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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 yield higher 

functional specificity. 
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RESUMEN 

 

El presente trabajo se basa en la búsqueda de marcadores digitales para el 

seguimiento de la esclerosis múltiple (EM). 

Antecedentes: Las evaluaciones clínicas actuales de personas con EM (pwMS) 

son incompletas, episódicas y pueden pasar por alto características 

fundamentales como fluctuaciones y cambios funcionales entre visitas. Las 

herramientas de monitorización basadas en sensores pueden llenar un vacío 

crítico en la investigación y la atención clínica de la EM. 

Objetivos: Nuestros objetivos eran (1) evaluar la viabilidad de las pruebas activas 

y la supervisión pasiva de manera remota utilizando teléfonos y relojes 

inteligentes en pwMS con respecto a la adherencia y la satisfacción con la 

aplicación (app) Floodlight EM. (2) Determinar la asociación entre los resultados 

exploratorios basados en sensores (app Floodlight EM) y los resultados obtenidos 

de la clínica 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 incluyó pwMS (edad de 

20 a 57 años; 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) diseñadas para evaluar la cognición (prueba electrónica de 

modalidades de dígitos y símbolos), la función de las extremidades superiores 

(prueba de pellizco, prueba de dibujar una forma) y la marcha y el equilibrio 

(prueba de equilibrio estático, prueba de giro en U, prueba de marcha) así como 

la monitorización pasiva (marcha y movilidad basadas en sensores) durante 24 

semanas utilizando un teléfono y reloj inteligentes. (1) El primer análisis evaluó 

la adherencia (proporción de semanas con al menos 3 días de prueba completa 

y 4 horas por día de monitorización pasiva) y la satisfacción a través de un 

cuestionario. A su vez, durante las visitas en el centro se realizaron evaluaciones 
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clínicas estándar y de resonancia magnética (RM). (2) La fiabilidad test-retest y 

las correlaciones con las medidas de resultado clínicas y de RM se determinaron 

mediante los coeficientes de correlación intraclase (ICC) y la correlación de rango 

de Spearman ajustada por edad o sexo, respectivamente. (3) Finalmente, las 

medidas digitales y las medidas clínicas estándar 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 

volúmenes cerebrales normalizados para 36 regiones anatómicas, y utilizando la 

correlación 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 monitorización pasiva; la 

puntuación de satisfacción fue en promedio de 73,7 sobre 100. Ni la adherencia 

ni la satisfacción se asociaron con características específicas de la población en 

estudio. Las evaluaciones de la app tuvieron un impacto aceptable en las 

actividades diarias en más 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 estándar de discapacidad clínica específicas para 

cada dominio fueron significativas para todas las pruebas en los dominios 

cognitivo (r = 0,82, p < 0,001), función 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 estático: r = -0,20, p>0,05). La mayoría de 

las pruebas también se correlacionaron con el EDSS, los ítems o subescalas de la 

escala de impacto de la esclerosis múltiple de 29 ítems y el volumen cerebral 

normalizado. (3) El peor rendimiento en las medidas digitales y clínicas se asoció 

con volúmenes cerebrales regionales más pequeños y volúmenes ventriculares 

más grandes. Si bien las medidas digitales y clínicas tenían muchos correlatos 

neuronales en común, algunos se observaron solo para las medidas digitales. Por 

ejemplo, la precisión 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]), tálamo (r = 0,38/-0,41) y protuberancia (r = 

0,35/-0,35). 

Conclusiones: (1) PwMS estaban comprometidos y satisfechos con la app 

Floodlight EM. (2) La app Floodlight EM captura medidas confiables y 

clínicamente relevantes de deterioro funcional en la EM. (3) Múltiples correlatos 

neuronales fueron identificados para las medidas digitales. Algunas correlaciones 

solo se observaron para las medidas digitales pero no para las medidas clínicas 

estándar, 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)1-2. 

 

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 years3, 

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 smaller4-8. 

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 Australia9-10. 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 risk11-13. Nevertheless, an increase in prevalence 
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has been observed in Latin America11 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 

contributors13. 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 migrated14, 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 

latitudes5,15. Conversely, although prevalence has increased in Australia, New 

Zealand, Western Europe, and North America, incidence has not in the latter two 

regions5, meaning that the observed latitudinal gradient of prevalence could be 

explained by factors such as survival time or diagnostic accuracy.  

 

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 found1 (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 

mechanisms19. 

Environmental risk factors  

- Vitamin D. There is a close relationship between latitude and exposure to 

sunlight and therefore with the resulting metabolism of vitamin D20. 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)23-26. 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 disease27. 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 life29-30. 

- Gut microbiota. Gut microbiota contributes to preventing colonization of 

pathogenic microbes, modulating host immune responses, and promoting 

intestinal barrier integrity31. 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 disorders32-34. So, it has been suggested that altered gut 

microbiota composition might partially be the underlying cause of MS 

development35. 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 MS38-39. 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 May40, 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 May41. 

More recent studies suggest that specific diets may act as trigger for MS42. 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 

encephalomyelitis43-44. Finally, a higher body mass index during childhood and 

adolescence has been associated with an increased risk of developing MS, 

especially in women45-47. Other studies suggest that interactions between obesity 

and HLA-DRB1* 15, as well as past infectious mononucleosis, could trigger the 

autoimmune response48-49. 

 

 

              
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
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 disease50-51. 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)52. 

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 controls53-54. 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)55-56, peripheral constitutive myelin antigens in cervical lymph 

nodes according to EAE models57-58, or a deficient immunoregulatory control in 

which regulatory T lymphocytes fail to suppress effector cells, allowing them to 

initiate an immune response within the brain59. 

Transmigration through the BBB is mediated by adhesion molecules expressed in 

endothelial and immune cells, chemokines, and matrix metalloproteinase 

(MMP)60. 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 

CNS52,61. 



30 
 

After peripheral activation, IL-12 induces the differentiation of naive CD4 + T 

cells into Th1 cells, producing pro-inflammatory cytokines such as interferon 

(IFN)γ that activate macrophages62. On the other hand, differentiation into Th2 

cells induces an anti-inflammatory response through cytokines such as IL-463. 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 cytokine62-64, as well as IL-16 and TNF-α65-66. IL-17 further 

promotes the differentiation and activation of B cells and macrophages67-68 and 

allows the penetration of most Th17 cells into the brain69-70. However, the 

antigenic specificity of Th17 cells has not been resolved50. 

So, whilst Th17 and Th1 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 

cytokines71. 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 patients59.  

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+ cells72. They may promote CNS vascular 

permeability and the number of infiltrating CD8+ cells in MS lesions correlate with 

axonal damage73-74. Additionally, adoptive transfer of activated myelin-specific 

CD8+ cells can induce EAE, suggesting a role as effector cells in MS 

pathogenesis75.  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 

complement62,76.  

 

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 another77-80. 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 process81. Finally, B cell ablative therapy with an 

anti-CD20 monoclonal antibody that depletes naïve and memory B cells, reduces 

clinical relapses and inflammatory activity on brain MRI, probably by decreasing 

antigen presenting capacity and cytokine production by B cells82.    

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-α resulting in demyelination and oligodendrocyte loss 83-85. 

Additionally, it has also been suggested that astrocytes could play a more active 

role in facilitating a glutamate-mediated axonal degeneration and 

oligodendrocyte damage85-86 (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 involvement1,87-88 (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 onset1. 
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Table 1.1.4A. Typical and atypical clinical presentation of MS 

Clinical 
manifestation 

Typical/atypical 
manifestation  

Onset Involvement Signs or symptoms Recovery 

Optic neuritis 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 and/or 
cerebellar 
syndromes 

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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MS: multiple sclerosis. Modified from Filippi M, et al88

Acute (seconds to 
minutes) 

Isolated trigeminal neuralgia  
Fluctuating ocular or bulbar weakness 
Fever  
Meningism 
 

Progressive worsening or 
no recovery 

Myelitis Typical 
 
 
 
 
 
 
 
 
 
 
Atypical  

Subacute to chronic 
(hours to days) 
 
 
 
 
 
 
 
 
 
Acute (seconds to 
minutes) 

Incomplete transverse 
myelitis 
Asymmetric involvement 
 
 
 
 
 
 
 
 
Complete transverse 
myelitis 
Complete Brown-Séquard 
syndrome 
Cauda equina syndrome 
Anterior spinal artery 
territory lesion 
Localized or radicular 
spinal pain 
 

Sensory involvement: paresthesias, Lhermitte sign, 
impairment of vibration and joint position sense, 
decreased pain and light touch perception and Uhthoff 
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 
 
Progressive and symmetrical spastic parapresis 
Progressive sensory ataxia  
Sharp level to all sensory modalities 
Segmental loss of pain and temperature sensation 
Areflexia and/or spinal shock 
Acute urinary retention 
Severe pain 
 

Gradual recovery (2-4 
weeks after reaching peak 
severity) 
 
 
 
 
 
 
 
 
Progressive worsening or 
no recovery 

Cerebral hemispheric 
syndromes 

Typical  
 
 
 
Atypical 

Subacute to chronic 
(hours to days) 
 
 
Acute (seconds to 
minutes) 

Unilateral 
 
 
 
Bilateral 

Hemisyndrome: hemiparesis and hemisensory deficits 
Campimetric deficits 
 
 
Encephalopathy 
Epilepsy 
Cortical blindness 
Intracranial hypertension 
 

Gradual recovery (2-4 
weeks after reaching peak 
severity) 
 
Progressive worsening or 
no recovery 
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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 payers89. 

In October 2012, the Committee met again to review the 1996 MS clinical 

subtypes descriptions90. 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 activity91. 

 

 

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 al88 
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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.*,**CIS, 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 al90
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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 individuals92-93. Not until 2009 was the expression RIS introduced 

by Okuda et al (Table 1.1.4B), and formally defined for the first time94. 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 event95. 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-specific96. 

 

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 RIS97.  

 

1.1.5 Diagnosis 
 

Diagnostic criteria for multiple sclerosis, based primarily on clinical, imaging, and 

laboratory evidence, have evolved over time. 

• MRI 

To this day, MRI is the test of choice to support the clinical diagnosis of MS91. 

Clinical findings are also considered to determine fulfilment of DIS and DIT77. 

In the context of a first demyelinating event suggestive of MS, MRI diagnostic 

criteria can be applied98-100. 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)101. 

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 DIS102-103. 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 CSF77-78. 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 



41 
 

revised again in 2010 to incorporate new evidence and to simplify their 

application whilst preserving sensitivity and specificity79. The criteria proposed by 

the MAGNIMS group97 were incorporated in the 2010 revised version of the 

McDonald criteria83. 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: 

1. One Gd-enhancing lesion or 

nine T2 hyperintense lesions 

if there is no Gd-enhancing 

lesion 

2. At least three periventricular 

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. 

 

At least one T2 lesion in at least two of the 

following areas: 

• Periventricular 

• Juxtacortical 

• Infratentorial 

• Spinal cord 

 

 

 

 

 

 

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 artefacts80. 

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 specificity104-105. 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 patients80. 

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 DIT98-100. 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 CIS79. 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)90.  

 

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

• 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 

• 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 
 Number of lesions with 

objective clinical evidence 

Additional data needed 

for a diagnosis of MS 

≥ 2 clinical attacks ≥ 2  None* 

≥ 2 clinical attacks 1 (as well as clear-cut 

historical evidence of a 

previous attack involving a 

lesion in a distinct anatomical 

location**) 

None* 

≥ 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 oligoclonal 

bands§  
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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 criteria77 or disease course classification90, 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 practice106-107. 

 

• CSF 

General findings. CSF appearance and pressure are usually normal. Total 

leukocyte count is normal in approximately 60.0% of patients, exceeds 15 cells/µl 

in less than 5.0% of cases, and rarely exceeds 50 cells/µl (a finding that should 

be considered a red flag)108. 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 

MS109-111. 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 specificity112.   

 

• 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 purposes113.  

 

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 

diagnosis114-116. 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 MS117. 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 MS118. Other possible sources of misdiagnosis also include 

infectious, metabolic and vascular diseases119. Despite the current well-validated 

diagnostic criteria for MS120, the occurrence of misdiagnosis remains a challenge 

with significant implications for patients, their families and the healthcare 

system121. Current evidence supports the benefits of an early diagnosis and 

disease-modifying drug (DMD) onset seeking to reduce long-term disability122. In 

given cases, this may lead neurologists to rush into a diagnosis of MS, hence 

constituting a factor playing a role in mistaken diagnosis123. 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 likely124. 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 patients125. 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 MS124-126. 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 eventually127. 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 MS128. 

In a recent study performed at our Centre129 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 individuals1320 (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 diseases131. 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 

cases132-133. 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 treatments134. 

 

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 damage1. 

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 therapies135. 

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 progression136 remain uncertain. More recently, a 

phase III trial of siponimod versus placebo in SPMS met its primary objective of 

reducing the risk of disability progression137. 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 atrophy138-139; 

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 change140. 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 risk141.
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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 IFNβ 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.142 
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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 periodically143.  

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 lesions144. 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 DMDs101. 

Based on the 2021 MAGNIMS–CMSC–NAIMS consensus144, 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 months145.  

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 

treatment144. 
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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 therapies146-148. 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 natalizumab149. 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 MS150-153.  

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 course154. 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 measurements155-156.  

 

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 basis157. 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 

neurodegeneration1.  

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 infection1. In relapsing MS patients, relapses 

may contribute to the accumulation of disability, primarily early in the disease, 

which is called relapse-associated worsening (RAW)158. 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 supervenes159-162.  

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 disease158,166.  

Dissociation between therapeutic effects on relapse frequency versus effects on 

progression of disability was shown in different clinical trials167-170, suggesting 

that biological mechanisms leading to acute attacks probably differ from those 

responsible for unremitting disability171-172.  

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 outcomes159-162. As well as the identification of PIRA events early in their 

development is crucial to optimize the therapeutic strategy173.  

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 history174.  

In 1955 Kurztke described “a scale for assessing disability in MS”, later known as 

the Disability Status Scale (DSS)175. 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 

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. 



56 
 

Thus, in 1983177 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 

1.0 

1.5 

2.0 

2.5 

3.0 

 

3.5 

 

 

4.0 

 

 

4.5 

 

 

5.0 

 

5.5 

6.0 

 

6.5 

 

7.0 

 

Normal neurological exam (all FS grade 0)  

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

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

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

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

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  

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)  

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  

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  

Ambulatory without aid or rest for ≥200 meters (usual FS equivalents include at least one FS 

grade 5, or combinations of lesser grades usually exceeding specifications for step 4.5)  

Ambulatory without aid or rest for ≥100 meters  

Unilateral assistance (cane or crutch) required to walk at least 100 meters with or without resting 

(see chapter 8, Ambulation) 

Constant bilateral assistance (canes or crutches) required to walk at least 20 meters without 

resting (see chapter 8, Ambulation)  

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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8.0 

 

8.5 

 

9.0 

9.5 

10 

a few steps; restricted to wheelchair; may need some help in transferring and in wheeling self  

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  

Essentially restricted to bed much of the day; has some effective use of arm(s); retains some 

self-care functions  

Helpless bed patient; can communicate and eat  

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

Death due to MS 

 

Another important instrument for MS patients monitoring is the Multiple Sclerosis 

Functional Composite (MSFC)178, 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 

methodologies179. 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)180.  

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 trials181. 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 activity174. 

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  

 EDSS MSFC 

Validity EDSS showed good 
correlation with the Barthel 
Index, the London Handicap 
Scale, the Scripps 
Neurological Rating Scale, the 
Functional Independence 
Measure182, the physical 
function ability of the Short 
Form-36183-185 and other 
patient-reported outcomes. 
Amato and colleagues186 
certify a good validity of the 
EDSS; Ebers187 described the 
EDSS as “well validated”. 

MSFC showed good 
correlation with other 
indicators of disease in MS, 
including the EDSS, MRI 
measures180,188, patient 
reported health189-191 and 
employment192. While the 
overall MSFC scores 
distinguish across MS 
disabilities, the PASAT does 
not do as well193. In fact, 
Brochet et al.180 found no 
correlation between PASAT 
and EDSS. 

Reliability It was shown a moderate 
inter-rater reliability194-195, 
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)196-197 

Inter-rater and intra-rater 
reliability were shown to be 
high for MSFC overall score as 
well as for its component 
measures193,198-199. 

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 little 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)202, 
the Rivermead Mobility Index, 
the Ambulatory Index and the 
10 minutes walking time test 
Vaney203, and the DSS201. 

Some studies indicate the 
MSFC to be more sensitive 
than EDSS to detecting 
changes in disease204-205. 
Authors also found patients 
with MSFC deteriorating by at 
least one standard deviation 
to have an odds ratio of 2.1 
for sustained EDSS 
deterioration206-207. 

Interpretability There is no clear 
recommendation on how to 

interpret changes in EDSS 
values. Noseworthy et al.194 
recommended a progression 
of 1.0 as a meaningful change 
in clinical trials. Francis et 
al.208 suggested a change of 
1.5 points to be more 

appropriate. The guidelines of 
the European Medicines 
Agency (EMA)209 recommend 
defining treatment success or 

A major drawback of the 
interpretation of the MSFC is 

its scoring mechanism (z-
scores)210.  
To overcome this limitation, 
Bosma et al.211 found optimal 
cut-off values, considering 
clinically relevant a 20% 
change for both T25FW and 

9HPT. Hoogervorst et al.189 
established that 20% change 
in all three MSFC measures 
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treatment failure of either 
reaching a certain EDSS score 
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. 

were meaningful to patient’s 
own perception of health. 

 

1.2.2c Current limitations in MS clinical monitoring 
 

Over time, few changes have taken place in MS clinical monitoring157. 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 1889212-213. 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 patients177,181. 

Despite EDSS was consolidated as a “gold standard” for disability monitoring in 

MS patients, it has some disadvantages157. For example, the lack of accuracy 

when evaluating non-physical symptoms of MS such as cognitive impairment, 

fatigue or depression214-215. 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 symptoms216-217. 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 status218-219.  

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

use in clinical practice157. 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 

distance220. 

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 days221. 

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)194-

195. On the other hand, EDSS has shown weak sensitivity in detecting small 

changes in function over time200-201. 

Therefore, despite recent advances in the care of MS patients, the available tools 

used by neurologists still have several limitations for the clinical monitoring157. 

Issues like the early detection of disease progression158, 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 

challenge222-225.  

 

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 

outcomes226. 

 

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 MS214-215,218-219. 

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 EDSS227. 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 status218-219. 

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”228. PROs commonly include 

measures of symptoms, functioning (activity limitations), QoL and health related 

QoL (HRQoL) as well as patient satisfaction, compliance, and treatment 

preferences218-219. PROs measurement instruments, usually standardized 

questionnaires, are called patient-reported outcome measures (PROMs)229. 

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 populations230. 

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 outcomes231. 

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 patients230-231. 

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 term229-231.  

Therefore, in order to adequately measure patient health, illness, 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 interventions230-231. 
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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 care234. 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 DMDs235-236.  

More than 95% MS patients have access to a mobile device and most use it 

routinely237. 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 grow238-

239. Smartphones can be used in a patient's home environment as often as 

necessary, being familiar and discreet239. Furthermore, most off-the-shelf 

smartphones contain sensors with the capacity to gather objective data 

unaffected by inter- and intra-rater variability221.  

Patients' symptoms and physical impairments often go undetected by healthcare 

providers, particularly in intervals between clinic visits218-219. 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 

deterioration242. In common with other “big data” projects, RMT has been hailed 

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

delivered but will require healthcare adaptation for its delivery234. 
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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 

making232-233.  

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 networks243-248. 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 depression249.  

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 6.52520. 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 stable251-252. 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 gait253. 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 

information226. 

Gyroscopes have been used in approximately 20% of research studies on 

biosensing in MS254. They have shown good test–retest reliability255-256. 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 

tremor255-258. 

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 

electromyograph259-261. 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)226. 

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 intervention157. 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 safety226.  

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 essential226,262. 

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 top226. 
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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).  

 

3. 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. 
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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)79, EDSS score 0 to 5.5 (inclusive), and 

weight from 99 to 243 lbs (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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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 

SDMT263-265, T25FW test, Berg Balance Scale (BBS)266, Fatigue Scale for Motor 

and Cognitive Functions (FSMC)267, and Patient Health Questionnaire–9 (PHQ-

9)268. For pwMS only, disability was measured by EDSS, Patient Determined 

Disease Steps (PDDS)269, and Multiple Sclerosis Impact Scale–29 (MSIS-29; 

version 2)270-271. 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. PwMS and HCs were required to wear the smartwatch throughout 

the active tests. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6743265/figure/figure2/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6743265/table/table1/
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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; 5UTT: 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 testsª 

• Draw a Shape Test  

 

 

 

• 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 a 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 testsb 

• Two-Minute Walk Test (2MWT) 

 

 

 

• 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 ≥200 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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• 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 

• 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) 

• Daily Mood Question (DMQ) 

 

 

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

 

• 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 participant272 (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 

(|r|= 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 × 1 × 1 mm) FLAIR 

(TR=6,000 ms; TE=394 ms; TI=2,100 ms; voxel size=1 × 1 × 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 × 1 × 1 mm) 

FLAIR (TR=5,000 ms; TE=389 ms; TI=1,800 ms; voxel size=1 × 1 × 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 quantification273-274, 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 (n=20), deep gray matter regions (n=7), brainstem (n=3), cerebellum 

(n=2), lateral ventricles (n=1), and cerebral white matter (n=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 images275-276 using the icobrain ms fully automated 

pipeline277-278 based on the Spinal Cord Toolbox279 (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 model280-281 with leave-one-out 

cross validation was used estimate the R2 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 

active test 

Functional subdomain Digital measure Higher scores 

indicate 

performance that 

is: 

Upper extremity 

function 

Draw a Shape Test Accuracy Mean trace accuracy Better 

Swiftness of movement Mean trace celerity Better 

Smoothness of movement CV of linear, angular and radial 

drawing velocity 

Worse 

Pinching Test Accuracy Total number of successful pinches Better 

Responsiveness Gap time between pinch attempts Worse 

Pinching asynchrony Double touch asynchrony of 

successful pinches 

Worse 

Cognition e-SDMT Information processing speed Number of correct responses Better 

Maximum gap time between correct 

responses 

Worse 

Cognitive fatigue Speed fatigability index of the last 30 

seconds 

Better 

Gait and balance SBT Postural control Sway path Worse 
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UTT Turning ability (dynamic balance and 

gait) 

Turn speed Better 

2MWT Gait pace Step frequency Better 

Gait variability Step frequency variance Worse 

Gait intensity Step power Better 

Normalized volumes derived from brain MRI scansa 

Cerebral cortex gray matter Deep gray matter Brainstem and upper cervical cord 

area 

Other 

1. Middle frontal 

2. Superior frontal 

3. Lateral and medial orbitofrontal 

4. Precentral 

5. Postcentral 

6. Paracentral 

7. Opercularis, triangularis, 

orbitalis 

8. Insula 

9. Precuneus 

10.  Cuneus, pericalcarine, lingual 

11.  Anterior cingulate 

1. Thalamus 

2. Hippocampus 

3. Putamen 

4. Globus pallidus 

5. Caudate nucleus 

6. Amygdala 

7. Accumbens 

1. Midbrain 

2. Pons 

3. Medulla oblongata 

4. Upper cervical cord areaa,b 

1. Lateral ventricles 

2. White matter 

3. Corpus callosum areaa 

4. Cerebellum - hemispheres 

5. Cerebellum - vermis 
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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. 

aVolumes were calculated for all regions with the exception of the corpus callosum and the upper cervical cord for which areas were calculated  

bUpper 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 9HPT 

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 

(n=76) 

HCs 

(n=25) 

Age (years), mean (SD) 

Female, n (%) 

MS phenotype, n (%) 

- Primary progressive MS 

- Secondary progressive MS 

- Relapsing-remitting MS 

Time since MS symptom onset (years), mean (SD) 

Proportion of pwMS with ≥1 relapse in the past year, n (%) 

EDSS, mean (SD) 

Proportion of pwMS with ≥1 T1 Gdc-enhancing lesions, n (%) 

Total FLAIRe lesion volume (mL), mean (SD) 

9-Hole Peg Test (seconds), mean (SD) 

- Dominant hand 

- Non-dominant hand 

Timed 25-Foot Walk Test (seconds), mean (SD) 

Symbol Digit Modalities Test (correct responses), mean (SD) 

Berg Balance Scale, mean (SD) 

Patient Determined Disease Steps, mean (SD) 

Fatigue Scale for Motor and Cognitive Functions (total score), 

mean (SD) 

Patient Health Questionnaire-9, mean (SD) 

Participants with any previous medications, n (%) 

Previous disease modifying treatmentm, n (%) 

- Daclizumab (Zinbryta) 

39.5 (7.9) 

53 (70) 

 

3 (4) 

4 (5) 

69 (91) 

11.3 (7.0)b 

18 (24) 

2.4 (1.4) 

2 (3)d 

6.3 (7.5)f 

 

22.1 (4.6)g 

22.8 (24.9)h 

6.0 (2.1)b 

53.8 (11.8)b 

52.5 (5.7)i 

1.5 (1.6) 

59.1      

(22.7)g 

8.3 (6.1)k 

46 (61) 

 

0 (0) 

34.9 (9.3) 

7 (28) 

 

-ª 

- 

- 

- 

- 

- 

- 

- 

 

18.9 (2.1) 

19.5 (2.0) 

5.0 (1.0) 

63.8 (10.0) 

56.0 (0)j 

- 

25.5      

(6.0) 

2.4 (2.9)l 

6 (24) 

 

- 
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- Glatiramer Acetate (Copaxone) 

- Glatiramer Acetate (Glatopa) 

- IFNn B-1ª IMo (Avonex) 

- IFN B 1ª SCp (Rebif) 

- IFN B 1b SC (Betaseron/Betaferon) 

- IFN B 1b SC (Extavia) 

- Pegylated IFN 1ª (Plegridy) 

- Dimethyl fumarate (Tecfidera) 

- Fingolimod (Gilenya) 

- Teriflunomide (Aubagio) 

- Alemtuzumab (Lemtrada) 

- Mitoxantrone (Novantrone) 

- Natalizumab (Tysabri) 

- Otherq 

12 (16) 

1 (1) 

4 (5) 

5 (7) 

6 (8) 

1 (1) 

2 (3) 

9 (12) 

9 (12) 

3 (4) 

2 (3) 

1(1) 

19 (25) 

5 (7) 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

pwMS: people with multiple sclerosis, HCs healthy controls 

aNot applicable. b n=75. cGd: gadolinium. d n=68. eFLAIR: fluid-attenuated inversion recovery. 
f n=70. g n=73. h n=74. i n=71. j n=22. k n=60. l n=20. mTotal baseline disease-modifying 

treatment history. nIFN: interferon. oIM: intramuscular. pSC: subcutaneous. qHidroferol; 

Radiance study (RPC1063 versus IFN β-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. 

 

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. 

 

 

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. 

 

https://clinicaltrials.gov/ct2/show/NCT03523858
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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. 

 

 

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. 

 

 

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. 

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. f n = 9. 

gn = 42. hn = 41. i n = 39. J 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). 

 

 

 

 

 

 

 

 

 

 

 

 

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, q<0.05), lateral occipital lobe (r= −0.43, 

q<0.05), insula (r= −0.37, q<0.05), putamen (r= −0.36, q<0.05), and globus 

pallidus (r= −0.38, q<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. 



108 
 

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 number 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. 

 

9HPT Nine-Hole Peg Test, BMI body 

mass index, btw between, CV 

coefficient of variation, e-SDMT 

smartphone-based electronic Symbol 

Digit Modalities Test, FDR false 

discovery rate, SBT Static Balance 

Test, SDMT Symbol Digit Modalities 

Test, SFI speed fatigability index 
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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 number of 

correct responses was significantly associated with smaller volumes and areas of 

the cerebral white matter (r=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 (r= 0.35/0.39), superior and transverse temporal gyrus 

(r= 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 q<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 q<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 (r= 0.34; q<0.05), and between the e-SDMT maximum gap 

duration between correct responses and the volume of the superior frontal lobe 

(r= −0.37; q<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 q<0.05); visual 

areas (lateral occipital lobe [r= −0.32 to −0.47 for all measures with q<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 q<0.05); as well as a larger 

volume of the lateral ventricles (│r│= 0.38–0.45 for all measures with q<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 

q<0.05), including the thalamus (│r│= 0.35–0.43 for all measures with q<0.05) 

and hippocampus (│r│= 0.32–0.40 for all measures with q<0.05). Of note, no 

association was observed between 9HPT and either the thalamus or hippocampus 
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(both q≥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 q<0.05); and between variability of linear 

drawing velocity on the figure-of-8 and the cervical spinal cord area (r= −0.44; 

q<0.05). Additionally, better performance on overall mean trace celerity, but not 

the 9HPT, correlated with a smaller volume of the isthmus cingulate (r= −0.37; 

q<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; 

q<0.05), thalamus (r= −0.41; q<0.05), hippocampus (r= −0.45; q<0.05), and 

interestingly with a larger volume of the anterior cingulate cortex (r= 0.36, 

q<0.05). Additionally, longer gap duration between pinches was also associated 

with a smaller volume of the thalamus (r= −0.36; q<0.05), as well as being 

specifically associated with a smaller volume of the insula (r= −0.32; q<0.05), 

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

 

On the SBT, larger sway path correlated with a smaller volume of the paracentral 

lobule (r= −0.42, q<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 (r= 0.39−0.44 for correlations with 

q<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 q≥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 (R2≤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 R2 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 R2 was most noticeable for mean trace celerity (R2=0.23 vs. − 0.01), spiral 

coefficient of variation (CV) linear drawing velocity (R2=0.22 vs. 0.02), figure-of-

8 CV linear drawing velocity (R2=0.19 vs. 0.12), and double touch asynchrony 

(R2=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 

R2 score was more comparable across the two models for the standard clinical 

measure 9HPT (R2=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 (R2) 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 

R2 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).  

2MWT Two-Minute Walk Test, 

9HPT Nine-Hole Peg Test, btw 

between, CV coefficient of 

variation, EDSS 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, 

UTT U-Turn Test 
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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 smartphone282. 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 treadmill283; (2) assess pain, fatigue, 

anxiety, and QoL284; and (3) assess the feasibility of gathering passive and active 

performance data282.  

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 test282. 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 al282. 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 questionnaire284. 

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 pwMS286. 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 cognitive287-288, upper extremity function289, and 

gait domains290, despite differences in test design and features. For example, 

MSCopilot291 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 EDSS291.  



118 
 

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 study292, 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,293 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 population294. 

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 disability295.  

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 paper264, 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 



120 
 

space have been previously reported for the Draw a Shape Test296 and Walk 

Test297-298.  

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 metrics299, 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 activities221. 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 sternum239. 

 

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)302-308. Correlations were also 

observed with the volume of the primary somatosensory cortex (postcentral 

gyrus) and visual processing areas (lateral occipital lobe)303,309. 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)303-305. 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 processing310. 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 

T25FW311. With greater levels of impairment, correlations between the T25FW 

and thalamic volumes or upper cervical cord area could be expected312-313.  

 

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 processing314. 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 tremor315. 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 pronounced313,316. 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 tasks317-318. 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 R2 value in the Whole Brain 

model but a high R2 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 R2 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 R2 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 volume319. 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,320-322 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 networks323 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. 

 

  

https://clinicaltrials.gov/ct2/show/NCT03523858
https://www.isrctn.com/ISRCTN11088592
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7. CONCLUSIONS 

 

1- 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. 

 

2- 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.  

 

3- 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 thesis330 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 
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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. 

2c- 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 
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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  

• Extremely Satisfied 

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

Floodlight MS app?  

• Extremely Dissatisfied  

• Dissatisfied  

• Somewhat Dissatisfied  

• Neither Satisfied nor Dissatisfied  

• Somewhat Satisfied  

• Satisfied  

• Extremely Satisfied  

3. How satisfied or dissatisfied are you with how easy it is to put on and take 

off the smartwatch?  

• Extremely Dissatisfied  

• Dissatisfied  
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• Somewhat Dissatisfied  

• Neither Satisfied nor Dissatisfied  

• Somewhat Satisfied  

• Satisfied  

• Extremely Satisfied  

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

smartwatch?  

• Extremely Dissatisfied  

• Dissatisfied  

• Somewhat Dissatisfied  

• Neither Satisfied nor Dissatisfied  

• Somewhat Satisfied  

• Satisfied  

• Extremely Satisfied  

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

time?  

• Very Hard  

• Hard  

• Easy  

• Very Easy  

6. 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  

7. Taking all things into account, how satisfied or dissatisfied are you with 

the smartphone, smartwatch and apps?  

• Extremely Dissatisfied  

• Very Dissatisfied  

• Somewhat Dissatisfied  

• Neither Satisfied nor Dissatisfied  

• Somewhat Satisfied  

• Very Satisfied  
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• Extremely Satisfied  

8. 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.  

• Completely agree  

• Somewhat agree  

• Somewhat disagree  

• Completely disagree  

• Not sure  

9. 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.  

• Completely agree  

• Somewhat agree  

• Somewhat disagree  

• Completely disagree  

• Not sure  

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

materials?  

• Extremely Dissatisfied  

• Dissatisfied  

• Somewhat Dissatisfied  

• Neither Satisfied nor Dissatisfied  

• Somewhat Satisfied  

• Satisfied  

• Extremely Satisfied  

11. How satisfied or dissatisfied are you with the guidance from the instructor?  

• Extremely Dissatisfied  

• Dissatisfied  

• Somewhat Dissatisfied  

• Neither Satisfied nor Dissatisfied  

• Somewhat Satisfied  
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• Satisfied  

• Extremely Satisfied  

12. Does the use of smartphone, smartwatch and the active tests have any 

impact on your daily activities?  

• None  

• Minimal  

• Acceptable  

• Substantial  

• Unacceptable  

13. If you could avoid one of the components of Floodlight monitoring, which 

one would that be (check only one)?  

• None  

• Cognitive Test  

• Squeeze a Shape  

• Draw a Shape  

• Balance Test  

• U-Turn Test  

• 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. 

 

Legend: CEMCAT: Multiple Sclerosis Centre of Catalonia; GPS: Global Positioning System; HC: 

healthy control; PwMS: people with multiple sclerosis 

 

 

 

 

 

 

 

 

 

10.4 PUBLICATIONS 
 



166 
 

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. 

 

https://pubmed.ncbi.nlm.nih.gov/34515334/
https://pubmed.ncbi.nlm.nih.gov/34515334/


167 
 

 



168 
 

 



169 
 

 



170 
 

 



171 
 

 



172 
 

 



173 
 

 



174 
 

 



175 
 

 



176 
 

10.4.2 Publication N2 
 

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 J, Hauser SL, Julian L, Baker M, Schadrack J, 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. 

https://pubmed.ncbi.nlm.nih.gov/31471961/
https://pubmed.ncbi.nlm.nih.gov/31471961/
https://pubmed.ncbi.nlm.nih.gov/31471961/


177 
 

 



178 
 

 



179 
 

 



180 
 

 



181 
 

   



182 
 

  



183 
 

 



184 
 

 



185 
 

 



186 
 

 



187 
 

 



188 
 

 



189 
 

 



190 
 

 



191 
 

 



192 
 

10.4.3 Publication N3 
 

A smartphone sensor-based digital outcome assessment of multiple sclerosis. 

Montalban X, Graves J, Midaglia L, Mulero P, Julian L, Baker M, Schadrack J, 

Gossens C, Ganzetti M, Scotland A, Lipsmeier F, van Beek J, Bernasconi C, 

Belachew S, Lindemann M, Hauser SL.Mult Scler. 2022 Apr;28(4):654-664. doi: 

10.1177/13524585211028561. Epub 2021 Jul 14. 

 

 

https://pubmed.ncbi.nlm.nih.gov/34259588/


193 
 

 



194 
 

 



195 
 

 



196 
 

 



197 
 

 



198 
 

 



199 
 

 



200 
 

 



201 
 

 



202 
 

 



203 
 

 



204 
 

10.4.4 Publication N4 
 

Developing a Digital Solution for Remote Assessment in Multiple Sclerosis: From 

Concept to Software as a Medical Device. van der Walt A, Butzkueven H, Shin 

RK, Midaglia L, Capezzuto L, Lindemann M, Davies G, Butler LM, Costantino C, 

Montalban X.Brain Sci. 2021 Sep 21;11(9):1247. doi: 10.3390/brainsci11091247. 

 

 

https://pubmed.ncbi.nlm.nih.gov/34573267/
https://pubmed.ncbi.nlm.nih.gov/34573267/


205 
 

 



206 
 

 



207 
 

 



208 
 

 



209 
 

 



210 
 

 



211 
 

 



212 
 

 



213 
 

 



214 
 

 



215 
 

 



216 
 

 



217 
 

 



218 
 

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 PATHS324 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 Hospital of Giessen 
and Marburg 

Marburg, Germany  
 
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 

 

 

 

 

 

 

 

 

 

 

 

 

 

Rao et al326, 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 2020327. 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 

(n = 3852) 

Non-BMS 

(n = 4497) 

Cohen’s d 

Median (IQR) PST 49 (42–57) 

n = 3573 (92.7%) 

40 (31–47) 

n = 3880 (86.3%) 

0.82 

 

Median (IQR) CST 

2.5% 

38 (30–44) 

n = 2289 (39.4%) 

30 (20–39) 

n = 1970 (43.8%) 

0.56 

 

Median (IQR) MDT 24.4 (21.7–28.1) 

n = 3365 (87.3%) 

30.6 (26.1–36.1) 

n = 3172 (70.5%) 

0.97 

Median (IQR) WST 5.6 (4.8–6.8) 

n = 3507 (91%) 

8.3 (6.6–11.3) 

n = 3222 (71.6%) 

0.81 

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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Cohen’s d 0.53 Cohen’s d 0.69 Cohen’s d 0.84 

Cohen’s d 0.38 Cohen’s d 0.69 Cohen’s d 1.32 

Cohen’s d 0.69 Cohen’s d 1.11 Cohen’s d 2.06 

Cohen’s d 0.58 Cohen’s d 1.19 Cohen’s d 1.53 
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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 

(n = 3187/3852) 

Non-BMS 

(n = 3377/4497) 

Physical domain (%) 

    Lower extremity motor function 

Upper extremity motor function 

 

21.7 

31.6 

 

88.7 

87.3 

Non-physical domain (%) 

    Anxiety 

Depression 

Fatigue 

Emotional behavioural dyscontrol 

Sleep disturbance 

Stigma 

Cognition 

Social role satisfaction 

Positive affect and well-being 

Social role participation 

 

 

27.9 

8.2 

17.1 

24.4 

28.6 

6.9 

34.2 

23.7 

7.6 

21.6 

 

46.7 

24.8 

43.3 

37.7 

55.7 

40.0 

62.2 

69.6 

20.0 

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.  
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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)328, 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-

NQ-lower extremity 

NQ-upper extremity 

NQ-stigma 

NQ-social participation 

WST 

Employment 

NQ-social satisfaction 

MS type 

MDT 

MDT-left hand 

MDT-right hand 

NQ-fatigue 

NQ-cognition 

PST 

NQ-sleep 

Sensitivity: 0.88 

Specificity: 0.85 
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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.  

 

 

 

 

 

 

 

 

 

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

 

The main objectives of the RADAR-CNS project328 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. 

Cognition 

Stress 

Speech 

Sleep 

Mood 

Physical 

activity 

Social 

interactions 

Passive 

Active 
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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 pandemic329. 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, (e) 
total sleep duration, (f) bedtime, (g) heart rate, (h) unlock duration, (i) social app duration. Solid 
line: median; shade: 25th percentile to 75th percentile. dur: duration; WHO: World Health 
Organization. 
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