MS
development3>. Structural changes observed in the gastrointestinal mucosa and
an increase in inflammatory T cells in MS patients, may partly explain how the
impaired intestinal barrier can lead to the entry of immune cells and inflammatory
factors into the brain. Several studies conducted on the role of the intestinal

barrier in MS, have demonstrated that probiotics may provide significant
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protection by reducing the reactivation of the immune system and inflammatory

responses in MS patients36-37,

- Other potential environmental risk factors. Several studies have shown
an association between smoking and an increased risk of CIS and MS3%-3%, The
month of birth has been implicated as a risk factor for MS, with a higher
probability of developing MS in people born in April and May*, but it is possible
that this effect of birth is a false positive due to confounding factors such as
seasonal variation in birth rates, due to excess births in March, April and May*.
More recent studies suggest that specific diets may act as trigger for MS*2, Two
studies, carried out in vitro and animal models, showed that increased salt
concentrations induced a profile of IL-17-producing Th17 cells and led to a
worsening of symptoms in  mice with experimental autoimmune
encephalomyelitis**-*4. Finally, a higher body mass index during childhood and
adolescence has been associated with an increased risk of developing MS,
especially in women*>#/, Other studies suggest that interactions between obesity
and HLA-DRB1* 15, as well as past infectious mononucleosis, could trigger the

autoimmune response*®-4,

Environmental risk
factors

Genetic risk
factors

Vitamin D/sun exposure

HLA-DRB1 - .
Viral infections

MS

« IL2RA : "

. IL7RA Smo ing .

. IRF8 * Diet (.salt intake)
*  Obesity

Figure 1.1.2A Main genetic and environmental risk factors for multiple sclerosis (MS).
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1.1.3 Pathogeny

The most widely accepted theory is that MS begins as an inflammatory
autoimmune disease mediated by autoreactive lymphocytes that cross the blood-
brain barrier (BBB) and is dominated by microglial activation and
neurodegeneration later in the course of the disease®®>1. This theory arises from
the similarities observed between MS and experimental autoimmune
encephalomyelitis (EAE), the animal model of the disease, which is induced by
immunizing animals with proteins derived from myelin such as proteolipid protein
(PLP), the Myelin oligodendrocyte glycoprotein (MOG) or myelin basic protein
(MBP)32,

Myelin-specific autoreactive T lymphocytes can be found in peripheral blood and
in the cerebrospinal fluid (CSF) of both MS patients and healthy controls, although
in the former case, myelin-reactive T lymphocytes are activated more frequently
and have a memory phenotype compared to the resting, naive phenotype
observed in controls>3->4, It is not yet clear how these T cells are activated in MS,
but various processes have been suggested as triggers in genetically susceptible
individuals exposed to the correct environmental factors, such as molecular
mimicry (cross-reaction with auto-myelin epitopes of T cells generated against
non-self-epitopes)>>>®, peripheral constitutive myelin antigens in cervical lymph
nodes according to EAE models>’8, or a deficient immunoregulatory control in
which regulatory T lymphocytes fail to suppress effector cells, allowing them to

initiate an immune response within the brain>*.

Transmigration through the BBB is mediated by adhesion molecules expressed in
endothelial and immune cells, chemokines, and matrix metalloproteinase
(MMP)®0, Once within the CNS, autoreactive CD4 lymphocytes are reactivated by
myelin antigens presented, in the context of HLA class II molecules, by antigen-
presenting cells such as macrophages and microglia. This reactivation triggers
the release of pro-inflammatory cytokines that further disrupt BBB and stimulate
chemotaxis, resulting in a larger wave of inflammatory cell recruitment into the
CN552’61.
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After peripheral activation, IL-12 induces the differentiation of naive CD4 + T
cells into Thl cells, producing pro-inflammatory cytokines such as interferon
(IFN)y that activate macrophages®?. On the other hand, differentiation into Th2
cells induces an anti-inflammatory response through cytokines such as IL-4%3. A
dysregulation in the balance between Th1 and Th2 cytokines has been classically
implicated in the core of MS immunopathogenesis, but over the years, other cells
subtypes have been discovered that also play a role in autoimmune diseases.
Among them, Th17 cells undergo expansion after exposure to IL-23 produced by
macrophages and dendritic cells. This cell lineage secretes IL-17, a pro-
inflammatory cytokine®?%*, as well as IL-16 and TNF-ag®*6, IL-17 further
promotes the differentiation and activation of B cells and macrophages®’-%¢ and
allows the penetration of most Th17 cells into the brain®-70. However, the

antigenic specificity of Th17 cells has not been resolved®°.

So, whilst Th17 and Thl cells promote inflammation, naturally occurring
regulatory T cells (CD4 + CD25 + Treg) and Th2 cells have a role in resolving
the inflammatory process by inhibiting T cell proliferation through down
regulation of MHC-II expression and reducing the release of inflammatory
cytokines’!. Although the number of Treg cells in both blood and CSF appears to
be similar between MS patients and healthy controls, there may be defects in the
ability of Treg cells to suppress peripheral activation of myelin-specific T cells in
MS patients*.

Classically, MS was defined as a CD4+ cell-mediated disease. There is evidence
that other cell lines also contribute to the disease immunopathogenesis.
Regarding CD8+ cells, they are prominently found in MS lesions and, in some
studies, CD8+ cells outnumber CD4+ cells’2. They may promote CNS vascular
permeability and the number of infiltrating CD8+ cells in MS lesions correlate with
axonal damage’374. Additionally, adoptive transfer of activated myelin-specific
CD8+ cells can induce EAE, suggesting a role as effector cells in MS
pathogenesis’. As for B cells, they can act as antigen presenting cells and, once
they mature into plasmatic cells, they can produce auto-antibodies that bind to

their target cells and activate the complement cascade or induce macrophage
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antibody-mediated phagocytosis. B cells can also produce demyelination through
secretion of antibodies against oligodendrocytes that can be mediated or not by

complement®276,

The role of humoral immunity in MS immunopathogenesis is further supported
by the persistent intrathecal production of oligoclonal immunoglobulins, a finding
that, although not specific for MS, has been part of the diagnostic criteria in one
way or another’’-8%, Another finding supporting the role of the humoral immune
response is the presence of follicle-like aggregates with germinal centres in the
meninges of patients with secondary progressive MS (SPMS), meaning that B-cell
responses like proliferation, antigen-driven maturation selection, and
differentiation into plasma cells can be maintained locally inside the CNS and may
contribute to the pathogenic process®. Finally, B cell ablative therapy with an
anti-CD20 monoclonal antibody that depletes naive and memory B cells, reduces
clinical relapses and inflammatory activity on brain MRI, probably by decreasing
antigen presenting capacity and cytokine production by B cells®.

Once T and B cells, plasma cells, and macrophages accumulate in the CNS,
proinflammatory cytokines increase the immune response by activating microglia.
Contact is then established between the activated microglia and components of
the oligodendrocyte-myelin unit, which is opsonised with ligands for both
microglial Fc and complement receptors, delivering a lethal signal through the
surface-bound TNF-a resulting in demyelination and oligodendrocyte loss 838,
Additionally, it has also been suggested that astrocytes could play a more active
role in facilitating a glutamate-mediated axonal degeneration and

oligodendrocyte damage®>-8 (Fig. 1.1.3A).
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Figure 1.1.3A. Schematic representation of MS immunopathogenesis. APC: antigen presenting
cell.

1.1.4 MS clinical manifestations and phenotypes

Clinically MS is characterized by the appearance of episodes of neurological
dysfunction, called relapses, with total or partial recovery, which usually last days
or weeks. Typical syndromes at onset include monocular visual loss secondary to
inflammation of the optic nerve (optic neuritis), limb weakness or sensory loss
secondary to spinal inflammation (myelitis), double vision due to brainstem
dysfunction, or ataxia due to cerebellar involvement!87-8 (Table 1.1.4A). After
typically 10 to 20 years from disease onset, a progressive clinical course develops
in many of the persons affected, eventually leading to impaired mobility and
cognition; approximately 15% of patients have a progressive course from onset!.
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Table 1.1.4A. Typical and atypical clinical presentation of MS

Clinical

Typical/atypical

Involvement

Signs or symptoms

Recovery

manifestation
Optic neuritis

manifestation
Typical

Atypical

Subacute to chronic
(hours to days)

Acute  (seconds to
minutes)

Unilateral

Bilateral

Afferent pupillary defect

Central visual blurring or scotoma
Reduced visual acuity
Dyschromatopsia

Normal optic disc or optic disc swelling
Mild unilateral orbital pain worsened by eye

movements

Peripheral or altitudinal visual loss
Retinal haemorrhages or exudates
Severe optic disc swelling

No light perception

No or severe orbital pain
Photophobia

Gradual recovery (2-4
weeks after reaching peak
severity)

Progressive worsening or
no recovery

Brainstem
cerebellar
syndromes

and/or

Typical

Atypical

Subacute to chronic
(hours to days)

Unilateral and localized

Alternating syndromes

Internuclear ophthalmoplegia
Multidirectional nystagmus
Sixth cranial nerve palsy
Ataxia or gait imbalance
Vertigo

Facial numbness or sensory loss
Dysmetria

Dysarthria and slurred speech
Dysphagia

Hearing loss

Nausea

Vascular territories signs

Gradual recovery (2-4
weeks after reaching peak
severity)
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Acute  (seconds to Isolated trigeminal neuralgia Progressive worsening or
minutes) Fluctuating ocular or bulbar weakness no recovery
Fever
Meningism
Myelitis Typical Subacute to chronic | Incomplete  transverse | Sensory involvement: paresthesias, Lhermitte sign, | Gradual recovery (2-4
(hours to days) myelitis impairment of vibration and joint position sense, | weeks after reaching peak
Asymmetric involvement | decreased pain and light touch perception and Uhthoff | severity)
phenomenon
Motor deficits: pyramidal signs, spastic paresis and/or
weakness and spasticity
Sphincter dysfunction: urinary urgency, hesitancy,
urge incontinence, constipation, and faecal
incontinence
Sexual dysfunction: erectile dysfunction and impotence
Atypical Acute  (seconds to | Complete transverse | Progressive and symmetrical spastic parapresis Progressive worsening or
minutes) myelitis Progressive sensory ataxia no recovery
Complete Brown-Séquard | Sharp level to all sensory modalities
syndrome Segmental loss of pain and temperature sensation
Cauda equina syndrome Areflexia and/or spinal shock
Anterior spinal artery | Acute urinary retention
territory lesion Severe pain
Localized or radicular
spinal pain
Cerebral hemispheric | Typical Subacute to chronic | Unilateral Hemisyndrome: hemiparesis and hemisensory deficits | Gradual recovery (2-4
syndromes (hours to days) Campimetric deficits weeks after reaching peak
severity)
Atypical Acute (seconds to | Bilateral Encephalopathy Progressive worsening or
minutes) Epilepsy no recovery
Cortical blindness
Intracranial hypertension

MS: multiple sclerosis. Modified from Filippi M, et al®
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Regarding MS phenotypes, in 1996, in the absence of agreed on biological
markers, the Advisory Committee on Clinical Trials of New Agents in MS of the
National Multiple Sclerosis Society (NMSS) (USA) reached consensus on
definitions and the appropriate terminology to describe clinical outcomes and
course patterns in patients with MS. Among several possible clinical patterns
commonly used “relapsing-remitting (RR), relapsing-progressive (RP), primary
progressive (PP), secondary progressive (SP), benign, and malignant MS”, the
Committee ultimately decided to retain and redefine the terms RR, PP and SP,
and that the term RP MS be dropped, as the term was believed to be vague and
overlapped with other disease course subtypes. Besides, the term progressive
relapsing (PR) MS emerged as an additional, albeit rare, to reflect its progressive
onset and to distinguish it from the term RP. In regard to clinical severity
definitions (benign and malignant MS), it was agreed that they should not be the
sole determinant of the appropriateness of any available therapeutic measures.
It was additionally emphasized that these terms were most useful in the context
of research studies and should be used with care in communication with affected

individuals, family members, and third-party payers®.

In October 2012, the Committee met again to review the 1996 MS clinical
subtypes descriptions®. In this meeting it was concluded that the descriptions of
the central MS phenotypes of relapsing and progressive disease should be
preserved with some modifications. In this sense, the phenotype PR was
removed. The two remaining phenotypes of progressive MS (PP and SP) should
be subclassified into progressive disease “with progression” in the event that
patients experience clinical evidence of increased and confirmed disability
worsening independent of relapses over a defined time interval. Furthermore, in
case of associating symptomatic relapses and/or asymptomatic radiological
activity (occurrence of contrast enhancing T1 or new or unequivocally enlarging
T2 hyperintense lesions), progressive MS should be subclassified as “active” or

“non-active” in their absence.

The term CIS was included in the spectrum of MS phenotypes. As for the

progressive phenotypes, both for the CIS and RR phenotypes, the “active or non-
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active” modifiers should also be applied depending on whether they associate or
not the presence of clinical (relapses) and/or subclinical MRI activity (Fig. 1.1.4A
and 1.1.4B).

It was also noted that the terms "benign" and "malignant" disease are often

misused and should be used with caution.

A clarification of the clinical course descriptors for MS defined in 2013 was
recently published, recommending annually evaluations as a minimum time
interval for monitoring disease activity and progression. Furthermore, a
clarification of the terms worsening and progression was established. In this
sense, it is recommended the term worsening be used to describe any increase
in impairment/disability irrespective of whether it has resulted from relapses or
increasing disability during the progressive phase of the disease and reserving
the term disease progression for progressive MS types (PPMS or SPMS) with

accrual of disability, regardless of any relapse activity?!.

Pre-symptomatic Relapsing-remitting
r NCIS 7 ™\ Secondary progressive
A ; i i

Inflammatory
relapses

— Clinical
disability
(RRMS and
SPMS)

— Clinical
disability
(PPMS)

——————————— bl B 2 L Clinical
m ] threshold

Clinical disability

A

Time

Figure 1.1.4A. Clinical course of MS. The National Multiple Sclerosis Society Advisory Committee
on Clinical Trials in multiple sclerosis (MS) defined the following clinical courses of MS: relapsing—
remitting MS (RRMS), secondary progressive MS (SPMS), and primary progressive MS (PPMS).
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RR MS accounts for ~85% of patients and is characterized by the occurrence of relapses at
irregular intervals with complete or incomplete neurological recovery; the average relapse
frequency is ~1.1 per year early in the disease course but seems to decrease with advancing
disease, increasing neurological dysfunction and age. Most patients with RRMS will develop SP
MS, which is characterized by progressive, irreversible disability that occurs independently of the
presence of relapses. Conversion to SPMS occurs in ~2-3% of patients per year. Approximately
10-15% of patients present with PPMS, which is characterized by disease progression from the
onset, resulting in gradual, progressive, and permanent neurological deficits for >1 year with or
without relapses. The term clinically isolated syndrome (CIS) was also included to denote those
patients whose first clinical presentation has characteristics of inflammatory demyelination that
could be MS but who do not fulfil its diagnostic criteria. Modified from Filippi M, et al®®
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1996
MS clinical description
Subtypes

) With full recovery
/' from relapses

Relapsing-remitting
disease
(RRMS)

\

\'g.J With sequelas/
residual deficit
after incomplete
recovery

2013
MS disease modifiers
Phenotypes

] Mot active®

Clinically

isolated
syndrome = .
(CIS) A?twe
Mot active®
i /F.'
G -
L o

Relapsing-remittirig
disease AN
(RRMS) g
Active”

1996
MS clinical description
Subtypes

Progressive accumulation
of disability from onset
PP with or without temporary
plateaus, minor remissions
M and improvements

|
Progressive accumulation
of disability after initial

-, §P relapsing course, with or
without occasional relapses
and minor remissions

Progressive
disease

Progressive accumulation
A of disability from onset
PR but clear acute clinical
attacks with or without
full recovery

2013
MS disease modifiers
Phenotypes

Progressive
accumulation
of disability
from onset _, Active® and with progression**

(PP) /
/= Active but without progression
Progressive .~

disease .
. = Not active but with progression
(SP) N\
* Not active and without
Progressive progression (stable disease)

accumulation

of disability after
initial relapsing
course

Figure I-4b. The 1996 vs 2013 multiple sclerosis phenotype descriptions for relapsing and progressive disease. *Activity determined by clinical relapses and/or
MRI activity (contrast-enhancing lesions; new or unequivocally enlarging T2 lesions, assessed at least annually.***(IS, if subsequently clinically active and
fulfilling current multiple sclerosis (MS) diagnostic criteria, becomes relapsing-remitting MS (RRMS). **Progression measured by clinical evaluation, assessed at
least annually. PP= primary progressive; PR= progressive relapsing; SP= secondary progressive. Modified from Lublin FD, et al*®
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With the widespread use of MRI, a new term “Radiologically Isolated Syndrome”
(RIS) emerged due to the identification of lesions suggestive of MS in
asymptomatic individuals®>3, Not until 2009 was the expression RIS introduced
by Okuda et al (Table 1.1.4B), and formally defined for the first time®*. Several
studies suggest that up to 34% of patients with RIS may develop a clinical attack
in the next 5 years. Factors such as male sex, young age, and the presence of
spinal cord lesions increase the risk of having a first clinical event®>. However,
RIS has not been considered as a MS subtype per se, since clinical symptoms
suggestive of demyelinating disease are lacking and MRI findings alone may be

non-specific®®.

Table 1.1.4B. Definition of RIS according to Okuda and colleagues.

A. The presence of incidentally identified CNS white matter anomalies meeting the
following MRI criteria:

1. Ovoid, well-circumscribed, and homogeneous foci observed with or without
involvement of the corpus callosum.

2. T2 hyperintensities measuring = 3 mm and fulfilling Barkhof criteria (at least three
out of four) for dissemination in space.

3. Anomalies not following a clear vascular pattern.

4. Structural neuroimaging abnormalities identified not explained by another disease
process B. No historical accounts of remitting clinical symptoms consistent with
neurological dysfunction

C. The MRI anomalies do not account for clinically apparent impairments in social,
occupational, or generalized area of functioning.

D. The MRI anomalies are not due to the direct physiological effects of substances
(recreational drug use, toxic exposure) or a medical condition.

E. Exclusion of individuals with MRI phenotypes suggestive of leukoaraiosis or

extensive white matter changes lacking clear involvement of the corpus callosum.

F. The CNS MRI anomalies are not better accounted for by another disease process

In recent years, the published MAGNIMS consensus guidelines on MRI criteria for

the diagnosis of MS propose that the same MRI criteria used to establish
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dissemination in time (DIT) and dissemination in space (DIS) in MS (see below),

should also be applied to RISY.

1.1.5 Diagnosis

Diagnostic criteria for multiple sclerosis, based primarily on clinical, imaging, and
laboratory evidence, have evolved over time.

e MRI

To this day, MRI is the test of choice to support the clinical diagnosis of MS°!.
Clinical findings are also considered to determine fulfilment of DIS and DIT””.

In the context of a first demyelinating event suggestive of MS, MRI diagnostic
criteria can be applied®®-1%. With the criteria evolution and emergence of the
McDonald criteria, MRI was incorporated as a robust tool to demonstrate DIS and
DIT of CNS lesions.

Apart from its use in diagnosis, MRI has also gained a fundamental role in the
monitoring of the response to treatments (use in the follow-up of inflammation
and / or neurodegeneration) as well as in the early recognition of adverse events
associated with treatment (for example, progressive  multifocal

leukoencephalopathy (PML) and other opportunistic infections)!L,

DIS. The original McDonald criteria as well as their revision in 2005 established
the concept of DIS on MRI by using the Barkhof-Tintoré criteria (Table 1.1.5A).
At least three of the four criteria must be present to fulfil DIS12-193, The clinical
concept of DIS was maintained in case of a multifocal attack or according to
findings on the neurological examination (ie, optic neuritis plus extensor plantar
response). In cases in which MRI findings are not characteristic and do not fulfil
the Barkhof-Tintore criteria, authors established an alternative criterion based on
presence of at least 2 lesions on T2-weighted images on MRI plus oligoclonal
bands (OCB) or increase of IgG in CSF”’-78, Considerations regarding spinal cord
MRI in the diagnosis were made: one spinal cord lesion could be equivalent to an

infratentorial lesion to fulfil the Barkhof criteria. The McDonald criteria were
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revised again in 2010 to incorporate new evidence and to simplify their
application whilst preserving sensitivity and specificity’®. The criteria proposed by
the MAGNIMS group®” were incorporated in the 2010 revised version of the
McDonald criteria®3. In this proposal, DIS was demonstrated by presence of one
or more T2 lesions in at least two of the four typical MS anatomical topographies:
periventricular, juxtacortical, infratentorial or spinal cord or by the development
of a further clinical attack implicating a different nervous system site.
Symptomatic lesions of the brainstem or spinal cord were excluded and did not

contribute to lesion count.

Table 1.1.5A. DIS on MRI according to the Barkhof-Tintoré and MAGNIMS criteria

DIS criteria on MRI

Barkhof-Tintoré

MAGNIMS

At least three of the following: At least one T2 lesion in at least two of the

1. One Gd-enhancing lesion or | following areas:

nine T2 hyperintense lesions e Periventricular
if there is no Gd-enhancing e Juxtacortical
lesion e Infratentorial

2. At least three periventricular e Spinal cord
lesions

3. At least one juxtacortical
lesion
4, At least one infratentorial

lesion

Note: In 2001, one spinal cord lesion can be
substituted for one brain lesion. In 2005,
individual spinal cord lesions can be included

in the total lesion count.

Note: In the case of brainstem or spinal cord

syndromes, the symptomatic lesions are
excluded and do not contribute to lesion

count.

The International Panel on Diagnosis of Multiple Sclerosis met for the last time in
2016. The most recent revision of McDonald criteria includes (Table 1.1.5B),

based on histopathological studies and in addition to juxtacortical lesions, cortical
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lesions as new topography to fulfil MRI criteria for DIS, although it recognized
that standard MRI currently has limited ability to detect cortical lesions or
distinguish cortical lesions in MS from those with other causes. In addition, care
is needed to distinguish potential cortical lesions from neuroimaging artefacts®°.
Additionally, recent studies have shown that inclusion of symptomatic lesions in
the MRI determination of DIS or DIT increases diagnostic sensitivity with little or
no reduction in specificity'®105, Based on these data, the Panel also
recommended including symptomatic and asymptomatic MRI lesions in the
determination of DIS and DIT in the last McDonald criteria revision. An exception
relates to lesions in the optic nerve in a patient presenting with optic neuritis, as
the Panel felt evidence was insufficient to support inclusion of the optic nerve as

a site to determine DIS in these patients®.

DIT. In the 2001 and 2005 McDonald criteria, if a new MRI was performed three
months after the CIS and a Gd-enhancing lesion in an asymptomatic region was
detected, DIT was fulfilled. When analysing T2-weighted images, detection of at
least one new lesion, if the baseline scan had been performed at least 30 days
after symptom onset, could also be used to demonstrate DIT. Hence, MRI now
allowed an earlier diagnosis. As with DIS, later studies proposed some
alternatives to establish DIT?%1%0, Since these studies demonstrated that
specificity was preserved, the 2010 criteria also incorporated a simplified version
of DIT. Simultaneous presence of asymptomatic Gd-enhancing and non-
enhancing lesions at any time, or a new T2 or Gd-enhancing lesion on follow-up
MRI, irrespective of its timing with reference to a baseline scan, or a second
clinical attack fulfilled DIT. Thus, the main advantage of the 2010 criteria was the
possibility of establishing DIS and DIT at the time of the CIS”. As mentioned
above, the latest McDonald revision (2017), further simplified the current
radiological criteria by allowing the inclusion of symptomatic Gd-enhancing
lesions in the determination of DIT. In turn, when in a first MRI it is not possible
to fulfill DIT, but the patient presents with a typical CIS and fulfilment of clinical
or MRI criteria for DIS are demonstrated and there is no better explanation for

the clinical presentation, the demonstration of CSF-specific oligoclonal bands in
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the absence of other CSF findings atypical of MS allows a diagnosis of this disease
to be made (Table 1.1.5C)%°.

Table 1.1.5B. 2017 McDonald criteria for demonstration of dissemination in space and time
by MRI in a patient with a clinically isolated sindrome

e DIS can be demonstrated by one or more T2-hyperintense lesions* that are
characteristic of MS in two or more of four areas of the CNS: periventricular, cortical

or juxtacortical, and infratentorial brain regions, and the spinal cord

e DIT can be demonstrated by the simultaneous presence of gadolinium-enhancing and
non-enhancing lesions* at any time or by a new T2-hyperintense or gadolinium-
enhancing lesion on follow-up MRI, with reference to a baseline scan, irrespective of

the timing of the baseline MRI

MS: multiple sclerosis, DIS: dissemination in space, DIT: dissemination in time, CNS: central nervous
system, MRI: magnetic resonance imaging.
*Unlike the 2010 McDonald criteria, no distinction between symptomatic and asymptomatic MRI lesions

is required.

Table 1.1.5C. The 2017 McDonald criteria for diagnosis of multiple sclerosis in patients with

an attack at onset

> 2 clinical attacks

Number of lesions with

objective clinical evidence

=2

Additional data needed
for a diagnosis of MS

None*

> 2 clinical attacks

1 (as well as clear-cut
historical evidence of a
previous attack involving a
lesion in a distinct anatomical

None*

location**)

2 2 clinical attacks 1 DIS demonstrated by an
additional  clinical  attack
implicating a different CNS
site or by MRI+

1 clinical attack >2 DIT demonstrated by an

additional clinical attack or by
MRI" OR demonstration of
CSF-specific
bands§

oligoclonal
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1 clinical attack 1 DIS demonstrated by an
additional  clinical  attack
implicating a different CNS
site or by MRI+ AND DIT
demonstrated by an
additional clinical attack or by
MRI" OR demonstration of
CSF-specific oligoclonal
bands§

MS: multiple sclerosis, DIS: dissemination in space, DIT: dissemination in time, CNS: central nervous
system, MRI: magnetic resonance imaging, CSF: cerebrospinal fluid.

*No additional tests are required to demonstrate DIS and DIT. However, unless MRI is not possible, brain
MRI should be obtained in all patients in whom the diagnosis of MS is being considered. In addition,
spinal cord MRI or CSF examination should be considered in patients with insufficient clinical and MRI
evidence supporting MS, with a presentation other than a typical clinically isolated syndrome, or with
atypical features. If imaging or other tests (eg, CSF) are undertaken and are negative, caution needs to
be taken before making a diagnosis of MS, and alternative diagnoses should be considered. ** Clinical
diagnosis based on objective clinical findings for two attacks is most secure. Reasonable historical
evidence for one past attack, in the absence of documented objective neurological findings, can include
historical events with symptoms and evolution characteristic for a previous inflammatory demyelinating
attack; at least one attack, however, must be supported by objective findings. In the absence of residual
objective evidence, caution is needed. +The MRI criteria for DIS are described in panel 5. "The MRI
criteria for DIT are described in panel 5. §The presence of CSF-specific oligoclonal bands does not
demonstrate DIT per se but can substitute for the requirement for demonstration of this measure.

Currently, brain and spinal cord volume measures have no role in the MS
diagnostic criteria’’ or disease course classification®?, but a body of evidence that
these measures are valuable for early evaluation of treatment responses and
prediction of disease evolution has been steadily growing alongside
improvements in methodology that could facilitate widespread implementation of

these measures in clinical practice!?6-107,

o CSF

General findings. CSF appearance and pressure are usually normal. Total
leukocyte count is normal in approximately 60.0% of patients, exceeds 15 cells/pl
in less than 5.0% of cases, and rarely exceeds 50 cells/pl (a finding that should
be considered a red flag)!®. Lymphocytes are the predominant cell type. CSF

protein levels are usually normal.
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IgG OCB. Elevation of CSF immunoglobulin levels relative to other proteins
suggests intrathecal synthesis. Such increase is predominantly IgG, although IgM
and IgA synthesis can be increased as well. Positive CSF is based on the finding
of either OCB different from any such bands in serum or by an increased IgG
index. IgG level is usually expressed by use of the IgG index (normal value <0.66-
0.90, depending on the laboratory) or by use of formulae for intrathecal fluid
synthesis of IgG. Such abnormality can be found in up to 90.0% of patients with
MS10%-111 OCB represent limited classes of antibodies that are depicted as discrete
bands on agarose gel. Around 8.0% of CSF samples of patients without MS also
contain OCB, and most are the result of chronic CNS infections, viral infections,
and neuropathies. Of the five OCB patterns, types 2 (OCB in CSF but not serum)
and 3 (OCB in CSF plus additional identical OCB in CSF and serum) indicate
intrathecal IgG synthesis. Expert recommendations on evaluation of CSF in
patients suspected of having MS indicate that the most informative analysis is
qualitative assessment of CSF for OCB, best performed using isoelectric focusing
on agarose gel followed by immunodetection by blotting or fixation, as this

method achieves the best sensitivity and specificity!12.

e Multimodal evoked potentials

Multimodal evoked potentials are the electrical events generated in the CNS by
peripheral stimulation. They are used to detect abnormal CNS function that may
be clinically undetectable. Detection of such subclinical lesion in a site remote
from the region of clinical dysfunction supports the diagnosis of MS and may also
help define the anatomical site of the lesion in tracts not easily visualized by
imaging (optic nerves, dorsal columns). The most commonly used are
somatosensory, visual, and brainstem auditory evoked potentials. Patients with
MS have abnormal visual evoked potentials in 85.0% of cases, but ocular or
retinal disorders should be excluded. Somatosensory evoked potentials are
abnormal in 77.0% of cases, including approximately 50.0% of those who do not
have sensory symptoms or signs. Brainstem auditory evoked potentials
abnormalities are present in 67.0% of cases. Thus, visual evoked potentials are

probably useful, whereas somatosensory evoked potentials are possibly useful,
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and there is insufficient evidence to recommend brainstem auditory evoked

potentials as a test for diagnostic purposes!’3.

1.1.6 Differential diagnosis / MS misdiagnosis

MS has a wide spectrum of clinical manifestations, and the proper interpretation
of the radiological findings may pose an actual challenge at the time of
diagnosis'!#116, Neither highly specific nor sensitive biomarker for MS has been
identified to date. Different disorders and conditions can mimic the radiological
and/or clinical appearance of MS!’. Non-MS inflammatory demyelinating
diseases such as Neuromyelitis Optica Spectrum Disorders (NMOSD) and
disorders associated with anti-myelin oligodendrocyte glycoprotein (antiMOG)
antibodies and incidental and migraine-related white matter changes are the
most common to mimic MS!18, Other possible sources of misdiagnosis also include
infectious, metabolic and vascular diseases!!®. Despite the current well-validated
diagnostic criteria for MS129, the occurrence of misdiagnosis remains a challenge
with significant implications for patients, their families and the healthcare
system??!, Current evidence supports the benefits of an early diagnosis and
disease-modifying drug (DMD) onset seeking to reduce long-term disability!?2. In
given cases, this may lead neurologists to rush into a diagnosis of MS, hence
constituting a factor playing a role in mistaken diagnosis!?3. The latest revisions
of the McDonald criteria have a strong focus on the role of MRI, increasing its
sensitivity though with low impact on specificity for MS diagnosis, making early
diagnosis more likely?*. However, the degree of emphasis allocated to the role
of MRI during the diagnostic process can also contribute to misdiagnosis by
wrong interpretation of non-specific or non-inflammatory demyelinating lesions.
The same is true for the application of the radiological criteria in patients with
atypical clinical presentations and also in asymptomatic patients'®. For this
reason, all criteria sets published to date, from Schumacher’s to McDonald’s,
emphasized on the need to rule out any ‘other better explanation’ for the clinical
scenario before making a definitive diagnosis of MS124126, Several studies have
described that, of all new patients with a suspicion of or established MS diagnosis
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referred to centres specializing in demyelinating disorders, 30%—-67% did not
have MS eventually'?’. Unfortunately, around 50% of such patients had initiated
DMD at the time of determining the misdiagnosis, having exposed to possible
secondary emotional and physical damage. Misdiagnosis is also associated with
the clinical challenge of having to approach undoing of a diagnosis of MS!28,

In a recent study performed at our Centre!?? the frequency of patients’ diagnoses
changing from ‘established MS' to a final diagnosis of “non-MS” was lower (7.1%)
than in previous studies (but only 31.6% of all patients were referred to our
centre with a diagnosis of ‘established MS’). Despite the low misdiagnosis rate,
when we attempt to extrapolate that frequency into the total Spanish population
with MS of about 46,000 individuals!32° (100 per every 100,000 inhabitants), then
the number of misdiagnosed patients is estimated to be beyond 3000. Multifocal
white matter lesions deemed non-specific and not suggestive of MS were
reported in all patients whose diagnosis changed from ‘established MS’ to “non-
MS”, pointing to the fact that MRI could be a strong contributor to MS
misdiagnosis, especially when not considering clinical aspects or when the
accompanying symptoms are atypical. In the cases that MRI findings are
inconclusive, searching for spinal cord lesions could be helpful as they either do
not occur or will have different characteristics in other diseases!3!. In addition,
assessing the presence of the central vein sign can successfully differentiate MS
from non-MS white matter lesions with high sensitivity and specificity in selected
cases!32133, Obtaining a second opinion from an experienced neuroradiologist is
also recommended. Finally, a ‘wait and see’ attitude within a short reassessment
interval may be sometimes prudent in patients with atypical clinical presentations
or atypical MRI findings, as new data may confirm or rule out MS diagnosis, thus

avoiding moving into unnecessary and potentially harmful treatments!34.

1.1.7 Treatment

Currently more than a dozen DMDs are available in order to reduce the frequency

of relapses and prevent the accumulation of focal lesions in the CNS (Fig. 1.1.7A)
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On the basis of the ability of several of these medications to delay a formal
diagnosis of MS after an initial attack, there has been a general move toward
early treatment, although, the long-term value of this approach with respect to
preventing progressive MS remains uncertain. No available drug has curative

properties or reverses established neuronal damage!.

According to the decrease in the annualized relapses rate in RRMS patients, DMDs
have been classified as moderate-intermediate efficacy and high efficacy
therapies. Interferons, glatiramer acetate and the newer orals drugs
teriflunomide and dimethyl fumarate are usually considered as being of moderate
efficacy. Fingolimod, other sphingosine-1-phosphate (S1P) receptor modulators
and cladribine are usually considered as intermediate efficacy drugs. Finally,
monoclonal antibodies such natalizumab, alemtuzumab and ocrelizumab,
together with mitoxantrone (an antineoplastic agent) are usually considered high
efficacy therapies!3>.

In the absence of previously licensed treatments for PPMS patients, in 2017
ocrelizumab was the first drug approved as a promising step, but the reasons for
ocrelizumab's ability to slow progression!3® remain uncertain. More recently, a
phase III trial of siponimod versus placebo in SPMS met its primary objective of
reducing the risk of disability progression!?”. In this way, albeit slowly, the

therapeutic arsenal for progressive MS phenotypes is being enriched.

Another important trend over time has been to escalate treatment with a target
of “no evidence of disease activity,” as evidenced by the absence of new lesions,
relapses, disability progression and, more recently, tissue atrophy!3813°;

however, it is doubtful that MS can be fully arrested with current therapies.

Several multicentres studies compare early intensive treatment with more
conventional treatment escalation approaches. If an escalation strategy is
chosen, strict monitoring of disease activity with clinical and radiological
parameters is mandatory for deciding whether treatment needs to be changed
and when best to make this change'#?. With induction therapy, monitoring of

treatment response is also important, but the risks associated with most available
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high-efficacy treatments must be considered. Patients should be informed of and

adhere to strategies proposed by the regulatory agencies to mitigate the risk4.,
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Figure 1.1.7A Timeline of developments in the treatment of multiple sclerosis. Important milestones in the development are shown in green boxes, and drugs
approved by the FDA (or the European Medicines Agency for subcutaneous IFN for secondary progressive multiple sclerosis (SPMS) and oral cladribine) are
shown in orange boxes. MS, multiple sclerosis; PEG, polyethylene glycol; PPMS, primary progressive MS; RRMS, relapsing—remitting multiple sclerosis; SPMS,
secondary progressive MS. Modified from Tintoré et al.'*?
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1.2 MS PATIENTS MONITORING

Since MS is a highly heterogeneous, multisymptomatic, chronic disease lasting
several decades, it offers numerous inter-individual and intra-individual
differences, as well as different disease phenotypes evident in different disease
stages. 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, fatigue, cognitive impairment and gait problems). Furthermore,
because MS and its symptoms can change over time, it is crucial to detect these
changes early in their development. For this purpose, regular neurological
examinations and MRI scans, among other potential evaluations, should be

performed periodically!*.
1.2.1 Radiological MS monitoring

Radiological activity, in the clinical setting, is primarily defined by the presence
of Gd-enhancing T1 or new/enlarging T2 lesions'*4, MRI, in general, cannot only
assist in the diagnostic process but is also crucial in regular monitoring to provide

information on effectiveness as well as safety of DMDs11,

Based on the 2021 MAGNIMS-CMSC-NAIMS consensus!*4, in patients with CIS in
whom the initial brain and spinal cord MRI scans did not show DIS or DIT,
according to the 2017 revisions of the McDonald criteria, serial clinical observation
and follow-up MRI every 6—12 months are required to identify new disease
activity over time. Serial brain MRI studies in individuals with CIS showed accrual
of new brain T2-weighted lesions that confirmed DIT and diagnosis of MS in 51%

of patients by 6 months and in 74% of patients by 12 months!*,

Before starting or switching a DMD a baseline brain MRI and a new baseline brain
MRI, usually at 3—6 months after treatment initiation, should be obtained to avoid
misinterpretation of lesions that developed before onset of the therapeutic effect.
Then, a yearly brain MRI while the patient is on the DMD is recommended,
considering longer intervals in clinically stable patients after the first few years of

treatment!44,
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Regarding the role of MRI on the safety monitoring of DMDs, it is mainly focused
on ruling out or early diagnosing PML, an opportunistic infection with a relatively
high incidence in patients treated with natalizumab and with much lower
frequency with other MS therapies!*-148, The imaging findings of patients with
early PML and the clinical relevance of brain MRI screening to facilitate early PML
diagnosis, leading to a more favourable outcome, have been shown in patients
with MS who are treated with natalizumab'#°. But the spectrum of possible safety
events is broad and not exclusively restricted to opportunistic infections, and also
includes non-infectious CNS comorbidities, such as vascular or neoplastic
processes, and atypical demyelinating lesions that potentially mimic MS130-153,

At the moment there are no MRI sequences used in clinical practice capable of
reflecting disease progression as a consequence of the neurodegenerative
process of MS, as well as MRI markers for distinguishing PPMS from RRMS and
predicting the evolution of RRMS to SPMS. Although non-specific, some spinal
cord imaging features (diffuse abnormalities and lesions involving gray matter
[GM] and =2 white matter columns) are typical of PPMS. In patients with PPMS
and those with relapsing MS onset, location of lesions in critical CNS regions
(spinal cord, infratentorial regions, and GM) and MRI-detected high inflammatory
activity in the first years after diagnosis are risk factors for long-term disability
and future progressive disease course!**. Additionally, measurement of global
brain volume and cervical cord area may help better understand the global
burden of disease in all clinical MS phenotypes, even in the earliest stages of the
condition. While GM volume changes in the brain are more pronounced and
clinically relevant than white matter volume changes, their exact relevance in
clinical practice is unclear. Although some studies have shown associations
between treatment effects on measures of atrophy and disability, the results so
far are inconclusive. Several potential sources of substantial error remain,
including, but not limited to, differential effects of drugs on brain volume
measures, confounding physiological and technical factors and the performance
and value of volumetric tools. To make implementation of volume measurements

in clinical practice feasible, these potential sources of error need to be accounted
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for and appropriately managed, and further research is needed to ensure the

accuracy and reliability of the measurements!>>16,

1.2.2 Clinical MS monitoring

1.2.2a What should we monitor?

Clinical MS monitoring mainly relies on the assessment of relapses and disability
on a regular basis’>’. Relapses are considered to be the clinical expression of
acute inflammatory demyelinating focal lesions disseminated in the CNS, whereas
disability progression is considered to reflect the occurrence of axonal loss and

neurodegeneration!.

Relapses are defined as acute/subacute development of new symptoms or
worsening of existing symptoms, lasting >24 h, followed by full or partial
recovery, in the absence of fever or infection'. In relapsing MS patients, relapses
may contribute to the accumulation of disability, primarily early in the disease,
which is called relapse-associated worsening (RAW)'%8, Different studies
demonstrated that higher early relapse frequencies within 2-5 years and shorter
first inter-attack intervals herald more rapid deterioration via interaction with the
neurodegeneration characterizing secondary progression. They increase the
probability of its occurrence, shorten its latency and influence, to a lesser degree,
its slope. However, neither the risk of entering the secondary progressive phase
nor the latency to onset of progression appear to be related to the total number
of attacks during the relapsing-remitting phase or to the rate of relapses
experienced during the relapsing-remitting phase after the second year up of the
disease. Furthermore, the predictive effect of early relapse rate on disease

progression disappears once the progressive course supervenes!>®-162,

For clinicians, in the absence of biomarkers and definitive clinical diagnostic
criteria, the diagnosis of the conversion from RRMS to SPMS is still challenging
and retrospective. It has been seen that up to two-thirds of patients with insidious

worsening of disability are still considered by clinicians to have RR MS163-165 A
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new outcome measure that recently emerged for relapsing MS patients to detect
slowly increasing disability is “progression independent of relapse activity
(PIRA)”, defined as confirmed progression independent of relapses, which may
start early, playing a major role as a contributor to the irreversible accumulation
of disability throughout the entire course of the disease!>81,

Dissociation between therapeutic effects on relapse frequency versus effects on
progression of disability was shown in different clinical trials¢”-179, suggesting
that biological mechanisms leading to acute attacks probably differ from those

responsible for unremitting disability71-172,

Based on the above and given the diagnostic and therapeutic limitations in
progressive MS, early treatment of patients with RRMS is essential to prevent or
delay the characteristics of the initial course, which are associated with poor long-
term outcomes®?162, As well as the identification of PIRA events early in their

development is crucial to optimize the therapeutic strategy!/3.

1.2.2b What tools are available for MS monitoring in the clinical
setting?

The most important tools used for clinical monitoring of MS patients are the

neurological examination and the clinical history74.

In 1955 Kurztke described “a scale for assessing disability in MS”, later known as
the Disability Status Scale (DSS)!7>. This scale was used in the first multicentre,
randomized, placebo-controlled, double-blind clinical trial to evaluate a therapy
against MS. The DSS had 10 values between 0 (normal), extending to state 10
(death from MS). The scale was “intended to measure the maximal function of

n

each patient as limited by neurologic deficits,” and it was based on neurologic
examination. The functional groups, later called Functional Systems (FS), were
Pyramidal, Cerebellar, Brain Stem, Sensory, Bowel & Bladder, Visual, Cerebral or
Mental, and Other or Miscellaneous Functions. Although the DSS was considered
satisfactory in several treatment trials in acute bouts, it was thought that there

should be more room for change in studies of chronic MS176,
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Thus, in 198377 Kurtzke made some modifications on the scale, then called
expanded DSS (EDSS). EDSS provides, for each step from 1 through 9, two steps
that together add up to the same step of the original DSS. This division allows a
better expression of the neurological examination encoded in the different FS,
being able to record greater changes and more accurately reflect the functional
status of the patient with MS. In fact, it is fully defined in the lower ranges by
the FS grades, while the upper range of the scale (>EDSS 6) measures handicaps
of MS patients. The determination of EDSS 4 — 6 is heavily dependent on aspects
of walking ability (Table 1.2.2A).

Table 1.2.2A. Definitions for a standardised, quantified neurological examination and
assessment of Kurtzke's Expanded Disability Status Scale in Multiple Sclerosis

Expanded Disability Status Scale

0 Normal neurological exam (all FS grade 0)

1.0 No disability, minimal signs in one FS (one FS grade 1)

1.5 No disability, minimal signs in more than one FS (more than one FS grade 1)

2.0 Minimal disability in one FS (one FS grade 2, others 0 or 1)

2.5 Minimal disability in two FS (two FS grade 2, others 0 or 1)

3.0 Moderate disability in one FS (one FS grade 3, others 0 or 1) though fully ambulatory; or mild
disability in three or four FS (three /four FS grade 2, others 0 or 1) though fully ambulatory

3.5 Fully ambulatory but with moderate disability in one FS (one FS grade 3) and mild disability in
one or two FS (one/two FS grade 2) and others 0 or 1; or fully ambulatory with two FS grade 3
(others 0 or 1); or fully ambulatory with five FS grade 2 (others 0 or 1)

4.0 Ambulatory without aid or rest for =500 meters; up and about some 12 hours a day despite
relatively severe disability consisting of one FS grade 4 (others 0 or 1) or combinations of lesser
grades exceeding limits of previous steps

4.5 Ambulatory without aid or rest for 300 meters; up and about much of the day, characterised
by relatively severe disability usually consisting of one FS grade 4 and combination of lesser
grades exceeding limits of previous steps

5.0 Ambulatory without aid or rest for 2200 meters (usual FS equivalents include at least one FS
grade 5, or combinations of lesser grades usually exceeding specifications for step 4.5)

5.5 Ambulatory without aid or rest for >100 meters

6.0 Unilateral assistance (cane or crutch) required to walk at least 100 meters with or without resting
(see chapter 8, Ambulation)

6.5 Constant bilateral assistance (canes or crutches) required to walk at least 20 meters without
resting (see chapter 8, Ambulation)

7.0 Unable to walk 5 meters even with aid, essentially restricted to wheelchair; wheels self and

transfers alone; up and about in wheelchair some 12 hours a day 7.5 unable to take more than
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a few steps; restricted to wheelchair; may need some help in transferring and in wheeling self
8.0 Essentially restricted to bed or chair or perambulated in wheelchair, but out of bed most of day;
retains many self-care functions; generally has effective use of arms

8.5 Essentially restricted to bed much of the day; has some effective use of arm(s); retains some
self-care functions

9.0 Helpless bed patient; can communicate and eat

9.5 Totally helpless bed patient; unable to communicate effectively or eat/swallow

10 Death due to MS

Another important instrument for MS patients monitoring is the Multiple Sclerosis
Functional Composite (MSFC)'’8, which was developed in 1994 by the MS
Society’s Clinical Assessment Task Force as an additional clinical measure of MS
disability progression. The primary goal for creating the MSFC was to improve
the standard measure of MS disability for clinical trials and to develop a
multidimensional metric of overall MS clinical status more amenable to statistical
methodologies!’®. MSFC is a three-part performance scale for evaluating the
degree of impairment in MS patients. It includes the assessment of leg function
by moving a short walking distance ("Timed 25-Foot Walk”, T25FW), the
assessment of arm function using breadboard test (“Nine-Hole Peg Test”, 9HPT)
and an attention/concentration test to assess cognitive functions (“Paced
Auditory Serial Addition test”, PASAT). Subsequently, a visual pathway test (low
contrast letter accuity) was also included and PASAT was replaced by Symbol
Digit Modalities Test (SDMT)80,

Over time, the EDSS became the most popular and widely used instrument to
assess the disability status of MS patients, while the MSFC was relegated,
exclusively, to clinical trials®l. But, beyond these scales, and in the absence of
biomarkers, there is a well-known tool that, although very old, should never be
underestimated: the clinical history. A systematic and oriented anamnesis could

be a key anchor in the identification of progressive disease and disease activity’+.

The characteristics, in terms of validity, reliability, sensitivity to change and
interpretability, of the EDSS and MSFC scores are described below (Table 1.2.2B).
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Table 1.2.2B. Characteristics of EDSS and MSFC

Validity

EDSS showed good
correlation with the Barthel
Index, the London Handicap
Scale, the Scripps
Neurological Rating Scale, the
Functional Independence
Measure!®?, the physical
function ability of the Short
Form-3618-18  and  other
patient-reported  outcomes.
Amato and colleagues'®®
certify a good validity of the
EDSS; Ebers'®” described the
EDSS as “well validated”.

MSFC showed good
correlation with other
indicators of disease in MS,
including the EDSS, MRI
measures!80.188 patient
reported health!®1°!  and

employment!®?2,  While the
overall MSFC scores
distinguish across MS

disabilities, the PASAT does
not do as well'®s, In fact,
Brochet et al.’®° found no
correlation between PASAT
and EDSS.

Reliability

It was shown a moderate
inter-rater  reliability!®41%,
with higher intra-rater
agreement. Different studies
showed a substantial
proportion of disagreement
between evaluators when
referring to the lowest scores
of the scale (1.0-3.5)!96-1%7

Inter-rater and intra-rater
reliability were shown to be
high for MSFC overall score as
well as for its component
measures!3198-199,

Sensitivity to change

Some studies showed that the
rates of change varied
depending on the initial value.
Greater rates of change were
observed for minor severity of
disease, but from an EDSS
score of 6, the EDSS showed
very litttle change in
sensitivity200-201, Different
authors found EDSS to be less
sensitive to change than the
Dmax (the maximum distance
that a person can go) and T8
(time to walk 8 minutes)®?,
the Rivermead Mobility Index,
the Ambulatory Index and the
10 minutes walking time test
Vaney?%3, and the DSS?%!,

Some studies indicate the
MSFC to be more sensitive
than EDSS to detecting
changes in disease?%4-205,
Authors also found patients
with MSFC deteriorating by at
least one standard deviation
to have an odds ratio of 2.1
for sustained EDSS
deterioration?%6-207,

Interpretability

There is no clear
recommendation on how to
interpret changes in EDSS
values. Noseworthy et al.!®t
recommended a progression
of 1.0 as a meaningful change
in clinical trials. Francis et
al.?® suggested a change of
1.5 points to be more
appropriate. The guidelines of
the European Medicines
Agency (EMA)?% recommend
defining treatment success or

A major drawback of the
interpretation of the MSFC is
its scoring mechanism (z-
scores)?10,

To overcome this limitation,
Bosma et al.?!! found optimal
cut-off values, considering
clinically relevant a 20%
change for both T25FW and
9HPT. Hoogervorst et al.'®
established that 20% change
in all three MSFC measures
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treatment failure of either | were meaningful to patient’s
reaching a certain EDSS score | own perception of health.

or a sustained change in
sufficient volume. A separate
consideration of the lower
and upper value range of the
EDSS is more recently
recommended: 1 point on the
EDSS scale with a baseline
EDSS score less than or equal
to 5.5 and 0.5 points in an
EDSS score over 5.5.

1.2.2c Current limitations in MS clinical monitoring

Over time, few changes have taken place in MS clinical monitoring®*’. The
neurological exam is arguably the most elegant in all of medicine, yet our
standard tools for evaluating MS patients have become antiquated. J. Madison
Tyler designed the first reflex hammer in 1881 and Henrich Rumpf published on
the use of the tuning fork for vibration sense in 1889212213, In 1983 Kurtzke,
using these tools and based on the neurological examination findings, described
the EDSS, which continues to be the current gold standard in routine clinical
practice to demonstrate the functional status of MS patients!’7181,

Despite EDSS was consolidated as a “gold standard” for disability monitoring in
MS patients, it has some disadvantages!®’. For example, the lack of accuracy
when evaluating non-physical symptoms of MS such as cognitive impairment,
fatigue or depression?'4215, The isolated combination of the EDSS value and
disease duration has led to mistakenly define in many cases, as benign MS,
patients with low physical impact of the disease, but with poor quality of life due
to a significant burden of invisible symptoms?16-217, In this sense, patient reported
outcomes (PROs) focused on health-related quality of life including symptoms,
functions, cognitive status and social aspects among others, used as
complementary measures to the EDSS, could contribute to obtaining a more real

picture of the patient's functional status?!8-21°,

Another disadvantage of the EDSS is that time and space requirements limit its

use in clinical practice!®”. Regarding this, a recent survey addressed to
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neurologists specialized in inflammatory-demyelinating disorders reported that
only 25.5% use the EDSS on a regular basis, a frequency that was even lower
when they were specifically asked about the evaluation of the patients’” walking

distance?20,

Furthermore, EDSS only reflects the patient physical status at a specific point in
time during infrequent visits (once- or twice-yearly in-clinic visits) that often do
not correlate with the real patient performance throughout the whole day, nor
throughout the days??'.

Finally, on the one hand, although the overall inter-rater EDSS reliability is good-
moderate, different studies showed a substantial proportion of disagreement
between evaluators when referring to the lowest scores of the scale (1.0-3.5)1°*
195 On the other hand, EDSS has shown weak sensitivity in detecting small

changes in function over time?00-201,

Therefore, despite recent advances in the care of MS patients, the available tools
used by neurologists still have several limitations for the clinical monitoring®’.
Issues like the early detection of disease progression!8, the quantification of
disability progression/worsening, the characterization of invisible symptoms
related to aspects of quality of life, as well as the correct identification of certain
possible relapses sometimes misinterpreted as fluctuations or pseudo-relapses,
although critical to optimally adapt the therapeutic strategy, currently remain a

challenge??2-223,

In this context, recent advances in sensor technology and the computer control
industry could provide the MS specialist with the opportunity to measure
neurological function in exciting new ways that may enable the capture of
subclinical symptoms/progression of the disease and the prevention of adverse

outcomes?26,

1.2.3 Patient Reported Outcomes

Different studies showed that invisible symptoms of MS, such as fatigue,

depression, and cognitive impairment, may have a greater negative impact than
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physical symptoms on the quality of life (QoL) of patients with MS?214-215,218-219,
However, these symptoms are still being underreported in registries based on
clinician reported outcomes, which focus on the assessment of relapses,
radiological activity, and disability measured by the EDSS??’. This situation
emphasizes the importance of including standardized PROs in clinical practice to
better understand the impact of symptom burden in MS and thus have a more
realistic picture of the patient’s functional status?8-219,

PRO is an umbrella term used to define 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”??8, PROs commonly include
measures of symptoms, functioning (activity limitations), QoL and health related
QoL (HRQoL) as well as patient satisfaction, compliance, and treatment
preferences?!821°, PROs measurement instruments, usually standardized
questionnaires, are called patient-reported outcome measures (PROMs)?%,
PROMs can be categorized as either generic or targeted. Generic measures
include questions that are general enough for use with both healthy and a variety
of clinical populations. On the other side, there are PROMS targeted to specific

diseases, symptom clusters/ domains, regions or populations?3,

PROs have been mainly used in post-marketing, observational studies, but
nowadays they are increasingly used as secondary or tertiary outcomes in MS
clinical trials on DMDs and symptomatic treatments, whereas in rehabilitation

trials they are used as primary or co-primary outcomes?3..

For their widespread use, PROMs should meet some fundamental characteristics,
such as having been validated, being available in different languages, being
developed in partnership with patients and with an understanding of what really
matters to them and being cost-effective and well-accepted by patients?30-231,
Ideally, PRO data should be linked with other clinical data of the disease (derived
from clinical registries) to create integrated datasets that can provide large
amounts of information which could serve as key prognostic covariates in the

assessment of MS232-233,
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However, beyond what has been described above, many limitations remain to be
solved before successfully incorporating the contributions of patients into clinical
practice. Most clinicians are not familiar with how to translate the QoL data
provided by PROs into a medical action or how to interpret when the score of an
evaluated domain represents a clinically relevant condition. In turn, despite their
popularity, little is known about the clinical utility of these PROMs in MS clinical
monitoring, particularly when evaluating changes in disability and QoL over the

longer term?2°-231,

Therefore, in order to adequately measure patient health, iliness, and healthcare
performance, it is mandatory to define a standardized capture of patient clinical
data by PROMs to target on precisely defined and measurable aspects of health

that can be improved by medical interventions?39-231,
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1.3 e-HEALTH

Elecronic-health (e-health) refers to the use of electronic communication tools
and computers by patients to monitor or maintain their own health and by doctors
to provide better care?34. It has created opportunities for integration of datasets
across centres and countries to generate datasets large and comprehensive
enough to characterize less common populations and events and support the
development of more meaningfully predictive models of individual prognosis. The
latter promise greater personalization of care and more rapid discrimination of
the relative benefits and risks of new DMDs?3>-236,

More than 95% MS patients have access to a mobile device and most use it
routinely?®’. The last decade has seen an explosion in the capability of monitoring
individuals via biosensors in smartphones or wearable devices, and the range of
parameters which can be measured by such technologies will continue to grow?3%
239, Smartphones can be used in a patient's home environment as often as
necessary, being familiar and discreet?®®. Furthermore, most off-the-shelf
smartphones contain sensors with the capacity to gather objective data

unaffected by inter- and intra-rater variability?2!.

Patients' symptoms and physical impairments often go undetected by healthcare
providers, particularly in intervals between clinic visits?18-2°, In addition, MS
patients are frequently struck by different degrees of cognitive impairment and
may forget what they were feeling one or two weeks before the scheduled

Visits240-241

The development of remote measurement technologies (RMT) is an innovation
which could, in the foreseeable future, be used to predict and avert negative
clinical outcomes by providing real time information on the patient’s current
clinical state, as well as providing predictive information indicative of a future
deterioration?*2. In common with other “big data” projects, RMT has been hailed

I\\

as a potential “paradigm shift” in the way in which clinical services can be

delivered but will require healthcare adaptation for its delivery?34.
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Not only objective measurements but also PRO data could be captured with
smartphone technology and 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

Today, smartphone applications and biosensors perform a variety of functions.
Many of these tools are wellness applications designed to support day-to-day
disease management, for example through symptom or medication intake
tracking, visit-scheduling, provision of disease education, and connectivity to
supportive care facilities or patient social media networks?#-2%, 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?*.

Accelerometers are the most widely used biosensors to measure mobility in MS
patients. The reliability and accuracy of step counting by accelerometers have
been correlated with step counts in healthy controls and in patients with mild
disability, as well as with EDSS between 0 and 6.5%°%0, However, we need long-
term studies to determine if accelerometers are useful in detecting increased
disability or disease progression over time. In this sense, a pilot study that
included 11 MS patients, and a more recent one with 95 patients, showed during
the one-year follow-up period that the accelerometer could identify fluctuations
and deterioration of functional status of patients earlier and with greater precision
than the traditional tests used in clinical practice, including the EDSS, even when
these scores remained stable?>12>2, Another study aimed at evaluating early
changes in gait through accelerometers and included 102 patients and 22 healthy
controls. Participants were asked to perform the T25FW twice at a 'self-selected’
speed, followed by twice at a maximum speed. The analysis of subgroups
between controls and patients showed significant differences in the mean length
of the step, gait speed, support time foot and swing time. The differences

between the subgroups according to the EDSS were more pronounced in the
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tests with maximum speed gait?>3. Despite its promising benefits, wrist-worn
accelerometers have identified limitations, such as that work best in patients with
lower disability levels, do not capture well upper limb function, work best for
walking as opposed to other forms of activity and can be confounded by activities
like washing dishes. Data provided by accelerometers may be enhanced with use
of gyroscope or other complementary sensors that provide additional

information?22°.

Gyroscopes have been used in approximately 20% of research studies on
biosensing in MS?*. They have shown good test—retest reliability?>>-2°¢. They
have been used not only to improve the accuracy of accelerometer data, but also
to detect falls, digitize the timed up and go test, quantify gait, and measure

tremor2°5-258,

Other types of sensors that have been used in MS patients include grip sensors,
electrodermal sensors (to detect stress and fatigue), and surface or portable
electromyograph?>%-261, A number of clinical trials from the past few years include
biosensor outcomes, from rehabilitation trials to more standard pharmacological
studies, exploring sensor data as secondary or exploratory outcomes

(clinicaltrials.gov)?2°.

So, in order to overcome some difficulties in clinical practice and minimize the
burden on care providers and the healthcare system, digital technology could
play a key role by offering an easy way to collect extensive clinical information,
including free-living data and PRO focused on non-physical MS symptoms,
providing a more complete and real picture of the functional situation of MS
patients, ultimately improving the understanding 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 optimal approach to validate new technology for clinical use is a multi-step,
rigorous process. First, extraction of sensor data through more standard signal

processing must be related to a ground truth about the disease state to ensure
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clinical significance. Second, reproducibility and reliability need to be established.
Precision of measurement will ultimately determine utility. Finally, sensitivity to
change over time must be established. This is perhaps the most challenging to
determine. Finding associations in cross section are much easier, but to advance
the field of MS therapeutics, in particular for progressive MS, measures sensitive
to change over the short term are mandatory. Other factors that will determine
the adoption of biosensors into MS clinical research and practice include degree
of disruption to patient life or clinical work flow, cost and the ethics of
confidentiality, and patient safety?2°.

Practical considerations include setting standards for data quality and collection
for these devices. Real-time delivery of analyzed data will be more useful for
clinicians. To achieve this goal, it will be necessary to provide software (along
with hardware) that is commercial grade in terms of reliability and that is either
integrated with a sensor device or easily uploaded to a PC or mobile device.

Bluetooth or other wireless connectivity to transfer data is essential?26:262,

Multi-sensor systems are likely to rise to the top of the biosensing world as they
can provide complementary data for a richer representation of a particular motion
or event. The ever-increasing variety of biosensors and the exponential increase
in publications make it inevitable that neurologists in the coming decades will see
discrete biosensor data leak into their clinics, enforcing the rules of reliability and

clinical utility to determine which biosensors rise to the top?2°.
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2. HYPOTHESES

We started out with the following general hypothesis: digital technology can
contribute to clinical MS monitoring providing a more granular and realistic

picture of the functional situation of MS patients.

Although the search for digital markers for MS monitoring is a topic of great
interest and addressed worldwide, nowadays we do not have any available digital
tool in routine clinical practice for this purpose. As noted above, the optimal
approach to validating a new technology for clinical use is a rigorous, multi-step
process that is often not followed. In this thesis project we focus on the main
areas (feasibility and clinical validity) that must be addressed early during the
design of a digital tool. In this way, together with Hoffmann-La Roche, we created
the Floodlight MS application (app) that contains a series of active tests and
passive monitoring to measure, at home and in an unsupervised setting,
functional ability in cognitive, upper extremity, and gait and balance domains.
Then, we launched the pilot study “Monitoring of Multiple Sclerosis Participants
With the Use of Digital Technology (Floodlight study)” to explore its feasibility

and clinical validity.

1. We wanted to assess the adherence to smartphone- and smartwatch-
based assessments and collect the feedback from the participants. In a
recent study, it was reported that both healthy controls (HCs) and people
with MS (pwMS) were capable of completing daily tasks on a smartphone
for one year. So, the hypothesis is that healthy volunteers and MS patients
adhere well to the Floodlight MS app and that its use does not have a

major impact on their daily activities.

2. We wanted to determine the association between exploratory sensor-
based outcomes derived from the components of the Floodlight MS app

and conventional MS clinical outcomes. Smartphone sensor-based,
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remotely administered digital tests represent a promising new avenue to
capture disability burden with quantitative accuracy. Such tests typically
allow the remote capture of ecologically valid measures in a frequent,
time- and cost-efficient fashion with minimal patient burden. In addition,
they quantify multiple aspects of nervous system function during a given
task, in opposition to clinician-administered disability tests that only assess
the capacity to complete a task with a performance summary score. In
recent years, sensor-based tests have been increasingly used to assess
functional ability in MS, as well as in Parkinson’s disease and Huntington’s
disease. The hypothesis is that components of the Floodlight MS app
correlate well with clinician-administered assessments tipically use for MS
monitoring (such as EDSS, MSFC).

. We wanted to evaluate the correlation between brain structure at a global
and regional level as measured with MRI and digital measures derived
from Floodlight MS app. Although there have been efforts to link clinical
disability to regional atrophy, the relationship between digital measures of
functional ability and MRI outcomes has not been extensively studied. We
hypothesize that global and regional atrophy measured by MRI could

correlate well with the digital measures captured with Floodlight MS app.
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3. OBJECTIVES

The objectives of this thesis are:

- Main objective

1- To evaluate participants adherence to smartphone- and smartwatch-based
assessments integrated in the Floodlight MS app and collect feedback from
MS patients and HCs on the smartphone and smartwatch schedule of
assessments and its impact on their daily activities using a patient

satisfaction questionnaire.
- Secondary objectives

2- To determine the association between exploratory sensor-based outcomes
derived from the respective components of the Floodlight MS app and
conventional MS clinical outcomes and explore whether the Floodlight MS

app test could differentiate between participants with and without MS.

3- To link digital measures of functional disability to specific MRI global and
regional atrophy patterns.

73



74



MATERIALS AND METHODS

75



4. MATERIALS AND METHODS

4.1 Trial Design and Participants

After providing written informed consent, pwMS and HCs, preferentially partners
or cohabitants, were evaluated for eligibility for enrollment in the study
“Monitoring of Multiple Sclerosis Participants With the Use of Digital Technology
(Floodlight MS app)”. Eligibility criteria for pwMS included the ability to comply
with the study protocol, age 18 to 55 years, diagnosis of MS (2010 revised
McDonald criteria, treated or untreated)’?, EDSS score 0 to 5.5 (inclusive), and
weight from 99 to 243 Ibs (45 to 110 kg). An EDSS score of 5.5 as a maximum
limit was meant to ensure any patient with relapsing or progressive MS would
not have any significant difficulty in participating in the proposed testing as per
study protocol. Further details on eligibility criteria are provided in Appendix 10.1

This study was conducted at two sites in two countries with a total of 76 pwMS
and 25 HCs; 60 pwMS and 20 HCs were recruited from our Centre, the Multiple
Sclerosis Centre of Catalonia, Vall d'Hebron University Hospital, Barcelona, Spain,
and 16 pwMS and 5 HCs were recruited from the University of California, San

Francisco, California.

The protocol, informed consent forms, any information given to the participants,
and relevant supporting information were reviewed and approved by the
institutional review board/ethics committee before the study was initiated.
Confidentiality was maintained by assigning each participant enrolled in the study

a unique identification number.

4.2 Study Design

The Floodlight study combines continuous sensor data capture with smartphones
and smartwatches and standard clinical outcome measures. Eligible pwMS and
HCs were enrolled in the study and assessed clinically at the enrollment visit,
week 12, and termination visit (week 24). In addition, participants were asked to

perform a set of daily active tests and contribute sensor data via passive
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Clinical visits
Enrollment Week 12 Week 24

Daily* L] L] L] L] L] L] L} L} L] L] L] L] L] L] L} L} L} L] L} L} L} L] L L}
Passive
monitoring

m Al clini¢ visit L] ™ "

MsMetris® At first and . .

last clinic visit

l))n]) L ] - | ] - - - ] - - L] . - - - ] L ] - - - - ] - | ] -

Clinical/PRO

At clinic visit [ " .
rating scales

24 study weeks
monitoring with smartphone and smartwatches over a period of 24 weeks (Fig.
4.2A).

Figure 4.2A. Floodlight study design. PRO: patient-reported outcome. "a" indicates that active
tests were administered daily, weekly or every two weeks (see next figure for schedule). "b"
indicates that brain magnetic resonance imaging was performed in people with multiple sclerosis.

4.3 In-Clinic Assessments

At each scheduled in-clinic visit (enrollment, week 12, and week 24), the following
reference clinical tests were performed for all participants: 9HPT, oral version of
SDMT?63-265  T25FW test, Berg Balance Scale (BBS)%%, Fatigue Scale for Motor
and Cognitive Functions (FSMC)?¢7, and Patient Health Questionnaire-9 (PHQ-
9)%%8, For pwMS only, disability was measured by EDSS, Patient Determined
Disease Steps (PDDS)?%°, and Multiple Sclerosis Impact Scale-29 (MSIS-29;
version 2)279-27t While performing some of the in-clinic tests, pwMS and HCs
were asked to carry or wear the smartphone and smartwatch to collect sensor
data alongside the in-clinic measures. On the scheduled in-clinic visits, the
smartphone and smartwatch Floodlight active tests were performed under

investigator supervision. The satisfaction questionnaire (Appendix 10.2) assessed

pwMS’ and HCs' experience regarding smartphone and smartwatch use and its
impact on their daily activities at the week 12 visit and at the study
termination/early discontinuation visit. Brain MRI was performed in pwMS at the

enrollment visit and at week 24.
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4.4 Smartphone and Smartwatch Testing

At the enrollment visit, pwMS and HCs were provided with the Floodlight solution
that included a smartphone and smartwatch preconfigured so participants could
only run the Floodlight software. A belt bag was also provided for participants to
carry their smartphone in an anterior medial position. The smartphone and
smartwatch pair contained a preinstalled app that prompted the user to perform
various assessments, referred to as active tests. The app also passively recorded
sensor data, referred to as passive monitoring. At the enrollment visit,
participants received training on the use of the smartphone and smartwatch and
were provided with supporting content to help them complete the tests
successfully. Participants were instructed to complete the active tests at
approximately the same time each day and carry the smartphone and smartwatch
throughout the day, recharging the devices overnight. Data transfer from the
smartphone and smartwatch is described in Appendix 10.1.

4.4.1 Floodlight Active Tests

PwMS and HCs were asked to perform various active tests (daily, weekly, every
two weeks, or on demand) via the smartphone (Fig. 4.4.1A and Table 4.4.1A).
These novel active tests were developed to be self-administered by pwMS to
capture MS symptoms. A range of clinical and sensor-based assessments were
chosen to capture the most prominent symptoms of MS from a broad spectrum
of symptoms. PwWMS and HCs were required to wear the smartwatch throughout

the active tests.

Passive monitoring

Experience sampling Cognition Hand & arm Gait & posture Gait & posture
— — ~ o . . ’ § oty
)
ITERS e ¢ 4 v 55
DMQ ST MSIS-29 SDMT REcEsl Dova SBT SUTT IMWT Ot Mobility
Test Shape Test Behaviour Pattern
For::llg::lcy = Formightly Weekly Daily Daily Daily Daily Daily Continuous | Continsons
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https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6743265/figure/figure2/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6743265/table/table1/

Figure 4.4.1A. Floodlight active tests and their schedule frequency. DMQ: Daily Mood Question;
MSIS-29: Multiple Sclerosis Impact Scale-29; SBT: Static Balance Test; SDMT: Symbol Digit
Modalities Test; ST: Symptom Tracker; 2MWT: Two-Minute Walk Test; SUTT: 5 U-Turn Test.
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Table 4.4.1A. Floodlight MS app: active tests

Domain and test

Short description

Daily hand motor function tests?@

e Draw a Shape Test

e Pinching Test

The aim of the Draw a ShapeTest is to assess fine finger/manual dexterity while the participants are instructed to hold the
mobile device in the untested hand and draw on the smartphone touchscreen six prewritten alternating shapes of increasing
complexity (linear, rectangular, circular, sinusoidal, and spiral) with the second finger of the tested hand as fast and as
accurately as posible within @ maximum time (30 seconds for each of the two attempts per shape).

The aim of the Pinching Test is to assess fine pinching/grasping dexterity while the participants are instructed to hold the
mobile device in the untested hand and touch the screen with two fingers from the tested hand (thumb + second or thumb
+ third finger preferred) to squeeze/pinch as many round shapes (tomatoes) as they can during 30 seconds.

Daily gait tests®
e Two-Minute Walk Test (2MWT)

e 5 U-Turn Test (5UTT)

Participants are instructed to walk as fast as long as they can for 2 minutes but walk safely. The 2MWT is a simple test that
is required to be performed on an even ground in a place where participants have identified they could walk straight for as
far as 2200 meters without U-turns. Participants are allowed to wear regular footwear and an assistive device and/or orthotic
as needed.

The aim of this test is to assess difficulties or unusual patterns in performing U-turns while walking on a short distance at
comfortable pace. The 5UTT can be performed indoor or outdoors, on an even ground where participants are instructed to
walk safely and perform five successive U-turns going back and forward between two points a few meters apart for 1 minute.
Participants are allowed to wear regular footwear and an assistive device and/or orthotic as needed.
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e Static Balance Test (SBT)

Participants are asked to stand still unsupported for 30 seconds with relaxed arms straight alongside the body if possible.

Weekly cognitive test

e Electronic version of the
Symbol Digit Modalities Test
(SDMT)

The aim of SDMT testing is to detect impairment of key neurocognitive functions that underlie many substitution tasks.

Patient-reported outcomes (PROs)

e Daily Mood Question (DMQ)

e Electronic version of the
Multiple Sclerosis Impact Scale-
29, version 2 (MSIS-29); pwMS
only

e Multiple Sclerosis Symptom
Tracker (MSST); pwMS only

This test represents an assessment of participants’ perceived overall state by responding daily to the question “"How do you
feel now?” on a 5-item Likert scale, ranging from excellent to horrible.

This questionnaire measures the physycal and psychological impact of multiple sclerosis.

Patients are asked if they experienced new or significantly worsening symptoms during the last 2 weeks. If yes, onset of the
symptoms and the patients’ perception to whether they think they experienced a relapse (yes, no or unsure) are recorded.

a Tests alternatingly performed with right and left hand; users are instructed on daily alternation.

b Recommended position of smartphone in an anterior medial position in the belt bag
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4.4.2 Floodlight Passive Monitoring

Passive monitoring collected metrics on gait and mobility throughout the day in
a continuous and unobtrusive manner. Participants were instructed to carry their
smartphone preferably in an anterior medial position in a belt bag or,
alternatively, in their pocket and wear the smartwatch all day as they went about
their daily routine until the devices ran out of charge.

4.5 Signal processing

As the smartphone-based tests were performed without supervision by a
physician or study coordinator, quality control steps were applied to identify and
exclude individual assessments that were performed incorrectly. This ensures the
measurements are both reliable and accurate. To exclude such incorrectly
performed assessments, quality control flags were defined for each test. In
addition, only sufficiently adherent participants, that is, those who contributed at
least six individual assessments in the course of the study, were included in the
analysis of that particular test. Applying these two quality control steps resulted

in the final dataset consisting of valid assessments.

Next, all valid assessments contributed by a participant were aggregated to study
test-retest reliability and Spearman’s rank correlations in a cross-sectional
analysis. As the tests were performed once daily at most, the test-retest analysis
was based on the median test performance on the active tests and passive
monitoring during 12 two-week windows. Two-week windows were chosen to
reduce variability that is independent of general disease status and might be
attributed to good or bad days or to differences between weekdays and
weekends. For the cross-sectional correlation analysis, the median test
performance across the entire study duration as well as the mean of the three

in-clinic assessments (mean of two assessments for MRI) were computed.

4.6 Statistical Analyses

The analyses of the first objective of this study were descriptive. Statistical tests

were exploratory and conducted at the two-sided 5% significance level without

adjustment for multiple comparisons. The analyses were based on all enrolled

patients (full analysis set [FAS]). Patients who prematurely withdrew from the
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study for any reason were still included in the FAS. Supportive analyses of
selected variables were carried out in the per-protocol population, which included
pwMS who completed at least 1 week in the study and did not discontinue due
to an adverse event or a reason unrelated to the use of the Floodlight solution
(Appendix 10.3).

Adherence was evaluated for the following tests and test groups: all Floodlight
MS active tests, 2MWT, all active tests except 2MWT, smartphone use,
smartwatch use, and for the per-protocol population.

Adherence to active tests was measured as the proportion of study weeks with
at least 3 days of completed testing (study co-primary endpoint). Adherence to
sensor-based passive monitoring was measured as the proportion of study weeks
with at least 3 days of passive monitoring for at least 4 hours per day while the
devices were worn by the participant?’? (study co-primary endpoint). Descriptive
statistics of calculated adherence were reported for all active tests, all active tests
except 2MWT, 2MWT, smartphone use, and smartwatch use. Categorical and
numeric variables with fewer than five values were tested for association with
adherence using the Kruskal-Wallis test. The association between continuous

variables was assessed using the Spearman rank correlation.

Participant complete abandoning of active testing and passive monitoring was
also investigated in a time-to-event survival analysis based on the Kaplan-Meier
method along the Floodlight study. The abandoning event was defined as the last
week in which the participant was adherent according to the definitions above
for active tests and passive monitoring. Active tests performed on days of in-
clinic visits were not considered in the adherence calculation to focus the
abandoning analysis on the remote use. Participants leaving the study before the
terminal visit were considered as censored. The impact of different characteristics

on adherence was assessed using Cox regression.

A satisfaction score was developed from the satisfaction questionnaire (Appendix
10.2) that sums the individual answers to questions 1-7 and 10-12 rescaled to 0-
100 from their original Likert scale. An interquestion correlation analysis was
performed to ensure questions are equally correlated and can be combined.
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Descriptive statistics of satisfaction score and items are reported, along with
covariate analyses of demographics and disease state. Analysis of the change in
satisfaction score between week 12 and week 24 are reported using the Wilcoxon

signed-rank test.

Patient baseline characteristics incorporated as covariates in the analysis of
correlation with Floodlight adherence and satisfaction outcomes were age,
gender, body mass index, time since first MS symptom onset, EDSS, T25FW time,
9HPT time, and the oral SDMT correct responses. A descriptive analysis of safety
variables, including adverse events and serious adverse events, was carried out
in the FAS.

For the second objective analyses, test-retest reliability was evaluated with
intraclass correlation coefficients (ICC) separately in pwMS and HC, which
considered all consecutive 2-week windows. Generally, at least three valid
individual assessments were required for each 2-week period. An exception was
made for the e-SDMT to accommodate its weekly testing schedule; only one valid
e-SDMT assessment for each 2-week window was considered sufficient. Test-
retest reliability was considered as poor (ICC < 0.5), moderate (ICC = 0.5-0.75),
good (ICC = 0.75-0.9), or excellent (ICC > 0.9). To examine the agreement of
the test features from the Floodlight MS app with standard clinical and MRI
measures in pwMS, the test features were correlated against domain-specific
clinical measures (oral SDMT, 9HPT, Berg Balance Scale [BBS], T25FW), EDSS,
MSIS-29 items or subscales, T2 FLAIR (fluid attenuated inversion recovery) lesion
volume, and normalized brain volume using Spearman’s rank correlation. In
addition, test features from UTT and Walk Test were correlated against
corresponding features obtained from Passive Monitoring. The strength of
correlation was considered as good-to-excellent (|r|> 0.75), moderate-to-good
(Ir|= 0.5-0.75), fair (|r]= 0.2-0.49), or not correlated (|r|< 0.25), where
|r|represents the absolute value. Partial correlation analyses were performed for
the upper extremity function tests and gait assessments to investigate the
contribution of each test and test feature in predicting 9HPT times and T25FW

times, respectively. All test features from the Pinching Test and the Draw a Shape
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Test as well as 9HPT time were included in the upper extremity function model.
Each of these features was correlated against each other while controlling for the
remaining features in the model. The partial correlation for the gait assessments
was run in a similar fashion but included all test features from the UTT, Walk
Test, and Passive Monitoring in addition to T25FW time instead. All correlations
were adjusted for age and sex with a robust linear model. Statistical significance
was set at p<0.05 without correction for multiple comparisons.

For the third objective, brain MRI scans were collected from pwMS at baseline
and at week 24 with Siemens 3-Tesla scanners (Siemens Healthcare GmbH,
Erlangen, Germany) following optimized clinical practice protocols in place at the
two investigating centers: (1) Hospital Universitari Vall d'Hebron, Barcelona,
three-dimensional (3D) T1-weighted (repetition time [TR]=2,300 ms; echo time
[TE]=2.98 ms; inversion time [TI]=900 ms; voxel size=1 x 1 x 1 mm) FLAIR
(TR=6,000 ms; TE=394 ms; TI=2,100 ms; voxel size=1 x 1 x 1 mm) sequences
acquired in a Siemens Trio Tim; (2) University of California, San Francisco, 3D
T1-weighted (TR=2,300 ms; TE=2.98 ms; TI=900 ms; voxel size=1 x 1 X 1 mm)
FLAIR (TR=5,000 ms; TE=389 ms; TI=1,800 ms; voxel size=1 x 1 x 1 mm)
sequences acquired in a Siemens Skyra. MRI images of the brain were analyzed
with icobrain ms v.5.0 (icometrix, Leuven, Belgium), a CE-certified algorithmic
solution for MS MRI quantification?’3-274, that uses a combination of (1) classical
intensity-based modelling and multi-atlas segmentation, and (2) deep learning
based on a convolution neural network. Icobrain ms allowed extraction of
normalized volumes for 34 anatomical regions, including cerebral gray matter
regions (n7=20), deep gray matter regions (n7=7), brainstem (1=3), cerebellum
(n=2), lateral ventricles (n=1), and cerebral white matter (#=1). In addition,
icobrain ms allowed calculation of the corpus callosum area (n=1) and upper
cervical cord area (n=1). As the cervical spinal cord was within the field of view
on brain scans, the mean upper cervical cord area along C2—-C3 levels was
computed from the brain images?’>?76 using the icobrain ms fully automated
pipeline?’7-2’8 based on the Spinal Cord Toolbox?”® (see Table 4.6A for more
details). No participants were excluded from the analyses due to low quality MRI
data.
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First, we correlated digital measures obtained with the Floodlight MS app in pwMS
and measures obtained with the standard clinical measures of MS disease state
(9HPT, oral SDMT, BBS, T25FW and EDSS) against regional, structural MRI
outcomes using univariate Spearman’s rank correlation. Since the digital
measures may be confounded by age, sex and body mass index, we adjusted for
these confounders in both analyses with a robust linear model. Statistical
significance was set at q<0.05 after applying the false discovery rate (FDR)
correction to correct for multiple comparisons. Next, we estimated the variance
in the digital measures that can be explained by volumetric MRI data in a
multivariate analysis. A Bayesian ridge regression model?8%-28! with leave-one-out
cross validation was used estimate the R? score, i.e., the proportion of the
variance in the dependent variable (digital measure or standard clinical measure)
that is predictable from the independent variables (structural MRI outcomes).
Two models were considered for each digital measure: (1) the univariate Whole
Brain model, which included the normalized whole brain volume to estimate the
variance in the digital measures and standard clinical measures; (2) the
multivariate Parcellation model, which instead included the normalized volume
and cross-sectional area measurements of 36 MRI regions. Given the relatively
short duration of the study (24 weeks) and the stability of the clinical and MRI
measures over the study period, a data aggregation approach was followed to
reduce variability and to deal more effectively with missing data. For both
analyses, the data were aggregated as follows: for the digital measures, the
median across all valid active tests was calculated; for the standard clinical
measures and MRI outcomes, the mean of the three clinical visits (baseline, week
12, and week 24) and two MRI scans (baseline and week 24), respectively, were

calculated.
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Table 4.6A. Outcome variables

Floodlight MS app

Functional domains Smartphone-based Functional subdomain Digital measure Higher scores
active test indicate
performance that
is:
Upper extremity Draw a Shape Test Accuracy Mean trace accuracy Better
function ) )
Swiftness of movement Mean trace celerity Better
Smoothness of movement CV of linear, angular and radial Worse
drawing velocity
Pinching Test Accuracy Total number of successful pinches Better
Responsiveness Gap time between pinch attempts Worse
Pinching asynchrony Double touch asynchrony of Worse
successful pinches
Cognition e-SDMT Information processing speed Number of correct responses Better
Maximum gap time between correct Worse
responses
Cognitive fatigue Speed fatigability index of the last 30  Better
seconds
Gait and balance SBT Postural control Sway path Worse

87




utT Turning ability (dynamic balance and Turn speed Better

gait)
2MWT Gait pace Step frequency Better
Gait variability Step frequency variance Worse
Gait intensity Step power Better
Normalized volumes derived from brain MRI scans®
Cerebral cortex gray matter Deep gray matter Brainstem and upper cervical cord Other
area
1. Middle frontal 1. Thalamus 1. Midbrain 1. Lateral ventricles
2. Superior frontal 2. Hippocampus 2. Pons 2. White matter
3. Lateral and medial orbitofrontal 3. Putamen 3. Medulla oblongata 3. Corpus callosum area?
4. Precentral 4. Globus pallidus 4. Upper cervical cord area®” 4. Cerebellum - hemispheres
5. Postcentral 5. Caudate nucleus 5. Cerebellum - vermis
6. Paracentral 6. Amygdala
7. Opercularis, triangularis, 7. Accumbens
orbitalis
8. Insula

9. Precuneus
10. Cuneus, pericalcarine, lingual

11. Anterior cingulate
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12. Posterior cingulate

13. Isthmus cingulate

14. Parahippocampus, fusiform,
entorhinal

15. Superior parietal

16. Supramarginal

17. Inferior parietal

18. Lateral occipital

19. Inferior and middle temporal

20. Superior and transverse

temporal

2MWT, Two-Minute Walk Test; e-SDMT, smartphone-based Symbol Digit Modalities Test; SBT, Static Balance Test; UTT, U-Turn Test.
#Volumes were calculated for all regions with the exception of the corpus callosum and the upper cervical cord for which areas were calculated

®Upper cervical cord area was determined as mean area along C2 and C3 levels
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5. RESULTS

5.1 Baseline Demographics and Characteristics

Participants’ baseline demographics for the FAS are described in Table 5.1A.
There was an expected greater proportion of females among the pwMS compared
with HCs. The majority (69/76, 91%) of pwMS had relapsing-remitting MS
(RRMS), with a mild EDSS score (mean 2.4) and presumably “normal” hand/arm
function based on an upper limit of normal range defined as the average SHPT
time for HCs plus two standard deviations.

Overall, 92% (70/76) of pwMS and 64% (16/25) of HCs who enrolled in the
Floodlight study reached the week 24 visit. Reasons for discontinuation from the

study are described in Appendix 10.3.
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Table 5.1A. Demographics and clinical characteristics of pwMS and HCs at baseline.

Parameter pwMS HCs
(n=76) (n=25)

Age (years), mean (SD) 39.5 (7.9) 34.9 (9.3)
Female, n (%) 53 (70) 7 (28)
MS phenotype, n (%)

- Primary progressive MS 3(4) -a

- Secondary progressive MS 4 (5) -

- Relapsing-remitting MS 69 (91) -
Time since MS symptom onset (years), mean (SD) 11.3 (7.0)° -
Proportion of pwMS with >1 relapse in the past year, n (%) 18 (24) -
EDSS, mean (SD) 2.4 (1.4) -
Proportion of pwMS with >1 T1 Gd®-enhancing lesions, n (%) 2 (3) -
Total FLAIR® lesion volume (mL), mean (SD) 6.3 (7.5)f -
9-Hole Peg Test (seconds), mean (SD)

- Dominant hand 22.1 (4.6)° 18.9 (2.1)

- Non-dominant hand 22.8 (24.9)" | 19.5 (2.0)
Timed 25-Foot Walk Test (seconds), mean (SD) 6.0 (2.1)° 5.0 (1.0)
Symbol Digit Modalities Test (correct responses), mean (SD) 53.8 (11.8)> | 63.8 (10.0)
Berg Balance Scale, mean (SD) 52.5 (5.7) 56.0 (0)
Patient Determined Disease Steps, mean (SD) 1.5(1.6) -
Fatigue Scale for Motor and Cognitive Functions (total score), | 59.1 25.5
mean (SD) (22.7)9 (6.0)
Patient Health Questionnaire-9, mean (SD) 8.3 (6.1)¢ 2.4 (2.9)
Participants with any previous medications, n (%) 46 (61) 6 (24)
Previous disease modifying treatment™, n (%)

- Daclizumab (Zinbryta) 0 (0) -
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Glatiramer Acetate (Copaxone) 12 (16) -
Glatiramer Acetate (Glatopa) 1(1) -
IFN™ B-12 IM° (Avonex) 4 (5) -
IFN B 13 SCP (Rebif) 5 (7) -
IFN B 1b SC (Betaseron/Betaferon) 6 (8) -
IFN B 1b SC (Extavia) 1(1) -
Pegylated IFN 12 (Plegridy) 2(3) -
Dimethyl fumarate (Tecfidera) 9 (12) -
Fingolimod (Gilenya) 9(12) -
Teriflunomide (Aubagio) 3(4) -
Alemtuzumab (Lemtrada) 2(3) -
Mitoxantrone (Novantrone) 1(1) -
Natalizumab (Tysabri) 19 (25) -
Othera 5@) -

pwMS: people with multiple sclerosis, HCs healthy controls

aNot applicable. ® n=75. °Gd: gadolinium. ¢ n=68. ¢FLAIR: fluid-attenuated inversion recovery.
fn=70. 9 n=73." n=74. ' n=71. 1 n=22. ¥ n=60. ' n=20. "Total baseline disease-modifying
treatment history. "IFN: interferon. °IM: intramuscular. PSC: subcutaneous. 9Hidroferol;
Radiance study (RPC1063 versus IFN B-1a); Rituximab (Rituxan)

5.2 Adherence
Over a period of 18 months (November 2016-April 2018), more than 6 terabytes

of raw data were collected from 76 pwMS and 25 HCs. Participants performed
67,544 active tests, of which 9,787 were the 2MWT, and recorded 200,171 hours
of passive monitoring, of which 113,165 hours were captured with the
smartwatch. Over 24 weeks, most participants performed 5 to 7 active tests per
week, including the 2MWT (Fig. 5.2A). Adherence of pwMS to completing active
tests and passive monitoring was good and remained stable over time after week
6 (Fig. 5.2B, C). Even in the last week of the 24-week study, participants
completed all active tests on average 4 out of 7 days per week, and recorded at
least 4 hours of data via passive monitoring on average 4 out of 7 days per week.
The lowest average adherence over 24 weeks was observed for active tests

including the 2MWT and the 2MWT only, with participants showing highest
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average adherence for passive monitoring (Fig. 5.2D). A total of 70% (16.68/24
weeks) of participants were adherent to all active tests, 75% (17.95/24 weeks)
to all active tests except 2MWT, 71% (17.13/24 weeks) to 2MWT, 79% (18.89/24
weeks) to smartphone- or smartwatch-based passive monitoring, 66% (15.74/24

weeks) to smartphone-based passive monitoring, and 74% (17.69/24 weeks) to
smartwatch-based passive monitoring.

Participant

Figure 5.2A. Adherence of pwMS to active tests for individual participants: number of performed

active tests per week [level of activity (light green: high; dark green/grey: low] over individual
study weeks [columns]).
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Figure 5.2B. Adherence of pwMS to active tests. 2MWT: Two-Minute Walk Test.

@ Smartphone passive monitoring
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Figure 5.2C. Adherence of pwMS to smartphone and smartwatch passive monitoring. Days with
more than 4 hours of passive monitoring on a device are considered as adherent.
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Figure 5.2D. Adherence of pwMS to active tests and passive monitoring. The results of the time-
to-event survival analysis based on the Kaplan—Meier method along the Floodlight study. The
abandoning event was defined as the last week in which the participant was adherent according
to the definitions for active tests and passive monitoring. Active tests performed on days of in-
clinic visits were not considered in the adherence calculation, to focus the abandoning analysis
on the remote use. Participants leaving the study before the terminal visit were considered as
censored. 2MWT: Two-Minute Walk Test.

Correlation was explored between adherence measures and pwMS population
characteristics. Only disease duration showed significant small negative
correlation with measures of adherence (Spearman rank correlations; 2MWT
adherence: -0.42, p<.001; smartphone passive monitoring adherence: -
0.29, p=.02; all active tests except 2MWT adherence: -0.37, p=.003; and
smartwatch passive monitoring adherence: —-0.27, p=.04), indicating that disease

severity and demographics did not appear to play a significant role in adherence.
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5.3 Patient Satisfaction

The average overall satisfaction score among pwMS who completed the study at
week 12 (n=64) was 74.1 out of a possible 100 and remained stable at week 24
(study termination/early discontinuation visit [n=68]) with 73.7 out of 100
(Wilcoxon signed-rank test p=.71). There was one significant association
between overall satisfaction score and gender (p=.04). Individual questions from

the satisfaction questionnaire (Appendix 10.2) were analyzed for their association

with pwMS population characteristics, described in Appendix 10.1.

Implications of the use of the Floodlight MS app in pwMS were assessed from
individual questions from the patient satisfaction questionnaire. When asked to
rate the impact of the smartphone, smartwatch, and active tests on daily living,
more than 80% (61/72) of pwMS perceived the Floodlight MS app to have at
least an acceptable impact on daily activities (Fig. 5.3A). Nearly 50% (32/71) of
participants had no issue with any of the active tests, and only one-third would
prefer to avoid the 2MWT, most likely due to increased burden from execution—
for example, having to find a place to perform the test or not wanting to go
outside in bad weather (Fig. 5.3B). Without providing any data feedback to the
pwMS throughout the study, more than 60% (46/72) of participants would have
liked to continue using Floodlight MS app “to understand my MS better and
improve my disease management” (Figure 5.3C). Approximately 90% (65/72) of
pwMS indicated their interest to see the results of the tests, which will be
addressed in later Roche-sponsored studies using Floodlight MS app
(CONSONANCE [NCT03523858] and Floodlight Open [floodlightopen.com]; Fig.

5.3D). Analysis of patient responses to the satisfaction questionnaire is described

in Appendix 10.1.
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Figure 5.3A. Implications of Floodlight MS app in people with multiple sclerosis for “impact on
daily activities” from the patient satisfaction questionnaire.
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Figure 5.3B. Implications of Floodlight MS app in people with multiple sclerosis for “avoiding
one component of FLOODLIGHT" from the patient satisfaction questionnaire. 2MWT: Two-Minute
Walk Test.
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Figure 5.3C. Implications of Floodlight MS app in people with multiple sclerosis for “desire to
continue using the Floodlight MS app” from the patient satisfaction questionnaire.
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Figure 5.3D. Implications of Floodlight MS app in people with multiple sclerosis for “prefer to
see results immediately to monitor” from the patient satisfaction questionnaire.

5.4 Test-retest reliability

Test-retest reliability was assessed in pwMS and HCs with valid assessments in
all consecutive 2-week windows (range: 32-46 pwMS and 8-11 HCs). In pwMS,
ICCs were moderate or good (Table 5.4A), suggesting that reliable data can be
captured with the Floodlight MS app. In HCs, where the group sizes were lower,

ICCs were mostly poor to good.
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Table 5.4A. Test-retest reliability in pwMS and age- and sex-adjusted Spearman s rank correlation analysis of the Floodlight app in pwMS.

Cognition [y e-SDMT
Upper ® Pinching Test
extremity ~
function ® Pinching Test
-
_, Draw a Shape
Test
5 Draw a Shape
G Test
Gait and = SBT
balance ’
7 UTT
& Walk Test
e
- Passive
t Monitoring
» Passive
- Monitoring

Number of correct
responses (1)
Double touch
asynchrony (s)
Number of
successful pinches
(n)

Overall mean trace
accuracy

Overall mean trace
celerity (s7!)

Sway path (m/s?)

Turn speed (rad/s)
Step power
Turn speed (rad/s)

Step power

0.55 (0.34-0.80)°
0.72 (0.53-0.90)¢

0.81 (0.65-0.94)0

0.53 (0.32-0.79)
0.45 (0.25-0.73)

0.40 (0.20-0.73)°
0.45 (0.24-0.75)*
0.85 (0.70-0.95)°
0.66 (0.42-0.89)

0.63 (0.39-0.88)

0.85 (0.76-0.91)
0.71 (0.62-0.80)

0.72 (0.61-0.82)

0.85 (0.79-0.90)¢
0.81 (0.73-0.87)

0.71 (0.61-0.80)
0.83 (0.76-0.89)
0.78 (0.70-0.86)'
0.72 (0.61-0.82)

0.61 (0.48-0.74)*

SDMT
9HPT

9HPT

9HPT

9HPT

BBS

T25FW
T25FW
T25FW

T25FW

PwMS: people with multiple sclerosis; HCs: healthy controls; PoC: Proof of Concept; ICC: intraclass correlation coefficient; CI: confidence interval; EDSS:
Expanded Disability Status Scale; MSIS-29: 29-item Multiple Sclerosis Impact Scale; FLAIR: fluid-attenuated inversion recovery; e-SDMT: electronic Symbol Digit
Modalities Test; 9HPT: Nine-Hole Peg Test; SBT: Static Balance Test; BBS: Berg Balance Scale; UTT, U-Turn Test; T25FW Timed 25-Foot Walk. Colored
background indicates significant correlation in expected direction. aThe e-SDMT was correlated against the psychological subscale, the Pinching and Draw a
Shape Tests against the arm-related items (items 2, 6 and 15), and all other tests against the physical subscale. bn = 11. cn =46.dn = 10.en=44.fn =9.
gn=42. hn=41.in=39.]n=8. kn =32. *p < 0.05; **p < 0.01; ***p < 0.001.
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5.5 Correlation of Floodlight MS app with clinical and MRI measures

The age- and sex-adjusted Spearman’s rank correlation analysis in pwMS is
summarized in Fig. 5.5A. All statistically significant correlations were in the
expected direction. Thus, increasing levels of MS-related disability were
associated with worse performance on the Floodlight MS app. Overall, strongest
correlations of test features were observed with the respective domain-specific
standard clinical disability measures. These correlations were good-to-excellent
in the cognitive domain (r = 0.82) and fair or moderate-to-good in the upper
extremity function domain (|r|= 0.40-0.64) and gait and balance domain (r =
—0.25 to —0.52, all p<0.05). Only the SBT did not correlate with its domain-
specific standard clinical measure, the BBS (r = —0.20, p>0.05). Most test
features also correlated with EDSS (all p<0.05 except for Draw a Shape Test
overall mean trace celerity and Passive Monitoring step power) and their
respective MSIS-29 subscale or items (all p<0.05 except for Draw a Shape Test
overall mean trace celerity, Passive Monitoring turn speed, and Passive
Monitoring step power). Normalized brain volume correlated significantly with
test features across all domains with the strongest association found with e-SDMT
(r = 0.54, p<0.001). Similar results were obtained with unadjusted measures.
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Figure 5.5A. Age- and sex-adjusted Spearman’s rank correlations between active tests and passive monitoring (vertical axis) and their respective domain-
specific standard clinical measures (horizontal axis). e-SDMT: electronic Symbol Digit Modalities Test; SDMT: Symbol Digit Modalities Test; 9HPT: Nine-Hole Peg
Test; SBT: Static Balance Test; UTT: U-Turn Test; T25FW: Timed 25-Foot Walk.
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Next, we assessed correlations between active gait tests and passive monitoring.
UTT turn speed showed moderate-to-good correlation with Passive Monitoring
turn speed (r = 0.43, p<0.001). Stronger, good-to-excellent positive correlations
were observed between Walk Test step power and Passive Monitoring step power
(r = 0.76, p<0.001; Fig. 5.5B). The partial correlation analysis revealed that both
the Pinching Test (double touch asynchrony: partial r = 0.37, p<0.001) and Draw
a Shape Test (overall mean trace accuracy: partial r = —0.40, p<0.001; overall
mean trace celerity: partial r = —0.30, p<0.01) contain independent information
in predicting 9HPT time. Similarly, the UTT carries unique information in
predicting T25FW time when correcting for the other gait features (partial r =
—0.31, p<0.01). Comparing the performance of the e-SDMT and oral SDMT in
pwMS and HCs showed that both HCs and pwMS achieved on average 4.94 and
3.81 fewer correct responses on the e-SDMT than on the oral SDMT, respectively
(paired t-test: p<0.05 and p<0.001, respectively).

UTT turn speed, rad/s 0.41 0.43 0.43

Walk Test step power * k) 0.19 .

Passive Monitoring
turn speed, rad/s

Kk NS 0.36

Passive Monitoring
step power

& e,\ o Q}
'\'b& QG‘\ \’b& Qo“\
Q,Qb~ \Q,Q Q,va~ @Q
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Figure 5.5B. Age- and sex-adjusted Spearman’s rank correlations between passive monitoring
and active gait features. UTT: U-Turn Test; NS: not significant. ***p < 0.001.
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5.6 Correlations of the digital measures and the standard in-clinic
assessments with regional, structural MRI outcomes

The study enrolled 76 pwMS, of which 62 (82%) pwMS were included in the
analyses. Of the 14 excluded pwMS, 12 were excluded for poor adherence to the
active tests and two for missing MRI scans. Of those pwMS included, 68% were
female, mean age was 39.7 years (SD: 7.5), mean EDSS at baseline was 2.5 (SD:
1.4; range: 0.0-5.5), and 89% were diagnosed with RRMS.

Correlations of global and regional MRI atrophy patterns with the digital measures
and the standard clinical measures are summarized in Fig. 5.6A. Brain maps
highlighting the statistically significant correlations after FDR correction are
provided in Fig. 5.6B. Higher EDSS scores correlated with smaller volumes of the
cerebral white matter (r=— 0.42, g<0.05), lateral occipital lobe (r= -0.43,
g<0.05), insula (= —0.37, g<0.05), putamen (= —0.36, g<0.05), and globus
pallidus (= —0.38, g<0.05).
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Figure 5.6A. Spearman’s rank correlation analysis of digital measures and standard
in-clinic assessments with global and regional MRI outcomes.
Statistically significant positive and negative correlations are highlighted in red and blue,
respectively. Higher values equate to better performance on the oral SDMT and BBS, as well as
for digital measures assessing trace accuracy and trace celerity on the Draw a Shape Test;
number of pinches on the Pinching Test; number of correct responses and SFI 30 on the e-SDMT;
mean step power and mean step frequency on the 2MWT; and mean turn speed on the UTT. In
contrast, higher values equate to worse performance on the EDSS, 9HPT and T25FW, as well as
for digital measures assessing CV linear, angular and radial velocity on the Draw a Shape Test;
double touch asynchrony and pinching gap time on the Pinching Test; max gap time between
correct responses on the e-SDMT; sway path on the SBT; and step frequency variance on the
2MWT. 2MWT, Two-Minute Walk Test; 9HPT, Nine-Hole Peg Test; Asy., asynchrony; BBS, Berg
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Balance Scale; CR, correct responses; CV, coefficient of variation; EDSS, Expanded Disability
Status Scale; Entor, entorhinal cortex; e-SDMT, smartphone-based Symbol Digit Modalities Test;
Lat, lateral; Med, medial; Mid, middle; Operc, opercularis; Orbit, orbitalis; Parahip,
parahippocampus; SBT; Static Balance Test; SDMT, Symbol Digit Modalities Test; SFI, speed
fatigability index; Sup, superior; T25FW, Timed 25-Foot Walk; Trasv, transverse; Triang,
triangularis; UTT, U-Turn Test; Vel., drawing velocity.
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Figure 5.6B. Statistically significant
Spearman’s rank correlations after FDR
correction and adjustment for age,
sex, and BMI

Spearman’s rank correlations between
regional brain volume measured by
MRI and measures of a the cognitive
domain, b upper extremity function
domain, and c balance domain are
shown for four planes (from left to
right: cortical outer, inner, top, and
subcortical). Higher values equate to
better performance for digital
measures assessing humber of correct
responses and SFI 30 on the e-SDMT;
trace accuracy and trace celerity on
the Draw a Shape Test; and double
touch asynchrony on the Pinching
Test. In contrast, higher values equate
to worse performance for digital
measures assessing max. gap time
between correct responses on the e-
SDMT; CV linear, angular, and radial
velocity on the Draw a Shape Test;
pinching gap time on the Pinching
Test; and sway path on the SBT.
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The e-SDMT and oral SDMT showed a similar correlation pattern with the regional
structural MRI outcomes (Fig. 5.6A and Fig. 5.6Ba). On both, a lower humber of
correct responses was significantly associated with smaller volumes and areas of
the cerebral white matter (/=0.49 [e-SDMT]/r= 0.47 [oral SDMT]), corpus
callosum (r= 0.39/0.40), postcentral gyrus (r= 0.33/0.34), lateral occipital lobe
(r= 0.38/0.30), insula (= 0.35/0.39), superior and transverse temporal gyrus
(= 0.37/0.48), paracentral gyrus (r= 0.35/0.36), and deep gray matter
structures such as the thalamus, putamen, globus pallidus, and caudate nucleus
(r= 0.37-0.51/0.51-0.60; all g<0.05). A lower number of correct responses on
either test was also associated with a larger volume of the lateral ventricles (r=
—0.50/-0.57; both ¢<0.05). Two correlations were only observed on the e-
SDMT, but not on the oral SDMT. This included the correlation between the e-
SDMT number of correct responses and the volume of the cuneus, pericalcarine
cortex, lingual gyrus (= 0.34; g<0.05), and between the e-SDMT maximum gap
duration between correct responses and the volume of the superior frontal lobe
(r= -0.37; g<0.05).

Likewise, for each regional MRI outcome that showed significant correlation with
the 9HPT there was at least one Draw a Shape Test measure that was
significantly correlated with the same MRI outcome (Fig. 5.6A and Fig. 5.6Bb).
Worse performance on either test was associated with smaller volumes of the
cerebral white matter (|r| = 0.33-0.41 for all measures with g<0.05); visual
areas (lateral occipital lobe [r= —0.32 to —0.47 for all measures with g<0.05]);
and deep gray nuclei such as the putamen, globus pallidus, caudate nucleus, and
accumbens (| r| =0.31-0.44 for all measures with g<0.05); as well as a larger
volume of the lateral ventricles ( | r| = 0.38-0.45 for all measures with g<0.05).
However, some differences were noted across the individual Draw a Shape Test
measures. Only trace celerity and velocity-based measures of round shapes
correlated with deep gray matter volume ( | r| = 0.31-0.44 for all measures with
g<0.05), including the thalamus ( | r| = 0.35-0.43 for all measures with g<0.05)
and hippocampus (|r| = 0.32-0.40 for all measures with g<0.05). Of note, no

association was observed between 9HPT and either the thalamus or hippocampus
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(both g=0.05). Other correlations observed only with the Draw a Shape Test, but
not the 9HPT, include those between the velocity-based measures of round
shapes and the volume of the cuneus, pericalcarine cortex, lingual gyrus (r=
—0.38 to —0.47 for all measures with g<0.05); and between variability of linear
drawing velocity on the figure-of-8 and the cervical spinal cord area (r= —0.44;
g<0.05). Additionally, better performance on overall mean trace celerity, but not
the 9HPT, correlated with a smaller volume of the isthmus cingulate (= —-0.37;
g<0.05).

Similarly, for each correlation observed with the 9HPT, at least one Pinching Test
measure was significantly associated with the same MRI outcome, except for the
cerebral white matter (Fig. 5.6A and Fig. 5.6Bb). Some correlations, however,
were observed only with the Pinching Test. This includes correlations between
longer double touch asynchrony and smaller volumes of the pons (r=— 0.35;
g<0.05), thalamus (r= —0.41; g<0.05), hippocampus (r= —0.45; g<0.05), and
interestingly with a larger volume of the anterior cingulate cortex (r= 0.36,
g<0.05). Additionally, longer gap duration between pinches was also associated
with a smaller volume of the thalamus (= -0.36; g<0.05), as well as being
specifically associated with a smaller volume of the insula (= —0.32; g<0.05),

and the cuneus, pericalcarine cortex, and lingual gyrus (r= —0.35; ¢<0.05).

On the SBT, larger sway path correlated with a smaller volume of the paracentral
lobule (= —0.42, g<0.05; Fig. 5.6A and Fig. 5.6Bc). In contrast, a lower total
score on the BBS (worse ability to balance) correlated mostly with smaller
volumes of deep gray matter structures (= 0.39-0.44 for correlations with
g<0.05; Fig. 5.6A and Fig. 5.6Bc).

In contrast, no correlations with any of the regional MRI outcomes was found for

any of the gait assessments, neither for the digital measures derived from the
2MWT or UTT nor for the T25FW (Fig. 5.6A; all g=0.05).
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Next, the variance observed in the digital measures that can be explained by
structural MRI outcomes was estimated using a Bayesian ridge regression model.
Up to a third of the variance observed in the digital measures (R°<34%) could
be explained when using either normalized total brain volume as individual
predictor (*"Whole Brain” model) or volumetric data from the 36 individual MRI
regions as multiple predictors (“Parcellation” model). In the upper extremity
function domain, however, comparable or higher R? values were obtained with
the Parcellation model compared with the Whole Brain model. This suggests that
using multiple predictors, thus multiple brain regions, can explain as much or
more of the observed variance in the digital measures (Fig. 5.6C). The increase
in R was most noticeable for mean trace celerity (R?=0.23 vs. — 0.01), spiral
coefficient of variation (CV) linear drawing velocity (R°=0.22 vs. 0.02), figure-of-
8 CV linear drawing velocity (R?=0.19 vs. 0.12), and double touch asynchrony
(R?°=0.16 vs. 0.06, respectively, for the Parcellation vs. Whole Brain model). This
was also reflected by a less uniform distribution of the individual Bayesian ridge
regression coefficients across the 36 MRI regions (Fig. 5.6D). By comparison, the
R’ score was more comparable across the two models for the standard clinical
measure 9HPT (R?=0.28 vs. 0.25) (Fig. 5.6C).
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Figure 5.6C. Bayesian ridge
regression model with leave-
one-out cross validation for
estimating the variance (R?) in
the digital measures and
standard in-clinic assessments
that can be explained by
volumetric MRI

Two models were applied. The
first model (*Whole Brain”)
included normalized brain
volume and the three
demographic variables: age,
sex, and body mass index (top
row). The second model
(“Parcellation”) included all 36
regional MRI regions and the
same three demographic
variables (bottom row).
Compared with the standard
in-clinic assessments, the digital
measures tend to have a larger
R? score in the Parcellation
model vs. in the Whole Brain
model, which may reflect higher
functional specificity. This is
particularly evident on the Draw
a Shape Test (mean trace
celerity and spiral CV radial
velocity) and on the Pinching
Test (double touch asynchrony).

ZMWT Two-Minute Walk Test,
9HPT Nine-Hole Peg Test, btw
between, CV coefficient of
variation, £DSS Expanded
Disability Status Scale, e-SDMT
smartphone-based electronic
Symbol Digit Modalities Test,
SBT Static Balance Test, SDMT
Symbol Digit Modalities Test,
SFI speed fatigability index,
T25FW Timed 25-Foot Walk,
UTTU-Turn Test



Cersbral white matier . . .
Lateral ventricies HEEEEEE
Cambsallum - hamispharas
Cerebellum = vemmis .
Midbeain
Pens
Medulla oblangata .
Corpus calasum area
Upper cervical cord area
Dipercularis, riangularis, orbitalis
Middle frantal
Superior frartal
Precentral .
Postceniral B
Supramargnal

Superior parietal .......
EEE

Infesior parietal
Lateral accipstal . . . .
Insula
Suparior and transverss temparal HER
Inferior and middie temparal
Lateral and medial orbitcfrantal
Anterior cingulate
Posterior cingulate B
Paracentral
Isthmus cingulase B EEE
Precunsus |
Cuneus, pericalcarine, ingual
Parahip., fusifarm, erforbinal

Thatamus | I | | B
Hippocampus B
Putamen | |
Ghobus pallidus . .
Caudaie nucleus
Amygdala |
#Accumbens
TR EEEEEELEEEEEER = gEEEgE
ﬁﬁ?ggggaHﬂ5555555?????2!!!?5;%3@%5%
cEb2d2dddd peas s E R B E R LR
o HEEBHAHgprpggagEEEREERREEES2TEGCT
gk G‘G‘G“i‘§ﬁﬁunmﬂuﬂuﬂum;_}:ﬁ;_}:;ﬂﬁElﬁ}mg‘jﬁ'né?f&
g EEEEEEico i tionorepoannaatts BERE
e ; TEEma e - : E 2 E
T o &ﬁﬁEﬁ“"ﬂ.ﬂﬁmg?&aEE&‘gtﬁnua'gﬂﬁ% &= g F
B 20c3838%egfCevppgopwianog 2 ED
8= EEAYE® 53 & 53 & g = &
= == @ i i 2
= [
E
= = T £ E E
z £ LI
" 2 =
L] £
2 g
w
- =
x B
2
e
Coefficient
[
0.0 0.025 0.050 0.075 0.100 0.125 0.150 0175 D.200

Figure 5.6D. Bayesian ridge regression coefficients across the 36 regional MRI outcomes for
digital measures and standard in-clinic assessments Higher values mean better performance on
the oral SDMT and Berg Balance Scale, as well as for digital measures assessing number of correct
responses and SFI 30 on the e-SDMT; trace accuracy and trace celerity on the Draw a Shape
Test; number of pinches on the Pinching Test; mean step power and mean step frequency on
the 2MWT; and mean turn speed on the UTT. In contrast, higher values equate to worse
performance on the EDSS, 9HPT, and T25FW, as well as for digital measures assessing max. gap
time between correct responses on the e-SDMT; CV linear, angular, and radial velocity on the
Draw a Shape Test; double touch asynchrony and pinching gap time on the Pinching Test; sway
path on the SBT; and step frequency variance on the 2MWT. 2MWT Two-Minute Walk Test, 9HPT
Nine-Hole Peg Test, B2T bottom to top, btw between, CR correct responses, CV coefficient of
variation, EDSS Expanded Disability Status Scale, e-SDMT smartphone-based electronic Symbol
Digit Modalities Test, num. number of, parahip. parahippocampus, SBT Static Balance Test, SDMT
Symbol Digit Modalities Test, SFI speed fatigability index, T2B top to bottom, T25FW Timed 25-
Foot Walk, UTT U-Turn Test, vel. drawing velocity
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6. DISCUSSION

Floodlight study demonstrates that the use of smartphones and smartwatches
for remote daily active testing and continuous passive monitoring is feasible over
6 months and provides further support to earlier studies, which have shown that
HCs and pwMS were capable of completing daily tasks on a smartphone?®2. This
study provides further evidence for the use of digital technology, including
smartphones, for data collection. Other studies in MS have used smartphone apps
to (1) assess steps when walking on a treadmill®3; (2) assess pain, fatigue,
anxiety, and QoL?*; and (3) assess the feasibility of gathering passive and active

performance data?®.

In this protocol, the Floodlight solution collected metrics on cognition, mood,
upper extremity function, and gait and posture by instructing participants to
perform a set of daily active tests, which should take approximately 5 minutes in
total to complete and capture activity data via passive monitoring over a period
of 24 weeks. A previous study has shown that 51% of participants (22/38 of
pwMS and 17/38 of HCs) completed 12 months of daily data collection, where
participants were prompted to complete one assigned test?®2, In the context of
the Floodlight study, we observed that overall adherence to active tests was 70%
(16.68/24 weeks), which appears to be higher than the adherence of participants
to 12 months of daily data collection (39/76, 51%) from Bove et al?82. However,
comparisons between the studies are limited, as the study design and burden of
testing are different—for example, the app from Bove et al contained 19 different
tests, of which participants were prompted to complete one each day. As the
Floodlight MS app was integrated into standalone devices in this study,
deployment of the app on participants’ own mobile devices may increase
adherence because it removes the need to carry a separate, dedicated device

and decreases burden on the individual.

A recent study assessing the feasibility of the MS TeleCoach, a novel intervention
offering telemonitoring of fatigue and telecoaching of physical activity in people
with MS, showed that participants were highly engaged, with 76% (57/75) of
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participants completing the study, and 91% (21/23) of a subset of completers
showing a median of quite satisfied in the patient satisfaction questionnaire?84.
During the 12-week study period, use of the MS TeleCoach improved fatigue
levels in pwMS with moderate to severe fatigue, suggesting that implementation
of digital technologies can enhance patient performance. Together with the data
presented here, these results indicate that the use of consumer devices by pwMS
for sensor data capture fulfills the prerequisites of pwMS satisfaction and
acceptable adherence to daily active tests and passive monitoring for potential

integration in long-term clinical trials and treatment monitoring.

Test-retest reliability was consistent with ICCs reported for standard clinical
measures in pwMS28, As anticipated, statistically significant correlations were
observed between test features from the Floodlight MS app and related standard
clinical and MRI measures. Correlations of similar strength between comparable
smartphone sensor-based remote monitoring tests and clinician-administered
tests have been reported in the cognitive?®’-288, upper extremity function?®?, and
gait domains?®°, despite differences in test design and features. For example,
MSCopilot?®! is a mobile app designed for self-assessment of pwMS, which also
integrates the four clinician-administered traditional tests belonging to the MSFC:
gait, manual dexterity, cognition and visual pathway tests, in digital version. A
French, multicentre, open-label, randomized and controlled study included 116
MS patients and 69 HCs with the aim of validating the MSCopilot tool in
comparison with the MSFC and the EDSS. Both the mobile app tests and the
traditional MSFC tests were carried out in the clinical setting. All participants
performed MSCopilot and MSFC tests at day 0. To assess reproducibility, 46 pwMS
performed the same tests at day 30 = 3. The study concluded that MSCopilot
was not inferior to the MSFC (area under the curve, 0.92 and 0.89, respectively;
p=0.3) when evaluating disability in patients with RR or progressive MS. Thus,
MSCopilot composite scores were as highly correlated to the EDSS (|r| = 0.65,
p<0.01) as their MSFC counterparts, confirming the well-known correlation of the
MSFC with the EDSS?°!,
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The active tests and passive monitoring at Floodlight study also showed mostly
fair correlations with EDSS and respective MSIS-29 subscales and items,
indicating that measurements obtained with the Floodlight MS app agree both
with the overall level of MS-related disability and participant’s perception of the
impact of their disease.

In this sense, Elevate MS study?®?, which included pwMS (n = 495) and HCs (n=
134) from the United States, also aimed at evaluating the feasibility and utility of
capturing health data related to real-world MS using the 'elevateMS' app during
12 weeks to investigate associations between self-reported MS severity and
sensor-based active functional test measurements, adding the assessment of
local meteorological conditions impact on the burden of disease. This app
included the quality of life in neurological disorders questionnaire (Neuro-QoL),
the self-reported physical disability scale (PDDS) and daily health records
(symptoms, potential triggers, mobility, pain). Active functional tests consisted of
finger tapping, walking, balance, the cognitive test “The voice-controlled Digit
Symbol Substitution Test” and the finger-nose test. Local weather data was
collected each time the participants completed an active task. The symptoms
most described by the patients were fatigue (62.6%), weakness (44.8%),
memory / attention problems (42.2%) and difficulty walking (41.4%), while than
the triggers found with greater frequency were high ambient temperature
(52.3%), stress (50.5%) and sleeping late at nights (44.6%). The PDDS reported
by patients and Neuro-QoL scores were significantly associated with the results
of the functional tests. Finally, the local temperature was significantly associated

with the performance of the active tests of the participants.

Regarding MRI parameters, Floodlight study did not show any strong correlation
between T2 FLAIR lesion volume with either active tests or passive monitoring.
This is not surprising given the clinic-radiological paradox,2®* which describes the
mismatch between the white matter lesion volume and the clinical outcomes in
MS, and the subsequent poor cross-sectional correlation between T2-weighted
imaging and MS disability measures in a relatively mild MS population®®4.

Normalized brain volume correlated with test features from all assessed domains.
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This is in line with previously reported correlations between normalized brain

volume and measures of MS-related disability?®°.

Not surprisingly, the e-SDMT most closely resembles its domain-specific standard
clinical measure. The Spearman rho of 0.82 is comparable to the previously
reported correlation between other smartphone-based versions of the SDMT and
the pen-and-paper version of the SDMT (r= 0.71-0.85)287-288, In our study, we
noted that the e-SDMT scores tended to be lower than the oral SDMT scores in
pwMS and HCs. This is likely due to the longer time required to select the correct
response on a smartphone display compared with saying the correct response
out loud. Another possible reason is that the e-SDMT displays only one symbol
at a time. The oral SDMT, on the contrary, provides participants the entire symbol
sequence printed on a sheet of paper?®*, thus allowing them to work ahead and
use their working memory to a greater extent. This difference also makes the
oral SDMT more dependent on eye tracking than the e-SDMT. Given the different
concepts assessed by the Floodlight MS app versus clinical measures, 1:1
correlation was not necessarily expected. For example, mean trace celerity did
not correlate with EDSS or the arm-related MSIS-29 items. This is likely because
these clinical measures do not capture the time component as overall mean trace

accuracy correlated significantly with both clinical measures.

The partial correlation analysis presented here revealed that test features from
both the Pinching Test and the Draw a Shape Test independently correlate with
9HPT time. This supports the concept that specific sensor-based test features
can capture performance outcome information currently not recorded with
commonly used in-clinic assessments. This exemplifies the potential of sensor
data to characterize functional impairment beyond a single summary score that
is typically recorded for in-clinic performance outcome measures. Future work
should explore the use of this technology in broader clinical apps and focus on
establishing the clinical relevance for the additional information it can provide. It
is possible that richer information can be extracted by incorporating additional

test features. Initial results on a more comprehensive multidimensional feature
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space have been previously reported for the Draw a Shape Test?*® and Walk

In addition to the active tests, the Floodlight MS app also assesses gait in a free-
living situation, or in daily life, through passive monitoring. It has been suggested
that signs of gait alteration may be more pronounced during daily life than in
conventional in-clinic metrics?®?, thereby highlighting the importance of capturing
out of clinic performance through passive monitoring. As such, passive
monitoring may improve the translation of clinical findings to meaningful care as
it informs on the patients’ true abilities during daily life activities??!. A recent study
demonstrated the feasibility of passively monitoring gait in a free-living setting,
as well as a good correlation between different structured testing measures and
free-living features with traditional scales such as MSFC and EDSS in pwMS, using

three biosensors connected to the wrist, ankle and sternum?3°,

The unique digital measures captured in the Floodlight MS app demonstrated
robust correlations with normalized regional brain volumes and areas, and upper
cervical cord area. While these correlations overlapped with the correlations
observed for standard clinical measures, several of the correlations were specific
to the digital measures. These results suggest that the digital measures may yield
higher functional specificity and provide novel information on functional ability.
Of note, these correlations were observed in an early, relapsing cohort of pwMS,

suggesting that the digital measures can capture silent pathology300-301,

Digital and standard clinical measures were associated with many of the same
neural correlates, indicating that both capture similar aspect of functional ability.
As expected, both the e-SDMT and oral SDMT correlated with regions implicated
in cognitive decline (ventricular expansion and smaller volume of the insula and
cerebral white matter), information processing speed (deep gray matter), and
working memory (superior temporal gyrus)3°23%, Correlations were also
observed with the volume of the primary somatosensory cortex (postcentral

gyrus) and visual processing areas (lateral occipital lobe)3033%9, Similarly, the
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Draw a Shape Test, Pinching Test, and 9HPT were associated with areas of visual
processing (lateral occipital lobe, visual deep gray matter) and cognitive decline
(ventricular expansion, cerebral white matter)3°3-39>, For the SBT, postural control
(sway path) correlated inversely with the paracentral lobule volume. This is
consistent with findings from a functional imaging study, which suggested a role
of the paracentral lobule in proprioceptive processing3®. In contrast, the BBS
correlated more strongly with the deep gray matter volume. The different tasks
involved in the two tests, the distinctive sensorimotor aspects they capture and
the scoring - the SBT measures the total sway path (a measure of static balance),
while the BBS provides an overall score describing both static and dynamic
balance - may explain these differences. The mild level of MS-related impairment
together with the ceiling effect observed on the BBS may have contributed to the
lack of correlations with the cerebellar volume. The former may also explain the
lack of correlations found for the sensor-based walking tests (UTT, 2MWT) or the
T25FW31, With greater levels of impairment, correlations between the T25FW

and thalamic volumes or upper cervical cord area could be expected312313,

Several correlations were only observed for the digital measures, but not for the
standard clinical measures. This was most evident in the upper extremity function
domain. Temporal and spatiotemporal measures derived from the Draw a Shape
Test such as the overall mean trace celerity and variability of drawing velocity
while drawing round shapes specifically correlated with thalamic volume, which
has been previously shown to be involved in information processing3!*. These
measures also specifically correlated with the volume of the pons. Brainstem
atrophy is reported in early stages of MS and a higher pontine lesion load has
been associated with upper extremity tremor3!>. In addition, the variability of
linear drawing velocity on the figure-of-8 specifically correlated with the upper
cervical cord area. This region has been previously linked to upper extremity
dysfunction, particularly in more advanced or progressive disease where atrophy
is more pronounced313316, The fact that we observed this correlation in a mildly
impaired cohort highlights the potential higher sensitivity of Floodlight digital

measures. Correlations specific to the digital measures were also observed with
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the Pinching Test. Double touch asynchrony, that corresponds to an
asynchronous contact of the two fingers with the touchscreen while pinching a
tomato, was associated with the volume of anterior cingulate cortex. No
association was observed with the 9HPT time. This region is known to selectively
modulate motor areas during visually coordinated tasks3!7-318, This result is not
surprising considering that double touch asynchrony was specifically developed

to assess the ability to perform finger coordination tasks.

The notion that digital measures may offer higher functional specificity is also
supported by the explained variance analysis. A low R value in the Whole Brain
model but a high R value in the Parcellation model indicates that certain regions
contribute more than other regions to the variance observed in the digital or
standard clinical measures. This can be seen in the upper extremity function
domain, where selected measures derived from the Draw a Shape and Pinching
Tests showed a larger increase in R? when switching from the Whole Brain to the
Parcellation model compared with the 9HPT. This suggests that these digital
measures have higher functional specificity than the 9HPT. A high R? value in
both models, on the other hand, indicates that the different MRI regions
contribute equally to the observed variance. The cognitive domain with both the
e-SDMT and oral SDMT is a good example of this, with both showing comparable

functional specificity.

Study limitations

As this study remains a pilot investigation designed to collect first experiences
from continuous sensor data capture, the main limitation is the small sample size
and short duration of follow-up. Ongoing Floodlight studies (CONSONANCE and
Floodlight Open) will collect longer term data on smartphone-based sensor data
capture in a larger number of participants from a broader disability spectrum.
Additionally, whether physical and cognitive limitations in people with SPMS and
people with PP MS differentially impacts adherence compared with people with
RRMS cannot be gleaned from the current data set due to the low numbers of

advanced patients enrolled in the study; however, this important question
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warrants future research exploring remote monitoring in patients with more
advanced MS. The importance of continuous monitoring in RRMS should also not
be overlooked, as the sensitivity of this novel approach aiming at detecting
progression in a real-world setting may provide an earlier window into disease

progression outside of the clinic.

Regarding the correlation analysis, most enrolled pwMS had mild disease with
limited MS-related disability; the mean EDSS at baseline was 2.4. The current
analysis assessed the performance characteristics of the Floodlight MS app in
pwMS with EDSS scores in the range of 0.0-5.5. However, it has been previously
shown that wearable sensors might not accurately capture step detection at slow
walking speeds, particularly at EDSS score of 6.5. This feature should be
considered when assessing any wearable monitoring technology. In addition, the
analyses presented here were cross-sectional. Due to the relative short duration
of the study (24 weeks), a longitudinal analysis on change in functional ability,
disease progression, and relapses was not possible. Future studies will lend
greater clarity into the use in a broader patient population, including people with

more advanced disease, and the test performance over time.

Furthermore, test-retest reliability analysis was conducted in 2-week windows, in
which no disease progression was assumed, as each assessment was done at
most once per day. Same-day test—retest reliability analysis will be addressed in
future work using data from subsequent studies. Further work will also be needed
on the development of domain-specific and overall MS outcome measures based

on digital health technology.

Regarding the study assessing the regional neural correlates of the digital
measures, MRI data was only collected for pwMS. As a result, we were unable to
disentangle physiological from pathological effects. In addition, the relatively
short study duration of 24 weeks did not allow us to perform any longitudinal
analyses or assess the relationship between the digital measures and disease
progression. The pwMS enrolled in this study had mostly mild disease, and many
had a 9HPT time within the range of healthy individuals or little-to-no gait and

balance impairment as measured by the T25FW and BBS. This may have
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weakened the correlations, in particular between the digital measures of gait and
balance and regional brain volume3!®, In addition, structural, or even functional,
cortical reorganization, which helps to maintain functional ability in early stages
of the disease despite the structural damage to the brain,32°-322 may have also
contributed to the weakened correlations. Nonetheless, we observed correlations
of clinical relevance. With longer disease duration, the strength of the observed
correlations is expected to increase. Using data from other ongoing and
forthcoming studies (CONSONANCE, NCT03523858; Floodlight™ MS — TONIC,
ISRCTN11088592) in future work, we will explore both structural cortical and
subcortical networks3?? and longitudinal changes in MRI and digital measures to
better characterize the utility of sensor-based tests as prognostic biomarkers.
Such biomarkers could be used for early identification of patients with silent
progression at risk of future disability accrual, and optimization of individual
treatment strategies.
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7. CONCLUSIONS

Our study showed that pwMS are highly engaged with performing active
tests and capturing continuous data via passive monitoring and are
satisfied with the Floodlight MS app. Neither satisfaction nor adherence
showed strong correlation with study population characteristics. More than
60% (46/72) of people with multiple sclerosis indicated their interest to
continue to use Floodlight MS app, and approximately 90% (65/72)
wanted to see the results of their tests in real time as biofeedback, which

was implemented in future studies using the Floodlight solution.

The study also demonstrated that the Floodlight MS app provides reliable
measures that align with standard clinical and MRI measures used to
quantify MS functional impairment and overall disability. Test—retest
reliability was moderate-to-good, and significant correlations in the
expected direction were observed between the test features from the
Floodlight MS app and standard clinical and MRI measures. While active
tests were conducted daily or weekly, passive monitoring permitted the
continuous assessment of gait during daily life activities. The higher
temporal resolution and multidimensional feature space of functional data
collected by this platform hold the potential to capture subtle, potentially
disease-related information which are not readily discriminated by clinician
administered assessments. It also has the potential to improve and
standardize assessment of MS disease over time, provide pwMS and health
care professionals in both specialty and primary care environments a
better understanding of disease progression, change the way MS is
monitored in clinical trials and daily practice, and ultimately improve

patient care.

Finally, we observed digital measures obtained with the Floodlight MS app
correlated with normalized volumes and areas of distinct anatomical

regions.
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While many of the correlations were also observed with standard clinical
measures, some were only observed with the digital measures. In
addition, the explained variance analysis suggests a higher functional
specificity for digital measures, in particular in the upper extremity function
domain. These results indicate that digital measures, by leveraging sensor
technology, can probe multiple different neurologic domains rather than
just providing an overall assessment of functional ability. Thus, digital
measures have the potential to complement standard clinical measures by
providing a more detailed picture of MS and a more accessible assessment
of functional ability. In future, identification of digital measures of disease
progression associated with gray matter pathology could help to identify
prognostic biomarkers and individualized therapies with increased efficacy
for patients with a predisposition to develop more severe cortical
pathology and associated clinical deterioration.
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8. FUTURE RESEARCH

The feasibility and clinical validity of the Floodlight app use has been verified
throughout the development of this doctoral thesis®3? suggesting that it may have
the potential to improve and standardize assessment of MS disease, provide
pwMS and health care professionals a better understanding of disease
progression, change the way MS is monitored in clinical trials and daily practice,
and ultimately improve patient care. However, certain issues remain to be
resolved before affirming such suggestion. First, there are no data on adherence
and feasibility of using the Floodlight app in larger MS populations over a longer
follow-up period. Second, the lack of longitudinal data analyses does not allow
establishing which changes in the test’s performance should be considered of
clinical relevance. So, clinical interpretation of the app data captured over time
remains to be defined. Finally, no study has attempted to explore the potential
benefits of clinical remote monitoring versus standard clinical care on patient

health outcomes in a real-world setting.

To this end, the next step is to conduct a randomized, double-blind study to
confirm the feasibility, and assess the clinical interpretation and clinical utility of
Floodlight MS compared to standard clinical monitoring. A total study period of 4

years is anticipated.

Although the project protocol is still in process, the objectives and outcomes are

described below.

Objectives and outcomes

Primary objective

The main objective of the study is to assess the feasibility of RMT of MS using
the Floodlight app in a large sample of patients, over a long follow-up period, in
a real clinical setting. As well as identify which resources provided by the health

centre / Hoffmann-La Roche Pharmaceutical (technical support / health

131



personnel, etc.) are necessary to guarantee the use of the Floodlight app in a

sustained manner over time in routine clinical practice.

Primary endpoints:

Percentage of adherent patients

Number of monthly reminder calls made from the health centre (by the
health data manager) to patients to encourage them to have a good
adherence.

Number of events reported per month by patients because of technical
problems using the app (app failure) or problems with WIFI as the main

reason for not sending the information captured by the app.

Secondary objective

To better understand and predict disease activity and progression using data

captured from the Floodlight app leading to medical interventions

Secondary endpoint:

Percent worsening (for example, 10%, 15%, 20%, or 25%) of Floodlight
app test performance, confirmed in the consecutive 4 days, that leads in
the majority of patients (>50%) to medical interventions such as
requesting an additional MRI, starting or changing a treatment, referring

to the rehabilitation unit, starting symptomatic treatment, etc.

Tertiary objectives

1- To assess the efficacy of Floodlight MS compared to standard clinical care
on MRI activity.

2- To assess the efficacy of Floodlight MS compared to standard clinical care
on: Disability progression / QoL / Brain atrophy.

Tertiary outcomes:
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1a- Proportion of patients with new/enlarged T2 lesions from month (M)12 to
M36.

1b- Proportion of patients with new/enlarged T2 lesions from M24 to M36.
1c- Number of new/enlarged T2 lesions from M24 to M36.

2a- Time to 24-week confirmed EDSS worsening.

2b- Changes in Neuro-QoL questionnaire from M12 to M36.

2¢- Global and grey matter brain volume loss from M12 to M36.
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10. APPENDIX

10.1 Materials and Methods / Results

Trial design and participants

For women of childbearing potential, the eligibility criteria also included the
agreement to use an acceptable birth control method during the study period.
For HCs, the eligibility criteria were restricted to the ability to comply with the
study protocol, age 18-55 years and weight 45—-110 kg. Recruitment of HCs was
planned to help validate the use of smartphone and sensor-based tests for use
in MS versus normative data. Both childbearing potential and weight were

restricted in this study as it involved physical tasks.
Data transfer

During active tests and passive monitoring, smartphone and smartwatch sensor
data were recorded, including accelerometer, gyroscope, compass, Global
Positioning System, ambient light (proximity), Wi-Fi access point signal strength
and ID, and cell tower signal strength data. Touch data were recorded during the
active tests that require pwMS and HCs to touch the screen. Participants’ data
from smartphone- and smartwatch-based assessments were asymmetrically
encrypted and uploaded via the internet to a secure central server, maintained
by the sponsor, each time the smartphone connected to Wi-Fi. Participants
received instructions on how to connect their smartphone to the internet at home.

If there was no Wi-Fi available, data were uploaded during the site visits.
Patient satisfaction

Analysis of the association between individual questions from the patient
satisfaction questionnaire and pwMS population characteristics indicated that the
following questions were significant: “"How satisfied or dissatisfied are you with
the guidance from the instructor?” correlated with the T25FW test (Spearman’s

correlation=-0.35, p = .003); “How satisfied or dissatisfied are you with how

159



easy it is to use the smartphone?” correlated with SDMT correct responses
(Spearman’s correlation=0.25, p = .03); and “How would you rate the frequency
with which you were asked to do the active tests?” correlated with the T25FW
test (Spearman’s correlation=0.34, p = .004). Analysis of patient responses to
the satisfaction questionnaire indicated that the 2MWT was the component of the
Floodlight MS app that participants would most like to avoid. The analysis of this
subgroup of pwMS who would prefer to avoid the 2MWT at study completion
identified no significant association of this response with a specific pattern of MS

disease or demographic features. The only significant associations were age

(Spearman’s correlation = —-0.34, p = .006) and the T25FW test (Spearman’s
correlation = —0.26, p = .04), and only at the Week 12 assessment of the patient
satisfaction questionnaire, where younger participants were more likely to prefer
to avoid the 2MWT in the middle of the study.
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10.2 Satisfaction questionnaire

Satisfaction questionnaire assessing patients’ and healthy volunteers’ experience

regarding smartphone and smartwatch use and its impact on their daily activities.

Instructions: Please take some time to think about your level of satisfaction or
dissatisfaction with the smartphone, the smartwatch and the apps of this clinical
study. We are interested in your evaluation of the convenience of the
smartphone, the smartwatch and the app over the duration of the study. For
each question, please place a single check mark next to the response that most
closely corresponds to your own experiences.

1. How satisfied or dissatisfied are you with how easy it is to use the
smartphone?
¢ Extremely Dissatisfied
» Dissatisfied
» Somewhat Dissatisfied
* Neither Satisfied nor Dissatisfied
* Somewhat Satisfied
» Satisfied
e Extremely Satisfied
2. How satisfied or dissatisfied are you with how easy it is to use the
Floodlight MS app?
¢ Extremely Dissatisfied
» Dissatisfied
e Somewhat Dissatisfied
* Neither Satisfied nor Dissatisfied
e Somewhat Satisfied
e Satisfied
e Extremely Satisfied
3. How satisfied or dissatisfied are you with how easy it is to put on and take
off the smartwatch?
e Extremely Dissatisfied
» Dissatisfied
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e Somewhat Dissatisfied

» Neither Satisfied nor Dissatisfied

* Somewhat Satisfied

» Satisfied

e Extremely Satisfied

. How satisfied or dissatisfied are you with how easy it is to use the
smartwatch?

e Extremely Dissatisfied

» Dissatisfied

» Somewhat Dissatisfied

* Neither Satisfied nor Dissatisfied

* Somewhat Satisfied

» Satisfied

¢ Extremely Satisfied

. How easy or hard is it to plan when you will do your active tests each
time?

e Very Hard

 Hard

e Easy

e Very Easy

. How would you rate the frequency with which you were asked to do the
active tests?

 Frequency of tests was unacceptable (too frequent)

 Frequency of tests was acceptable

. Taking all things into account, how satisfied or dissatisfied are you with
the smartphone, smartwatch and apps?

e Extremely Dissatisfied

e Very Dissatisfied

e Somewhat Dissatisfied

e Neither Satisfied nor Dissatisfied

» Somewhat Satisfied

 Very Satisfied
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e Extremely Satisfied

To what extent do you agree with the following statement? I would like to
continue using the Floodlight MS app to understand my MS better and
improve my disease management.

e Completely agree

e Somewhat agree

e Somewhat disagree

e Completely disagree

e Not sure

To what extent do you agree with the following statement? In future I
would like to be able to see the results of my tests straight after I've
completed them and monitor over time.

e Completely agree

e Somewhat agree

e Somewhat disagree

e Completely disagree

¢ Not sure

10. How satisfied or dissatisfied are you with the provided information/training

11.

materials?

¢ Extremely Dissatisfied

» Dissatisfied

» Somewhat Dissatisfied

* Neither Satisfied nor Dissatisfied
e Somewhat Satisfied

» Satisfied

e Extremely Satisfied

How satisfied or dissatisfied are you with the guidance from the instructor?
e Extremely Dissatisfied

e Dissatisfied

e Somewhat Dissatisfied

» Neither Satisfied nor Dissatisfied

e Somewhat Satisfied
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» Satisfied
e Extremely Satisfied
12.Does the use of smartphone, smartwatch and the active tests have any
impact on your daily activities?
e None
e Minimal
e Acceptable
e Substantial
e Unacceptable
13.If you could avoid one of the components of Floodlight monitoring, which
one would that be (check only one)?
e None
¢ Cognitive Test
e Squeeze a Shape
e Draw a Shape
» Balance Test
e U-Turn Test
e Two-Minute Walk Test
¢ Passive monitoring

14. Additional feedback/comments that you would like to share:
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10.3 Participants discontinuing from study and excluded from
adherence analysis.

Cohort  Participant ID

Reason for withdrawing from study Exclude

1015 Monitoring frequency-related burden

PwMS | 1019 The participant did not have enough time to implement all
study requirements

HC 1025 Due to personal reasons, the participant was not able to
continue with the study

HC 1035 Lack of availability

HC 1036 Lack of availability because of new job

HC 1047 Privacy of data. The participant was not comfortable with the
fact that the smartphone had GPS

HC 1052 Participant’s personal reasons

PwMS | 1061 Adverse event

HC 1062 Lack of availability to come to the visits

HC 1076 The participant started to work and did not have availability to
come to CEMCAT for the final visit

PwMS | 2001 Walking task was too exhausting. Concerned about accuracy
of data (due to walking task)

HC 2004 The participant did not want to complete tasks

PwMS | 2006 Travel time to get to study site

PwMS | 2009 Lack of time/interest

HC 2014 Lives 4 hours away. Was unable to come for last visit X

Legend: CEMCAT: Multiple Sclerosis Centre of Catalonia; GPS: Global Positioning System; HC:
healthy control; PWMS: people with multiple sclerosis

10.4 PUBLICATIONS

165



10.4.1 Publication N1

Clinical monitoring of multiple sclerosis patients by means of digital technology,
a field in the midst of a revolution. Midaglia L, Sastre-Garriga J, Montalban X. Rev
Neurol. 2021 Sep 1;73(6):210-218. doi: 10.33588/rn.7306.2021136.
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Monitorizacidn clinica del paciente con esclerosis multiple
a través de la tecnologia digital, un campo en plena
revolucién

Luciana Midaglia, Jawme Saire-Gamiga, Kavier Montalban

Indrodeccide. & pesar de los grandes avances acontecidos on o drea del dagndstion y ef tratamiento de |a eschercsis mik
tighe {EM], pocns cambios se han gestadn respects al sequimicnta cinico. La escases de tiempa y espatio o |a pridtia
dinica dificulta la valoracién de silomas invsibles y derte Smomas molons, oomo ka destresa manual y i cagacidad de
marcha, que presentan un clan mpaco e b stuacdn fundonal del paciente.

Objetin. Revisar ol papel potencdal de las hemamientas tecnolbgicas en la monitionzacite cinica del paciene oo EM.
Desarvollo. 52 realind una bisqueda Biblicgrafica a trawes de Publed, selecdonands los estudics centrados en biosen-
sores § herramientas digitales destinadas a la evakeaodn de & situarite fundonal general, y de apectos onetes de la
enfermedad o de deteeminados sisiemas funcionalkes.

Resultados. Diferentes hemamientas digitales en formatn de bicsensores, aplcaciones méviles o web, tanto deworeme-
1o oo hospitalano, auiscumplimentadas o sdministradas por el personal sanitaric, parscen ofrecer wna weidn mas
‘ompleta y real' de |a sitscidn fencional de los pacientes. Alguncs estudics han demostrado que |2 temelogla digital es
apaz de detectar la progreside sehelinica de |a discapacidad, que ks prucbas tradidonales, induyendo |a Esala expand-
da del estado de discapacidad, ne consguen reflejar, ko que favorece (2 adopddn de medidas y acoones Serapéuticas

anropiadas di forma tempeana ¥ personalmda.

Condusions. Las hemamientas digitales, capaces de Brindar informacién chiniza amglia y detallada, podrian coupar en
pape| impartants &n |2 toma de deckiones y el sequimients dinico del paciente Zlecto de BW

Palabras dave. DEposithecs portasies. e-Salud. Esdenss mittiple. Heramienta digitales. Monitorimodn dinica. Temo-

kagla digtal

introducddn

Em los dltimes afes se ban producide grasdes
avanoes ¢ cusnts & prociso diagndsticn |1-8] v &
abandape terapdutico en o campo de la eeclerosis
mkltiple (EM) [9-11].

Sin embargo, respecto al seguimienta clinica,
desde el afie 1983, cuando Kurtzke Introdujo la Es-
cala expandids del estadi de discapacidad [EDSS)
[12], poros cambios em la prictica clinica se ban
gestado & este nivel. S biem kb EDSS comsalidd su
paped como herramienta de referencia a la bora de
evaluar b sitascide fanclonal de los pacientes oon
EM, o ura encuwests realizeds reclentemente, sido
um 25% de los newrdlogos especialistas en o drea
respondid que s utilizaba de forma rutisaria, par-
centap que se redugo al 17% al preguntar especifi-
camente s inclulan la miedicion de b capacidad de
marcha [13]. Entre kis diferentis desventajas sefia-
ladas & bo largo del tlempen, cabs mencionar la baja
fiahilidad interobservador, la exigencia de un con-
sumng importanie de tempe y espacis, o becho de
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redlejar un momente puntual de la sitachén fun-
cional del paciente, que muches veces no se corme-
laciona con su rendiméente (sico a o largo del dia,
y o evaluar fondamentalments aspectos flshoos y
dee capacidad de la marcha, sin incluir b valoraciin
de dreas ‘no visibles' de la enfermedsd, comeo la
cognicidn, ¢ estado emoconal, la fatiga, et
[14,15]. Con b intencion de mejorar |a valorachin
funcional del paciente con EM, em 1959 s disclbly
ol Muliiple Selevasis Functional Compasite (MSFC)
cama herrambents multidimensionsl, Integranda
test de velocidad de b marcha, destreza manul,
vilocidad de procesamients de informachn y con-
traste visual. 54 blen s correlachin con la EDSS se
ba cetodiado amplismente, su priscipal desventaa,
edemias de procisar persomal téomicn debldaments
entrerada y un tiempo medio de 20 misutas para
s administraciin, oo b utllizecidn de 2-wores
coma medids de resoltades, may poco familiar
para la mayoria de bos dinicos. $u use sonslmente
se limita, bdsicamente, al drea de la investigacidn
[18,17).

WAL A com R Mol 2007; 73 16): 190-218
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Basdndomos en ella, podemos afirmar que, a pe-
s el pas die bos b, continta siendo dificil ma-
nitorizar con precisién la situackn clinka de los
pactentis. Concretamente, resulta complejo preci-
saf ¢l moments del indcko de una fase secundaria
progresiva de la enfermedad, la presencla de pro-

gresiin ‘empeoramiemis en los fenotipos progresi-
virs, sl comed determinar con exactitud la aparicida

de clertos brotes o recaldis em ks formas recarren-
tes que muchas veces se malinterpretan comea fluc-
tuaciones clinkeas [18,1%). En este sentida, la tecmo-
logla digital podria ooupar un papsl fundamsental,
brindando infarmacion detallada en & tempo v o
esspiaecio sobre o experiencia real de |a vida diaria de
los pacientes, capturada de forma continug e inde-
pendiente del evalusdor, mejorands la atencldn
persomalizads [20] (Figura).

El presente trabajo tiene comi finalidad abardar
algunas de lis potenciales herramientas tecnoligi-
cas que podrian tener s lugar en b prictica clini-
rd, Intemtando salventar ks limitaciones que ac-
tualmente perstaten & la hor de monitonizar oind-
camente al paclents con EM.

Desarrollo

Para o desarralle del contemido de este trabajo, se
realizh una bisqueda bibliogrifica en dicembre de
20, mediante la plataforma clentifica Pubbed,
utilizands los siguientes wérmincs MetH: dial -
ahmology, digital teals v healtl) ‘wearable devices’
o combinackin con e thrmine edtiple sdeesis!
%e aplicaron bos sigulentis criterias de seleccl b
- Diseitp el estudis. % inclayeron trabajos de re-
visidn, encayos clinicas, estudios ohservackana-
lies o series de casos.
- Asgclacknes ewfsadas S incuyeron estudios
cemdrados en las slguentes asoclaciones:
+ Blosepsores utilizados en la monitorizackn de
la EM.
+« Herramientas digitales de uso exclusiva en la
mondterizackin Je packentes con EM destina-
das a o evalwaciin de b sitsaciin fusclonal
general, sl coma hierramientis disehadas para
la evaluackin de aspectos concretos de b -
fermidad o de determinados sistemas funcio-
males.
- Aifioma. S conslderaron artioalos escritos en -

glis v espaficd
Presentamos wna descripokin marmativa de los esta-

dios selercionadis estructursdos segin los siguien-
tes temas principales:

Wi neuralngia oom Aoy Nl 302K 73 05y 2121

Figuni. Clinamemity, il cantlicie 7o sequimimin cel puciers bastin fugr o0 ol omiro ntins de i
fmimicsi. Sinembarga, ln Begadi di b Intradlogq ki dglil podria drighatr o 2o poropal di s alercin
taddia v li moslloriseotn dirst al propin pecenle, londndsl on pagel divo § proligtns et
cundlid o chin i o e, Fog s il b | 7).
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- Estudies que desoriben herramientas digitales
{bdasensores) utlizadas em la monitorizaciin de
ki EM, sunque o especificas de la enfermedad.

- Estudies que desoriben herramientas digitales
de uso exclusive en pacientes con EM destinadas

a la valoracion de b discapacidad en general, asi
como & b monliorzeckin de determinados as-

pectos o ststemas funcionales de la enfermedad,
iy o s lmita al dmbito hospitalario. En es-
tos casos, ki informacidn clinkca puede ser reon-
gida por & persanal sanitario o blen proporcio-
nads directamente por el propa paciente.

- Estudies que desoriben herramientas digitales
pira s monitorizscion remista o a distancia de
determinsdos simtomas o aspectos de b enfer-
medad, con b informackin clindea directamente
proporcienada par bas pachentes.

- Estudles que disoriben herramientas digitales
para la meonitor Eacidn remoka ¥, o su vez, conti-
nuada de la sitwacidn funcional general de los
pacienies, com la informacion climica dinecta-
mente proporcionada por los pacientes.

)

ettt
=

Resultados
Un ftal de 51 articwlos resultaron de la blsqueda

igita techwolgy and musltiple sclercsis! 21 articu-
los de la combinacide Higital tosls and sucliiple
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wlevosts; 33 asociados & la blsqueda v-healkth and
meeltiple selerests’ y, finalmente, 50 articalos en rela-
cbdn con Jos términas wearable devices and multl.
e sclerosic’ Machos articulos se repetian en bs di-
ferentes hisquedas. La mayoria de bos articuks en-
contrados hacta referencia & temas no relaclonados
directamente con o objetivo principal de nuestra
revisidn. Por ejemplo, varkos articulos correspoa-
dian a revisiones generaes de ‘la salod digital' apli-
cada en meurobogfa o en esclerosts miltiple sin men-
doar herramientas digitales en concreto, y muches
atros articulos hactan referencla al uso de berra-
mientas digitales para b sutogestion y of mancjo de
determinados sintormas de la enfermedad (como La
espasticidad y fatiga), pars b rehabilitacidn fisica y
cognitiva, para la educacion y formacida de packen.
tes, asl como para favorecer la adhesidn a los trata-
mientos. Los articulos fnalmente selecclonados
aplicando Jos eriterios de seleccion descrites en L
secclon de desarrollo se revisan detalladamente en

los sigulentes apartados (Tabla 1),

Herramientas digitales (biosensores) utiizadas en
la monitorizaddn de la escerosis milfiple, aunque
no especifices de b enfermedad

Los acelerdmetres san biosensores dtiles pars
caantificar los pasas, la posicion del cuerpo ¥ los
patrones groseras de actividad {como estar de ple,
sentado o en pasicidn de deciibito) de las personas
e general En o drea dela EM, ofrecen una medida
confiable y vilida para registrar b actividad/menvili-
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dad en la vida cotidiana de los pacientes [22.23]. La
fabilidad y b peectsitn del recuento de pasos con
acelerdmetras se han correlaclonado con ¢ recuen-
to de pasos redles, particularmente en packentes
con discapacidad Jeve, asi camo tamblén con la
EDSS, aunque s0lo en pacientes con valores de la
EDSS entre 0y 6,5 [24]. Sin emnbargo, s¢ necesitan
estudios a lirgo plazo para determinar s los acede-
réenetros son Otlles para detectar ¢ Incremento de
la discapacidad o la progresidn de la enfermedad.
En este sentido, un estudio plloto que inclayd a 11
pacientes con EM y otro mds redente con 95 pa-
cientes mostraran durante ¢l periodo de segul-
miento de un ao que un acelerdmetro podria iden-
tificar las fluctuaciones y el deterioeo de b situacidn
funclomal de Jos pacientes con mayoe preciskn y
peecocidad que el uso de las prachas tradiclosales,
lecluyenda b EDAS, aun cuando éstas se mantuvie-
ran estables [25,26].

Otro estadio destinado a evaluar camblos preco-
ces en la marcha a través de biosensoees incluyd a
102 pacientes y a 22 controles sanos. Se les pidio
que realizaran la procta de la marcha de los 25 ples
dos veces a wna velocidad ‘wtoselecclonada; segul-
da de dos veces a wna vedocidad medxima. £l andlisic
de subgrupas entre controles v mostrd
diderencias significativas en L Jongitud media del
paso, la velocidad de la marcha, el tiempo de apoyo
del pie y ol tiempo de balancea. Las diferencias en-
tre los subgrupas segin la EDSS fueron mas pro-
munciadas en las pruebas con velocidad mixima de
la marcha [27).

wivwrewrclogacom R Newol 2021, 73 46): 210218
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Los sensores en formaio de guante son oo tipo
de hlosensores disefados para evaluar la destreza
manual. Un estudio que incuyd a 40 pacientes con
EM y a 20 controles sams demostnd que esta berra-
mubenia era capaz de diferenclar emtre ks participan-
tes dee ambas gropos 1 a su vez, mostnd correlacidn
con las medidas obtenddas mediante otras escalas de
discapacidad comn la EDES y ol MSFC 28],

Taumnbién los aceleramsetras y ginasoaplos, inser-
tados en la moders, se ban estudisdo coma berra-
mientas de evalsacinimedicion de la fussclonadi-
dad del miembra superior &n un grupo de sujetos
sanns (4 = 12) y persomas con EM (4 = 28). Los par-
thcipantes diehlan realizar el programa de ejerciclos
Actioh Reasearch Arm Test, goe induve b ejeco-
ol de diferentes movimienios de agame, pellizeo
¥ mewimientos mas groseros. Se obsered que lis
tarcas del Acton Reasearch Arw Test specutadas
por paclentes com EM fseron significativaments
meds lentas {sumente de la duraciin del 70%) v
bruscas [awments de sacudides del 16%) con res-
peecto & bas contrabes [24).

(ros blosengores, como actigrafos, scelendme-
tros trianiades, medidores de temperatura corparal
v frecuemila cardisca, sundgue en fases mds prema-
puras, tambdén son objeto de esiudio con @ fin de
obterer una indormacién mds completa y detallada
dee las diferemies furciones corporales y, por tanto,
de la situacide funclomal del pacientz con EM

[z

Herramientas digitales de wso exdhusiva en ks
esclerasis maltiple para la mendtorizacion de

|a discapacidad en general o de deferminadas
sisbernas funcionales, ouyo uso 32 limita al dmbito
hospitalario

Pani ba valoractin de la discapaicicnd en gesenal
El Multiple Scleredts Perfermance Test (MSPT) &=
ura plataforma electrdnica en formato de (Pad® di-
sefiada para sor implemsentads en o entomo dinkoo
O UNd SUpervisiin mdnima, goe integra los outno
pest tradiclomales de funcide metors, cogmitiva y vi-
sual, pentenechentes al MSFC on versidn digitad Por
tamio, captura datos de veloridad de b marcha, de
comiraste visual de destreza manual y de velocidad
de procesamdento de la informacidn. Ademds, in-
duye o cosstbonanio de calided de vida en enferme-
dades newrchigicas, Newro-Qol [30]. El MSPFT se
administra normalmente al iniclo, cwsdo & pa-
ciente llega al centra, lo que permite & dinico dis-
pomer de bos resuliados el mismo dia de la visita, Un
eatudio de validacion que induyd a 31 pacentes
oo EM y 49 contrales samos e ot g los datos

Wi Neurdlngia.om Aoy Mool 302 73 (&) H0-1E

obienides mediante Lo plataforma MSPT eran alia-
micnite reprodiscibles v se correlackanaran de mane-
ra significativa con los resubiades de ks prushas
tradicionales (MSFC) administradas por bos técnl-
ca, A su vez, dichs berramienta digicel consigubt
diferenciar la poblaciin de pacientes con EM de bos
cantrolis samos, v, dentro del grape de paciemtes,
entre aquellos con discapacidad leve de aquellos
can discapacidad alta [31). Actasdmente, comea par-
te del proyecto Internaclons] Multiple Seleacis
Martmers Advancing Tecknology Health Solintions,
exten L0 centros (Cleveland Clinke, Cleveland -
nic Mevade, New York University, Oho Health Re-
search |nstiute, Jobns Hoplins University, Univer-
siry of Rochester y Washington University en 51,
Louls, en Estades Unidos; University Hospital of
Gilessen y Marburg, v University Hospital Carl Gus-
tav Canss, en Alemania; y Centra de Escleresis
Mudltiple de Catalunys, Hospirsl Universitaria Vall
d'Hebron, en Espafa) que utilizan este dispositive
cained ana mandra (ol de recopdlar datos de forma
citandarizada com o fim de amentar la participa-

ciin de los packentes en o prociso de la abendidn
mnidica v fvorecer ¢l weo de dates cuantitativos & la
beira die tosrnar deckdones clinlcas. Ademds, s reco-
pilaciim y el andlisis riguroses de los datos del mun-
da real pueden mejorar nuestra comprensidn de la
enfermedsd y acelerar ol desarrollo de b medicing
personalizada em ol drea de b EM [32].

MSCaopllot &5 uma aplicackin mivil disefada
para la astoevalnacidn de pacientss con EM, que
también combing las cuatro procbas tradicioeales:
test de la marcha, destreza manual, cognicion y via
wisimal, ¢n versidn dectrdnica. Un estodls framods,
minlticéntrico, ablerta, alestorizedo v controlado,
incleyi @ 116 pacientes con EM v 69 controles sa-
pas con el objetive de validar b berrandenta
MSCopilat en comparackin con el MSFC. Tanto bos
test de la aplicacitn mivil come ko test tradiciona-
les del MSEC ¢ pealizaron e o dmbite de la con-
sults hospitaleria. El estodio conchoyd gue MSCa-
pikat o era inferior & MSFC {area bajo la curva,
0,492 y 0,59, respectivamente; p = 03] & la bora de
cvaluar b discapacidad en pacientes can EM remil-
temte- eCUrTEnte o progrestva, confirmands b fia-
bilidad v la facilidad de uso em la prictica clinica de
dicha herramdenta digital para el seguimlents de pa-
clenites can EM [33).

Fara L wrloracive de deferminades aspectos de
da eutfermieddnd o slitemuns fiencionales
ASSESS M &5 um sistema de registro de imdgenes

en farmato video que permite la captura ¥ o anali-
sis del mesvimbento de forma consistente v detallada
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por parte del persoral sanitaris, con & fn de guto-
matizar b clasificactdn de la disfancide motona en
packentes con EM. e trata de un proyecto puesto
o marcha par un equipo miltidisciplinar de inves-
tigadores del Reino Unide, Saiza y Holinda, En un
estudio inicial, prospectiva, que contd con [ cola-
boracin de sels pewndbagas v sels enfermeros espe-
dalizados en EM, ASSESS MS se otiiad para reghs-
trar wn conjurnto predefineda de movimientos -
tdndar en 51 pacientes voluntarios afectos de EM,
peneranda datos de calidad suficlente para el andli-
sl clinica. A su vez, la hermamienta demasind mejo-
rar la preciion en o maments e caloalar o valor
e la EDSS, ya que redujo o compaonente de suhje-
tividad, por epemplo, al evaluar el grado de disme.
tria o temblor durante la presha dedo-nariz. La
aceptaciin de ASSESS MS fue buena tanto por par-
te de los pacientes coms par los profesionales de la
sadud, quieres Indicarcn que la herramients era
efectiva, eficiente y Bl de usar [34].

Tahlet-hased Dt capéure tn Miitiple Solerasis
[TalkibiuS) es una berramdenta digical en formato
de 1Pad® que capturs informacidn dinica propor-
clomada,  travis de coestiomarios, directamente por
los propics pacientes. Un estudio plloto, llevado &
cabo en Australia, contd con b participacion de 157
paclentes afectos de EAL Estos deblan completar de
manera chectronica en la sala de espera, antes de ser
atendidas, lis subescalis del cusstonario de cali-
dad de vida ME Quality of Life fivestary relaciana.
das con o contral de los esfinteres urinaro y fecal.
Puniaaciones tguales o mayares & 2 generaban au-
temithcamente wn aviso a la enfermera clinkca de la
consiels para queista activase b atenckdn miédics ne-
cesaria. Fl estodio confirmd la valides de TaliMvuS
comno una berramienta de detecchin precoz de abie-
racloies esfinterianas, offeclendo a los midiooes um
mettado eficiente, sensible y Getible pars su valora-
i y tratamdento temprancs [35].

Herramientas digitales para la monitorizacidn
a distancia de determinados sinfomas o aspechos
concrebos de La enfermedad

8% Monitor es uma web interactiva disehads para
que los pacientes Beven & cabo o propds mondtsn-
zaciin clinica y muhtidisciplinaria de b enferme-
dad, mejorande o autocontral v la asiogestidn de
determinados sintomas, y fevoreciendo [ atencids
mebdica en general. [ntegra cusstionarios para eva-
luar el impacto de ka EM v la calidad de vida, ka fati-
ga. la ansiedad v la depresidn, sl como para vigilar
la adbeesidin & bos tratamientos, También dispone de
diarios donde kas pacientis pusden registrar la acti-
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vidad fizica, los periodas de descanso, los sintamas
urckigics, la micoion v b ingesta de lquidos. Fi-
ralmente, otorga & bos pacientes la posibilidad de
realizar e-comsultas @ su midico. Un estudio piloto
beadlapediss, que Inscluy @ um total de 55 paciemtcs,
evalis los cambios/efecton & nivel de la fatiga urili-
wamdn dicha wih. S abservi que s educaciin sani-
taria proporcionsds a traws de esta herramdenta
lectrdnica era capaz de hrindar a los pacientes con
EM ura mejor comprensiin sebre a fatigs y b po-
sibdes factores relaclonados com los niveles de per-
cepcitn de ista, come el biemestar subjetivo gene-
rall, b meedicackin v b adhiesiin Asl, se consiguid
dee manera sattsfactona que ks paclentes adoptasen
citrateglas beneficiosas para o autscontral y la ges-
tan de la fatiga |36

SymTrac o uma aplicacion disefada pars que bos
packenies pucdan registrar sus sinfomas y sifuaddn
dee bienestar & lo largo del tempa. Esio bes ayuda a
identificar y, por tanto, & regiirar detalladaments
las peesiblis recaldas di la enfermedad. A 2o vez, la
indarmaciin recogida pusde ser enviada & neardlo-
go par coreeo electrdnics o ser wiilizeds en el mo-
mrentode la visita midica y asl evitar el ohvido de al-
gin detalle relevante de |y oowrrido. De esta forma,
se evitaria ol consewentes mal manso teraputicoo,
e decle, que, en ocaslones, por olvidar menclonar
determinados sintomas, o paciente s manbenido
bajo an trataméento modificador de b endermiedad
quee pueda ser mo del todo efective [37,34].

Cogwithe Stabilicy fudex (C3) es uma prusha
computarizeda accesible mediante internet, de 30
minutos de duraciin, astecumplimentada por el
paciente, que proparcisng medidas ohjetivis vy au-
tomatizadas de atencidn, memaoria, velocldad de
respucita § velockdsd de procesamiento de infoe-
mac i i |a evaduschin inkeial de ks fancide cog-
mitiva. Un estudio americans evalsd L utilidad del
51 & la hora de medir la afectackin cognitiva de ks
pacientes. El estudio contd con la participacide de
40 packentes afectos de EM que presentaban quejas
subetivas de fallos de memoria § demostrd que el
51 era tam especificn y mds sencible que ofras be-
mamientas adiclonadmente utiizadas para eva-
luar la furchin cognitiva em la EM, indluyendo una
bateria dee pruchis neurspsicoligicas, asl como ¢l
Paeed Auclitory Serial [39].

Herramientas digitales para b monitorizacan
remoda y, & u vet, continuada de la situacion
funcional general de los pacientes

FLOODLIGHT es um estudio pllote prospedivo di-
sefado para evaluar |a viabilided de mediciones re-

W TG C0m R Mol 2001; 73 46): 210-21
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metas utilizands teléfonos y relojes inteligentes en
pactenies com EM ¥ controdes sancs, y s correla-
cidin con ks medidas tradicioales de monitoriza.
chim clindca. Participaron das centros, ol Centra de
Esclerosis Milriple de Catalumya, Hospital Univer-
sitarto Vall dHebron, Barceloma, v la Universidad
die California, Sam Francisca S reclutd a 76 pa-
chendies y 25 controles sanos Lo participantes de-
bian wtilizar los dispositivis electrénicos de forma
diaria durante un pericdo de 34 semanas, Dichos
dispositives contenlan aplicaciones com cucstiona-
rios v bkt que los participantes debdan realizar de
forma periddica {pregunta diaria sobee o estado de
dnimo, escala de impacte de la esclerosis miilriple:
29, prucha del squilibrio sstithon, prissha cognitiva-
versidn digital del bl Digit Modalities Teat,
prusha de la marcha durante dos minutos, prucha
cinco 5 vuelas en U, prochas de desirera manual
consistentes en dibmjar una forma y pellizcar una
figura), sl como sensares gqué registraban pasiva-
memte i informaciin e meovimlento (comporta-
méentos y patron de |a marcha) durante la vida dia-
ria. Por ofra parte, tedas los participantis debian
weudira las visitss programadas en o centro (basal,
&l mes 3y al & del estudio) para realizar lis pruchas
tradicionales de cognicim Syl Dipis Modal-
thes Teat|, destrewa mamual (9 Hale Peg Test), cquili-
brios (Herg Balance Teat] y marcha (prucha de la
marcha de los 25 pies) administradas por ¢l clinica,
sl pome tambleén, silo en el caso de los packentes,
realizar ko EDES (Tabda 11]. E estudio demssind que
la adhesidn por parte de los pacientes y controles
sanos fue sattsfactoria y la mayoria de cllos respon-
dish que e Imipacto del wso de los dispositivis dhec-
trdmilcos en sus actividades diarias fse entre nuda y

wanneurologia.oom  Rew Nearol 021 73 (8 210-218

wceptable. Los resultsdios de los test sctivas y L mo-
mitorizackin pasiva recoghdos de maner digital
modiante ks dispositives electrinicos se correla-
clonaromn de manera adecuada oon los resultados de
las pruebas babituales de cognicidn, destreza ma-
mual, equilibeio ¥ marcha levadas a cabo en e pro-
i centro durante |as visitas programadas [§0].
El Rermote Assssiment of Disarse and Refapie -
Ceritral Mervous Sqstem &5 un proyecto urapen
que thene como fimalidad explarar o potenclal im-
pacte de los datos dinicos recogldos por ks pro-
pios pacicntes @ travis de diferentes dispositives
electrdnicos (Tabda 100 a la hora de temar decisio-

mes medbas/terapéuticas em la prictica dinica ha-
bitual. El proyects incloye la panticipacion de pa-
clentes afectos de EM, asl como también de depre-
sidhn y epilepsia. En el grape de estudio de padientes
con EM estdm participandis tres centros, o Centro
de Esclerosks Milliple de Catalunya, Hospital Uni-
versitario Vall d'Hebron, Barcelona, ¢l Hospital San
Rafard de Milin, v la Undversidad de Copenhague y
Rigshespitaler. El estodio pretende determdnar la
wtilidad di la tecnokagla digital para detectar cam-
biss e el estada de dmimo v en b marcha de pa-
clentes con EM, asi com identificar predictornes de
recaidas o progresion. Para ello se dischanon dos
subestudio: de depresidel enfocedo em la apari-
clan de brotes, b evaluscide de la activided v parti-
cipackin social, ¢ patrin del soeho, la cogricida y
o patron de la voz, para o cual e preve incair & un
total de 240 pacientes con diagnistica de EM ne-
clente v ‘e discapacidad enfocado en la aparicidn
die beodes, |a progreside de la discapacidad (EDES),
la evaluaciin de la marcha v el equilibeo, L g,
la cogrickin y &l patrdn de la voz, pars ¢l ool &
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prevé inclulr o un total de 400 pacientes con EDSS
2.6 De momento mo dispanemos de resultados so-
bee su utilidad nl estudios de validacidn [41).
Elevate MS es un estudio pilota, prospectivo, de
12 semanas de duraciin, que lncluys o usa cohorte
de pacientes con EM (u = 495) y controles sancs (v
= 134) de Estados Unides. Estd dirtgido a evaluar la
viabitidad y la utllidad de caprurar datos de salud
rdacionados con la EM del mundo real y de forma
remota utilizando b aplicacidn ‘elevateMS' para in-
vestigar las asoclaclones entre la gravedad de la EM
notificada por los peoplas pacientes y lis medick-
nes de pruebas fanclonales activas obtenidas me-
diante senseres, 2l como para evaluar el Impacto
de Lis condiclones s locales en la car-
g de b maorbilided. Dicha splicacidn Includa un
coestiomacio de calidad de vida (Neuro-Qul), L es-
cala de discapacidad flsica sutoinformada {Patlent
Determined Disease Steps) y veglstras de salud dia-
rha (somas, potenclales desencadenantes, movill-
dad, doloe). Las pruebas funclonales activas consis-
tian en ol golpeteo de dedas, caminar, la prueba del
equilibria, el test cognitivo The wolce-controlied DI
git Symbol Substitution Test y la prueba dedo-nariz.
Lis dutos meteoraligioos locakes se recopilarca
cada vez que los participantes completaron una ta-
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rea activa Los sintamas mds comdnmente descri-
tos poe los pacientes fueron fatiga (62,6%), debill-
dad (44.3%), problemas de memoria/atencldn
(42.2%) y dificultad para caminar (41,4%), mientras
que los desencadenantes encontrados con mayor
frecuencia fueron la temperatura amblental shta
(523%), of estrés (50,5%) v of darmir tarde por las
moches (44.6%) %). La Pationt Determined Disease
Steps notificada por los pacientes y las puntuacio-
mes del Neuro-Qul. se ssociaron significativamente
con los resultades de las pruehas funcionales. Fi-

malmente, 1a temperatura local se asoclo significati-
vamente con o rendimiento de Lis pruebas activas

de los participantes [42].

Conclusiones

La tecnologla digital ha legado al drea de La salud y
estd daro que camblard de manera franca puestra
farma de brindar atencion médica. Su papel a la
hora de monitortaar clinkcamente a paciente pare-
e ofrecer numerosas ventajas. Concretamente, €0
o seguimiento clinico del paciente con EM e capaz
de proparclonas una vislon mis ‘completa y real’ de
su sitaacidn funclosal, incdayendo la valoracide de
sintomnas 'no visthles' de la enfermedad, como la
cognicioe, ¢l estado afectivo y b fatiga, asi como
tamblén evaliaciones de funciones flsicas, como la
destreza manual y la capacidad de la marcha, habi-
tuslmente no evaluadas en b prictica dinica por
falta de tiempo y espacio. De esta manera, nes en-
camipamos 3 detectar de forma precaz los peque-
fss y peogresivas cambios en k discapacidad, mu-
chas veces refertdos por los paclentes, pero que las
peuchas clinicas tradicionales, incluyendo ki EDSS,
8o consiguen reflejar. En este sentido, el uso de la
tecnalogia digital nos permatied adoptar medidas y
acclones terapéuticas apropladas de forma aportu-
ma y personadizada. En el futuro, lis herramientas
digitales, capaces de brindar Informacion clinica
amplia y detallada, podrian ocupar un papel impoe-
tanste en la toma de decislones y ¢l seguinsento cll-
ico del paciente afecto de EM.
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L Midaglia, o al

(inical manitaring of multiple sclerosis patients by means of digital technaology, a field in the midst
of a revalution

Infrndertion. Despie the great advances that hawe ocowened in the diagnoss and reatment of multiple sclerus [MS),
fow changes hawe taken place in ferms of dinical monitoring. The lack of fime and space in cinical pactice limits e
Zxsessmaent of ivvisible symmioms and certain motor symptoms @& manual dederty and walking ability, which hawe a
diear impad on the patiem functional suabion.

Dibjesctine. To rewiew Ehe poteniial role of technological Soals inthe dinical monitoning of ME pationss.

Deweinpment. & hibbographic search was carnied out theough FubMed, selecting those studies fonsed on biosensos and
digital tocls aimed at evakaating the general fanctional situation, and pecfic agpeds of the dsease o certain functional
wsteme.

Resultz. Different digital tools suth 2 bimersors, mobile or wet applications, bath for remaote and kospital e, seif-
completed or admingtensd by healhcare persomne, seem fo offer 3 moee ‘complete and real” picture of the funciional
wluation of patients. Some stedies have shown that digital technology could detect subclinical disabiliéy progeession,
which tradiSonal tests, induding the EDSS, fail tz reflect, fawoerning the adoptien of appropriate therapestic measures and
actiors in an early and personaloed manner.

(Condusiens. Digital tools, capatle of coledting detalied and extersive dinical information, could play an important mkein
deckion-making and dinical monitoring of patients with MS.

Key woirds. Cinical monitoring. Digital tecsnalogy. Digital tnols. e-Health. Muliple sdercsis. Wearable devioes.
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Adherence and Satisfaction of Smartphone- and Smartwatch-Based Remote
Active Testing and Passive Monitoring in People With Multiple Sclerosis:
Nonrandomized Interventional Feasibility Study. Midaglia L, Mulero P, Montalban
X, Graves ], Hauser SL, Julian L, Baker M, Schadrack ], Gossens C, Scotland A,
Lipsmeier F, van Beek J, Bernasconi C, Belachew S, Lindemann M.J Med Internet
Res. 2019 Aug 30;21(8):e14863. doi: 10.2196/14863.
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Abstract

Backgroumd: Current clinical assessments of people with multiphe sclerosis are episodic and may miss cntical feafures of
fanctional fluctuations between visits.

(Hjective: The goal of the reseanch was to assess the feasibility of remote active testing and passive monioring using smanphones
and smartwaich technology i people with mubtiple sclerosis with respect to adherence and satisfaction with the FLOODLIGHT
test batiery.

Methods: People with multiple sclerosis {aged 20 to 57 years; Expanded Disability Status Scale 0-5.5; n=746) and healthy
cantrols (n=25) performed the FLOODLIGHT test hattery, comprising active tesis (daily, weekly, every rwo weeks, or on demand)
and passive momitoning |sensordased gait and mobility) fior 24 weeks uxing o smartphone and smartwaich. The primary analysis
msessed adherence (proportion of weeks with at lesst 3 days of completed testing and 4 hours per day passive monitonng) and
questionnaire-based satisfaction. In-climic assessments (clinical and magneii resonance imaging ) were perfarmed.

Resulis: People with multiple sclerosis showed TiFs (16,6824 weeks| adherence to sctive tesis and 70% { 158924 weeks) to
passive mondoring; satisfaction score was on average TAT out of (0. Neither adherence nor satisfaction wes assocised with
specific population charscienstics. Test<hatiery assessments had an at least acoepisble impact on daily activities in over §Fa
(61772 of people with multiple sclermsis.
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Conclusions: People with multiple scherosis were engaged and satisfied with the FLOODLIGHT test battery. FLOODLIGHT
sensor-hased messures may enable continuous asessment of maltiple sclerosis disease in climical trials and real-world settings.

Trinl Registration: Clinical Trials.gov: NCTO29529] | ; hitps:f'clinkcalmaks. gosict 2/ shoo MCTI2A5 291

{f Miead Funtevwes Res 200 8 20780 e L4863 doi: 102196 (45635

KEYWORDS

muliiple sclerosis patient adherence; patient satisfaction: smariphone; wearable electronic devices; mobile phone

Introduction

Disease progression throwghout the clinical course of multiphe
sclerosis (M5) & measured using climician-reported omcomes,
most commondy the Expanded Disbility Samus Scale (EDSS)
[1]. magnetic rescnance imagimg (MREI), and patient-reported
ouicomes (PROs). Comventional ssessment of the clingcal
comrse of MBS relizs on relapse-associated and pemodic in-clinic
visiis. However, the cument miermibiently condwcted
clinic-based oulcome mesures m MS have limitations in
stuctying the insidiously subile progression in M3 and may fail
to comprebersively coplure transend  sympbomatic  and
performance fluctmtons that affect peaple with multiphe
sclerois.

The ability of consumer weamble technology o messure
fancticral impairment associted with various nearclogical
diszase sympioms through smartphone-based assessments is an
important srea of research [2-3]. Smarphones as vehicles for
sersar:based technologies offer the potential for enbanced ootive
and passive real-time dain captore that may fondamentally shift
traditional pamdigms of clinical monitonng [69]. A recent
large-scale study demorsirsted that more than 95% of people
with multiple sclerosis have access v o mobile device and maost
use it routimely [ 10]. Recently published studies have described
the e of iechnologies in developing ool to assess people with
mushtiple seberogis [7,9,11-13]. In & recent study, it wes reported
that both healthy participants and peaple with muliple sclensis
were capable of completing daily tasks on & smartphone for |
year [7]. Collection of data on a variety of cognitive and motor
tests via the smartphone may represent a feasible way to gather
highly gramular data 1v sccumtely describe the ME disease
course outside of the climic | 7].

The FLOODLIGHT smdy [NCTO2852911 ] was o prospective
pilat study to ssexs the fesibility of remote mesurements
usimg smariphones ond smartwatches in people with multiphe
sclerosis and healthy controbs (HCs) The smartwaich and
smartphone contaimed apps that promped the uwser to perform
vanous asessments and protocols, referred o as active lesis.
The app alse passively recorded semsor data during daily life,
referred o as passive mondlorng. The novel smariphome- and
smartwatch-based FLODDLIGHT sctive tzsts were developed
tor b self-sdmimistered by people with multiple selerosiz fo
capbare M5 sympiomes, including hand motor fanction, gait and
postare, mood, and cognitive impaimoent.

The primary objectives of the FLOODLIGHT study, which
began in Movember 016, were io evaluse participam adherence
to smartphone- and smariwaich-based assessmenis and collect
feedback from people with multiple sclerosis and HCs on the

g www e eng O PR e [ BAL

smantphone and smartwaich schedule of assessments and s
impact on their daily activitkes wing a patient slisfaction
questionnaire. Other objectives of the siudy, which will be
addressed in subseguent publications, are to determine the
assaciation between exploratory sensor-based cuicomes denved
from the respactive components of the FLOODLIGHT test
battery and comventional M5 climical owicomes and sxplone
whether the FLOODLIGHT test badiery can differentinte
between participants with and without MS.

Methods

Trinl Design and Participants

Adfter providing written informed consent, people with multiple
sclerosis and HOs, preferentially partners or cohabdtaniz, were
evalusted for eligibility for enroflment in the FLOODLIGHT
study. Eligibility eritenia for people with mubtiple sclerosis
imcluded the shility to comply with the study protocol, sge 18
tar 55 years, dingnosis of MS (2010 revised McDonald criteria,
treated or untreated) | 14], EDAS score 040 5.5 (inclusive), and
weight from 99 to 243 Ths (45 w0 110 kg). An EDES score of
5.5 ns @ maximum limit was meant o ensure any patient with
relapsing or progressive M5 would nod have any sigmificant
difficulty in participating in the proposed testing as per study
prodocol. Further details on eligibility eriteria are provided in
Multimedia Appendix |.

This study wes conducted af two sites in two countries with a
total af T peophe with muhiple sclerosis and 25 HCs: 60 people
with multiple sclerosis and 20 HCs were recruited from the
Multipls Sclerosis Centre of Catalonia, Vall d'Hebron
University Hospital, Barcelona, Spain, and 16 people with
miultiple sclerogis and 5 HCs were recruited from the University
of Califonia, San Francisco, Califomia,

The protocol, mbrmed consent forms, any information given
tor the participants, and relevant supporting information wene
reviewed and approwed by the mstitutional review boand ethics
commitiee before the study was initised. Confidentiality was
mzininined by assigning each participant enrolled in the stady
a unique identification number.

Study Design

The FLOODLIGHT siudy combines continuous sensor dala
capiure with smartphones and smarteatches and siandard
clinical outcome messures. Eligible people with mmltiple
scherosis and HCs were enrolled in the study and sssessed
chinically of the enroliment wisit, week 12, and temmination visi
{woeek 24). In nddition, participants were sked 1o perform a st
of daily active tests and contribute sensor dain vin pessive
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maonitoning with smartphore and smartwatches over a period

Midaglia et al

of 24 weeks (Figure |}

Figmre |, FLOOIDNLIGHT study deign PRO: palicni-reporied sultome. ?nﬁtuunummmwwmmm

ez ml figiire For schedilel "B indicates thal brim megnck:

W perk

yiny I | m peple wath midlliphs sclenoats.
Climbeal vhils

Wk 12 Wk 24

-.,.,,

Al
b clmar oy

[

24 wasly wedks

In-Clinic Assessments

At ench schedulsd meclimic visit (enrollment, week 12, and
week 24). the fallowing reference climical tests were performed
fiar all panticipants: %Hide Peg Test (¥HPT), oral version of
Symbal Digit Maodslities Test (SDMT) [ 13<1 7). Timed 25-Foot
Walk (T25FW) test, Berg Balance Scale (BBS) [18], Fatigoe
Seale for Motor and Cognitive Fanctions (FSMC) [19], and
Patient Health Cuestionnaire-& (FHO:S) [20]. For people with
mutiple selerosis only, disability wes measured by EDSS 1]
Patient Determined Discase Steps (FDDS) [21], and Muktiphe
Sclerosis Impact Scale- 29 (ME15:29; version 2} [ 22:24). While
perfomming some of the insclimic tests, people with multiphe
sclerosis and HOs were ssked to carry or wear the smanphone
and smartwaich to collect sensor data abongsde the in=clinic
messures. Om the scheduled in=clinic visits, the smartphone and
smartwatch FLOODLIGHT active tests were performed mnder
investigator  supervision. The safisfaction  questiomnaine
(Mubtimedia Appendix 1) assessed people with multiphe
sclerosis’ and HOs' experience regarding smartphone and
smartwaich use and its impact on their daily activities of the
week 12 visit and at the stody terminationearty discontimation
visil. Brain MR wes performed in people with multiple schenosis
ot the enrolkment visi and o week 24,

Smariphone and Smartwatch Testing

At the enrollment visit, people with multiple sclerosic and HCs
were provided with the FLOODLIGHT solution that inchuded

[ E R e L B

a smartphone and smartwaich preconfigured so participants
could only ran the FLOODLIGHT sofware. A belt bag was
also provided for panticipants 1o carry their smantphone in an
antericr medial pasition. The smanphene and smartwaich pair
contained preinstalled apps that prompied the user to perfiorm
various assessments, refermed to as active tests. The apps also
passrvely recarded semsor data, refermed fo as passive monsoring.
At the enrolkment visit, participants recetved training oo the use
of the smariphone and smartwaich and were provided with
supporiing condent io help them complete the tests successfully.
Participanis were instrucied to complete the active tests a1
approximaiely the same time each day and carry the smartphone
and smartwatch throughewn the day. recharging the devices
cvernight. Data tramsfer from the smartphane and smartwaich
i described in Mubtimedia Appendix 1.

FLOODLIGHT Active Tests

People with multiple sclerosis and HCs were asked to perfiorm
various active fesis (daily, weekly, every two weeks. or on
demand | via the smartphone | Frgure 2 and Table 1) These novel
active tests were developed 1o be self-administered by people
with multiple sclenosis to captare MS symptoms. A range of
clinical and sensor-hesed assessments were chosen to caplure
the most prominent symptams of M5 from a broad spectnem

of symptoms. People with multiple sclerosis and HCs were
required to wear the smariwaich throughout the active tests.
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Figmre 2. FLODUIGHT sitive 1sts ond their scheilube fregaency. DG Duily Moo Question: MSES-29: Muliple Schensis Impact Scale-20; SHT:
Stalic Habince Tesl; SOMT: Symial Digit Modalities Teid: 5T: Symplom Trackes; IMWT: Two-Minine Walk Test; SUTT: 5 U-Tum Teid
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withdrew from the study fior any reson were gtill imcluded in
the FAS. Supportive analyses of selectad varinhbes were carried
ot in the persprotocol population, which imcluded people with
multiple sclerosis who completed at beast | week in the stody
and did not discontinee due o an adverse event of a reason
unrelated to the use of the FLOODLIGHT solution {Multimedia
Appendix 3)

Adherence was evaluated for the following tesis and test groups:
oll FLOODLIGHT aotive wmsts, Two-Mimme Walk Tem
(IWTL all active fests ecoept XMWT. smartphone use,
smantwatch use, and for the persprotocol population.

Adberence fo sctive bests was measured & the proportion of

FLOODLIGHT Passive Munitoring

Passive monitoring collected metrics on gait and mobility
throughout the day in a confinuous and unobtrsive manner.
Participanis were msirucied o carry their smariphone preferably
in an amenor medial position in a belt bag or, aliematively, in
their pocket and wear the smartwatch all day & they went shout
their daily routime until the devices ran out of charge.

Statistical Analyses

The amalyses of the primary objectives of this stady were
descriptive. Statistical tests were exploratory and conducted at
the two-sided 3% significance level withouwt adjusiment fior

multiple comparisons. The analyses were based on all enrolled
patients (full analysis set [FAS]L Patients who prematurely

g s ey 0 PRl BEL

study weeks with at least 3 days of completed testing (stody
co-primary endpoint). Adherence o sensor-based passive
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maeniioring wis measured & the proportion of stady weeks with
ot least 3 days of passive monitanng for ot lesst 4 hours per day
while the devices were wam by the panticipant [25] {study
co-primary endpoint). Descriptive siafistics of calculated
sdherence were reporied for all active tests, all active tesis
except IMWT, ZMWT, smartphone use, and smanwaich use.
Categorical and numeric variables with fzwer than five values
were tested for associobion with adherence using the
Kruskal-Wallis test. The association between contimmous
vanables was assessed using the Spearman rank comelation.

Participant complete abandoning of active testing and passive
monitoring was also ivestigaied o8 tme-do-event survinal
mmalysis hased on the Kaplan-Meier method along the
FLODDLIGHT study. The shandoning event was defined as
the last week i which the parficipant was adherent accarding
i the definitions abose for aciive tesis and passive moniaring.
Active tests performed on days of ineclimic visits were not
oomsidered in the sdherence caleulation io focus the shandoning
amalysiz.on the remste use. Participants beaving the study bedore
the temuinal visit were considered as censored. The Empact of
diffierent charscteristics an sdherence was assewced uxing Cox
Tegressian.

A salisfaction score was developed from the satisfaction
questiormaire | hulimedia Appendix 2) that sums the mdividual
answers o guestions 1T and 1012 rescaled to 0100 from their
original Liken scale. An imierquestion comelation analysis was
performed to ensure questions are equally cornelated and can
be combined. Descriptive siatistics of satisfaction score and

[y ew e e T B R[4 BAL
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iems are reponed, along with coveriate anabses of
demographics and dsease state. Analysis of the change in
satisfaction score between week 12 and week 24 are reported
using the Wikaxon signed-rank iest.

Patient baseline charscteristics incorporated as covariates in the
analysis of comelation with FLOODLIGHT adherence and
satisfzction cutcomes were gge, gender, body mass index, time
since first M% symptom onset, EDSS, TI5FW time, 9HPT time,
and the oral SDMT carmect responses. A descriptive analysis of
safely varables, including adverse events and senous adverse
evenis, was camied out in the FAS.

Resuits

Baseline Demographics and Characteristics

Participanis' baselime demographics for the FAS are described
in Tahle 1. Theere was an expected greater proportian of females
amang the people with mulbtiple sclersis compared with HCs.
The majority (8976, 91%) of people with mubtiple scherosis
had relapsing-remitting M3 (REMSE), with a mild EDSS score
{mean 14) and presumably “normal™ hand 'arm function based
o an upper limit of normal range defined & the average SHFT
time for HCs plus two standard devistions [26] {Table 2).

Crverall, 92% (T0°76) of people with maliiple sclerosis and 64%
(16:25) of HCs who enrolled in the FLOODLIGHT stody
reached the week 24 visit. Rescons for disconiimustion from the
study are described in Multimedia Appendin 3.
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Tablie 2. Demographac: end charsctenstics of people wilh mulliple scleroiis anl healiy conteols {HC sjal bisckne.
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Adherence

Chver & period of 1% months (Movember 2006 Agpril 2018), more
than £ terabyies of mw datn were collected from 76 people with
multiple sclerosis and 25 HCs. Participants performed 67,544
wctive tests, of which 9787 were the 2MWT, and recorded
200,171 hours of passive monitoring, of which 113,163 hours
were captured with the smarwasich. Over 24 weels, most
participants performed 5 to T sctive tests per week, including
the ZMWT (Figure 3). Adherence of peaple with mulbtiple
stlerosis to completing active tests and passive monitorng was
good and remained stable over time afier week 6 (Figures 4 and
). Even im the last week of the 24-week study. participaniz

completed all active fests on avernge 4 oul of 7 days per week
(Figure 4), and recorded at least 4 howrs of data via passive
monioring oo average 4 out of T days per week (Figure 5). The
bowest mverage adberence over 24 weelks was observed for active
tests including the 2MWT and the 2MWT anly, with participans
showing highest sversge adherence for passive mamilonng
{ Figure &). A total of 7% { 1668724 weeks) of participants were
adherent b all active tests, 75% (17.95.24 weeks) to all active
tests except ZMWT, T1% (17.1524 weeks) i 2MWT, 70%
{ 188924 weeks) to smartphone- or smartwaich-hased passive
monitormg, fi% (15,7424 weeks) io smartphone-besed passve
mionioring, and 4% (176924 weeks) to smartwaich-basad
passive moitorng.

Figmne 3. Adbereni: of people with millipk sclevosis 1o sdive ot for mdividial participantec nember of perfiemal stive lets par wesk [kl of
activaly {light grocn: high; dakl greenlprey: low] over mdsvidhial didy wechs [ookimna]l
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Figare 4. Adberence of people with maliple sclervies 1o sctve et IMWT: Two-Minutz Walk Test.
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Figere 6. Adbcronce of poople with muliple slerows W active lots and possive monilormg. The rowlts of the lime-o-cvent sarvival analyus based
on the Kaphe Meicr mehiod aloay the FLOODLIGHT sady. The sbanduring evet was definod s the last week in which the particpant was adherosd
accordiag fo the defimitions for sctive 1osts and paisve moniormg. Active Iots performed oo days of in-clisic visits Were not coniaderad = the adheronce
calculaticn, o focus tie shundoning saalysa o the romote use. Participasts lesving the study befoes the lerminal visdt were comaderad s cemworad.
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Comelation was explored between adherence measures and
peaple with multiple sclerosis population charactenistics. Only
disease duration showed significant small negative correlation
with measures of adherence (Spearman rank comrelations;
IMWT adherence: -0.42, P<00l; smarphone passive
monitoring adherence: ~0.29, P=.02; all active tests except
IMWT adherence: -0.37, P=003; and smartwatch passive
monitonng adherence: -0.27, P=AM). mdicating that discase
severity and demographics did not appear to play a significant
role in adherence.

Patient Satisfuction

The average overall satisfaction score among people with
multiple sclerosis who completed the stady at week 12 (n=64)
was 74.1 out of a possible 100 and remained stable at week 24
{study termunation/carly discontinuation visit [n=68] ) with 73.7
out of 100 (Wilcoxcn signed-rank test =.71). There was one
significant association between overall satisfaction score and
gender (P=04). Individual questions from the satisfaction
questionnaire (Multimedia Appendix 2) were analyzed for their
charnctenstics, descrbed in Multimedia Appendix 1.
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Implicatsons for the use of the FLOODLIGHT test battery in
people with multiple sclerosis were assessed from individual
questions from the patient satisfaction questionnaire. When
asked to mte the mmpoct of the smartphone, smartwaich, and
active tests on daily living, more than 8% (61/72) of people
with multiple sclerosis perceived the FLOODLIGHT test battery
to have at least acceptable impact on dasly activities (Figare 7).
Nearly 50% (3271 ) of participants had no issue with any of the
active tests, and cnly one-third would peefer to avoid the 2MWT,
most hikely due 10 increased burden from execution-for
example, having to find a place to perform the test or not
wanting to go outside i bad weather (Figure §). Withow
providing any data feedback o the people with multiple sclerosis
throughout the study, more than 60f% (4672) of participants
would have liked to comtinoe using FLOODLUIGHT "wo
understand my MS better and improve my discase management”
(Figure 9). Approximately 90% (65/72) of people with multiple
scherosis indecated their interest 10 see the results of the tests,
which will be addressed in future Roc studies using
FLOODLIGHT (CONSONANCE [NCT03523858] and
FLOODLIGHT Open [floodlightopencom); Figure 10).
Analysis of patient responses to the satisfaction questionnaire

is described in Multimedia Appendix 1.
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Discussion

Primcipal Findings

This sudy demonstrates that the use of smarphones and
smartwaiches for remote daily active testing and comtinuous
passive monilonng is feasible over § months and provides
further suppsot to carlier studies, which have shown that healthy
participants and people with maltiple sclersis were capable of
completing daily tasks on a smanphone [ 7). This siudy provides
farther evidence for the use of digial wechnology, inchding
smartphaones, for data colbection. Other stadies in ME have used
smariphone apps 1o | | ) assess sieps when walking on a treadmill
[9); {2} nsses= paim, fatigue, anxiety, and quality of Life [13]:
and |3) msess the feasibility of gathering passive and active
perfommance data [7]. Together with the curent analyses, these
studies document the foous ioward developing digial measares
1o continuoas |y monitor and assess the M3 disease.

In this protoced, the FLOODLIGHT sclmion collecied metrics
on cognition, mood, upper extremity function, and gait and
posture by instructing participants to perform a set of daily
active ests, which should 1ake spproximately 5 minmes in toml
1o complete and capture activity daln via passive monidoring
over o period of 24 weeks. A previous study has shown that
5% of participants {22/X% of peaple with muhiple sclercsis
ared | 7738 of healihy panticipaniz) completed 12 months of daily
data collection, where participants were prompted to complete
one assigned test [ 7). In the comiext of the FLOODLIGHT stady,
we observed that overall adherence to sctive tests was T0f%a
{ 166824 weeks), which appears io be higher than the adherence
of participants 1o 12 months of daily data collection (3976,
51%) from Bowe et al [7]. However, comparisons between the
studies are limited, os the study design and burden of testing
are differend—for example, the app from Bowe et al contained
19 differend tests, of which participants were promgicd 1o
complete one each day, As the FLOODLIGHT app was
integrated imo sandalone devices in this study, deployment of
the app on participants’ own mobile devicess may incremse
sdherence becemse it removes the need to camy a separabe,
dedicated device and decreases burden on the individual.
Limitations

s this stody remains o pilod ivestigation designed to colbect
first expeniences from continmous sensor daia capbure, the main
limitation is the small sample size and short dumiion of
follow-up. Futore  ongoing  FLOODLIGHT  studies
{CONSONANCE and FLOODLIGHT Open) will collect longer
term data on smariphone-hased sensor data capiure in a larger
number of participants from a broader disability spectrom
Additionally, whether physical and cognitive limitations in
peaple with secondary progressive M5 (SPAME) and people with

Midaglia et al

primary progressive M5 (PPMS) differentially  impacts
adherence compared with people with relapsing MS [RMS)
cannot be gleaned from the corrent data st due to the low
nambers of advanced patients enrolled im the stody: however,
this important question warmants fiture research explonng
remade modvitoning in patients. with more advanced MS. The
importance of continuous monitoring in BMS shoald also not
be owerlooked, as the sensitivity of this nowvel approach ziming
at detecting progressicn in a real-world sztting may provide an
earlier window into diseace progression outside of the climic.
Comparisan With Prier Wark

A recent study asseszing the feasibility of the M35 TeleCoach,
o nowel miervention offenng telemomitoring of fatiguee and
telecoaching of physical sctivity in people with mltiple
scherogis, showed that paticipanis were highly engaged, with
T (37/75) of participants completing the study, and 91%
(21/23) of a subset of completers showing o median of guite
satisfied in the patient satisfaction questionnaire [27]. During
the |2:week study period, wse of the ME TeleCoach mmproved
fatigue levels in people with multiple sclerosis with modemte
to severe fatigoe, sugpesting that implementation of digital
technalogies can enhance patent performance. Together with
the data presented here, these resubs imdicate that the use of
consumer devices by people with muhiple sclenosis for sensor
data capture fulfills the prerequisites of people with ltiple
scherogis satisfaction and acceptable adherence to daily active
tests and passive momitonng for potential inegmton in
bongsterm clinical mals and treatment monioring. Kegarding
future siudies, for example FLOODLIGHT Open, attempis will
bex made to improve panticipant adherence throughout the stady
by introducing controlled app vanations, such as reminders,
types of achisvements. and fum metrics.

Conelusions

In summary, these analyses showed that people with multiple
scherosis are highly engaged with performing active fesits and
coplunng continuous data via passive monitoring and are
sitisfied with the FLOCGDLIGHT test hatery. Neither
satisfaction nor adherence showed strong correfation with stody
population chamcteristics. More than 0% (4672) of people
with multiple sclerosis indicated their interest to contimoe io
use FLOCHMLIGHT, and approximately 90%% (6572 ) wanted
to see the results of their tesis im real time os hiofeedback. which
wis implemended in future stodies using the FLOODLIGHT
solution. These findings indicole that smartphone-based
FLOCHHLIGHT outcomes may represent a promising avenue
to emable @ more aocurnte and comtingous. assessment of b5
disease in climical triaks and realoworkd practice setfings and
mazy evenbually also contritene to imforming and guiding clinical
research and climical practice in the future.
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Abstract

Background: Sensor-based monitoring tooks fill a critical gap in mubtiple scherosis (MS) research and
clmical care.

Objective: The aim of this study i to assess performance characteristics of the Floodlight Proofiof
Concept (PoC’) app.

Methods: In a 24-week study (clinicaltnals gov: NCT02952911), smartphone-based active tests and pas-
sive monitoring assessed cognition (clectronic Symbol Digit Modalities Test), upper extremity function
(Pinching Test, Draw a Shape Test), and gait and balance (Static Balance Test, U-Tum Test, Walk Test,
Passive Monitoring). Intraclass coerelation coefficients (ICCs) and age- or sex-adjusted Spearman’s rank
correlation determined test-retest reliability and correlations with chinical and magnetic resonance imag-
ing (MRI) outcome measures, respectively.

Results: Seventy-six people with MS (PwMS) and 25 bealthy controls were enrolied. In PwMS, 10Cs
were moderate-o-good (FCC(2,1) = 0.61-0.85) across tests. Correlations with domain-specific standard
clmical disshility measures were significant for all tests in the cogmitive (r = 0.82, p < 0.001), upper
extremity function (jri = 0.40-0,64, all p < 0.001), and gait and balance domains (r = ~0.25 to ~0.52, all
p < 0.05; except for Static Balance Test: r = <0.20, p > 0.05). Most tests also comelated with Expanded
Disability Status Scale, 29-item Multiple Sclerosis Impact Scale items or subscales, and/or normalized
beain volume.

Conclusion: The Floodlight PoC app captures reliable and clinically relevant measures of functional
impasrment tn MS, supporting its potential use i clinical research and practice.

Keywords: Multiple sclerosis, smartpbone, sensars, digital health technology, wearable clectronic
devices, mobile phane

Date recerved: 12 February 2021: revised: | June 2021; accepted: 3 June 2021

Introduction

The course of mutiple scleross (MS) was tradtxmally
categorized as relapsing or progressive, with relapses
associated with focal mflammation and progression
with neurodegeneration. Recent advances m herapeu-
tics have mereased coatrol of MS refapses in most
paticons bun bhave also unmasked an underlying insidi-
ous progression, termed progression independent of
relapses, in many paticnss previcusly thought to have
relupsing remitting  disease.) Thus, progression cam
now be viewed as a universal feature of MS that i pre-
sem throughomt the discase course. Comsequently,

optinmal control of MS would require that peogression is
mammized or elimmated i all paticats. To achieve this
goal, sensitive soals for monitoring disability m all peo-
ple with MS (PwMS) are required, even for paticnts
whase discase activity appears to be superfically under
control in teems of relapses.? Furthermore, detection of
progression onset or worsening is critical to optimally

MS disahility assessment include detection of pseudo-
relapses and symploms that ofien fluctuate with iliness,
fatigue, or changes in body temperature.** These flucts-
atxoms limat the wility of oace- or twice-yearly nclinic

adapt the thempeutic strategy. Additional challenges in
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monitoring; a more frequent estimate of function durmg
daily lifes routine is likely to have greater value in track-
ing M8 impairment.

Smartphone sensor-based, remotely administered digi-
tal tests represent a promising new avenue to capture
disability burden with gquantiative accuracy® Such
tests typically allow the remote capture of ecologically
valid measures in a frequent, time- and cost-cfficient
fashion with minimal patient burden. In addition, they
quantify multiple aspects of nervous system function
during a given task. in opposition to clinician-adminis-
tered disability tests that only assess the capacity to
complete a task with a performance summary score.”*
Consequently, sensor-hased tests can potentially disen-
tangle intra- and inter-individual differences in under-
lying patterns of overall identical levels of MS-related
functional impairment and thereby augment the resolu-
tion of disability measures compared with traditional
scores.” They are also rater-independent, offering more
objective measures of functional ability. "

In recent vears, sensor-based tests have been mereas-
ingly used to assess functional ability in M5, as
well s in Parkinson's disease' and Huntington's dis-
ease.'” The Floodlight Proof-of-Concept (PoC) app
was designed to remotely measure, at home in an
unsupervised sefting, functional ability in cognitive,
upper extremity, and gait and balance domains using
a smartphone device without additional hardware.®
Consequently, assessment with the Floodlight PoC
app can be performed more frequently than clinician-
administered tests, which potentially allows the cap-
ture of subtle changes i function that ocowr in
free-living environments between clinic visits, includ-
ing changes that would not necessarily trigger clinical
interventions. The study “Monitoring of Muluple
Sclerosis Paricipants With the Use of Digital
Technology (Smarphones and Smartwatches)—A
Feasibility Study” was the first clinical trial to imple-
ment the Floodlight PoC app.® Using data from this
study, we previously demonstrated that PwMS were
engaged and highly satisfied with this app.? We
expand on this prior work by presenting here the criti-
cal evaluation of the app's test-retest reliability and
its correlations with standard clinical and magnetic
resonance imaging (MRI) measures in PwMS.

Methods

Study design and participanis

The present study 15 a 24-week, prospective study
{clinicaltrials.gov: NCT0295291 1) aimed to assess the
feasibility of remotely monitoring PwMS with the

Floodlight PoC app, which was developed for use in
this study on a provisioned smartphone and smart-
watch. The full study design and inclusion/exclusion
criteria have been previously described? Both PwMS
and healthy controls (HC) were 18-55 vyears of age.
PwMS {unircated or treated) were diagnosed acoording
to the 2010 revised McDonald eritena'® and had an
Expanded Disahility Status Scale (EDSS) score at
bascline between 0.0 and 5.5, mchusive. All patients
provided written informed consent. At each scheduled
climic visit (baseline, Week 12, Week 24), all partici-
pants underwent a clinical evaluation. In addition,
PwhiS were assessed by MR at baseline and Week 24.

Participants were provided with a preconfigured
smartphone (Samsung Galaxy 87) and smartwatch
(Motorola 360 Sport) with the Floodlight PoC app
installed:* for this report, only the smartphone data
are reported. The smartphone prompted all partici-
pants to perform daily or weekly remote, sensor-based
tests, referred to as active tests {Table 1). In addition,
for passive monitoring, sensor data were passively
recorded to examine ambulation and overall mobility
in daily life (Table 1). Participants were encouraged
to continuously carry the device to gather data for
passive monitoring.

Floodlight PoC app

The Floodlight PoC app was designed to assess
functional abilities across three key domams
affected by MS: cognition, upper extremity func-
tion, and gait and balance.? Cognition was assessed
using the electronic Symbol Digit Modalities Test
{e-5DMT). As with the oral Symbol Digit Modalities
Test (SDMT), it assessed impairment of key neuro-
logic functions underlying cognitive information
processing speed. The aim was to correctly match a
maximum number of symbols to their paired digits
within %0 seconds.

The Pinching Test and Draw a Shape Test assessed
upper extremity function. The Pinching Test evalu-
ated fine pinching or grasping dexterity and
instructed participants to successfully pinch as many
circular tomato shapes appearing on the smartphone
screen at different positions as possible within 30
seconds. The Draw a Shape Test, which reguired
participants to draw six prewritien shapes of increas-
ing complexity (two diagonal lines, a square, circle,
a figure-of-§, and a spimal), assessed fine finger or
manual dexterity

Finally, the Static Balance Test (SBT), U-Tum Test
(UTT), Walk Test, and Passive Monitoring examined
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gait and balance. The SBT was designed to study
balance by asking the participants to stand, unsup-
ported, as still as possible for 30 seconds. The UTT
instructed participants to perform five successive
U-tumns separated by at least 4 meters within | minute
at a comfortable pace to evaluate difficulties or unu-
sual patterns in turning while walking and dynamic
balance. The Walk Test aimed to assess gait while
wallking as fast as possible but also safely for 2 minutes
on an even ground without performing U-tumns.
Finally, Passive Monitoring examined both aspects of
gait—turning while walking and regular, straight
walking—throughout the day. While performing the
gait assessments, participants carried the smartphone
in a running belt or in their trouser pocket and wers
permitted to use an assistive device and/or orthotic as

needed.

For each active test and passive monitoring, one to
two test features that are illustrative of the test and
probe different newrologic concepts were extracted
from the raw sensor data (Table 1).

Signal processing

As the smartphone-based tests were performed with-
out supervision by a physician or study coordinator,
quality control steps were applied to identify and
exclude individual assessments that were performed
incorrectly. This ensures the measurements are both
reliable and accurate. To exclude such incomrectly
performed assessments, quality control flags were
defined for cach test {Table 51). In addition, only suf-
ficiently adherent participants, that is, those who
contributed at least six individual assessments in the
course of the study, were included in the analysis of
that particular test. Applying these two quality con-
trol steps resulted in the final dataset consisting of
valid assessments.

Next, all valid assessments contributed by a partici-
pant were aggregated to study test-retest reliability
and Spearman’s rank correlations in a cross-sec-
tional analysis. As the tests were performed once
daily at most, the test-retest analysis was based on
the median test performance on the active tests and
passive monitoring during 12 two-week windows.
Two-week windows were chosen to reduce variabil-
ity that is independent of general disease status and
might be attributed to good or bad days or to differ-
ences between weekdays and weekends. For the
cross-sectional correlation analysis, the median test
performance across the entire study duration as well
as the mean of the three in-clinic assessments (mean
of two assessments for MRI) were computed.

Statistical analysis

Test-retest rehability was evaluated with intraclass
comelation coefficients (1CC[2,1]) separately in PwMS
and HC, which considered all consecutive 2-week win-
dows. Generally, at least three valid individual assess-
ments were required for each 2-week period. An
exception was made for the e-SDMT to accommodate
its weekly testing schedule; only one valid e-SDMT
assessment for each 2-week window was considered
sufficient. Test-retest reliability was considered as
poor (ICC < (.5), moderate (ICC = 0.5-0.75), good
(0 = 0.75-09), or excellent (ICC = 0.91.7

To examine the agreement of the test features from
the Floodlight PoC app with standard clinical and
MRl measures in PwMS, the test features were cor-
related against domain-specific clinical measures
(oral SDMT, Mine-Hole Peg Test [YHPT], Berg
Balance Scale [BBS], Timed 25-Foot Walk [T25FW1),
EDSS, 29-item Multiple Sclerosis Impact Scale
(MSIS-29) items or subscales, T2 FLAIR {fluid-
attenuated inversion recovery lesion volume, and nor-
malized brain volume using Spearman’s rank
correlation. In addition, test features from UTT and
Walk Test were correlated against corresponding fea-
tures obtained from Passive Monitoring. The strength
of correlation was considered as good-to-excellent
(|r|= 0.75), moderate-to-good ([r{= 0.5-0.75), fuir
(|r]= 0.2-0.49), or not correlated {|r|= 0.25), where
r{represents the absolute value.*

Partial correlation analyses were performed for the
upper extremity function tests and gait assessments to
mvestigate the contribution of each test and test fea-
ture in predicting 9HPT times and T25FW times,
respectively. All test features from the Pinching Test
and the Draw a Shape Test as well as 9HPT time were
included in the upper extremity function model. Each
of these features was comelated against each other
while controlling for the remaining features in the
model. The partial correlation for the gait assessments
wais run in a similar fashion but included all test fea-
tures from the UTT, Walk Test, and Passive Monitonng
in addition to T25FW time instead.

All correlations were adjusted for age and sex with a
robust lincar model. Statistical significance was sct at
p < 005 without correction for multiple
COmpArisons.

Results

Full baseline demographics and disease characteristics
have been previously deseribed? and are summarized in
Table 2. In total, 76 PwMS were enrolled between

196

Joiinli s pepub. b B i)



X Montalban, J Graves et al.

Tahble 2. Baseline demographics and disease charscteristics.

Age (vears), mean (8D) 39.5(19)
Female, i (%) 33(69.7)
Diiagnosis, & (%)
Primsary progressive multiple 339
sclerosis
Secondary progressive multiple 4(3.3)
sclerosis
Relapsing—semiting multiple 69 (90.8)
sclerosis
Expanded Disability Status Scale
Mean (5D 24(14)
Median 20
1Ok 1.5-35
Range 00-535
Owral Symbol Digit Modalities Test
soore
Mean (5D FIR(1LE)
Median 3350
QR 40.0-63.0
Range 26.0-T7.0
Mine-Hole Peg Test time (3)
Mean (5D 122(4.0)
Median 214
QR 19.7-23.7
Range lo.4-39.6
Berg Balance Scale total score
Mean (809 325(5T)
Median 30.0
QR 31.0-36.0
Range 31.0-36.0
Timed 23-Foot Walk time (s)
Mean (5D 6.0 (2.1)
Median i3
QR 4.6-6.8
Range 35121
T2 FLAIR lesion volume (mL)
Mean (5D 6.3(7.35)
Median 0
QR 1.0-93
Range 0.1-312
Mormalized brain volume (mL)
Mean (5D 1474.5 (75.8)
Median 1477.2
1OR 1439.6-1525.6
Range 1137.3-1628.1

MNovember 2016 and May 2018, Most PwhS had mild
disease (mean baseline EDSS: 2.4; EDSS mnge: 0.0-
5.5) and were diagnosed with relapsing—remitting MS.
Valid data were available in 68-73 PwMS. PoMS and
in 1 8-24 HC across the 10 tests considered { Figure S1),
using test-specific quality control cnteria. Similarly,
81.5-99.9% of assessments in PwMS and 76.0-99.9%
of assessments in HC were considered valid (Figure
52). During the 24-week study, only eight participants
exhibited a change in EDSS = 1, which is defined as
clinically meaningful ' an insufficient number to ena-
ble further analysis of changes m EDSS (Figure 83).

Test-retest reliabifiny

Test-retest reliability was assessed in PwMS and HC
with valid assessments in all consecutive 2-week win-
dows (range: 32-46 PwhS and 8-11 HC). In PwMS,
1CCs(2.1) were moderate or good (Table 3), suggest-
ing that reliable data can be captured with the
Floodlight PoC app. In HC, where the group sizes
wiere lower, ICCs(2,1) were mostly poor to good.

Correlation with clinical and MR measures

The age- and sex-adjusted Spearman’s rank correla-
tion analysis in PwMS$ is summanzed in Table 3 and
Figure 1. All statistically significant correlations were
in the expected direction. Thus, increasing levels of
MS-related disability were associated with worse per-
formance on the Floodlight PoC app.

Owerall, strongest comelations of test features were
observed with the respective domain-specific standard
clinical disability measures. These correlations were
good-to-excellent in the cognitive domam (r = (0.82)
and fair or moderate-to-good in the upper extremity
function domain (| r| = 0.40-0.64) and gait and bal-
ance domain (r = —0.25 to -0.52, all p < 0.05). Only
the SBT did not correlate with s domain-specific
standard clinical measure, the BBS (r = 020, p >
0.05). Most test features also correlated with EDSS (all
p < 005 except for Draw a Shape Test overall mean
trace celenty and Passive Monitoring step power) and
their respective MSI5-29 subscale or ttems {all p << 005
except for Draw a Shape Test overall mean trace celer-
ity, Passive Monitoring tum speed, and Passive
Monitoring step power). Normalized brain volume cor-
related significantly with test features across all domains
with the strongest association found with e-SDMT (v =
0.54, p = 0.001). Similar results were obtained with
unadjusted measures ( Table 53).
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Figure 1. Age- and sex-adjusted Spearman’s rank correlations between active tests and passive monitoring
(vertical axis) and their respective domain-specific standard clinical measures (horizontal axis).

e-SDMT: electronic Symbol Digit Modalities Test; SDMT: Symbol Dagst Modalities Test; 9HPT: Nine-Hole Peg Test;
SBT: Static Balance Test; UTT: U-Tum Test; T25FW: Tamed 25-Foot Walk.
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Flgure 2. Age- and sex-adjusted Speanman’s rank correlations
between passive monitoring and active gaif features.

UTT: UsTurn Test; NS: not significant.

*40 < 0.001,

Next. we assessed correlations between active gait
tests and passive monitoring. UTT turn speed
showed moderate-to-good correlation with Passive
Monitoring turn speed (r = 043, p < 0.001).
Stronger, good-to-excellent positive correlations
were obscrved between Walk Test step power and

Passive Monitoring step power (r = 0.76, p <
0.001; Figure 2).

The partial comelation analysis revealed that both the
Pinching Test (double touch asynchrony: partial » = 037,
p < 0.001) and Draw a Shape Test (overall mean trace
accuracy: partial r = —0.40, p < 0.001; overall mean trace
celenty: partial » = —0.30, p < 0.01) contain independent
information m predicting YHPT time (Figure $4). Simularly,
the UTT carries unique information in predicting T2SFW
time when comecting for the other gait features (partial
r=-031,p < 0.01; Figure S5).

Comparing the performance of the ¢-SDMT and oral
SDMT in PwMS and HC showed that both HC and
PwMS had fewer correct responses on the e-SDMT
compared with the oral SDMT (Figure S6).

Discussion

Here, we provide the first evidence that the Floodlight
PoC app can rehably capture clinically relevant data
measures of functional impairment in PwMS. By lever-
aging smartphone-based consumer technology for clini-
cal rescarch, the Floodlight PoC app assesses key
neurological domains affected by MS and provides a
more objective and detailed picture of the discase than is
possible with standard “point of carc” clinical assess-
ments. Results from this study indicate that test features
denived from the Floodlight PoC app hold potential for
use in clinical rescarch and practice.

Test-retest reliability was consistent with ICCs
reported for standard clinical measures in PwMS.* As
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anticipated, statistically significant comelations were
observed between test features from the Floodlight
PoC app and related standard clinical and MRI meas-
ures. Correlations of similar strength between compa-
rable smartphone sensor-based remote monitoring
tests and clinician-administered tests have been
reported in the cognitive,'"'? upper extremity func-
tior,” and gait domains,' despite differences in test
design and features. The active tests and passive moni-
toring also showed mostly fair correlations with EDS%
and respective MSIS-29 subscales and items, indicat-
ing that measurements obtained with the Floodlight
Pol” appagree both with the overall level of MS-related
disability and participant's perception of the impact of
their disease. T2 FLAIR lesion volume did not show
any strong comrelation with either active tests or pas-
sive monitoring. This is not surprising given the clin-
ico-radiological  paradox,”  which describes  the
mismatch between the white matter lesion volume and
the clinical outcomes in MS, and the subsequent poor
cross-sectional  comrelation  between  T2-weighted
imaging and M3 disability measures in 2 relatively
mild M population.®® Nommalized brain volume cor-
related with test features from all assessed domains.
This is in line with previously reported comelations
berween normalized brain volume and measures of
M8-relnted disability

Mot surprisingly, the ¢-SDMT most closely resembles
its domain-specific standard clinical measure. The
Spearman rho of (.82 15 comparable to the previously
reported correlation between other smartphone-based
versions of the SDMT and the pen-and-paper version
of the SDMT {r = 0.71-0.85)."2 In our study, we
noted that the e-SDMT scores tended to be lower than
the oral SDMT scores in PwMS and HC. This is likely
due to the longer time required to select the comect
response on a smartphone display compared with say-
ing the comect response out loud. Another possible
reason is that the e-SDMT displays only one symbol at
a time. The oral SDMT, on the contrary, provides par-
ticipants the entire symbol sequence printed on a sheet
of paper.® thus allowing them to work ahead and use
their working memory to a greater extent. This differ-
ence also makes the oral SDMT more dependent on
eye tracking than the e-SDMT.

Given the different concepts assessed by the
Floodlight PoC app versus clinical measures, 1:1 cor-
relations were not necessanily expected. For example,
mean trace celerity did not correlate with EDSS or the
arm-related MSIS-29 tems. Thas 1s likely because
these clinical measures do not capture the time com-
ponent as overall mean trace accuracy correlated sig-
nificantly with both clinical measures.

The partial correlation analysis presented here revealed
that test features from both the Pinching Test and the
Draw a Shape Test independently correlate with $HPT
time. This supports the concept that specific sensor-
based test features can capture performance outcome
information currently not recorded with commonly
used in-clinic assessments. This exemplifies the poten-
tial of sensor data to characterize functional impairment
beyond a single summary score that is typically recorded
for m-chinic performance outcome measures. Future
work should explore the use of this technology in
broader clinical applications and focus on establishing
the clinical relevance for the additional mformation it
can provide. [t is possible that richer information can be
extracted by incorporating additional test features.
Initial results on a more comprehensive multidimen-
sional feature space have been previously reported for
the Draw a Shape Test™” and Walk Test 2

In addition to the active tests, the Floodlight PoC app
also assesses gait in a free-living sitwation, or i daily
lifie, through passive monitonng. It has been suggested
that signs of gait alteration may be more pronounced
dunng daily life than in conventional n-clinic metrics,*
thereby highlighting the importance of capturing out-of-
clinic performance through passive monitoring. As such,
passive monitoring may improve the translation of clini-
cal findings to meaningful care as it informs on the
patients’ true abilities dunng daly life activities” A
recent study demonstrated the feasibility of passively
monitoring gait in PwMS using three biosensors attached
to the wrst, ankle, and sternum.® Moreover, our study
revealed significant comelations between gait featres
from Passive Monitoring and T25FW, highlighting the
feasibility of capturing more ecological measures of eve-
ryday functional ability through Passive Monitoring
using a smgle smartphone device.

Several limitations to this study exist. Most enrolled
PwMS had mild disease with limited MS-related disabul-
ity; the mean EDSS at bascline was 2.4. The current
analysis assessed the performance characteristics of the
Floodlight PoC app in PaMS with EDSS scores in the
range of (.0-5.5. However, previously it has been shown
that wearable sensors might not accurately capture step
detection at slow walking speeds, particularly at EDSS
score 6.5, This feature should be considered when
pssessing any wearable monitoring technology.®! In
addition, the analyses presented here were cross-sec-
tional. Due to the relative short duration of the study (24
weeks), a longitudinal analysis on change in functional
ahility, disease progression, and relapses was not possi-
ble. Future studies will lend greater clanity into the use in
a broader patient population, ncluding people with more
advanced disease, and the test performance over time.
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Furthermore, test-retest reliability analysis was con-
ducted in 2-week windows, in which no disease progres-
sion was assumed, as each assessment was done at most
once per day. Same-day test—retest reliability analysis
will be addressed in future work using data from subse-
quent studies. Further work will also be needed on the
development of doman-specific and overall M5 out-
come measures based on digital health technology.

Conclusion

Using a consumer smartphone device, self-adminis-
tered at-home active tests and passive monitoring
assessed the functional ability across three key
domains affected by MS: cognition, upper extremity
function, and gait and balance. This smdy demon-
strated that the Floodlight PoC app provides reliable
measures that align with standard clinical and MRI
measures used to quantify M3 functional impairment
and overall disability. Test-retest reliability was
moderate-to-good, and significant correlations in the
expected direction were observed between the test
features from the Floodlight PoC app and standard
clinical and MRI measures. While active tests were
conducted daily or weekly, passive monitoring per-
mitted the continuous assessment of gait during daily
life activities. The higher temporal resolution and
multidimensional feature space of functional data
collected by this platform hold the potential to cap-
ture subtle, potentially disease-related information
which are not readily diseriminated by clinician-
administered assessments. [t also has the potential to
improve and standardize assessment of MS disease
over time, provide PwMS and health care profession-
als in both specialty and primary care environments a
better understanding of disease progression, change
the way M$ is monitored in clinical trials and daily
practice, and ultimately improve patient care. The
current iteration of the app. Floodlight™ MS, is
available for public use in selected countries, and a
rolling release schedule is now in process to provide
access in the near future to the wider MS community
across the world.
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Abstract: There s increasing intesvst in the development and deployment of digital solutions o
Impeove patient care and facilitate manltoring In medical practice, ¢g., by remote observation ol
disease symptoms I the patients” hoase environment. Digital health solutions today range froe non.
regulited wellness applications and resarch-grade exploratory instruments fo regulated soltware as
amedical device (SaMD). This paper discusses the considerations and complexities in developing
innovative, effoctive, and validated SaMD for multiple sclerosis (MS). The development of SaMD
requires a formalised approach (design control), Inclusive of technical verification and analytical
validation 10 ensure weliability. SaMD must be clinically evaluated, charactertsed for benefit and risk,
and must conforns to regulatory requirements assoclated with device classification. Cybersecurity
and data privacy are also critical. Careful consideration of patient and provider needs throughout
the design and testing peocess holp developers overcom dhalienges of adoption in medical practice.
Here, we explon the developeent pathway for SaMD in MS, leveraging expernces from the
development of Floodlight™ MS, a continually evolving bundled solution of SaMD for remote
functional assessment of MS. The development peocess will be charted while reflocting on common

challerges In the digital space, with a view to providing insights for future developers.

Keywards: multiple sclerosls; software as a medical device; digital health; pasticipatary health;
monitoring, smartphooebased ssessments; clinical validation; technical validation; MS apps; digital
health solution development

1. Introduction

Multiple sclerosis (MS) is an inflammatoey demyelinating and degenerative disease [1]
characterised by a wide clinical variability in disease trajectory between individuals [2].
Clinical monitoring is intermittently, and often inconsistently [2,4], applied via in-clinic
measures, such as the Expanded Disability Status Scale (EDSS) [5] and magnetic resonance
imaging; detecting carly disease progression is thus challenging [1,4]. 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 [7,5]. 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 dinical 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 smartphanes contain sensars with the capacity to gather
objective data unaffected by inter- and intra-rater varability. Measurements and patient-
reported information captured with smartphone technology have the potential to enable
mare 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) [15,10] 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 [15-23]. Other s
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, howeves, smartphone-based solutions have not yet been fully integrated into
routine medical practice.

The development journey of a smartphone-based sofution 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 smartphanes in a vaniety 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 noeds 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 nonvlinear 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) [25].
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.

. Oefme ~|r Dwwny #' *'“‘ L e vonl emars & Swww

Figure 1. Double Diamond model, an iterative approach with rapid prototypirg,

In the initial divengent 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.

M&Ma

Temsa syt
iy Al

Floodiight PROs

Cogrtwe Test Fationt Joussd

e 2

e wa Doty Nacd
Cusrice

Software as a Medical Device (SaMD)

Figure 2 [Hustration of curnent version of Floodlight™ MS v1.2app and sssessments. HCF, healthcare prodessional; PRO,

patient-reporied outcome.

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

Identifying and bakancing 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 [35] was used to define concrete user need statements for Floodlight MS.
JT8D 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 achicve an outcome (e.8., “Avoid feeling guilty for not spending enough time with a
patient”), were collected for cach 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 sofution and that can be used to establish
parameters for device quality system requirements. To determine which of the needs was
mast 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 prionty.
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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 Jevels 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
suppart successful outcomes, in order to strike the balance between benefit and burden to
the users.

To ensure safety and effectiveness during use, human factoes 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 cohart 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 salution 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
Foodlight programme: the adopticn of a prescription-based model for Floodlight MS. This
moded prionitised partnering with HCPs in a coordinated care setting to identify appropriate
patient users, support anboarding 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 [19], overall adherence in
Foodlight Open was low. This contrasts with the controfled environment of the Floodlight
PoC study, where good adherence and patient satisfaction were observed [26]. Moreover,
in Floedlight 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

Iness. 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 “neurclogical
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 x Ability x 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 Foodlight 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, a5 it may aid in increasing motivation and sustaiming 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 inappropeiate approach
to disease assessment-—may represent an example of possible divergent perspectives from
different users and user types, which further illustrates the impartance of behavioural
strategies in studying use patterns. Even after final solution design, regular testing of
the applied concepts shoukd be conducted to ensure the usability of the features for all
users, aligning with the specific needs of PLwMS. Morcover, 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 redease cycle, will be important to enable iterative development
throughout the solution lifecycle.

4. Regulatory Standards: Data Security, Verification and Validation

and compromises are involved in creating a digital solution that is not
oaly meaningful to end users, but also technically and scnennﬁcnll) 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 venification, 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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Figure 3. Developenent of Floodlight™ MS software as a medical device.
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Technical venfication 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
venfication 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
mdudsumlgﬂuwcxpawnmofﬂumlum This does not requine patient or

c assessment, 50 testing can be conducted in healthy individuals and /or via
ssmulations. Foe 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
o 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 thearetical ground truth (systemic
beas). All smartphanes tested passed acceptance criteria with the exception of the Alcatel
7 phane, which failed due to a device chipset issue where screen sizes are not properly
reparted by the device, rendening 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 pertaming to a device in order to verify and validate
the safety and performance of the device, including any clinical benefits, in the tanget 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.

Past-marketing surveillance of SaMD is also required to provide angoing 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 clincal 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
dinical 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 [5(].

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]. Demaonstrating 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 healtherelated activities [52,57],
and there are legitimate concerns over user identification, data sharing with third parties,
or accidental data Jeakage [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
Roodlight MS, including password-protected access with automatic logout after a period
of inactivity, and data encryption in transit and at rest. Morcover, 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 ongping maonitoring and managing
the system need to be overcome. All these aspects will mvolve the collaborative efforts
of multiple healthcare stakehobders such as PLwMS, HCPs, and payers, as these hurdles
cannot be avercome 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 dassical 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-wordd evidence generation and non-interventional studies are often more efficient
than, and can be complementary to, interventional trials. For the Floodlight programme,
nanvinterventional studies and real-world evidence generated with Foodlight MS serves to
complement assessment of Floodight test technology in more formal clinical trial settings.
Research is also being conducted to improve the clinical utility of the test suite, support
dinical analysis, develop quality control features, and advance the understanding of sensor
data [56-55].

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 an 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 kandscape [(4,51]. Three deployment models were designed for
Floodlight MS: (i) a standalone salution with an HCP-facing web-based portal for data
access, (1) a standalone solutian that can be integrated with electronic health records, and
(tit) 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 (RCINB) [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 toals [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 sofutions such as Floodlight MS aim to improve outcomes for
PLwMS. To reach this objective, continued collaboration and partnership with the entine
MS community is needed, not caly 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 companison 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 [5]. Key areas centre around health data

¢, 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 hefp 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 dinical trial and medical
practice data.
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10.5 OTHER CEMCAT EFFORTS IN THE DEVELOPMENT AND
DEPLOYMENT OF DIGITAL TECHNOLOGY FOR MS MONITORING IN
CLINICAL PRACTICE

Cemcat's commitment to innovation and the implementation of digital technology
in the clinical setting is strong and growing. This section describes other projects,
beyond Floodlight study, that support it.

10.5.1 Multiple Sclerosis Partners Advancing Technology Health
Solutions (MS PATHS)

MS PATHS3%* is a collaborative network including 10 MS centres in the United
States and Europe that combines technology and patient participation, providing

access to clinical data from a large cohort of people with MS (Table 10.5.1A).

Clinical data are collected by using the Multiple Sclerosis Performance Test
(MSPT)325, an iPad-based assessment designed to be implemented in the clinical
setting with minimal supervision. The MSPT (Fig. 10.5.1A) quantifies major MS-
associated motor, visual and cognitive symptoms and quality of life outcomes. As
part of a structured patient history, requested variables are gender, ethnicity,
level of education, employment status, living situation, smoking status, age at
MS onset and diagnosis, PDDS, patient-based MS phenotype, MS relapses in the
last 12 months and use of DMT for MS as referred by patients. The MSPT also
incorporates neuroperformance tests as an electronic adaptation of the MSFC
integrating (1) Processing Speed Test (PST), which evaluates cognitive function
including elements of attention, psychomotor speed, visual processing, and
working memory, and is adapted from the SDMT; (2) Contrast Sensitivity Test
(CST), which measures visual acuity with 100% and 2.5% levels of contrast, and
is adapted from the Sloan Low Contrast Visual Acuity Test; (3) Manual Dexterity
Test (MDT), which assesses upper extremity motor function and is adapted from
the 9HPT; and (4) Walking Speed Test (WST), which assesses lower extremity
motor function, and is adapted from the T25FW. Finally, patients are asked to

complete the Neuro-QoL questionnaire (12 subscales), including the domains of
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physical symptoms, fatigue, emotional and cognitive health and social aspects.

In addition to clinical data reported by patients, MS PATHS includes the exchange

of MRI-standardized data and blood samples for MS biomarkers and genetics

research.

Table 10.5.1A. Centres participating in the MS PATHS network.

Europe United States

University Giessen
and Marburg

Marburg, Germany

Hospital of

University Hospital Carl Gustav Carus
Dresden, Germany

Multiple Sclerosis Centre of Catalonia, Vall
d’Hebron Hospital
Barcelona, Spain

Cleveland Clinic
Cleveland, Ohio

New York University
New York, New York

OhioHealth
Columbus, Ohio

Cleveland Clinic Lou Ruvo Center for Brain
Health
Las Vegas, Nevada

Johns Hopkins University
Baltimore, Maryland

University of Rochester
Rochester, New York

Washington University in St. Louis
St. Louis, Missouri
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Figure 10.5.1A. All assessments included in the Multiple Sclerosis Performance Test
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Rao et al*?%, published the validation of the self-administered neuroperformance
tests included in the MSPT. They assessed test-retest reliability, practice effects
and convergent validity of the CST, MDT and WST in 30 MS patients and 30
healthy controls, examined sensitivity to MS disability in over 600 MS patients as
part of their routine clinic assessment and compared performance on the PST in
research volunteers and clinical samples. The CST, MDT and WST were shown to
be reliable, valid and sensitive to MS outcomes. Performance was comparable to
technician-administered testing. PST performance was poorer in the clinical

sample compared with the research volunteer sample.

Since 2017, MSPT has been available in Cemcat as part of the clinical practice to
portray a more complete picture of the functional situation of the patients. In this
way, it is intended that digital technology be a complementary tool that allows,
in a simple way, to collect standardized and relevant data, increase the
participation of patients in the medical care process and favor the use of

quantitative data for clinical decision-making. Additionally, the rigorous collection
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and analysis of real-world data may improve our understanding of the disease

and accelerate the development of personalized medicine in MS.

MSPT tests are self-managed; raw data is transferred automatically to the cloud,
where raw scores and normative adjusted scores are calculated; and the results,
graphically and easily interpreted, can be automatically transferred to the
electronic medical record in real time for clinical use (Fig. 10.5.1B).
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Figure 10.5.1B. Circuit of MS patients during their stay at Cemcat. 1- Arrival of the patient at the Centre. 2- Completion of the self-performed tests through
the MSPT with minimal supervision of health personnel. 3- Medical visit with the neurologist who has the results of the MSPT integrated into the electronic
history of the patient.
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As part of the clinical research promoted by the MS PATHS network, Cemcat have
carried out various projects. One of them, “Defining controversies of benign MS
using digital technology’, was presented as an oral communication in the
ECTRIMS held in 20203%’. The aim of the study was to identify benign MS (BMS)
patients using PDDS, a PRO of physical disability, as a proxy for EDSS; support
the “benign status” describing its physical and non-physical characteristics
considering the neuroperformance tests and Neuro-QoL included in the MSPT;
and explore the features, among all variables considered, that best discriminate
BMS. The results of the study are shown below (Table 10.5.1B and Table 10.5.1C,
Fig. 10.5.1C and Fig. 10.5.1D)

Table 10.5.1B. Results of the neuroperformance tests.

BMS Non-BMS Cohen’s d
(n = 3852) (n = 4497)

Median (IQR) PST 49 (42-57) 40 (31-47) 0.82

n = 3573 (92.7%) n = 3880 (86.3%)
Median (IQR) CST 38 (3044) 30 (20-39) 0.56
2.5% n = 2289 (39.4%) n= 1970 (43.8%)
Median (IQR) MDT 24.4 (21.7-28.1) 30.6 (26.1-36.1) 0.97

n = 3365 (87.3%) n= 3172 (70.5%)
Median (IQR) WST 5.6 (4.8-6.8) 8.3 (6.6-11.3) 0.81

n = 3507 (91%) n= 3222 (71.6%)

BMS: benign MS, CST: Contrast Sensitivity Test, IQR: /interquartile range, MDT: Manual Dexterity Test,

PST: Processing Speed Test, WST: Walking Speed Test.
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Figure 10.5.1C. Neuro-QoL T-scores: results of the 12 subscales (including physical and non-
physical domains) for non-BMS and BMS patients. *Reference population. Scores 0.5-1.0 SD
worse than the mean = mild symptoms/impairment (yellow). Scores 1.0-2.0 SD worse than the
mean = moderate symptoms/impairment (orange). Scores >2.0 SD worse than the mean =
severe symptoms/impairment (red).

Table 10.5.1C. Percentages of BMS and non-BMS patients with at least mild
symptoms/impairment on the Neuro-QoL subscales.

BMS Non-BMS
(n=3187/3852) (n = 3377/4497)
Physical domain (%)
Lower extremity motor function 21.7 88.7
Upper extremity motor function 31.6 87.3

Non-physical domain (%)

Anxiety 27.9 46.7
Depression 8.2 24.8
Fatigue 17.1 43.3
Emotional behavioural dyscontrol 24.4 37.7
Sleep disturbance 28.6 55.7
Stigma 6.9 40.0
Cognition 34.2 62.2
Social role satisfaction 23.7 69.6
Positive affect and well-being 7.6 20.0
Social role participation 21.6 70.3

BMS: benign MS

Of note, although BMS patients behaved better than those considered non-BMS
for all the analyzed tests and questionnaire from MSPT, also many patients self-
defined as BMS reported at least mild impairment or symptoms in different
domains evaluated by Neuro-QoL. This suggests that a definition of benignity
mainly based on physical aspects, predominantly gait, does not reflect the real
functional status of the MS patient. In addition, when we looked for the variables
that best discriminated a population with BMS, we found that those related to
the patient's QoL, such as motor function of the extremities, as well as social
aspects and stigma, had a greater impact. This suggests that PROs (in this case
the Neuro-QoL) outperform objective tests of MS (such as WST or MDT) when

exploring the most representative characteristics of BMS.

225



NQ-lower extremity

NQ-upper extremity
e
NQ-stigma

NQ-social participation

WST

Employment
NQ-social satisfaction
MS type

MDT Sensitivity: 0.88
MDT-left hand Specificity: 0.85
MDT-right hand

NQ-fatigue

NQ_COgnltlon 100 200

PST

Figure 10.5.1D. Patient characteristics that better discriminate between BMS and non-BMS by the random
forest model. NQ: Neuro-QoL. WST: Walking speed test. MS: multiple sclerosis. MDT: Manual dexterity test.
PST: Processing speed test.

10.5.2 RADAR-CNS Remote Assessment of Disease and Relapse -
Central Nervous System

Other technological initiative launched in 2018 is the Remote Assessment of
Disease and Relapse-Central Nervous System (RADAR-CNS)3%%, a major
international academic-industry research program aimed at developing novel
methods and infrastructure for monitoring major depressive disorder, epilepsy,
and MS using wearable devices and smartphone technology. Cemcat's

collaboration is focused on the MS area.

During the study, participants are required to regularly use the RADAR-tool (Fig.
10.5.2A), which is a cross-platform Cordova app for active monitoring (active
remote monitoring technology) through conscious action (eg, questionnaires,
audio questions, timed tests) and a native Android app for passive monitoring via

phone and wearable sensors (passive remote monitoring technology). RADAR-
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tool also includes capabilities for data aggregation, management of studies, and

real-time visualizations.

The RADAR-tool platform can be deployed both in local settings, such as a
hospital, for local data collection or for ambulatory studies through remote

deployment for centralized data collection.

Mood
Speech

Cognition

Stress

Sleep

Physical

d Social

Figure 10.5.2A. Domains explored in the RADAR-CNS project.

The main objectives of the RADAR-CNS project3?® are to determine the usability,
feasibility and acceptability of, and adherence to, a RMT to provide real-time
objective multidimensional indications of clinical state in pwMS and to explore the
potential impact of clinical data collected through different electronic devices

when making medical / therapeutic decisions in routine clinical practice.
In the MS area, the RADAR-CNS project presents 2 sub-studies:

1- Depression substudy, focused on the appearance of relapses, the
evaluation of social activity and participation, the pattern of sleep,

cognition and the pattern of the voice.
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2- Disability substudy, focused on flare-ups, disability progression (EDSS),

evaluation of gait and balance, fatigue, cognition, and voice pattern.

One of the first published studies related to this project, showed the capacity of
the RADAR-CNS tool for monitoring the behavior of MS patients during the SARS-
CoV-2 virus pandemic3?°, For that purpose, data were extracted from smartphone
and wearable devices, and managed by the RADAR-base from 1,062 participants
recruited in Italy, Spain, Denmark, the United Kingdom, and the Netherlands.
Nine features collected on a daily basis including time spent at home, maximum
distance travelled from home, the maximum number of Bluetooth-enabled nearby
devices (as a proxy for physical distancing), step count, average heart rate, sleep
duration, bedtime, phone unlock duration, and social app use duration were
analyzed. Kruskal-Wallis tests followed by post hoc Dunn tests were performed
to assess differences in these features among baseline, prelockdown, and during
lockdown periods. The analyses showed (see Fig. 10.5.2B for results of
participants from Spain) reduced sociality as measured through mobility features
and increased virtual sociality through phone use. People were more active on
their phones (p<0.001 for Italy, Spain, and the United Kingdom), spending more
time using social media apps (p<0.001 for Italy, Spain, the United Kingdom, and
the Netherlands), particularly around major news events. Furthermore,
participants had a lower heart rate (p<0.001 for Italy and Spain; p=0.02 for
Denmark), went to bed later (p<0.001 for Italy, Spain, the United Kingdom, and
the Netherlands), and slept more (p<0.001 for Italy, Spain, and the United
Kingdom). The study also found that young people had longer homestay than
older people during the lockdown and fewer daily steps. So, the study suggests
that RADAR-base can be used to rapidly quantify and provide a holistic view of

people behavioral changes, in this study, of MS patients.
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Figure 10.5.2B. Behavioral changes for Spain (329 participants). (a) homestay duration, (b)

maximum distance from home

(c) Fitbit step count, (d) maximum number of nearby devices, (€)
(9) heart rate, (h) unlock duration, (i) social app duration. Solid

A

total sleep duration, (f) bedtime,

line: median; shade: 25th percentile to 75th percentile. dur: duration; WHO: World Health

Organization.
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