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FITBIT REMOTE-MONITORING IN MULTIPLE SCLEROSIS: 

FITriMS STUDY  

 

 

Valerie J Block  
 

 

Abstract  
 

Objective: To determine: 1) if Fitbit Flex (an activity monitor) is a valid consumer-friendly alternative to 

research-grade accelerometers (ActiGraph) for recording step count; 2) whether 4-week continuous 

activity monitoring can enhance the granularity of multiple sclerosis (MS) disability assessments; and 3) 

if 6-month continuous activity monitoring with Fitbit was a) feasible and b) showed changes in step count 

that were associated with changes in patient-reported measures.  

Methods: Participants with either progressive or relapsing MS were given a Fitbit Flex. Participants were 

excluded if they had experienced a clinical relapse within the last 30 days, had major cardiovascular or 

musculoskeletal comorbidities affecting gait or were not able to walk for at least 2 minutes with or 

without an assistive device. 1) Step count via Fitbit, ActiGraph and manual tallying were compared 

during a two-minute-walk (2MW) test (n=61), and Fitbit versus ActiGraph during 7 days in 20 

participants. 2) Fitbit step count over 4 weeks was compared to Expanded Disability Status Scale (EDSS), 

2MW and patient-reported disability (i.e. MS Walking Scale, MSWS-12) at baseline (n =80). 3) Fitbit 

step count was recorded continuously over 6 months in 50 participants and compared to the same patient-

reported outcomes at 1.5, 3 and 6 months.  

Summary of Findings: Fitbit Flex activity monitors are potential alternatives to research-grade 

accelerometers. They were found to be feasible, even for extended epochs (6 months). Fitbit tended to 

count more steps than ActiGraph, particularly when a greater total number of steps were taken per day. 

Measures indicating greater MS disability were associated with lower average daily step count but step 

count captured important variability in natural environment walking activity otherwise masked by EDSS. 

An increase in average daily step count from month 1 to 6 was associated with an increase in disability 

(MSWS-12) in people with EDSS≥4 at study entry. However, baseline average daily step count was not 
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associated with MSWS-12 scores at 6 months.  Larger studies are needed to determine if results are 

generalizable, and to assess if monitoring activity for longer durations can provide information on the 

predictive applications of continuously monitoring disease progression in MS. 
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CHAPTER 1: INTRODUCTION 

 

Ambulatory disability is one of the most frequent symptoms for people with multiple sclerosis (MS), an 

inflammatory-degenerative disease of the central nervous system.1, 2 Although valuable, standard 

disability assessments that address ambulation suffer from various limitations. Objectively measuring 

physical activity in a persons’ real-life setting may elucidate more ecologically accurate assessments 

(generalizability into free-living conditions), providing added value to current rater-based, performance-

based, and patient-reported outcomes.  

To date there are few groups that have monitored physical activity in people with MS.3, 4 Most studies 

have relied on research-designed devices (e.g. ActiGraph or StepWatch) and intermittent assessments 

(intervals of 7 +/- 3 days).5-12 Given the heterogeneity of disease progression in MS, valuable information 

may be lost in the time intervals that are not recorded. Improving future MS care requires 

individualization of treatment interventions; the value and potential limitations of individual remote 

activity monitoring with novel devices need to be assessed.  

The umbrella name for the overall study that forms the basis for this dissertation is FITbit Remote-

monitoring in Multiple Sclerosis (FITriMS). FITriMS was designed as an observational, prospective 

longitudinal study of remote step count monitoring in MS.  

Chapter 2 of this dissertation provides a review of MS and summarizes current disability assessments as 

well as their recognized limitations. A review of accelerometer-based activity monitoring devices is 

provided, introducing the criterion standard accelerometer followed by rationale for consumer-friendly 

alternatives. Chapters 3, 4 and 5 present the research examining three main aims:  

 Aim 1: to compare the number of steps recorded by a consumer-friendly activity monitor (Fitbit 

Flex) with the current criterion standard accelerometer (ActiGraph) in MS. 

 Aim 2: to assess the feasibility of using Fitbit to monitor activity (step count) for 4 continuous 

weeks, and evaluate the associations between step count measures and standard disability metrics. 
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 Aim 3: to assess the feasibility of continuous monitoring in the natural environment setting over 

longer epochs (6 months), using consumer-friendly devices, and to determine associations 

between baseline Fitbit step count (first 4 weeks) and changes in step count (over 6 months) with 

changes in patient-reported measures of disability.  

Chapter 6 summarizes the lessons learned after pursuing these aims, and proposes directions for future 

research.  



 3 

CHAPTER 2: BACKGROUND AND LITERATURE REVIEW 
 

 

Review of Multiple Sclerosis 

 

Multiple sclerosis (MS), a chronic inflammatory-demyelinating disease of the central nervous system 

(CNS), is characterized by inflammation, loss of myelin, loss of nerves cell bodies and axons and scarring 

(gliosis).13, 14 MS remains the leading non-traumatic cause of ambulatory disability in young adults in the 

developed world.14, 15  

 

Both inflammatory demyelinating attacks and underlying neurodegeneration are characteristic of MS. 

Inflammatory demyelination in MS creates lesions in the white or grey matter of the CNS, which can be 

readily observed in vivo using magnetic resonance imaging (MRI). When these occur in neuroanatomical 

areas that localize to specific symptoms, individuals with MS can experience episodes of acute worsening 

of neurological function – “relapses” or “attacks”.14, 16 Recovery from individual demyelinating episodes 

varies, with full recovery from some attacks, often earlier on in the disease course, but with permanent 

disability sustained following others. Recovery from MS relapses may result from resolution of 

inflammation and swelling, partial remyelination of lesions by myelin-forming oligodendrocytes (seen as 

shadow plaques in MRI),1 recruitment or generation of alternative or compensatory pathways 

(neuroplasticity) or a combination.17 Activation of astrocytes also causes gliosis (a form of CNS scarring), 

resulting in sclerotic “plaques.”1, 17 MS originally got its name from the multiple sclerotic plaques 

observed by early neuropathologists.  MS is also typified by a neurodegenerative process, which leads to 

insidious worsening of neurological function and episodic or progressive accumulation of disability that is 

associated with axonal loss – an aspect of the disease termed “progressive” MS. Long-term disability in 

MS is thought to result primarily from this disease progression.13 Grey matter lesions are now known to 
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play a greater role than do white matter lesions in predicting disability.18, 19 Spinal cord gray matter 

atrophy appears to be particularly predictive of progression and clinical disability in MS.20   

 

As a result of variability in patterns of active inflammation and progressive degeneration, the 2014 

Advisory Committee on Clinical Trials in MS revised and collapsed the classification of MS phenotypes 

into two main categories: relapsing and progressive MS.21 The form of relapsing MS that used to be 

called relapsing remitting MS (RRMS) is characterized by discrete attacks (relapses), the radiological 

correlate of which are white matter lesions (plaques) on MRI, followed by gradual remission, which may 

be incomplete. Primary or secondary (i.e. after an initial period of relapsing MS) forms of progressive MS 

is characterized by insidious accumulation of neurological disability over time from neurodegeneration 

that is not associated with relapse activity or white matter lesions on MRI.14 Within these phenotypes, 

patients can experience great heterogeneity of disease course; someone might have 2 relapses randomly 

spaced in a 12-month period or be relapse free for several years. If neither inflammation nor progression 

is present, the disease is defined as “stable”.21 

 

Etiology and Disease Modifying Treatments  

Both genetic and environmental factors contribute to MS susceptibility. The importance of genetic factors 

is supported by evidence of MS risk within families; if no family member is affected there is a 1/1000 risk 

of developing the disease, whereas someone who has a direct family member with MS has a ~1/25 risk, 

which increases to 1/3 if the person has an identical twin affected by the disease.14 The most important 

genetic risk is the HLA-DRB1 gene in the class II region of the major histocompatibility complex (MHC; 

6p21.3).1, 22 However, the observation that even monozygotic (i.e. “identical”) twins who share the same 

DNA sequences only have a ~1/3 concordance for MS risk demonstrates the importance of environmental 

factors in genetically susceptible people for MS vulnerability.23 Environmental factors include living 

further from the equator in childhood, low vitamin D status, associations with Epstein-Barr virus in 

prepubescent years and cigarette smoking.2 The primary environmental triggers and gene-environment 
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interactions remain elusive, and this continues to be an intense area of research in MS. MS affects more 

women than men (3:1), and first diagnosis is generally between 20 and 40 years of age.1  

 

The first disease modifying treatment (DMT) for use in MS – interferon beta-1B – was licensed by the 

Food and Drug Administration (FDA) in 1993. There are now several FDA approved DMTs for relapsing 

MS, with delivery systems including injections, oral medications and intravenous infusions. Essentially 

all DMTs work by suppressing harmful inflammation. To date, the pathogenesis of progressive MS 

remains poorly understood, and there are no FDA approved therapies for progressive phenotypes of MS 

(although ocrelizumab, a CD20 antibody that depletes B cells, was granted a “Breakthrough Therapy 

Designation” by the FDA and may well be approved for use in progressive MS by the end of 2016)24. MS 

treatment in the future is also likely to include reparative, regenerative and neuroprotective therapies in 

addition to immune treatments. Rehabilitative and symptom therapies are also a cornerstone of MS 

management.  

 

MS Symptoms   

People with MS can experience a range of symptoms that negatively affect quality of life, mobility, and 

autonomy.25 The World Health Organization’s International Classification of Function (ICF) models the 

link between the pathology of MS and dysfunctional walking or mobility via body function impairments 

that limit activities like walking and participation that involves mobility.26 Table 1 lists the main clinical 

symptoms present in MS alongside possible secondary impairments (also called body function 

impairments in the ICF terminology) and activity limitations that may ensue. Examples of validated 

clinic-based and patient-reported outcome measures to evaluate the symptoms and limitations are also 

presented in Table 1. Demyelination and axon loss resulting from the inflammatory pathology can occur 

in multiple CNS regions including the cerebellar, pyramidal and spinal/dorsal column pathways.1, 26 

Different locations of CNS lesions can cause impaired motor, sensory and cognitive function, as well as 

visual deficits that result in changes in parameters of gait and gait kinematics (cadence, velocity, base of 

support, double support and step length).27-31 Gait no longer reflects the smooth, efficient symmetry seen 
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in healthy adults, and vertical displacement of the center of mass is altered during stepping (which can be 

detected by force and motion capture systems).32 Of note, an increase in falls, fear of falling and fall risk 

accompanies these changes, all of which are associated with a decrease in physical activity levels.33, 34 

Potential disturbances in balance due to cerebellar dysfunction, vestibular dysfunction, motor symptoms 

(ataxia, weakness or spasticity) or sensory impairments16 further impact physical activity in people with 

MS.  

 

Disability Assessments   

 
Walking (ambulation) has been identified as the primary form of physical activity performed by people 

with MS3 and is cited by patients as one of the most important activities affected by disease and disability 

progression.3, 35 Thus, measuring ambulation is critical to the assessment of disability in this population. 

However, measuring ambulation, physical activity and disability in MS can be challenging, and 

interpretation of results depends on measures being reliable, valid and responsive to change.36 In the 

clinic, physical activity including ambulation are assessed using a variety of performance outcomes in a 

controlled environment.36 The Kurtzke Expanded Disability Status Scale (EDSS) is the most frequently 

applied rater-based scale used to categorize MS disability in neurological assessments and clinical trials. 

It is a composite scale based on the Functional Systems Status (FSS), which divides CNS impairments 

into 8 functional systems (pyramidal, cerebellar, brainstem, sensory, bowel and bladder, visual, cerebral 

and other).37 Scored disability levels range from 0 = no disability to 10 = death due to MS. For scores > 

6.5 (constant bilateral assistance - canes, crutch or brace needed to walk 100 meters) the person is 

essentially wheelchair bound and unable to walk beyond 5 meters, even with an aid.37 The EDSS has been 

criticized on several counts, including having limited responsiveness and restricted ability to capture 

ambulatory differences within each disability level.38 For instance, those designated at level 6 

(intermittent or constant unilateral assistance required to walk about 100 meters) could be essentially 

inactive in their natural environment, outside of the clinic setting. Alternatively others could have 
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extensive activity including ambulatory ability with their assistive devices, and be fully autonomous and 

mobile in their community. Environmental factors and other patient variables can affect walking distance 

on a day-to-day (or hour-to-hour) basis, which could lead to erroneous interpretation of disability level 

and prediction of disease progression.  

Performance-based measures in the clinic can help quantify walking performance in MS. Commonly used 

objective measures include the Timed 25-foot Walking test (T25FW)39, the 2-Minute Walk (2MW) test40, 

and the Timed Up and Go (TUG)41.  

 The T25FW is a commonly used clinical performance-based measure that assesses walking speed 

over a distance of 25 feet (similar to the 10-meter walk test). It is one of three measures forming 

the Multiple Sclerosis Functional Composite (MSFC) and research has provided evidence of 

good reliability, reproducibility42-45 and strong associations with the EDSS.3, 36 The T25FW is 

often used as a criterion for walking ability with a 20% change correlating with patient perceived 

and clinically visible disability progression.43 Despite its utility, the T25FW has notable floor and 

ceiling effects that decrease its sensitivity for people at the extremes of ambulatory impairment. 

The T25FW provides a several-second snapshot of information about mobility and speed in the 

clinical or laboratory environment.  

 The TUG test measures the time taken to rise from a chair, walk for 3 meters, turn around, walk 

back to the chair and sit down again, and has been associated with balance, walking ability, and 

fall risk in MS.46 Clinical studies often use this measure because it has been correlated with 

timed-walk tests and has high test-retest reliability (Intra-class correlation coefficient (ICC) = 

0.97).47 Additionally, the TUG provides enhanced appraisal of independence for daily skills, such 

as standing up, sitting down and turning (activities associated with balance and fall risk).46 

However, in people with lower disability (EDSS ≤ 4), correlations with other timed walked tests 

are weaker, and it still only provides a glimpse of the person’s function in a controlled setting.36  

 The 2MW test is heralded as a measure of walking endurance,36 and provides a shorter alternative 

to the 6-minute Walk (6MW) test, which has been validated in MS and correlates with the EDSS 

and a patient-reported measure of walking (12-Item Multiple Sclerosis Walking Scale, MSWS-
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12).48, 49 Gijbels et al.50 reported an excellent correlation of the 2MW with the 6MW test (r = 0.97, 

p < 0.01). Although they endorsed the 2MW, authors cautioned that for people with higher 

functioning, this measure distinguishes differences in walking capacity/ speed (over a longer 

distance than the T25FW) rather than challenging people enough to assess endurance and motor 

fatigue.50, 51 In other populations (i.e. respiratory conditions52) the 2MW is favored due to its 

reduced patient burden and increased feasibility.36 The majority of people with MS suffer from 

fatigue2, 16 and participants with greater disability (higher EDSS scores) may not be able to sustain 

6 minutes of continuous walking.51, 53 Therefore, investigators may choose to use the 2MW to be 

more inclusive of people with a wide range of MS-related disability.  

 

Limitations of Current Disability Assessments 

The main limitation of these controlled tests used in clinic-based settings lies in the lack of “ecological 

validity”28 (generalizability into free-living conditions) and translation into the everyday functioning of 

the person with MS in his or her home-environment. To better understand the impact of MS-related 

symptoms in the patient’s home and community from the patient’s perspective, patient-reported measures 

are frequently added to performance-based measures. 

The MSWS-12 is a patient-reported assessment of how MS affects walking ability during daily life over 

the last two weeks, and is touted as a highly valid measure of walking ability in the community.54 

Nevertheless, patient-reported measures are subjective, depend on memory (in a population with 

prevalence of cognitive impairments1) and are influenced by currently perceived deficits (that may be 

affected by depression or fluctuation of symptoms).55 Additionally, patient-reported outcomes do not 

always match the clinic performance-based measures.56 Paradoxically, patients may perceive disability to 

worsen, even when performance-based measures show improvement.56  
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Objective Measures of Ambulatory Disability  

 
To overcome the problems with patient-reported and performance-based measures, researchers have 

increasingly examined physical activity in the natural environment. Physical activity is defined as “any 

bodily movement produced by skeletal muscles requiring energy expenditure above resting levels”57 

including mild forms of activities such as walking, gardening or cooking. Decreased physical activity 

levels compared to healthy controls can occur as primary consequences of MS inflammatory lesions or as 

comorbidities resulting from secondary deconditioning.58-61 Decreased physical activity can further lead to 

additional problems: in the general population it has detrimental and escalating effects as a result of 

general deconditioning,62 and literature cites greater incidence of depression,63, 64 reduced quality of life,65 

and cardio-pulmonary disorders52, 66, 67 due to inactivity. A growing body of research provides evidence of 

similarly harmful effects of inactivity in MS. 62, 68-70Age and sex-matched control studies consistently 

reveal that people with MS are less physically active than individuals without MS.6, 10, 11, 58, 60, 71-77 This 

may be partially due to outdated recommendations not to partake in physical activity, as anecdotal reports 

suggested an increase in relapse rate and exacerbation of symptoms with exercise.78 Physical activity is 

now known to have beneficial effects on many symptoms of MS, including fatigue, depression79 and 

muscle weakness (due to deconditioning).78 Such evidence prompts increasing interest in guidelines to 

promote physical activity for overall health, disease management and as a treatment intervention.66  

 

Remote Physical Activity Monitoring in Neurological Disease 

Devices using pedometers, accelerometers and gyroscopes to measure long-term physical activity in 

patients’ natural environment have gained traction over the past decade, with a growing number of 

clinical trials in neurological populations.80-83 Accelerometers have been recognized as a gold standard for 

remotely recording walking behavior for people with neurological conditions,26, 84 since they capture the 

altered gait kinematics and spatiotemporal gait parameters associated with CNS lesions (including altered 
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vertical and horizontal center of mass displacement during ambulation).3, 32 A systematic review evaluated 

the current state of remote activity monitoring (for ≥24 hours) in adults with major neurological diagnoses 

(Supplementary document - i).4 The review identified gaps in the literature and characterized lessons 

learnt within neurological disorders that could be applied across diagnoses. Results highlighted the 

feasibility of remote physical activity monitoring using a variety of research-grade accelerometers, even 

in populations with cognitive impairments. Many different variables were used as outcomes for 

measuring physical activity, most commonly defined as step or activity counts from accelerometers. 

Other lessons included the use of accelerometry for detection of upper extremity recovery in post-stroke 

populations. Upper limb function is frequently impaired in people with MS, yet of 61 studies identified in 

this population, only one focused on upper extremity movement for physical activity while the others 

measured walking. Notably, few studies using remote activity monitoring as an intervention tool were 

identified. However, results support the potential advantages of monitoring activity levels, rehabilitative 

interventions and recovery of patients in their everyday environment with minimal invasiveness.4 

 

Remote Physical Activity Monitoring in MS 

One of the first studies to establish the relationship between accelerometry output and ambulatory 

impairment reported that an accelerometer (TriTrac R3D) attached to the participant’s waist over a 7 day 

period was capable of differentiating between lower physical activity levels in people with MS and 

matched healthy controls.85 Subsequent studies in people with MS examined differences in the day of the 

week and minimum number of days of monitoring needed to yield adequate reliability statistics.86 Seven 

days of physical activity monitoring produced an Interclass Correlations Coefficient (ICC) of 0.93, and a 

3 day period yielded an ICC of 0.80, with no difference noted in the days of the week (week days or 

weekend days) utilized.86  

Despite the range in commercially available accelerometers (Table 2), over 75% of remotely monitored 

studies in MS (with accelerometry for ≥ 24 hours) used the ActiGraph.4 The ActiGraph has been 

calibrated against force platforms and correlated with vertical body accelerations during ambulation,87 and 

has been validated repeatedly for ambulation and walking behavior in MS.5, 11, 27, 60, 88-90 Raw data 
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regarding acceleration and deceleration of the unit are converted by the internal mechanism of the 

accelerometer (vertical axis piezoelectric blender element) that generates an electrical signal relative to 

the forces acting on it. The signals are then digitized by an analog-to-digital converter and integrated over 

an epoch (sampling window – usually of 1 minute). Acceleration per unit time is equivalent to activity 

counts per unit time, and the ActiGraph software uses a predetermined algorithm to calculate the 

corresponding step count, interpreted as overall walking behavior in the natural environment 

environment.26, 28, 91 The data are transmitted wirelessly to researchers; in most models, the data are not 

available to the wearer of the device. The number of steps/day was identified as a valid measure of 

ambulation in people with MS, and correlated with the EDSS, performance-based measures in the clinic 

(T25FW) and patient-reported outcomes (MSWS-12).51, 92 To detect a change in free-living walking 

behavior, Motl et al.60 estimated a minimal clinically important difference of ~800 steps/day in a large 

sample (n=786) of people with mild disability from MS. Associations between step count and disease 

duration, MS type, weight, employment status and marital status have also been documented.  

 

Limitations of Current Accelerometry-based Remote Activity Monitoring 

Low adherence, if present, could affect data quality.3 Research accelerometer-based devices were not 

designed as consumer wearables, and can be inconvenient or undesirable as a fashion accessory. They are 

expensive for use in large longer-term studies (~$1800 for the software + $200-300 per monitor), and 

most models only allow the researcher to have immediate access to the data. The differences in baseline 

data (average physical activity over 7 days) and at week 1 of an internet-based intervention study were 

detected, suggesting reactivity of baseline measures.59 Reactivity is defined as a transient increase in 

physical activity due to the initial donning of a physical activity monitor. This reactivity may 

inadvertently confound any associations with other measures, since part of the effect is from wearing the 

device.59 Another potential limitation is the challenge of comparing measures between devices. Although 

the internal mechanisms are designed to measure the acceleration and deceleration in g-force, the output 

from most accelerometers is reported as dimensionless units “counts” or “steps”, which are not 

necessarily interchangable.93  
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New technological advancements of wearable physical activity monitors94, 95 targets a much larger 

audience, promoting general health as well as research goals.96 These commercial devices are designed 

for appearance and consumer interaction, allowing constant monitoring (across sleeping, walking, 

running, showering) while continually syncing data wirelessly to the Internet in real time.97, 98 Everyday 

technology incorporating accelerometers, including new smart phone applications, have been designed to 

record a multitude of metrics for a variety of health related conditions (i.e. cardiovascular, physical 

activity, obesity, calories burnt, sleeping patterns). For example, the Apple ResearchKit 

(www.apple.com) boasts a large number of users (over 10,000 in one day signed up for an early 

cardiovascular study), and provides the potential for huge cohorts to be studied.99 Another iPhone-based 

study (mPower) signed up 9,520 people with Parkinson’s disease, a sample size that overshadows many 

conventional research trials, except that fewer than 10% of the participants provided ≥5 days of data.100 In 

addition to poor adherence, people without the health condition being studied could sign up, which 

would, in turn, confound results.101 Moreover, many devices have not been clinically tested in 

neurological populations.  

 

Alternative Consumer-based Remote Activity Monitoring  

A series of popular wearable accelerometer-based monitors are produced by Fitbit® (Fitbit Inc., San 

Francisco, CA, USA). Fitbit One (generally clipped onto clothing) has been assessed in healthy adults as 

a valid measure of step count during treadmill walking.102 A recent study in MS evaluated the step count 

accuracy between various commercially available motion sensors (e.g. Health by Apple, Fitbit Flex and 

Fitbit One, UP2 by Jawbone and a Digi-Walker pedometer).103 The Fitbit One (waist worn) was found to 

be the most precise step counting device during treadmill walking in people with MS who did not need an 

assistive device to walk (EDSS<5.5). An online MS patient network leveraged the ability to remotely 

monitor activity using Fitbit One measures of step count and associations with patient-reported 

outcomes.104 However, in this study participants self-reported MS diagnosis and phenotype.104 
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The Fitbit Zip (also clipped onto clothing, but a cheaper model) was compared to an ActiGraph GT3X 

accelerometer and a Yamax CW700 pedometer in a study of 42 healthy adults who were asked to wear all 

3 devices for 7 days in their home environment.105 Results demonstrated high correlation between the 

devices, and the authors concluded that the Fitbit Zip is a valid measure of free-living physical activity. 

Although caution was advised against integrating the two device outcomes due to higher step count 

recorded by the Fitbit Zip,105 the Bland-Altman plots revealed no systematic differences.  

The Fitbit Flex is a slightly newer model that has the accelerometer concealed within a discreet device 

that can be worn within a bracelet around the wrist.106 The Fitbit Flex can be worn at all times (even when 

sleeping or in the shower), therefore adherence is more likely. It only needs to be removed to recharge the 

battery, roughly once a week. The device relies on a tri-axial accelerometer, turning acceleration and 

deceleration into digital measures. The various models, depending on body-wear location, incorporate 

different algorithms (not available) to convert device movements into “step count”.106 Walking consists of 

a cyclical pattern of accelerations and decelerations of the limbs compounded by acceleration and 

deceleration of the body as locomotion occurs. Movement is transformed by the accelerometer into 

cyclical electrical signals algorithmically converted and reported as “step count” even though the device 

is worn on the wrist.106 Wearing the Fitbit Flex on the wrist as opposed to the waist (like other models of 

Fitbit and most studies using ActiGraph) increases the potential for measuring different aspects of body 

movement. Researchers have compared waist and wrist worn accelerometers (ActiGraph GT1M) in 81 

healthy adults over 24 hours to determine cut points and algorithms and the reliability of detecting 

activity versus sleep.107 Although the wrist worn accelerometer cut points were higher than those at the 

waist, the use of specific algorithms resulted in “good power for accurate separation” of rest and activity 

with both placements.107 A recent study monitoring physical activity in persons with cardiac disease 

compared the Fitbit Flex to an ActiGraph accelerometer.108 The Fitbit was found to have high sensitivity 

and specificity for categorizing people who reached recommended physical activity levels (10,000 

steps/day) compared to those that fell short of this target.108 Authors determined the Fitbit to be useful for 

continuously monitoring patients in cardiac rehabilitation, allowing for accurate assessment for the 

“attainment of physical activity guideline recommendations.” However, caution was advised for use in 
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research due to the observed over-estimation of steps counted by the Fitbit compared to the ActiGraph. 

The Fitbit Flex is specifically designed for the wrist, and incorporates algorithms to convert device 

movements into “step count”.106 Although waist worn models may potentially have superior accuracy for 

absolute step count in a clinical setting;103 there is greater long-term practicality for continuous and 

discrete wear of a device around the wrist rather than having to remember to don and doff a clip-on or 

belted device every day.  

 

Specific Aims for Dissertation Study 
 
 

The overarching goal for the studies presented in this dissertation is to determine whether long-term, 

continuous physical activity monitoring in MS will provide better resolution of changes in physical 

activity and improve characterization of real-life ambulatory disability levels. Three specific aims were 

developed to meet this goal. The subsequent chapters of this dissertation illustrate the sequential studies 

performed to examine the three specific aims.  

The first study, Aim 1 (Chapter 3), sought to determine the suitability of Fitbit Flex as a cost-effective 

commercially available alternative to a frequently used research monitor (ActiGraph, model GT3X) for 

remote physical activity monitoring in people with MS. Additionally, this study aimed to evaluate the 

potential effect of reactivity when donning a new activity monitor. To our knowledge, this study was the 

first to examine the associations of the Fitbit Flex to the current criterion standard accelerometer in a 

physician-phenotyped cohort of people with MS.  

The second study, Aim 2 (Chapter 4), sought to determine the feasibility of measuring ambulatory 

activity over 4 weeks of continuous monitoring in people with MS using a consumer-friendly device 

(Fitbit Flex), and to evaluate associations with performance-based and patient-reported MS disability 

measures obtained in clinic. This study was unique in both the rigorous identification and evaluation of 

the phenotypes and diagnosis of MS. Although moderate to strong associations have been observed 

between disability and accelerometry data (ActiGraph activity and step counts),5, 76, 109 this has not yet 

been assessed using consumer-friendly accelerometer-based wearables (i.e. Fitbit Flex) in MS.  
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The third study, Aim 3 (Chapter 5) sought to advance the current literature of sporadic assessments, 

examining step count over 24 weeks of monitoring (predetermined epochs) and any association with 

changes in patient-reported disability. Additionally, this analysis sought to determine if baseline step 

count (average daily step count) was associated with changes in patient-reported walking disability at 24 

weeks.  
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Ethical considerations 

 

The study protocol was approved by the UCSF Committee on Human Research (CHR), and was 
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Portability and Accountability Act (HIPAA) permissions per UCSF Institutional Review Board (IRB) 

guidelines. All key study personnel completed human subjects research protection training (Collaborative 
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CHAPTER 3: VALIDATING METRICS: COMPARING 
RESEARCH AND CONSUMER-GRADE ACCELEROMETERS 
IN PEOPLE WITH MULTIPLE SCLEROSIS 
 
 

ABSTRACT 

Objective: To determine the validity of Fitbit Flex as an economical, consumer-friendly alternative to a 

commonly used research-grade activity monitor (ActiGraph) for documenting long-term activity in 

people with multiple sclerosis (MS). We also sought to evaluate the potential effect of reactivity when 

introducing a novel activity monitor. 

Design: Two-stage comparison of accelerometer-based activity monitors.  

Setting: Clinical and home-environment settings. 

Participants: Sixty-one participants for in-clinic validation during a two-minute-walk (2MW) test, and 

twenty participants for 7-day home validation after the Fitbit Flex had been worn for 3 months.  

Interventions: Not applicable. 

Main Outcome Measure(s): Step (activity) count as recorded manually, by ActiGraph and Fitbit Flex 

during a 2MW, and as recorded by ActiGraph and Fitbit Flex over a 7-day period. 

Results: Bland-Altman plots showed no systematic difference between manual and Fitbit Flex steps 

counted during 2MW tests. Compared to manual counting, ActiGraph tended to under-record steps at 

lower step counts, and Fitbit counted more steps than ActiGraph in the same range. The interclass 

correlation coefficient (ICC) was 0.59 with an average of 6 steps more for Fitbit versus ActiGraph. 

During 7-days of home monitoring, moderately high ICC was found between Fitbit and ActiGraph (0.76). 

However, Fitbit did count more steps (1132 steps/day) than ActiGraph on average. The difference 

between step counts recorded by the two measuring devices was greater for people who walked >3000 

steps per day. ActiGraph use was less than Fitbit use over the 7 days: 91% vs. 96% wear-time. No 

reactivity was observed.  
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Conclusions: Economical, consumer-friendly accelerometers (Fitbit Flex) are potential alternatives to 

research-grade accelerometers for longer-term remote activity monitoring in large cohorts. Differences in 

total step count can make comparisons of numerical step counts between device types challenging 

although moderately high correlation indicates that overall trends are fairly comparable. 
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INTRODUCTION  
 

Multiple sclerosis (MS) is an inflammatory-demyelinating disease of the central nervous system (CNS) 

that frequently causes ambulatory disability1, 2 and low levels of physical activity in people with MS.3-10 

Physical deconditioning can amplify already disabling symptoms and increase risk of comorbidities such 

as cardiovascular disease.11, 12 Objectively measuring physical activity in the natural environment, e.g., 

remote monitoring with wearable devices, can be useful for documenting patient status in clinical care or 

as an outcome measure for clinical trials.13, 14  

 

Unlike rater-based, clinical performance-based measures, or patient-reported measures, remote activity 

monitoring records the amount of activity a person actually performs, rather than what a person is capable 

of doing in a single session or remembers doing in the past. Accelerometer-derived daily step and activity 

counts (measured over 5-8 days) correlate moderately to strongly with rater-based disability metrics, 

performance-based measures and patient-reported outcomes in people with MS.15-18 In a recent systematic 

review, 75% of 61 articles reporting on ≥ 24 hours of continuous remote physical activity monitoring in 

MS used step/activity counts from ActiGraph accelerometers.19 However, research-grade monitors can be 

impractical for longer-term use in large trials due to expense and inconvenience to consumers. Moreover, 

sporadic assessment (~7 days at a time) suffers from potential reactivity bias, defined as a temporary 

increase in physical activity when donning a novel activity-monitoring device.14, 20  

 

Longer-term monitoring could potentially be achieved using more economical, consumer-friendly remote 

activity monitoring devices, which many patients already elect to wear for fitness or self-monitoring.21, 22 

One example, the Fitbit® Flex (Fitbit Inc., San Francisco, CA, USA), uses signal outputs from a tri-axial 

accelerometer to convert acceleration and deceleration movements into step count.23 In healthy adults, 

many such devices have been validated during treadmill training and in the home environment (over 7 

days) as accurate measures of step count,24-27 but to our knowledge no papers yet report comparing a Fitbit 

device to another standard device in people with MS.  
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We sought to determine the validity of Fitbit Flex as an economical, consumer-friendly alternative to a 

commonly used research-grade activity monitor (ActiGraph) for remote activity monitoring in people 

with MS. We also sought to evaluate the potential effect of reactivity when introducing a novel activity 

monitor. 

 

 

METHODS 

 

Participants  

 

We recruited a prospective cohort of participants with relapsing or progressive forms of MS from a 

university MS clinic between July 2015 and April 2016. The inclusion criteria were: 1) a definite 

diagnosis of MS, defined by 2010 International Panel criteria28; 2) age ≥18 years of age; 3) ability to walk 

for at least two minutes with or without an assistive device; 4) relapse free for at least 30 days prior to 

study entry; 5) have Wi-Fi Internet access and the ability to follow instructions for technology 

maintenance. Participants were excluded if they had major musculoskeletal, cardiovascular or respiratory 

comorbidities that could interfere with physical activity and potentially bias or obscure results. The 

definition of the 2014 Advisory Committee on Clinical Trials in MS Committee was employed for the 

characterization of relapsing and progressive MS phenotypes.29 The UCSF Institutional Review Board 

approved the study protocol. All participants provided written informed consent obtained electronically.   

 

Study Procedures  

 

Participants were given a Fitbit Flex upon study entry and a researcher assisted in the set-up and provided 

training for maintenance of the device. Participants were instructed not to change their normal daily 

activities or routine and to wear the device on their non-dominant wrist as much as possible. Replacement 
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devices were provided at no cost to participants if devices were lost. The device step count “goal” was 

initially programmed at 500 steps/day to mitigate any potential effects of motivation on levels of physical 

activity. Participants were educated on changing these targets as desired; data collection procedures were 

not affected by goal setting.  

 

The Health eHeart Study clinical research platform was used for electronic consent and remote Fitbit data 

collection. Participants gave authorization to link their Fitbit accounts with the Health eHeart platform 

and for the study to recover data for research purposes. The Health eHeart database routinely collected 

and stored the Fitbit data through an application-programming interface.  

 

Investigators evaluated disability and ambulation using the following validated clinic-based measures: 

• EDSS30: MS neurologists trained in EDSS evaluation assessed participants at study entry.  

• 2-Minute Walk (2MW) test 31: The 2MW test is a valid alternative for the longer 6-Minute Walk 

test commonly used in research to evaluate endurance.32 We chose the 2MW for this study for 

efficiency and to be as inclusive as possible for a wide range of disability levels (i.e., including those 

whose fatigue may restrict them from completing the longer 6MW test). Instructions were to “cover 

as much ground as possible over 2-minutes”, and the outcome was recorded as the total distance in 

meters. Rest breaks were given as needed.  

 

Step count measurement techniques included:   

• ActiGraph GT3X (Manufacturing Technology, Inc., FL, USA)--The ActiGraph, worn on a strap 

around the waist, contains a triaxial accelerometer and is validated as a measure of walking behavior 

in people with MS.33, 34 Signals generated by acceleration and deceleration of the device are digitized 

by an analog-to-digital converter and integrated over an epoch. For this study the accelerometer 

signals were set at 30 Hz and 10-second epochs. The data were retrieved from the ActiGraph via a 

direct USB 2.0 connection and downloaded using ActiLife v6.13.2 software. The battery life is 10-14 

days. 
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• Fitbit Flex--A tri-axial accelerometer within a discreet bracelet around the wrist.23 The main 

outcome metric is steps per epoch (i.e. minute or day). The device is wirelessly able to synchronize 

with a smartphone application (via Bluetooth) or an application installed on a computer (via a USB 

dongle). The device can be worn at all times (including in the shower) and has a battery life of 7-10 

days. 

• Manual Step counting--Research personnel manually counted the actual steps taken by the 

participant during a 2MW test.  

 

Clinic-based Validation (controlled setting): Comparing number of steps recorded via manual counting, 

ActiGraph and Fitbit during 2MW test. Participants wore the Fitbit on their non-dominant wrist and the 

ActiGraph around their waist at the non-dominant hip. For quality control (initial examination showed 

varying time-stamps between devices), participants were asked to stand still for about 1 minute before and 

after the walking test.  

 

Home-environment Validation (ecological setting): Comparing ActiGraph and Fitbit total daily step 

count over 7 days. Participants who had completed at least 3 months of continuous Fitbit monitoring were 

invited to participate in the home validation portion of the study. Participants were mailed a package 

containing the following: 1) a fully charged and activated ActiGraph accelerometer (set to record for 10 

days); 2) instructions; and 3) a pre-paid envelope to return the ActiGraph at the end of the monitoring 

period. An electronic message was also sent with detailed instructions and a reminder to continue wearing 

their Fitbit simultaneously. Participants completed a questionnaire about their neurological status.  

 

For the ActiGraph, validation of wear time was generated using 60-second epochs.35 At least 3 days of 

ActiGraph data were needed for comparative assessment.36 For the Fitbit, days in which fewer than 300 

steps were recorded were excluded from analysis. The threshold of 300 steps was made based on 

inspection of our raw data and observed daily step count ranges in previous studies in MS.3, 37  

 



	 30	

 

Statistical analysis  

 

Interclass correlation coefficients (ICC) with 95% confidence intervals were calculated to determine 

correlations between all measures of step count in both clinic-based and home-environment validations. 

The Bland-Altman approach was used to compare step count among the 3 measurement techniques in the 

clinic and both accelerometers in the home-environment.38 Two-sample t-tests assuming equal variance 

among dichotomous variables (sex (female v. male), age group (≤50 vs. >50), or disease subtype 

(progressive vs. relapsing)) were performed to determine if potential covariates were associated with the 

difference between the ActiGraph and Fitbit step count.   

 

For the ActiGraph and Fitbit in the home-environment, a mixed effects regression model was used to 

compare differences in daily steps between the two measures. Subject ID was included as a random 

variable to take into account the difference between the individuals. Graphical representations of minute-

by-minute step count were generated to visually compare activity as recorded by ActiGraph and Fitbit. 

Reactivity was assessed by examining the change in average daily step count (via Fitbit) over the 3 weeks 

prior to use of the ActiGraph, compared to the week when both devices were worn and the 3 weeks 

following.  We used visual inspection of graphs, and an ANOVA test for the Fitbit average daily step 

count the week before, during and after ActiGraph 7-day wear.  

 

 

Statistics were calculated and figures generated using R39 software (with several R-packages: for 

graphs:‘ggplot2’40, for data analysis and processing: ‘dplyr’41 and ‘tidyr’42). A p-value <0.05 was 

considered significant.  
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RESULTS 

 

Sixty-one participants were evaluated for the clinic-based comparison of measurement techniques (Table 

1A), and 21 participants were invited to participate in the home validation (Table 1B). One participant 

was excluded from the home validation analysis for not wearing the ActiGraph at all during the 7 days.  

 

Clinic-based Validation: Table 2 displays the ICC values between the 3 step-counting methods, and the 

average difference in step count during the 2MW test. Bland-Altman plots (Figure 1) showed no 

systematic bias between manual and Fitbit Flex over the range of steps counted during the 2MW (Figure 

1- A). Compared to manual counting, ActiGraph tended to under-record steps at lower step counts (Figure 

1- B), and Fitbit counted more steps than ActiGraph in the same range (Figure 1- C). The difference 

between ActiGraph and Fitbit step counts was similar between sex, disease subtype, and age group (no p 

value <0.05) (Supplementary Figure S-1) 

 

Home-environment Validation: Twenty participants returned ActiGraphs with at least 3 days of valid 

wear-time data (>8 hours valid wear time). The average number of days that participants used the 

ActiGraph was 6.4/ 7 days (91%) compared to 6.8 /7 days (96%) for the Fitbit over the same period. 

Daily graphical representations of ActiGraph and Fitbit steps per minute were inspected to estimate any 

obvious differences in wear-time or activity recorded between the devices (Supplementary Figure S-3).  

ICC was 0.78 (95% Confidence Interval (CI) = 0.69, 0.84) between the ActiGraph and the Fitbit over 7 

days of monitoring. Bland-Altman plots showed greater number of steps per day recorded by Fitbit than 

ActiGraph, increasing with more steps taken per day (Figure 2). Fitbit recorded on average 1132 daily 

steps more than ActiGraph (95% CI: 500 - 1763 steps, p<0.01). For daily step counts < 3000 steps per 

day the mean difference was ~ 70 steps, whereas for daily steps > 3000 the mean difference was ~2400 

steps (cut off from ranges observed in Figure 2). 

Potential covariates such as age, sex and disease duration were tested but not found to have a significant 

impact and were excluded from the linear mixed effects model.  
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Differences were seen in people with and without an assistive device. A significantly greater difference in 

steps was recorded via Fitbit for people with EDSS ≥ 6, showing they took ~4500 steps less than people 

with EDSS<6 (p<0.01), whereas a more modest yet similar trend was seen with the ActiGraph (~2000 

steps difference between groups, p<0.01). Based on the data and our fitted model, we estimate differences 

between Fitbit and ActiGraph increase at a rate of approximately 370 steps (95% CI: 290 - 440) for every 

1000 additional Fitbit-recorded steps daily. 

Reactivity was compared by examining Fitbit step count activity level when introducing the ActiGraph. 

There was no reactivity observed via visual inspection (Supplementary Figure S-2) nor with ANOVA (F-

value 0.322, p =0.727) for the week prior, during and after donning of the ActiGraph.  

 

 

DISCUSSION   
 

 

Clinic-based Fitbit Flex, ActiGraph and manual step counting were correlated in this study of well-

phenotyped patients with MS. However, ActiGraph tended to undercount steps compared to manual 

counting when the number of steps taken during a standardized walk test (2MW) were low, and Fitbit 

counted more steps than ActiGraph in the same range. Step counts recorded by the Fitbit Flex and 

ActiGraph were correlated in the home environment over 7 days of continuous monitoring, but the Fitbit 

counted more steps than the ActiGraph as the number of steps taken per day increased. 

 

The moderate-to-high ICCs observed in the present study imply a robust level of agreement between all 

three measures during the 2MW. Notably, our Bland-Atman plot findings corroborate previous reports, 

where ActiGraph GT3X under-recorded steps at slower walking speeds.26, 43, 44 In a previous study of 63 

people with MS performing a modified 6-Minute Walk Test at three different walking speeds, steps were 

measured using manual step count and two accelerometers (ActiGraph model GT3X+ and the StepWatch 

activity monitor).43 High accuracy was observed for both accelerometers with the fast and comfortable 
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walking speeds, however, at slower speeds (mean (SD): 0.76 (0.27) m/s) the ActiGraph tended to under-

record steps taken (~10% less), particularly in people with severe ambulatory disability.43 This bias 

indicates that researchers should exercise care when choosing a device to evaluate step count in a sample 

that includes people with slower gait and severe disability.   

 

In contrast, during home-environment monitoring, the more steps taken per day, the larger the difference 

between the steps recorded. This trend was specifically noted in ranges over 3000 steps per day. Future 

studies are needed to confirm this observation when evaluating reasons for discrepancies in step count 

between devices. In the EDSS<6 group, differences in step counts measured over the seven days were 

~370 (95% CI 290 - 440) steps less on the ActiGraph for every 1000 more steps recorded via Fitbit.  

 

The difference in daily step count between devices is comparable to studies in other populations. In 

patients undergoing cardiac rehabilitation, the Fitbit Flex recorded a greater number of steps compared 

with ActiGraph over 4 days (mean difference= 1461.5 steps per day).26 A smaller difference between the 

measures was observed in the present study (mean difference=1132 steps per day), but the average 

number of steps per day was also smaller in this study (mean / SD = 6250 / 3400) compared to the cardiac 

study (mean / SD = 9300 / 3900).  

 

The question remains: Is Fitbit over-counting or is ActiGraph under-recording steps? The trend in the 

literature suggests that ActiGraph is the criterion standard in MS, but reports also indicate differences of 

these devices with other measures at low numbers of steps per minute. Because our data during direct 

comparison of observed walking in the 2MW test showed minimal differences across these devices 

(average difference of 6 steps), we support the hypothesis that deliberate walking is not where most of the 

difference in step count becomes apparent. Instead, differences while recording other physical activities 

likely play a part. Physical activity is any bodily movement produced by skeletal muscles requiring 

energy expenditure greater than resting levels.45 ActiGraph has been cited as a measure of “walking 

mobility”, rather than physical activity, when worn around the waist in people with MS.46 In contrast, 
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Fitbit output may include not only the number of steps taken by an individual but potentially other body 

movements (i.e. repetitive arm movement), as the device is worn on the wrist. A “step count” that 

measures movement beyond literal steps could be problematic, advantageous, or inconsequential 

depending on the goals of measurement and study. At the least, our data indicate that devices cannot be 

mixed in comparing results across people or studies. 

For longitudinal research purposes monitoring change in overall levels of physical activity as reflected by 

step count measures of any single type of device may still be of clinical importance. However, future 

research might address what other information beyond literal step counts such devices measure in the 

home environment. 

 

Importantly, the Fitbit only reports ambulatory activity in the form of step per unit time. The ActiGraph 

has the benefit of also providing other reports, including activity counts (using algorithms to categorize 

these into different physical activity intensity levels). Recent public health physical activity guidelines use 

intensity levels (such as >100 minutes/ week of moderate to vigorous physical activity) for professionals 

to gauge attainment of goals.47 Hence, for evaluating whether a person has reached the designated targets 

or not, the ActiGraph has an advantage over other monitors that do not currently report data in this way. 

 

No reactivity was observed with the introduction of a novel activity-monitoring device, conflicting with 

some previous reports. Motl et al.,20 described a statistically significant, (t=6.09, p= 0.0001) reduction in 

physical activity (32%) between a baseline-week and week-1 of an internet based intervention. 

Motivation may not be affected after the extended period of monitoring in our study (i.e. 3 months), 

although further research is needed to confirm this.  

 

Another possible factor in comparing the two devices is wear-time. Absolute comparisons of wear-time 

between the ActiGraph and Fitbit were not possible as the ActiGraph takes into account vector 

magnitudes and activity counts when calculating wear-time, while Fitbit data are presented in a basic 

format of total number of steps/minute. Additionally, Fitbit minutes during which ‘0’ steps were taken are 



	 35	

not stored in the database and therefore are not available for analysis. A crude comparison of the number 

of minutes recording step activity (filtered to exclude minutes that had fewer than 4 steps for quality 

control), indicated that Fitbit had on average 1.7% more minutes of activity each day than the ActiGraph. 

Because of the different mechanisms between the devices care should be taken with interpretation of this 

information. 

 

Low adherence has been a concern in previous studies as a limiting factor for longer-term monitoring 

with research-grade devices. One of the issues raised in these studies is lack of consumer wearability. 

Individual and daily graphical representations of 60-second epochs (Supplementary Figure S-3) indicate 

that ActiGraph tended to log fewer minutes with activity (after filtering for only epochs with greater than 

4 steps/minute). These confirm that ActiGraph devices were worn for slightly less time per day than the 

Fitbit. Subjective email reports from our participants reinforced these observations.  

 

Study limitations 

 

While our results show that the Fitbit Flex can be used as an alternative remote step count measurement 

tool in MS, larger samples, specifically during remote monitoring at home for the 7-day validation, are 

needed to confirm these findings. A greater number of participants in each disability level (EDSS 

category) would improve power and generalizability. Additionally, as minutes where ‘0’ steps were 

recorded for the Fitbit are not stored in our database, direct comparisons between minute-by-minute 

“amount of activity recorded” by the devices were not possible. Though reported non-wear days were 

excluded from analysis, a wear-time log would have been useful to accurately assess the duration each 

device was worn per day. Finally, Fitbit time-stamps did not always coincide with ActiGraph time-

stamps, making comparisons for clinic-based testing challenging. We accounted for this by asking 

participants to stand still before and after the 2MW test to ensure identification of testing epochs.  
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Conclusions 
 

The results from our study suggest that the Fitbit Flex and ActiGraph both record steps during deliberate 

walking, although the Fitbit records more “steps” per epoch than does ActiGraph. No reactivity was 

apparent when the additional activity monitor was donned. The use of fashion-friendly, economical 

devices in clinical studies may allow for greater adherence for purposes of longer-term monitoring. 

Differences in total step count as measured by device type prohibit comparisons of numerical step counts 

between device platforms although physical activity is moderately to highly correlated across devices.  

 

Highlights 

• Bland-Altman plots showed no systematic difference (bias) between the Fitbit Flex and manual 

step counting or ActiGraph accelerometers over a controlled clinic-based performance test. The 

ActiGraph tended to under-record at lower step counts.  

• During 7-days of home monitoring, the Fitbit Flex counted progressively more steps compared to 

ActiGraph as greater numbers of steps were taken per day.  

• Economical, consumer-targeted accelerometers are candidates as convenient alternatives to 

current criterion standard accelerometers for remote activity monitoring in large cohorts for 

longer durations when comparisons will be made across one type of device. 
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Figure Legends 

 

 

Figure 1: Bland Altman Plots for Comparisons of Steps Counted During 2-Minute Walk Test as 

Recorded by Manual Counting, Fitbit Flex, and ActiGraph  

 

Figure 2: Bland Altman Plots for Fitbit Flex and ActiGraph Steps per Day as Recorded over 7 Days of 

Activity Monitoring in the Home Environment 
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Table 1: Demographic Data for (A) Clinic-Based Step Count Comparisons (Manual, Fitbit Flex 

and ActiGraph), and (B) 7-Day Home-Environment Step Count Comparisons (Fitbit Flex and 

ActiGraph) 

Demographics (A) Clinic-Based (B) Home-Environment 
Sample size 61 20 

Sex: Number of Female (%) 44 (72) 14 (70) 

Age – years: mean (SD)  50 (14.4) 54 (11.4) 

EDSS: mean (range) 4.0 (0.0 – 6.5) 4.0 (0.0 – 6.5) 

Walking disability: EDSS ≥4 (%) 34 (55.7) 12 (60) 

Disease Subtype: Relapsing MS (%) 42 (69) 10 (50) 

 

Abbreviations: N = number, SD = standard deviation, EDSS = Kurtzke Expanded Disability Status Scale  
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Table 2: Inter-Class Correlation Coefficients and Average Differences in Steps Recorded 

Between Measurement Techniques During 2-Minute Walk Test  

 

Abbreviations: N = number, CI = confidence interval, Av = average  

Legend: A negative value signifies that the first step counting technique (in the header) measured fewer 

steps. Conversely, a positive sign denotes that the first technique measures more steps than the 

comparator.  

 

(N= 61)  Manual  - ActiGraph Manual – Fitbit ActiGraph – Fitbit 

Inter-Class Correlation 

Coefficients 
0.76                0.69              0.59             

 (95% CI)  (0.63 – 0.85) (0.53 – 0.80) (0.40 – 0.73) 

Av. Difference in Steps 

Recorded over 2 minutes 
15.79 9.75 -6.03 
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Figure 1: Bland Altman Plots for Comparisons of Steps Counted During 2-Minute Walk Test as 

Recorded by Manual Counting, Fitbit Flex, and ActiGraph  

 

 

Legend: The solid black line represents the mean difference between the measures and the black dashed 

horizontal lines represent mean difference +/- 2 standard deviations.   

Each point corresponds to a separate individual.  

The solid lighter grey line shows ‘0’ difference between the measures, and the gray dashed lines are the 

95% limits of agreement.  
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Figure 2:  Bland-Altman Plot for Fitbit Flex and ActiGraph Steps per Day as Recorded over 7 

Days of Activity Monitoring in the Home-Environment 

 

Legend: The solid line represents the mean difference between the measures and the dashed horizontal 

lines represent mean difference +/- 2 standard deviations.   

Each solid point corresponds to a separate individual, for a separate day.  

The solid lighter grey line indicates where ‘0’ difference between the measures would lie. The gray 

dashed lines are the 95% limits of agreement.  
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SUPPLEMENTARY FIGURES  

 

Figure S-1. Example of Difference Plots Comparing the Measurement Techniques over a 2-Minute 

Walk Test, Stratifying by Covariates (e.g. Sex) 

 

 

 

 

 

 

 

 

 
 
 
 

 

Legend: The solid line represents the mean difference between the measures and the dashed horizontal 

lines represent mean difference +/- 2 standard deviations.   

Each solid point corresponds to a separate individual, for a separate day. The red dots represent the 

females and the blue dots represent the males; t-test showed no significant difference (p=0.46). 

The solid lighter grey line shows ‘0’ difference between the measures, and the gray dashed lines are the 

95% limits of agreement.  

 

 

 

 

 

Actigraph −> Fitbit

−100

−50

0

50

100

100 200
Standard step count

D
iff

er
en

ce
 b

tw
 th

e 
tw

o 
st

ep
 c

ou
nt

s

Sex
Female

Male

Difference/Standard plots comparing the measuring techniques

Average between the step count measures 



	 46	

Figure S-2. 

No reactivity in Fitbit step count was observed with the donning of the novel activity monitor 

(ActiGraph) for 7 days  

Legend: Graphs depict representative examples of the daily step count measured via the Fitbit and the 

ActiGraph accelerometers.  

Black line denotes the Fitbit daily step count prior, during and after donning the ActiGraph for 7 days in 

the home environment. 

Red line denotes the daily step count for the ActiGraph during home environment monitoring. The 

difference length of the red line between individuals corresponds to the difference in number of valid 

wear days available.  
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Figure S-3. Examples of Simple Graphical Representations to Visualize the Steps Counted per 

Minute by ActiGraph and Fitbit over each 24-hour Period of the 7-day Comparison at Home 

 

Example A: Fitbit tended to record a greater number of steps per minute than the ActiGraph.  

 

 

 

 

 

 

 

 

 

Example B: Days were excluded if insufficient minutes with activity were recorded.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Legend: A) and B) The number of steps = steps recorded per minute.  The ActiGraph recorded minutes 

with ‘0’ steps (not viewable due to scale), where as Fitbit minutes with ‘0’ steps were not stored in the 

Health eHeart database and therefore not available.  

B) Days where the ActiGraph recorded less than 8 hours were excluded from analysis. The graph 

suggests that the Fitbit was worn for more minutes than the ActiGraph on this particular day. 

Time 

Time 
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CHAPTER 4: UNMASKING PATIENT DIFFERENCES IN 

MULTIPLE SCLEROSIS DISABILITY STATUS USING 

CONSUMER-GRADE STEP COUNT MONITORING 

 

ABSTRACT 

Objective: To determine whether daily step count measured over 4 weeks of continuous monitoring 

using a consumer-grade accelerometer (Fitbit Flex) can enhance the granularity of multiple sclerosis 

(MS) disability assessment.  

Methods: 80 ambulatory participants with relapsing or progressive MS from an MS clinic received a 

Fitbit Flex between July 2015 and April 2016. Participants were excluded if they had a clinical relapse 

within 30 days or major physical comorbidities contributing to gait impairment. Disability assessments 

included standard rater-based scales in clinic as well as patient-reported outcomes. Results: At 4 weeks, 

study retention was 99%, and no devices were lost. Low average daily step count was associated with 

greater ambulatory disability as assessed by the Expanded Disability Status Scale (EDSS) (p<0.001). 

Within each EDSS group, substantial variability in average daily step count was apparent. In people 

requiring unilateral support to ambulate (EDSS 6.0), step count ranged from 1,097 to 7,152. Average 

daily step count demonstrated moderately strong correlations with the Timed 25 foot walk, Timed-Up 

and Go and 12-item MS Walking Scale. Daily steps were lower in progressive versus relapsing MS 

(mean difference 2,546 steps, p <0.01).  

Conclusion: Remote step count monitoring in MS patients using consumer-grade accelerometers is 

feasible and well tolerated. Lower average daily step count is associated with greater MS disability. Step 

count can capture important variability in natural environment walking activity otherwise masked by 
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standard rater-based disability scales, including the EDSS. These results support the use of remote step 

count monitoring as an exploratory outcome in MS trials.   
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INTRODUCTION  

 

Multiple sclerosis (MS) is the leading non-traumatic cause of ambulatory disability in young adults in the 

developed world.1 Patients with MS cite walking impairment as one of the most feared and limiting 

aspects of the disease.2 People with MS are less physically active than age and sex-matched controls.3-5  

 

Ambulatory dysfunction underlies a significant portion of MS disability metrics.6 The rater-based Kurtzke 

Expanded Disability Status Scale (EDSS),7 a core disability metric in most major MS clinical trials, 

categorizes functional disability based on relatively crude divisions of ambulatory capacity8 and fails to 

capture important differences in physical capabilities at each disability level. For example, patients who 

rely on a cane to walk are classified as having an EDSS score of 6.0; however, under natural conditions 

some such patients may walk miles a day with their cane whereas others may barely walk at all.9 Failing 

to measure these differences in natural environment ambulatory function can make it harder to track 

progressive disease in people with MS, and may not adequately reflect risk of comorbidities related to 

deconditioning.9 Clinical performance-based measures such as the Timed 25-foot Walk (T25FW) or 6 

minute walk (6MW) provide objective snapshots of ambulatory function in a clinic-based setting but may 

not reflect usual walking activity in the natural environment.10 Patient-reported measures of ambulatory 

function (i.e. 12-item Multiple Sclerosis Walking Scale, MSWS-12) are limited by recall bias and 

variability in self-perception of physical function. 

 

Remote monitoring using accelerometer-based technology has the potential to provide a responsive and 

objective measure of walking behavior outside of the clinic.11, 12 Remote ambulatory monitoring records 

how much walking a person actually does, rather than what a person is capable of doing under optimized 

circumstances in the clinical setting.  
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Studies using commercially available research-grade accelerometers in people with MS demonstrate 

moderate to strong correlations between step and activity counts and performance-based and patient-

reported MS disability measures.13, 14 However, these devices tend to be bulky, expensive and impractical 

for longer-term monitoring. The majority of research on step and activity count monitoring in MS is 

based on data from research-grade devices with discrete wear times of 3-10 days.15 A potential drawback 

of sporadic assessment is the potential for bias from reactivity, a transient increase in physical activity 

upon initially donning a novel device known to measure such functions.16 Many patients already elect to 

wear consumer-grade remote physical activity monitoring devices, which tend to be less expensive and 

more fashion-friendly, potentially allowing for longer-term monitoring. However, in a recent systematic 

review, few of the articles reported on consumer-grade devices or how metrics from these activity 

monitors might inform MS care or clinical trials.15  

 

In this analysis, we tested two hypotheses. First, we hypothesized that measurement of ambulatory 

activity over 4 weeks of continuous monitoring using a consumer-grade device (Fitbit® Flex) is feasible in 

people with MS and will exhibit strong associations with performance-based and patient-reported MS 

disability measures obtained in clinic. Second, we hypothesized that variability in step count measured 

remotely over 4 weeks would supplement clinic-based measures for characterizing disability in people 

with MS. 

 

METHODS  

Participants 

We recruited a prospective cohort of participants with relapsing or progressive MS from the University of 

California San Francisco (UCSF) MS Center between July 2015 and April 2016. Participants were 

included if they: 1) had MS as defined by 2010 International Panel criteria17; 2) were ≥18 years of age; 3) 

were able to walk for at least two minutes with or without an assistive device; 4) had no clinical MS 

relapse within 30 days of cohort entry; and 5) had access to Wi-Fi Internet at home or in their community 
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and demonstrated the ability to use and synchronize the remote monitor with the study Information 

Technology infrastructure. Exclusion criteria included: 1) major musculoskeletal, cardiovascular or 

respiratory comorbidities that, in the opinion of the study investigators, could substantially impair 

physical activity and/or confound results; and 2) clinical relapse within 30 days of cohort entry. Relapsing 

and progressive phenotypes were defined according to 2014 Advisory Committee on Clinical Trials in 

MS Committee definitions.18 We recruited in blocks to a target goal based on EDSS: “No disability” (0-

1.5), “mild disability” (2-3.5), “mild ambulatory disability” (4), “moderate ambulatory disability” (4.5-

5.5), “unilateral support needed for ambulation” (6), and “bilateral support needed for ambulation” (6.5). 

The UCSF Institutional Review Board approved the study protocol, and all participants provided written 

informed consent (obtained electronically).   

 

Study Procedures 

Participants were provided with an accelerometer (Fitbit® Flex) upon entry into the study and trained on 

the set-up and use of the device. This device has a tri-axial accelerometer concealed within a plastic wrist 

bracelet and must be charged every 5-8 days.19 Participants were asked to wear the device on their non-

dominant wrist as much as possible (except while swimming) and instructed to continue with their normal 

daily lives. Devices were replaced if lost. To minimize the potential influence of motivational factors on 

physical activity levels, the daily “goal” on the device was set low at 500 steps/day at the study visit, but 

participants were also taught how to change the goal settings to their liking.  

 

We utilized the Health eHeart clinical research platform for electronic consent and ease of remote 

activity-monitor data collection. The Health eHeart Study is an internet-based, longitudinal, 

cardiovascular cohort study. Participants consented to link their Fitbit® accounts with the Health eHeart 

platform and gave authorization for the study to retrieve data for the purposes of the study. Fitbit data 

were automatically transmitted to the Health eHeart database via an application-programming interface.  
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At study enrollment, investigators evaluated clinic-based tests of ambulation using several validated 

measures. These included: 

• EDSS7: Assessments were performed by MS neurologists trained in EDSS evaluation; the most 

recent EDSS (within 14 days of study enrollment) was used.   

• T25FW: Measures the time it takes a person to walk 25 feet. Physical therapists measured this twice 

and averaged the scores. Good reliability, reproducibility and strong associations of gait velocity 

with the EDSS have been reported.20  

• Timed-Up and Go (TUG)21: Measures time taken to rise from a chair, walk for 3 meters, turn 

around, walk back to the chair and sit down again. Physical therapists measured this twice and 

averaged the scores. This measure has been associated with balance, walking ability, and fall risk in 

MS.22  

• 2-Minute Walk (2MW) test 23: The 2MW test provides a validated shorter alternative to the 6MW 

test for measuring endurance.10 The 2MW was chosen to be sensitive to a wide range of disability 

levels and for participant comfort. Participants are instructed to “cover as much ground as possible 

over 2-minutes”, and total meters walked is recorded.  This was measured as a single trial to reduce 

patient burden.   

Participants also completed several questionnaires online via a secure website (REDCap)24 to measure 

patient-reported MS-related disability and symptomatology. These included:  

• MSWS-12: The MSWS-12 is a disease-specific 12-item instrument designed to assess the impact of 

MS on walking ability.25 Scores range from 12 to 60 with higher scores reflecting greater self-

reported impact of MS. This scale has high reliability, validity and internal consistency both in clinic 

and community settings.25 

• Pain effects scale (PES): Assess the ways in which pain and unpleasant sensations interfere with 

mood, ability to walk or move, sleep, work, recreation, and enjoyment of life in persons with MS.26 
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Scores range from 6-30 with higher scores reflecting greater pain. Pain is reported in more than 50% 

of people with MS, and may be a limiting factor in physical activity participation.27 

• Bladder Control Scale (BLCS) and Bowel Control Scale (BWCS): The BLCS and BWCS are 

designed to assess bladder and bowel control respectively and the extent to which these impact 

everyday activities. Raw scores from the 4 and 5-item scales (respectively) are summed to create a 

total score ranging from 0 to 22 or 26. Higher scores indicate greater bladder and bowel control 

problems. Depression, social isolation, reduced quality of life and increased falls have been 

associated with urinary incontinence that could impact ambulatory activity.28 

• Modified Fatigue Impact Scale, 5-item version (MFIS-5): The MFIS-5 was designed to assess the 

impact of cognitive, psychosocial and physical functioning aspects of fatigue on everyday life.29 

Scores range from 0-20, with higher scores indicating greater impact of fatigue. 

• Abbreviated Mental Health Inventory (MHI-5): Assesses depression, anxiety, positive and 

negative affect and behavioral control. Scores range from 5-30 with higher scores reflecting greater 

impact on emotional functioning.  Depression (affecting > 33% of people with MS) has been linked 

with apathy and has the potential to affect physical activity levels.30  

Demographic and clinical data were additionally confirmed through chart review.  

 

 

Statistical Analysis 

 

The main outcome measure for this analysis was step count per day as measured over 4 weeks of 

continuous monitoring. For quality control, days in which < 300 steps were recorded were excluded from 

analysis to minimize potential bias, such as non-wear of the device that day. We chose a minimal 

threshold of 300 steps based on inspection of our raw data as well as observed daily step count ranges in 

previous studies in MS.3, 31 We graphed daily step count to determine whether a consistent trend of 
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decreasing step count from weeks 1 to 4 was present that would indicate reactivity as the novelty of 

wearing a monitoring device wore off. We selected average daily step count over 4 weeks as the primary 

variable. We used the inverse of timed scores, TUG and T25FW for regression modeling. Spearman’s 

Rank correlation coefficient was used to determine the bivariate association between average daily step 

count and clinic-based and patient-reported outcome variables. Generalized linear models with Gamma 

variance were also examined to account for potential covariates, including sex, age and disease subtype. 

We used a correlation matrix heat-map to depict the associations between all variables. Statistics were 

calculated and figures generated using the open-source programming language R (R: A language and 

environment for statistical computing, Vienna, Austria), and several R-packages: ‘ggplot2’ for graphing, 

‘dplyr’ and ‘tidyr’ for data analysis and processing. A p-value<0.05 was considered significant.  

 

 

RESULTS 

 

We recruited 80 participants; 1 participant withdrew by week 4 (99% retention) due to incompatibility of 

home computer software. No devices were lost during the 4 weeks of the study. The median Fitbit use in 

our cohort over the first 4 weeks was 97% of days.  

 

No clear pattern of reactivity was observed (Figure 1A), therefore we elected to use average daily step 

count over the entire 4 weeks of monitoring as our primary measure. Additionally, in order to compare 

reliability of alternate monitoring durations, we graphed auto-correlation between the daily step count 

averaged over 4 weeks (our primary measure) and averaged over “X” number of days on the x-axis 

(Figure 1B). Two-weeks of monitoring appears to provide a robust correlation with the 4-weeks used in 

our analysis.  
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Demographic and clinical characteristics of all participants as well as the total number of steps in a given 

day and the daily average step count for our MS cohort are listed in Table 1. People with progressive MS 

walked significantly fewer steps per day than those with relapsing MS (mean difference 2,600 steps, 95% 

Confidence Interval (CI) [1,260 to 4,023 steps], p<0.001, adjusting for age and sex). 

 

Lower average daily step count is associated with greater ambulatory disability as assessed by EDSS. 

Moderate to high negative correlation was observed between average daily step count and disability level 

(Spearman’s rho=-0.71, p<0.001). Figure 2 illustrates substantial variability in average daily step count 

within each EDSS block. For example, in the EDSS 6.0 group, average daily step count ranged from 

1,097 to 7,152 (mean 3,425, SD 1,481). In a generalized linear model, the average daily step count 

explained 44% of the variance in EDSS. Findings remained significant after adjusting for potentially 

confounding symptoms such as pain (PES), fatigue (MFIS) or mental health (MHI).  

 

Lower average daily step count was associated with longer T25FW times recorded as a clinic-based 

measure of walking speed (Spearman’s rho=- 0.65, p<0.001; multivariable model adjusting for age, sex, 

disease subtype adjusted R2=0.37, p<0.001). Similarly, longer TUG times and shorter distances walked 

during the 2MW test were also significantly associated with lower step count (see Table 2 and 3B).  

 

Lower average daily step count was associated with greater patient-reported measures of ambulatory 

disability; lower MSWS-12 scores (Spearman’s rho=-0.65, p<0.001; multivariate model adjusting for age, 

sex, disease subtype: adjusted-R2=0.36, p<0.001) (Figure 3C and Table 2). Weaker but statistically 

significant correlations were found between step count and fatigue (MFIS) or pain (PES) (Table 2); 

adjustment for age, sex and disease subtype did not significantly change the results. Correlations (rho) 

between step count were moderate with bladder symptoms (BLCS, significant with p=0.02) (Table 2); 

adjustment for potential confounders (sex, age and disease subtype) did not significantly alter these 
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results. No significant correlations were found between average daily step count and mental health (MHI-

5) or bowel symptoms (BWCS).  

 

A correlation-based clustering analysis (‘Correlation matrix heat-map’) displays relationships of bivariate 

associations between all included outcome measures (Supplementary Figure e-1). The dendrogram 

reveals that most clinic-based measures are strongly correlated to one another, with the TUG and T25FW 

being most similar.  

 

 

DISCUSSION 

 

In a prospective cohort of relapsing and progressive MS patients with a broad range of ambulatory 

disability, lower average daily step count over 4 weeks was associated with greater MS disability and 

lower ambulatory function scores. Two-weeks of continuous monitoring also appears to provide a robust 

metric of daily variability in ambulation. These data demonstrate the feasibility, practicality and validity 

of longer-term continuous monitoring using commercial consumer-grade accelerometers and build upon a 

robust literature examining research-grade accelerometers in MS.15 Furthermore, the significant 

variability in step count in MS patients who otherwise measure similarly in performance-based disability 

scores suggests that average daily step count can supplement existing metrics and provide added value in 

characterizing MS related disability.  

 

Study participants demonstrated wide variability in average daily step counts within each EDSS category. 

As might be expected based on data in healthy subjects (step count cut-points range from sedentary 

<5,000 to highly active >12,500),32 we observed a range of ambulatory activity in people with minimal 

disability from MS (EDSS: 0 – 1.5), with a range of ~16,300 average steps per day (Table 1). However, in 

people with an EDSS 6.0 (requiring unilateral assistance to walk), we also observed a wide range in 
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average daily step count (6055 difference) and with total steps taken per day (~ 10,600 difference). This 

variability is substantial and clinically meaningful. An increase of even half this variability ~3,000 steps 

per day following an intervention (rehabilitative or therapeutic) could lead to a significant improvement in 

QOL and in participation in social activities, as well as potentially mitigate sedentary-related 

comorbidities (osteoporosis, cardiovascular health)9, 30, 33, 34 and may help reverse deconditioning.35 The 

observed excess of variability in average daily step count beyond that associated with in-clinic 

performance-based walking measures and patient-reported outcomes suggests that step count represents a 

measure of functioning not captured by conventional metrics. In fact, the current measures traditionally 

accepted by the United States Food and Drug Administration as end points in MS clinical trials may not 

be sufficiently sensitive or granular to capture otherwise meaningful changes in ambulatory function 

expected in neuro-protective, reparative and progressive MS trials. Daily step count warrants further 

evaluation as an exploratory outcome measure in MS clinical trials. 

 

Participants with greater disability (higher EDSS score), worse mobility and balance (longer TUG time), 

slower walking velocities (longer T25FW time), and poorer walking “endurance” (less 2MW distance) 

exhibited fewer average daily steps during 4 weeks of continuous monitoring. These results are 

remarkably comparable to previously published data using research grade accelerometers (i.e. ActiGraph, 

StepWatch Activity Monitors) in people with MS measured over shorter epochs.36-38 For example; in a 

sample of 21 people with MS (11 without and 10 with ambulatory disability) monitored using Step 

Activity Monitors for up to 7 days, the strongest correlations were between the number of steps and 

EDSS score (rho=-0.90, p<0.01).36 These outcomes are similar to the associations with EDSS in the 

current study (rho=-0.71, p<0.001).  

 

The average daily step count in our cohort (~ 5,478 steps per day), is consistent with previous studies in 

MS,36, 39 and would be categorized as “low physical activity” within the medical literature on physical 

activity.32 A recent study using a Fitbit® One linked to an online MS patient network reported low daily 
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step counts (mean of 4,671, SD 2,639), and moderate associations (r=-0.44, p<0.001) between step count 

and severity of patient reported disability (Multiple Sclerosis Rating Scale).40 Taken together with the 

present study, these observations highlight the potential for using commercially available activity 

monitors to measure natural environment ambulatory function in people with MS and possibly intervene 

in a more timely manner.  

 

Strengths of our study include stringent neurologist-documented phenotyping of MS diagnosis and 

disease subtype, inclusion of participants across a range of ambulatory MS-related disability, assessment 

of performance-based ambulation metrics by a physical therapist, continuous measurement over 4 weeks, 

and standardized operating procedures for quality control. A limitation of our study is that there was no 

substantial deterioration of ambulatory function over the 4 weeks of monitoring, and larger numbers of 

participants and longer-term follow-up will be needed to explore factors that might predict decreased 

ambulatory activity and progression of MS. We are also unable to determine causality and directions of 

association based on this dataset. Furthermore, commercially available activity monitors are largely 

restricted to step count measurement, limiting more in-depth analysis of gait kinematics (i.e. base of 

support and step length).  

 

Our results reveal several clinically valuable insights for future MS research and care. First, step count via 

consumer-grade activity monitors has potential to be used as an economical and objective outcome metric 

for MS care and clinical rehabilitation. Second, continuous step count monitoring could serve as an 

outcome measure for interventional clinical trials in MS to measure clinically meaningful changes in 

ambulatory function in the natural environment. Finally, assessing patterns of change in average daily 

step count and associations with MS symptoms may allow for greater understanding and prediction of 

changes in ambulatory activity, which will be helpful for planning rehabilitative and reparative 

interventions in MS.  
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Figure Legend 

 

Figure 1 

Title.  

Monitoring of average daily step count over 34 days reveals no initial reactivity, and a 2-week 

period is a robust metric for remote monitoring.  

Legend. 

A: Average Steps (via Fitbit® Flex) per Day, over initial 34 days. The number of steps taken each day 

for each individual participant is represented in light grey dots. The black line depicts the average 

number of steps per day, across all participants, with the variability denoted by the error bars. No 

reactivity was observed in our cohort. 

B: The red line represents the auto-correlation across all patients, between average daily step count 

computed from “X” number of days on the x axis against average daily step count averaged over all 4 

weeks (ground truth). As illustrated by the vertical line, the average daily step count computed over 

the first 2 weeks correlates well with the 4 week average (r = 0.96). 

 

Figure 2 

Title. 

Average daily step count (via Fitbit® Flex) is associated with EDSS but also identifies important 

variability of ambulatory activity within EDSS categories.  

Legend. 

The number of people in each EDSS block is depicted below the box plots. 

Greater disability (higher EDSS score) is associated with lower average steps per day (ambulatory 

activity), and lower disability (lower EDSS) is associated with greater ambulatory activity. Variability 

exists within EDSS blocks, notably in those designated an EDSS=6 (need for unilateral support to 

walk minimal distances). 
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Figure 3 

Title. 

Greater average daily step count (via Fitbit® Flex) is correlated with better performance-based 

measures of ambulatory function and lower patient reported impact of MS on ambulatory 

function. 

Legend. 

A: Average steps per day are inversely correlated to the time taken to complete the T25FW: faster 

walking speeds are associated with a greater average daily step count. (Rho=0.65, p<0.001) 

B: Likewise, average steps per day are positively associated with higher mobility and balance (faster 

TUG time scores). (Rho=-0.64, p<0.001) 

C: The 12-item MS walking scale (MSWS-12) is inversely correlated to the ambulatory activity 

(average number of steps per day) recorded by the Fitbit® Flex. Higher MSWS-12 scores indicate 

greater impact of MS on a person’s walking ability, and corresponds to a lower average daily step 

count. (Rho=- 0.63, p<0.001) 

 

The orange shading corresponds to the slope estimate, which is constrained to be linear (red line). A 

and B: Inverse scores were taken to normalize the data and allow for linear regressions.  

Abbreviations: nDay = the number of valid days of Fitbit® Flex step count data, T25FWInv = inverse 

(1/T25FW) score of the T25FW, TUGInv = inverse (1/TUG) score of the TUG.  
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Supplementary Figure Legend 

 

Figure e-1 

Title. 

Bivariate associations between average steps per day and all demographic, clinic-based and 

patient-reported variables. 

 

Legend. 

The heat-map (to the right) graphically depicts the direction of correlation, with red tones trending 

towards positive (+1) and blue tones indicating negative correlations (-1). Correlations are computed 

using the Spearman’s Rho. 

The Dendrogram (to the left) is the branching diagram, depicting the strength of the relationships 

between all of the included outcomes and shows all outcomes hierarchically clustered in relation to 

the strength of correlation (Spearman’s Rho) regardless of the direction of association. The distance 

used for clustering here is equal to 1 – C^2, with C = the correlation. 

Abbreviations: diseaseDuration = the duration of the disease, subtype_cat = MS subtype/ phenotype 

category (Relapsing or Progressive), EDSSgroup = EDSS grouped into blocks, nDay = the number of 

valid days of Fitbit step count data, dist2M = distance walked during the 2MW test, steps = average 

number of steps/day over 4 weeks. 
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Table 1: Demographic and Step Count Data  

 

Abbreviations: MS = multiple sclerosis, SD = Standard Deviation, Q = quartile, EDSS = Kurtzke 

Expanded Disability Status Scale, * = average steps per day, over 4 weeks, ** = total steps per day, 

per participant 

 

 Entire Cohort Progressive MS Relapsing MS 

Total N (% of cohort) 80 28 (35%) 52 (65%) 

Women (%) 48 (60%) 12 (43%) 36 (69%) 

Men (%) 32 (40%) 16 (57%) 16 (31%) 

Age (years)    

Mean 49.8 57.0 45.4 

SD 14.1 8.8 14.7 

Disease duration (years)    

Median 12.0 16.0 9.0 

Interquartile range (25 – 75%) 6.0 – 21.0 8.8 – 21.0 4.0 – 21.5 

EDSS    

Mean 3.9 5.5 3.1 

Range  0.0 - 6.5 3.0 - 6.5 0.0 -6.5 

Steps per Day    

Average  5,478 3,809 6,477 

SD  3,507 2,104 3,707 

Minimum average for any one 

person* 

533 533 1129 

Maximum average for any one 

person* 

18,649 8396 18,649 

Range in total steps per day** 326 – 28,074 326 – 15,118 336 – 28,074 
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Table 2: Correlation and Regression Statistics for Daily Step Count and Clinic-based 

Performance Measures and Patient Reported Outcomes  

Setting 
Outcome  

Measure 

Univariate model: 

Spearman’s Rho 

Multivariate model: Adjusted R2, (φ) - 

adjusting for age, sex, disease subtype  

Clinic-based:   

 T25FW - 0.66 ** 0.38 ** 

TUG - 0.68 ** 0.40 ** 

2MW 0.69 ** 0.43 ** 

Patient-reported:           

Ambulation    

 MSWS-12 - 0.66 ** 0.37 ** 

Symptomatic    

 MFIS-5 - 0.41 * 0.17 * 

 PES - 0.32 * 0.09 ‘ 

 BLCS - 0.39 ‘ 0.10 ^ 

 BWCS - 0.22 ^ 0.07 ^ 

 MHI-5  - 0.02 ^ - 0.01 ^ 

 

Legend: In general, clinic-based performance measures displayed correlations with step count than 

patient reported symptomatic outcomes, even in adjusted analyses.   

Abbreviations: T25FW = Timed 25-Foot Walk, TUG = Timed Up and Go, 2MW = 2-minute walk, 

MSWS-12 = 12-item MS Walking Scale, MFIS-5 = Modified Fatigue Index (5 item version), PES = 

Pain Effects Scale, BLCS = Bladder Control Scale, BWCS = Bowel Control Scale, MHI-5 = Mental 

Health Inventory (5 item version) 

Significance, p values: ‘ p=0.05, * p<0.01, ** p<0.001, ^ not statistically significant, φ = Generalized 

linear model 
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Figure 1: Monitoring of average daily step count over 34 days reveals no initial reactivity, and a 

2-week period is a robust metric for remote monitoring.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Legend:  

Figure 1A: Shows the number of steps taken each day (via Fitbit® Flex), for each individual 

participant - light grey dots. The black line depicts the average number of steps per day, across all 

participants, with the variability denoted by the error bars. No reactivity was observed in our cohort. 

Figure 1B:  The Graph represents the auto-correlation across patients, with the daily step count 

averaged over 4 weeks (ground truth) and the average computed from “X” number of days on the x 

axis. The graph shows that 2 weeks correlate very well with the 4 week averages.  
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Figure 2: Average daily step count (via Fitbit® Flex) is associated with EDSS but also identifies 

important variability of ambulatory activity within EDSS categories.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Legend: (Below box plots are the number of people in each EDSS block) 

Greater disability (higher EDSS score) is associated with lower average steps per day (ambulatory 

activity), and lower disability (lower EDSS) is associated with greater ambulatory activity. Variability 

exists within EDSS blocks, notably in those designated an EDSS=6 (need for unilateral support to 

walk minimal distances) 
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Figure 3: Greater average daily step count (via Fitbit® Flex) is correlated with better 

performance-based measures of ambulatory function and lower patient reported impact of MS 

on ambulatory function. 

 

 

Legend:  

Figure 3A: Average steps per day are inversely correlated with the time taken to complete the 

T25FW: faster walking speeds are associated with a greater average daily step count. (Rho=0.65, 

p<0.001) 

Figure 3B: Average steps per day are positively associated with higher mobility and balance (faster 

TUG time scores). (Rho=-0.64, p<0.001) 

Figure 3C: The 12-item MS walking scale (MSWS-12) is inversely correlated with the ambulatory 

activity (average number of steps per day) recorded by the Fitbit® Flex. Higher MSWS-12 scores 

indicate greater impact of MS on a person’s walking ability, and corresponds to a lower average daily 

step count. (Rho=- 0.63, p<0.001) 

The orange shading corresponds to the slope estimate, which is constrained to be linear (red line). 

Figures 3A & 3B: Inverse scores were taken to normalize the data and allow for linear regressions. 

Abbreviations: nDay = the number of valid days of Fitbit® Flex step count data, T25FWInv = inverse 

(1/T25FW) score of the T25FW, TUGInv = inverse (1/TUG) score of the TUG.  

0

5000

10000

15000

0.05 0.10 0.15 0.20
TUGInv

Da
ily

 S
te

p 
Co

un
t A

ve
ra

ge
d 

ov
er

 F
ou

r W
ee

ks

10

20

nDay

Fitbit (Step Count) Correlated to TUGInv

0

5000

10000

15000

0.1 0.2 0.3
T25FWInv

Da
ily

 S
te

p 
Co

un
t A

ve
ra

ge
d 

ov
er

 F
ou

r W
ee

ks

10

20

nDay

Fitbit (Step Count) Correlated to T25FWInv

Figure 3A: T25FW &  
Daily Step Count 

Figure 3B: TUG &  
Daily Step Count  

0

5000

10000

15000

10 20 30 40 50 60
msws_12

D
ai

ly
 S

te
p 

C
ou

nt
 A

ve
ra

ge
d 

ov
er

 F
ou

r W
ee

ks

10

20

nDay

Fitbit (Step Count) Correlated to msws_12

Figure 3C: MSWS-12  
& Daily Step Count 



 

	 68	

REFERENCES 

 

1. Hauser SL, Goodin DS. Multiple sclerosis and other demyelinating diseases. In: 

Harrison's Principles of Internal Medicine [online]. Accessed 12.12.14, 2012. 

2. Heesen C, Bohm J, Reich C, Kasper J, Goebel M, Gold SM. Patient perception of 

bodily functions in multiple sclerosis: Gait and visual function are the most valuable. Mult 

Scler 2008;14:988-991. 

3. Dlugonski D, Pilutti LA, Sandroff BM, Suh Y, Balantrapu S, Motl RW. Steps per day 

among persons with multiple sclerosis: Variation by demographic, clinical, and device 

characteristics. Arch Phys Med Rehabil 2013;94:1534-1539. 

4. Klaren RE, Motl RW, Dlugonski D, Sandroff BM, Pilutti LA. Objectively quantified 

physical activity in persons with multiple sclerosis. Arch Phys Med Rehabil 2013;94:2342-

2348. 

5. Motl RW, Pilutti LA, Learmonth YC, Goldman MD, Brown T. Clinical importance of 

steps taken per day among persons with multiple sclerosis. PLoS One 2013;8:e73247. 

6. Motl RW, Sandroff BM, Suh Y, Sosnoff JJ. Energy cost of walking and its 

association with gait parameters, daily activity, and fatigue in persons with mild multiple 

sclerosis. Neurorehabil Neural Repair 2012;26:1015-1021. 

7. Kurtzke J. Rating neurological impairment in multiple sclerosis: An expanded 

disability status scale (edss). Neurology 1983;33:1444-1452. 

8. Hobart J, Freeman J, Thompson A. Kurtzke scales revisited: The application of 

psychometric methods to clinical intuition. Brain 2000;123 ( Pt 5):1027-1040. 

9. Fletcher GF, Balady G, Blair SN, et al. Statement on exercise: Benefits and 

recommendations for physical activity programs for all americans. A statement for health 



 

	 69	

professionals by the committee on exercise and cardiac rehabilitation of the council on 

clinical cardiology, american heart association. Circulation 1996;94:857-862. 

10. Andersen LK, Knak KL, Witting N, Vissing J. Two- and 6-minute walk tests assess 

walking capability equally in neuromuscular diseases. Neurology 2016;86:442-445. 

11. Pearson OR, Busse ME, van Deursen RW, Wiles CM. Quantification of walking 

mobility in neurological disorders. Qjm 2004;97:463-475. 

12. Shammas L, Zentek T, Haaren Bv, Schlesinger S, Hey S, Rashid A. Home-based 

system for physical activity monitoring in patients with multiple sclerosis (pilot study). 

Biomed Eng Online 2014;13. 

13. Motl RW, McAuley E, Sandroff BM. Longitudinal change in physical activity and its 

correlates in relapsing-remitting multiple sclerosis. Phys Ther 2013;93:1037-1048. 

14. Motl RW, Dlugonski D, Suh Y, Weikert M, Fernhall B, Goldman M. Accelerometry 

and its association with objective markers of walking limitations in ambulatory adults with 

multiple sclerosis. Arch Phys Med Rehabil 2010;91:1942-1947. 

15. Block VAJ, Pitsch E, Tahir P, Cree BAC, Allen DD, Gelfand JM. Remote physical 

activity monitoring in neurological disease: A systematic review. PLoS One 

2016;11:e0154335. 

16. Motl RW, McAuley E, Dlugonski D. Reactivity in baseline accelerometer data from a 

physical activity behavioral intervention. Health Psychol 2012;31:172-175. 

17. Polman CH, Reingold SC, Banwell B, et al. Diagnostic criteria for multiple sclerosis: 

2010 revisions to the mcdonald criteria. Ann Neurol 2011;69:292-302. 

18. Lublin FD, Reingold SC, Cohen JA, et al. Defining the clinical course of multiple 

sclerosis: The 2013 revisions. Neurology 2014;83:278-286. 

19. Fitbit. Fitbit official site [online]. Accessed March 19th 2015. 



 

	 70	

20. Motl R, Sandroff B, Sosnoff J. Commercially available accelerometry as an 

ecologically valid measure of ambulation in individuals with multiple sclerosis. Expert Rev 

Neurother 2012;12:1079-1088. 

21. Podsiadlo D, Richardson S. The timed "up & go": A test of basic functional mobility 

for frail elderly persons. J Am Geriatr Soc 1991;39:142-148. 

22. Nilsagard Y, Lundholm C, Gunnarsson LG, Dcnison E. Clinical relevance using 

timed walk tests and 'timed up and go' testing in persons with multiple sclerosis. Physiother 

Res Int 2007;12:105-114. 

23. Rossier P, Wade DT. Validity and reliability comparison of 4 mobility measures in 

patients presenting with neurologic impairment. Arch Phys Med Rehabil 2001;82:9-13. 

24. Harris PA, Taylor R, Thielke R, Payne J, Gonzalez N, Conde JG. Research electronic 

data capture (redcap) - a metadata-driven methodology and workflow process for providing 

translational research informatics support. J Biomed Inform 2009;42:377-381. 

25. Hobart JC, Riazi A, Lamping DL, Fitzpatrick R, Thompson AJ. Measuring the impact 

of ms on walking ability: The 12-item ms walking scale (msws-12). Neurology 2003;60:31-

36. 

26. Fischer JS, LaRocca NG, Miller DM, Ritvo PG, Andrews H, Paty D. Recent 

developments in the assessment of quality of life in multiple sclerosis (ms). Mult Scler 

1999;5:251-259. 

27. Minden SL, Frankel D, Hadden L, Perloffp J, Srinath KP, Hoaglin DC. The sonya 

slifka longitudinal multiple sclerosis study: Methods and sample characteristics. Mult Scler 

2006;12:24-38. 

28. Abernethy D A WM, Siegert R J, Hay-Smith, E J C. Bladder and bowel dysfunction 

in multiple sclerosis- a review of treatment effectiveness. The Australian and New Zealand 

Continence Journal 2007;13:81-82, 85, 87-89. 



 

	 71	

29. Fisk JD, Ritvo PG, Ross L, Haase DA, Marrie TJ, Schlech WF. Measuring the 

functional impact of fatigue: Initial validation of the fatigue impact scale. Clin Infect Dis 

1994;18 Suppl 1:S79-83. 

30. Jones KH, Ford DV, Jones PA, et al. A large-scale study of anxiety and depression in 

people with multiple sclerosis: A survey via the web portal of the uk ms register. PLoS One 

2012;7:e41910. 

31. Balantrapu S, Sosnoff JJ, Pula JH, Sandroff BM, Motl RW. Leg spasticity and 

ambulation in multiple sclerosis. Mult Scler Int 2014;2014:649390. 

32. Tudor-Locke C, Bassett DR, Jr. How many steps/day are enough? Preliminary 

pedometer indices for public health. Sports Med 2004;34:1-8. 

33. Lavie CJ, Milani RV. Cardiac rehabilitation and exercise training in secondary 

coronary heart disease prevention. Prog Cardiovasc Dis 2011;53:397-403. 

34. Leung AS, Chan KK, Sykes K, Chan KS. Reliability, validity, and responsiveness of 

a 2-min walk test to assess exercise capacity of copd patients. Chest 2006;130:119-125. 

35. Dalgas U, Stenager E. Exercise and disease progression in multiple sclerosis: Can 

exercise slow down the progression of multiple sclerosis? Ther Adv Neurol Disord 

2012;5:81– 95. 

36. Cavanaugh JT, Gappmaier VO, Dibble LE, Gappmaier E. Ambulatory activity in 

individuals with multiple sclerosis. J Neurol Phys Ther 2011;35:26-33. 

37. Motl RW, Learmonth YC, Pilutti LA, Dlugonski D, Klaren R. Validity of minimal 

clinically important difference values for the multiple sclerosis walking scale-12? Eur Neurol 

2014;71:196-202. 

38. Motl RW, Pilutti L, Sandroff BM, Dlugonski D, Sosnoff JJ, Pula JH. Accelerometry 

as a measure of walking behavior in multiple sclerosis. Acta Neurol Scand 2013;127:384-

390. 



 

	 72	

39. Snook EM, Motl RW, Gliottoni RC. The effect of walking mobility on the 

measurement of physical activity using accelerometry in multiple sclerosis. Clin Rehabil 

2009;23:248-258. 

40. McIninch J, Datta S, DasMahapatra P, et al. Remote tracking of walking activity in 

ms patients in a real-world setting (p3.209). Neurology 2015;84. 

 



 

	 73	

Supplementary Figure e-1 

Title: Bivariate associations between average steps per day and all demographic, clinic-based 

and patient-reported variables. 

Legend. 

The heat-map (to the right) graphically depicts the direction of correlation, with red tones trending 

towards positive (+1) and blue tones indicating negative correlations (-1). Correlations are computed 

using the Spearman’s Rho. 

The Dendrogram (to the left) is the branching diagram, depicting the strength of the relationships 

between all of the included outcomes and shows all outcomes hierarchically clustered in relation to 

the strength of correlation (Spearman’s Rho) regardless of the direction of association. The distance 

used for clustering here is equal to 1 – C^2, with C = the correlation. 

Abbreviations: DiseaseDuration = the duration of the disease, subtype_cat = MS subtype/ phenotype 

category (Relapsing or Progressive), EDSSgroup = EDSS grouped into blocks, nDay = the number of 

valid days of Fitbit step count data, dist2M = distance walked during the 2MW test, steps = average 

number of steps/day over 4 weeks. 
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CHAPTER 5: CONTINUOUS 6-MONTH MONITORING OF 

DAILY STEP COUNT AND ASSOCIATIONS WITH PATIENT-

REPORTED DISABILITY IN MULTIPLE SCLEROSIS  

 

ABSTRACT 

Objective: To determine the feasibility and changes in continuous monitoring of physical activity in 

people with multiple sclerosis (MS) over 6-months and to determine if baseline Fitbit step count (first 4 

weeks) and changes in step count (over 6 months) are associated with changes in patient-reported 

measures of disability.  

Methods: Between July 2015 and November 2015, 50 participants with MS were recruited from an MS 

clinic and given a Fitbit Flex. Participants were excluded if they presented with musculoskeletal or 

cardiovascular comorbidities that could affect physical activity, or a recent relapse (<30 days prior to 

study entry). Rater-based measures (i.e. Expanded Disability Status Scale, EDSS) were assessed at 

baseline, and a battery of patient-reported measures (e.g., 12-item MS Walking Scale, MSWS-12) was 

completed at baseline, 1.5, 3 and 6 months. Step count via the Fitbit was averaged per day and per week 

and changes over 6 months were calculated.  Linear regression mixed effect models were used to examine 

association between variables. 

Results: Study retention was high (44/50, 88%) and few devices were lost (5/50, 10%). Average daily 

step count remained fairly stable over 6 months (average 400 step reduction month 1 to 6). In people with 

EDSS≥4 (more disability) at study entry, an increase in average daily step count (month 1 to 6) was 

associated with worsening in patient-reported walking disability (average 4 points more on the MSWS-

12). These associations were not observed for the EDSS<4 group (less disability). Baseline average daily 
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step count was not associated with changes in patient-reported walking disability or other disability 

metrics (modified fatigue index or bladder control scale) at month 6.   

Conclusions: Six-month activity monitoring using a consumer-friendly device (Fitbit) was feasible in our 

cohort of MS patients. Although associations between change in daily step count and changes in self-

reported disability were observed in the EDSS≥4 group, larger studies are needed to determine if results 

are generalizable and meaningful. Monitoring activity and clinical outcomes in larger cohorts, for longer 

durations, may add support for continuously monitoring activity as a predictive tool associated with 

disease progression in MS. 
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INTRODUCTION  

	 	

Multiple sclerosis (MS) is a chronic inflammatory and degenerative disease of the central nervous system 

(CNS) affecting roughly 400,000 people in the United States.1, 2 In MS, gait impairment is a major source 

of disability,3 and people with MS tend to be less physically active than people without MS.4-7  

 

Clinical assessments of disability in MS rely heavily on ambulation.8 Although validity and utility of both 

rater-based and patient-reported outcome measures have been well-documented, limitations exist. For 

instance, the ability to capture differences in physical activity within each disability category is greatly 

restricted using the current criterion standard measure, Kurtzke Expanded Disability Status Scale 

(EDSS).9, 10 An individual’s self-perceived deficits and the capacity to remember events over extended 

epochs can also restrict the validity of patient-reported outcomes.  

 

Monitoring physical activity in ecological, natural environments can enhance standard assessments and 

has the potential advantage of being able to capture patterns of disability and change over time.11 The use 

of accelerometer-based technology for objective, remote physical activity monitoring has become 

increasingly prevalent in neurological populations.12 The literature to date, however, has examined 

predominantly cross-sectional designs (sporadic assessments of 7-10 days every 3 to 6 months), in people 

with low levels of disability, relapsing phenotypes, and mostly research-grade devices (i.e. ActiGraph).13-

20  

 

Consumer-friendly activity monitoring devices have recently gained traction in the research community, 

as the economical benefits in large studies as well as the potential for greater adherence for longer-term 

monitoring becomes apparent.21 The Fitbit Flex (Fitbit Inc., San Francisco, CA, USA), for example, has 

been observed to be a reliable measure of step count in various populations.22-27 Results from previous 
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studies (Chapters 3 and 4 of this dissertation) support the validity and associations of continuous step 

count monitoring in people with MS.  

 

In this study we explore current gaps in the literature by: determining the feasibility of longer-term, 6 

month, continuous activity monitoring across MS phenotypes and including a broad range of EDSS 

disability levels; and examining changes in daily step count over 6 months along with changes in patient-

reported disability. Additionally, we examine whether baseline daily step count (averaged over the first 4 

weeks of the study) was associated with changes in patient-reported walking disability at 6 months. We 

hypothesized that changes in average weekly step count would be reflected in changes in patient-reported 

MS disability. 

 

 

METHODS  

 

Participants  

A prospective cohort of people with either relapsing or progressive MS was recruited from the UCSF MS 

Center between July and November 2015. Inclusion criteria consisted of participants: ≥ 18 years old, who 

were ambulatory for at least 2 minutes, had access to Wi-Fi Internet, and were relapse free during the 30 

days prior to study entry. Participants were excluded if they reported any musculoskeletal or 

cardiovascular comorbidities that could influence their ambulatory function. We defined MS phenotypes 

(progressive vs. relapsing) according to 2014 Advisory Committee on Clinical Trials in MS Committee 

definitions.28 We stratified recruitment based on EDSS ambulatory disability: 0-1.5: “minimal disability”; 

2-3.5: “mild disability”; 4: “mild ambulatory disability”; 4.5-5.5: “moderate ambulatory disability”; 6: 

“need for unilateral support”; and 6.5: “bilateral support needed to walk”. The UCSF Institutional Review 

Board approved the study protocol. All participants provided written consent, electronically.  
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Participants were given a Fitbit Flex and asked to wear it on their non-dominant wrist as much as possible 

over 6 months and to continue with their normal daily lives. The average daily step count was 

continuously monitored via Fitbit, and devices as well as wristbands were replaced if lost or damaged. 

The Health eHeart clinical research platform was used for electronic consent as well as for collection and 

storage of the remote activity-monitoring data.  

The study timeline is illustrated in Figure 1. At study entry (baseline) investigators evaluated clinic-based 

measures of disability and ambulation using the Kurtzke Expanded Disability Status Scale (EDSS) (Table 

1A). At baseline, 1.5, 3 and 6 month time-points, participants completed self-reported questionnaires that 

addressed MS related disability and symptoms. These included: the 12-Item Multiple Sclerosis Walking 

Scale (MSWS-12), the Bladder Control Scale (BLCS), the Modified Fatigue Impact Scale (MFIS-5-5) 

and relapse reports (Table 1B). A study-specific questionnaire was completed at baseline, and a self-

reported relapse survey was included at each time-point.   

Questionnaires were sent online via a secure website (REDCap)29 and participants were sent reminders 

with the survey link one week before and on the day of the follow-up times. A researcher monitored 

participants’ Fitbit step count activity on a weekly basis. If participants went more than 5 days at ‘0’ 

steps/day then a reminder was sent to continue wearing the device. A study researcher provided technical 

assistance for simple Fitbit troubleshooting, i.e. setting up a new device to replace a lost one, or guidance 

on how to restart the device if not charging. For more complicated issues, participants were advised to 

contact the Fitbit Customer Service team directly. Replacement of faulty devices was the responsibility of 

the manufacturer (Fitbit, Inc.) 

 

Statistical Analysis 

Demographics and data quality: We stratified participants into 2 groups by disability level: lower 

ambulatory disability (EDSS<4) and moderate disability (EDSS≥4). To minimize potential bias from 



	 78	

averaging across days when the device was not worn and for quality control, days in which fewer than 

300 steps were recorded were excluded from analysis as indicating potential lack of full day of wear time. 

This number was determined after inspection of raw data and daily step count ranges recorded in previous 

MS studies.5, 30  

Defining variables: The change in step count (hereinafter ΔSteps) over the 6-month monitoring period 

was calculated by subtracting average daily step count at month 1 (Baseline = weeks 1-4) from average 

daily step count at month 6 (weeks 21-24). A reduction in step count over time would have a negative 

sign. To reduce potential bias from step count errors, participants with extreme ΔSteps values (more than 

+/- 4500 steps) were excluded from the regression analysis. This value was chosen from observation of 

potential outliers (with extreme values at weeks 1-4) in the raw data and previous literature in MS.31 

Changes in MSWS-12 outcomes were calculated from the difference between 6-month scores and 

baseline (hereinafter ΔMSWS-12). An increase in MSWS-12 over time, reflecting worsening of self-

reported walking disability, would have a positive Δ value.  

Feasibility: To assess the feasibility of using a consumer-friendly activity monitor (Fitbit Flex) 

continuously in people with MS over 6 months we examined retention and device loss. We used arbitrary 

cut-points of greater than 50% retention and less than 50% device loss to indicate feasibility in this study.  

Examining changes in average daily step count: Mixed effects model with subject ID as a random 

effect was fit to the data. This model accounts for the correlation among repeated longitudinal 

measurements taken for each subject. Using this model we test for association between average daily step 

count and MS variables (i.e. EDSS category, phenotype).  

Determining association of baseline average daily step count as well as the ΔSteps with changes in 

patient-reported measures over 6-months:  

• Linear regression: used to model the association between ΔMSWS-12 and other variables.  
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• Associations between ΔMSWS-12 and ΔSteps were tested for both EDSS category groups (≥4 

and <4) by introducing an interaction term between ΔSteps and EDSS category into the 

regression.  

• For each individual, a change in average steps per week was estimated using the slope estimate 

fitting average weekly step counts. We then determined if change in average steps per week was 

associated with ΔMSWS-12 using a linear regression.   

We adjusted for potential covariates such as sex and age. Models were repeated for MFIS-5 and BLCS 

outcomes. 

Figures were created using the open-source programming language R,32 and several R-packages were 

used for data analysis and processing. A p-value <0.05 was considered statistically significant.  

	

RESULTS 

	

Demographics and feasibility: Fifty participants were recruited; 6 withdrew by 6 months (study 

retention, 88%) and 5 devices were lost and subsequently replaced. Withdrawals were due to: technical 

device and software incompatibility (n=1), personal issues (n=2), hypersensitivity to wristband (n=1), 

participant objection to the burden of charging and synching weekly (n=1), and failure to complete the 

study questionnaires (n=1). More participants with progressive phenotypes of MS (4/16, 25%) withdrew 

compared to those diagnosed with relapsing MS (2/34, 6%). Amongst the remaining 44 participants, the 

median number of days that the Fitbit was used over the 6 months was 155/168 days (92%). Demographic 

characteristics of the participants are presented in Table 2. Table 3 shows the patient-reported outcomes at 

baseline and the changes observed at 6 months.  

During the 6 months of the study, 7 participants reported a total of 11 clinical relapses (1 participant 

reported 3 relapses, and 2 participants reported 2 relapses at separate time points). For those reporting at 
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least one relapse, the majority were female (6/7, 86%) and median EDSS at baseline was 2.5 (range: 0 - 

5.5). The difference between the average step count recorded in month 1 and month 6 was - 936 steps, 

95% CI (-5000, 3128). (Supplementary Figure S-2) 

Three participants with large values for ΔSteps (greater than a +/- 4500 step change) were excluded from 

regression analysis. Four participants were excluded from the linear regression models due to insufficient 

number of days with valid step count data (>300 steps per day, for more than 3 days a week) for month 6 

(weeks 21- 24).  

 

Examining changes in average daily step count: Average daily step count remained remarkably stable: 

on average participants took 400 fewer steps per day at month 6 compared with baseline (month 1), and 

participants were equally likely to report decreased (ΔMSWS-12 >0, 41%) or more (ΔMSWS-12<0, 

41%) walking disability over the same period. No effects from seasonal changes were observed. Table 4 

summarizes the average daily step count information, including differences within and between disability 

groups and ΔSteps. The ΔSteps recorded for participants with relapsing MS (N=34) was -492 (95% CI: (-

1729, 746)) compared to ΔSteps = -200 (95% CI: (-938, 539)) recorded for those diagnosed with 

progressive forms of MS (N=16). This is 7% and 5% of the average daily step count for month 1 

respectively for relapsing and progressive MS groups.  

Determining association of baseline average daily step count and ΔSteps with changes in patient-

reported measures over 6-months.  

Greater average daily step count correlated with lower EDSS: People with greater MS and 

ambulatory disability (higher EDSS) took fewer steps than people with lower disability. For example, 

people with EDSS≥4 recorded lower average daily step count (mean difference= -4214, 95% CI (-5840, -

2587)) than the EDSS<4 group. Similarly, average daily step count for people with progressive MS was 

lower (-2304 steps, 95% CI (272, 4335)) than for those with relapsing MS.   
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Changes in average daily step count and associations with patient-reported measures, especially in 

higher disability groups: For people with EDSS < 4, no significant associations were found with patient-

reported disability change (p=0.541). Paradoxically, for participants categorized with EDSS≥4, positive 

ΔSteps was associated with greater disability as recorded in ΔMSWS-12 (β-Coefficient =0.004, p=0.003) 

(Figure 2A). For instance, a 1000 step increase in steps over 6 months associated with an average 4-point 

increase in perceived disability on the MSWS-12 from month 1 to month 6. Analysis of ΔSteps at 3 

months and the change in MSWS-12 from month 1 to 3 resulted in similar findings (Figure 2B). No 

association was found between baseline step count and ΔMSWS-12. 

The trajectory of the average daily steps taken per week was not associated with MSWS-12 score at 6 

months (p=0.673). We also tested this association separately stratifying by EDSS category (EDSS≥4 or 

<4) and no statistically significant association was found for either group.  

Neither fatigue (MFIS-5) nor bladder dysfunction (BLCS) showed significant associations with changes 

in average daily step count. Adjusting for potential confounders such as age or sex did not significantly 

alter the results. 

	

	

DISCUSSION 

 

In this 6-month observational study, there were high retention rates and a limited number of devices that 

were lost. These findings demonstrate that extended monitoring of step count using a consumer-friendly 

accelerometer is feasible in people with MS. Baseline average daily step count was not significantly 

associated with ΔMSWS-12. An increase in step count (ΔSteps over 6 months) was associated with a 

worsening in self-perceived walking disability in people with EDSS≥4 at study entry. Our data support 

our hypothesis that changes in average daily step count are associated with changes in patient-reported 

MS disability, only for people with higher levels disability and in the opposite direction from expected. 
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Overall, participants with moderate to severe walking disability (i.e. EDSS≥4 at study entry) took fewer 

steps than those classified with no or mild ambulatory disability. This corroborates results from previous 

work (Chapter 4 of this dissertation) and adds to the growing literature describing reciprocal associations 

between MS-related disability and physical activity (i.e. higher disability is associated with lower 

physical activity, and visa versa). Large variability in average daily step count within EDSS groups (Table 

4) also confirms previous cross-sectional results (Chapter 4). Participants diagnosed with progressive MS 

were more likely to withdraw from the study than those with a relapsing disease diagnosis. There was no 

clear trend or difference between the groups as to the specific reasons for withdrawal, however this 

should be taken into account when designing future trials.  

 

The direction of the association between step change and perceived change in disability was unexpected. 

In a previous cross-sectional study (Chapter 4), MSWS-12 correlated negatively with increased average 

daily step count (Spearman’s rho=-0.65, p<0.001; multivariate model adjusting for age, sex, disease 

subtype: adjusted-R2=0.36, p<0.001). Therefore we expected that in a longitudinal study these variables 

would also be negatively correlated. However, a positive ΔSteps (increase in the number of steps taken 

between month 1 and 6) was associated with a positive ΔMSWS-12 (an increase in self-perceived MS-

related walking disability). A similar pattern was uncovered when we examined 3-month ΔSteps 

suggesting that these associations were not just by chance. We might have anticipated that more steps 

taken per day would be associated with a reduction in perceived walking deficits; however, we observed 

the opposite. A similar phenomenon has been reported in prior studies; for example, self-reported 

measures worsened or remained constant during the non-treatment arm of a physical activity intervention 

study, even while 7-day accelerometer monitoring indicated slightly higher levels of activity.31 Perhaps 

the knowledge that a device was constantly monitoring daily activity, as well as the access to instant 

feedback, motivated people to engage in greater activity. The increased activity would consequently 

highlight awareness of any ambulatory limitations that had been less perceptible with lower levels of 

physical activity. No minimal clinically important difference has been determined for the MSWS-12, so 

the clinical importance of small changes in perceived disability is uncertain.  
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The overall ΔSteps were modest: no detectable reactivity was observed with the initial donning of the 

Fitbit, nor over the 6 months of continuous monitoring in our MS cohort (Supplementary Figure S-1). We 

deliberately did not set motivational goals at study entry, although participants were taught how to change 

goals. In the general population, researchers are actively investigating the potential of activity monitors to 

serve as behavioral or motivational tools.33, 34 To date, studies in MS have focused mainly on self-efficacy 

and interactions with MS symptoms and physical activity,35 yet few have considered the “donning” of a 

motion sensor as an intervention in itself. We received positive feedback from participants regarding the 

motivational aspect of wearing an activity monitor, however qualitative analysis is beyond the scope of 

this paper. Future studies could examine the interplay between the behavioral sequelae of consumer-

friendly activity monitors (such as instant feedback, which may or may not be motivational) and self-

efficacy while using these novel devices in MS.  

 

The stability of this cohort was predefined by the inclusion criteria, stipulating that participants must be 

relapse free for 30 days prior to study entry. Additionally, measures of MS disability do not tend to show 

dramatic changes over a period as brief as 6 months unless a relapse occurs or if there is rapidly 

worsening progressive disease. Further studies in cohorts with greater expected change in disability, such 

as cohorts including relapsing MS patients with highly active disease (recent clinical relapses or MRI 

disease activity, as is typical of most relapsing MS trials) or for progressive MS patients with shorter 

disease durations, and followed for longer periods of time, will be helpful to evaluate the potential value 

of step count monitoring as a predictor of change in disability in MS. In a secondary analysis of 786 

people with MS who wore an activity monitor for 7 days, Motl et al.,7 reported that a 800 step count 

difference was clinically meaningful. The ΔSteps of the participants who reported a relapse was 936 

fewer steps at 6 months (95% CI (-5000, 3128)) versus the overall sample that averaged 400 steps less at 

6 months. In the subgroup that reported a relapse, the difference was not statistically significant, however 

we have insufficient data to determine whether this could be clinically meaningful. Extension of 
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monitoring to longer periods, ~12-24 months, may allow for visualization of changes in physical activity 

and potentially associate these with disease progression. 

 

Our study had several limitations: 

• The EDSS was only assessed at baseline, hindering our ability to compare the 6-month outcomes and 

ΔSteps to their 6-month disability levels. The study was designed to minimize patient burden and 

avoid participants (many of whom live several hours away from the clinic) from the fatigue of having 

to return to the clinic on multiple separate occasions. Future research could leverage the remote aspect 

of the study and ask participants to complete self-reported EDSS assessments to determine current 

disability status.  

• Studies in other populations have noted seasonal effects on physical activity levels,36, 37 and seasonal 

variability in MS disease course have been established.38 No seasonal changes in physical activity 

were observed in the present study, possibly due to the short (6 month) epoch. Seasonal effects, 

including periods of the year where physical activity is lowest, might be uncovered in studies of longer 

duration; this would be useful for planning preventative rehabilitation interventions aimed at 

increasing or maintaining physical activity.  

• The relatively small sample size and 6-month duration of monitoring were not sufficient to detect 

strong predictive associations with daily step count and patient-reported measures of disability. To 

gain greater insight into the predicative value of changes in natural environment physical activity, 

future studies should aim to monitor larger cohorts for longer durations and include additional clinic-

based assessments for comparison pre and post monitoring. 

 

Fitbit Flex is only one of many devices in the growing consumer activity-monitor market. As MS care 

moves rapidly into the digital era, it is crucial to select outcomes that are not only validated, but also 

ecologically sound and patient-friendly in order to maximize adherence and reduce burden. The high 

retention rate and limited device loss over 6 months is encouraging for the successful execution of longer-
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term trials using consumer-friendly devices in people with MS, which may provide added information or 

potential biomarkers for disease progression.  
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Figure Legend 

 

Figure 1 

Title: Study Timeline 

 

Figure 2 

Title:  

A: Change in Average Daily Step Count from Month 1 to Month 6 is Associated with Changes in 

12-Item Multiple Sclerosis Walking Scale 

B: Similar Patterns Observed when Comparing Difference in Average Daily Step Count from 

Month 1 to Month 3 with Changes in MSWS-12 over the first 3 months 

 

Supplementary Figure Legend 
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Table 1: Clinic-Based and Patient-Reported Outcome Measures 
 

 
 

 Assessment 
Name Acronym Characteristics Score Range and 

Direction 

A CLINIC BASED 
10 Expanded 

Disability Status 
Scale 

EDSS - Performed by a Neurologist 
within 14 days of study 
enrollment 
- Criterion standard for MS 
Disability assessment  

0 – 10   
(Higher number = 
greater disability) 

B PATIENT REPORTED    
39 12-item Multiple 

Sclerosis Walking 
Scale 

MSWS-12 - 12 item questionnaire 
- Assesses the impact of MS on 
walking ability 

12 – 60 
(Higher score = greater 
self-reported impact of 
MS) 

40 Bladder Control 
Scale  

BLCS - 4 item questionnaire 
- Assesses the extent to which 
bladder dysfunction impacts 
daily living 

0 – 22  
(Higher scores = greater 
bladder control issues) 

41 Modified Fatigue 
Impact Scale, 5-
item version  

MFIS-5-5 - Assesses the impact of 
cognitive, physical functioning 
and psychosocial aspects of 
fatigue on daily life 

0 – 20  
(Higher scores = more 
impact from fatigue) 
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Table 2: Demographic Data, Step Count Measures and Baseline Disability Scale Scores 

 
Abbreviations: N = sample size, MS = multiple sclerosis, SD = Standard Deviation, Q = quartile, EDSS 

= Expanded Disability Status Scale, Av. = average 

 

 

 

 

 

 

 

 

 

 

 Total Cohort Progressive MS Relapsing MS 

Total N (% of cohort) 50 16 34 

Female (% of MS subtype) 35 (70.0) 10 (62.5) 25 (73.5) 

Age (years)    

Mean (SD) 47.6 (13.4) 56.9 (9.2) 42.9 (12.8) 

Disease duration (years)    

Median 14.0 16.0 8.5 

Interquartile range (25 – 75%) (4.0 – 16.5) (11.0 – 23.0) ((3.3 – 17.8) 

EDSS    

Median 4.0 6.0 2.5 

Range 0 – 6.5 3.0 – 6.5 0 – 6.0  

Retention at 6 months                   
(% of cohort) 44 (88.0) 12 (75.0) 32 (94.0) 

Devices lost and replaced during 6 
months  5  (Av. days till lost  =  98) 
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Table 3: Baseline Patient-Reported Outcomes and Change in scores from Month 1 to 6 

 

Abbreviations: N = sample size, MS = multiple sclerosis, SD = Standard Deviation, Q = quartile, EDSS 

= Expanded Disability Status Scale, MSWS-12 = 12-item Multiple Sclerosis Walking Scale, MFIS-5 = 

Modified Fatigue Impact Scale, 6m = 6 months, Baseline  = Week 1, Change = difference in absolute 

score (MSWS-12) from baseline to 6 months 

* = Cohort with exclusion of outliers & only those with full 6-months of valid data.  

The MSWS-12 is scored from 12 – 60; higher scores indicate greater disability. The MFIS-5 is scored 

from 0 – 20; higher scores indicate greater fatigue. 

 

 

 Total Cohort EDSS < 4 EDSS ≥ 4 

N  (%) * 37/50 (74) 18 (48.6) 19 (51.4) 

Baseline MSWS-12        

Median (range) 
32 (12 – 56) 15 (12 – 47) 47 (24 – 56) 

Change at 6m in MSWS-12 

(Mean, SD) 
-0.41 (6.5) 1.3 (6.7) -2.1 (5.8) 

Baseline MFIS-5                   

Median (range) 
10 (0 – 19) 11 (0 – 19) 12 (7 – 15) 

Change at 6m in MFIS-5 

(Mean, SD) 
-1.3 (3.4) -0.7 (3.3) -2.3 (3.5) 
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Table 4: Average Daily Step Count Characteristics by MS Disability and Phenotype  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Abbreviations: EDSS = Kurtzke Expanded Disability Status Scale, MS = Multiple Sclerosis, Steps = 

average daily step count over 6 months, SD = standard deviation  

* = Statistically significant difference from comparison group, p < 0.05, ** including participants with +/- 

4500 step count change that were subsequently excluded from regression analysis 

 

Category Value (Steps) Standard 
Error DF t-value p-value 

EDSS ≥ 4  
(Compared 
to EDSS < 4 
group) 

- 4214 829.8 45 -5.07 7.10E-06* 

Relapsing 
MS      
(Compared 
to the 
Progressive 
MS group) 

2304 1036.4 45 2.22 0.031* 

EDSS group  
(N) 

Average 
Daily 
Steps 

SD across 
Individuals 

SD within 
Individuals 

Average step 
count change 
month 1 to 6 

N, % 
decreased 

steps over 6 
months 

0-1.5   (8) 9117 3414 4330 -1765.8 **  4, (50%) 

2-3.5  (10) 7637 3193 3228 373.9 4, (40%) 

4  (5) 6847 2239 2928 -66.9 3, (60%) 

4.5-5.5  (3) 5227 2583 1906 -111.2 1, (33%) 

6  (10) 3413 1553 1478 -281.0 6, (60%) 

6.5 (1) 2302 1245 893 -818.9 1, (100%) 
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Figure 1. Study Timeline 
 

 

 

 

 

 

 

 

 

 

 

 

Key: Clinic-Based measures: EDSS = Expanded Disability Status Scale  

* Assessments performed in clinic. All other time points were completed remotely 

Abbreviations: Patient-reported measures: MSWS-12 = 12-item Multiple Sclerosis Walking Scale, 

MFIS-5 = Modified Fatigue Impact Scale, BLCS = Bladder Control Scale  
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Figure 2. 

A) Change in Average Daily Step Count from Month 1 to Month 6 is Associated with Changes in 

12-Item Multiple Sclerosis Walking Scale only for People with EDSS >4 

B) Similar Patterns Observed when Comparing Difference in Average Daily Step Count from 

Month 1 to Month 3 with Changes in MSWS-12 over the first 3 months 

 

 
 
 
 

 
 
 

 

 

 

 

Legend: 

EDSS = Kurtzke Expanded Disability Status Scale, MSWS-12 = 12-Item Multiple Sclerosis Walking 

Scale.  

Y-axis: An increase over time in MSWS-12 reflects worsening of self-reported walking disability, and is 

denoted with a positive sign.  

X-axis: A reduction in average daily step count over time is represented by a negative value.	
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SUPPLEMENTARY FIGURE 
 
Figure S-1: Average Weekly Step Count Over at Least 24-Weeks of Fitbit Monitoring, Clustered by 

EDSS Group  

 

 
 
 

 
 
 
 
 

 
 
 
 
 

 
 

 
 
 

 
 
 
 
 
 

 
 
 
 
 

 
 
 
Legend: EDSS = Kurtzke expanded disability status scale, EDSSgroup = predetermined groups stratified 
by ambulatory disability levels. The number in brackets “(…)”at the top of each graph is the EDSS group. 
On the y-axis are the numbers of average steps per day, averaged over a week. On the x-axis are the week 
numbers from study entry. Twenty-four weeks corresponds to 6 months.  
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CHAPTER 6: OVERALL CONCLUSIONS  
 

Summary Conclusions and Future Research 

 

The aims presented in this dissertation research focused on validation, cross-sectional observation and 

longitudinal association of remote physical activity monitoring via a consumer-friendly accelerometer in 

people with MS. The study described in Chapter 3 compared the number of steps recorded via the Fitbit 

Flex (the consumer- friendly accelerometer) with a criterion standard accelerometer (ActiGraph), and 

manual tallying. The study described in Chapter 4 evaluated 4-week continuous monitoring with the Fitbit 

Flex and sought to determine whether average daily step count could supplement existing measures and 

hence improve the characterization of MS disability assessments. The study described in Chapter 5 

extended the research carried out in previous studies, and aimed to: determine the feasibility for longer-

term (6 month) continuous activity monitoring, compare changes in activity (average daily step count) 

with changes in patient-reported disability and determine whether initial measures of activity (first 4 

weeks of monitoring) were associated with changes in patient-reported ambulatory disability. 

 

The FITriMS (Fitbit Remote-monitoring in MS) study was designed to address important needs in MS 

research: e.g., standard disability assessments (i.e. EDSS) fail to capture important differences within 

identified categories, particularly with regard to ambulatory ability. Remote physical activity monitoring 

allows for objective measurement of how much activity a person actually does in his or her home, rather 

than a more formal setting that is under supervision of a health-care provider and limited to a one-time 

assessment. Although research-grade accelerometers (i.e. ActiGraph) have been shown to have 

associations with clinic-based and patient-reported disability metrics, they can be impractical for long-

term continuous use in patients’ daily lives.  
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The first study, Chapter 1 of this dissertation, supports consumer-friendly accelerometers (i.e. Fitbit) as 

convenient alternative devices for remote physical activity monitoring: offering potential economical 

advantages and greater adherence in larger, longer-term studies. Nonetheless, discrepancies in average 

daily steps counted via the ActiGraph and the Fitbit were observed during the 7-day home monitoring 

reported in this dissertation. Future studies should include larger sample sizes involving a wide range of 

disability levels and document actual wear-time for each device (to determine if the difference primarily 

reflects one device being worn for more time than the other). The observed discrepancy between devices 

seen with greater number of steps taken per day warrants further investigation, especially given that the 

discrepancy only becomes apparent over about 3000 steps per day. Current recommendations based on 

this study are that data from different device types cannot be compared, but physical activity trends 

documented within one device are likely to correlate with those in other devices. 

 

The second study, presented in Chapter 4, tested the hypotheses that ambulatory activity over 4 weeks of 

continuous monitoring with a consumer-friendly device (i.e. Fitbit Flex) would be: a) feasible in people 

with MS, and b) exhibit strong associations with rater-based, performance-based, and patient-reported 

disability assessments. Results illustrated that 4 weeks of activity monitoring using a Fitbit Flex was 

feasible and revealed important variability in real-world ambulation within disability levels (i.e. EDSS 

subgroups). With recent advances in treatments targeting remyelination as well as the ongoing search for 

effective DMTs for progressive MS and effective rehabilitation for all types of MS, there is an expanding 

need for more sensitive outcome measures that would detect efficacy of a therapeutic agent. The addition 

of continuous remote step count monitoring to the repertoire of assessments could be useful for 

interventional trials in MS. Observing changes in ambulatory function in the natural environment is 

persuasive evidence that such changes may be clinically meaningful.  

An important application of remote activity monitoring includes the potential for added sensitivity in 

capturing modest changes expected with initial neuro-reparative treatments. For example: within 

EDSS=6.0 (characterized in the clinic by the need for an assistive device to walk), if an individual takes 
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an average of 3000 steps more per day post-intervention, yet still requires a cane to walk at least 100 

meters, their EDSS score remains unchanged. Clinical trials have failed to reach significance because no 

improvement in EDSS score was detected after intervention. Treatment interventions that could have 

benefits for patients may not have been approved or applied because changes in physical activity were not 

detected. Previous studies of remote activity monitoring have suggested a minimum change of ~800 steps 

a day to be clinically meaningful during real-life monitoring in people with mild disability from MS.1 The 

average change in daily steps in our cohort did not reach this threshold (a change in - 400 steps per day), 

however on an individual level, participants showed much larger changes in both directions. Additionally, 

our observational study was not designed to promote increases in physical activity, and daily step count 

goals were specifically set low to mitigate motivational effects of the monitoring device. An increase in 

daily physical activity (greater step count), even with the continued use of a cane, would still reduce the 

risk of comorbidities associated with inactivity and potentially improve aspects of QOL.  

 

 The final study (Chapter 5) demonstrated the feasibility of longer-term activity monitoring (over 6 

months) using consumer-friendly accelerometers in people with MS. In patients with higher levels of 

disability (EDSS≥4), associations were found between improvement in step count and worsening in self-

reported measures of walking. This relationship may have been driven by the increased awareness of 

ambulatory disability. However, the clinical importance of this amount of change is unknown. Longer 

monitoring (i.e., 1 year) could provide additional information regarding the changes in physical activity 

and potential associations with progression of MS-related disability. Future study designs should 

incorporate additional time-points assessing rater- or performance-based (i.e. EDSS, T25FW, TUG…) 

together with the patient-reported outcomes to improve interpretations. 

 

Overall, the studies presented in Chapters 3, 4 and 5 of this dissertation address several important gaps in 

the literature involving disability assessments in MS. The ability to capture variability within disability 

subgroups could improve individualization of care for people with MS, and serve as a novel ecological 
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outcome measure for clinical trials. Activity monitoring devices that allow continuous recording in the 

home environment bridge both research applications and rehabilitative treatment protocols (i.e. as 

motivational tools or to objectively assess if the physical activity protocols are achieving their goals). 

Additionally, continuously monitoring activity in the person’s home environment could provide early 

warning signs, indicative of disease progression or secondary deconditioning, and allow for timely 

intervention and personalized treatments.   

 

While valuable insights have been presented, many potential opportunities for remote monitoring devices 

need further investigation. For example, patterns of change in activity (detected via continuous daily 

monitoring) could serve as potential biomarkers for capturing disease progression, and would improve 

individualization of treatment protocols and MS assessments. Rapid advances in technology mean that 

devices are becoming more domain specific, with suites that can be selected to measure impairments 

common in each disease. In MS, this would ideally develop towards devices that could be individually 

programed for each person and monitor his or her specific set of symptoms (i.e. gait abnormalities, visual 

deficits and/or bladder issues) in an unobtrusive and ecological manner. For now, however, the addition 

of remote physical activity measures (daily step count) to standard assessments (rater-based, performance 

and patient-reported measures) in clinical research and MS care can provide a more clinically meaningful 

and granular representation of a persons’ MS-related disability and functioning in their everyday lives.  
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Abstract 

Objective: To perform a systematic review of studies using remote physical activity 

monitoring in neurological diseases, highlighting advances and determining gaps. Methods: Studies 

were systematically identified in PubMed/MEDLINE, CINAHL and SCOPUS from January 2004 to 

December 2014 that monitored physical activity for ≥24 hours in adults with neurological diseases. 

Studies that measured only involuntary motor activity (tremor, seizures), energy expenditure or 

sleep were excluded. Feasibility, findings, and protocols were examined. Results: 137 studies met 

inclusion criteria in multiple sclerosis (MS) (61 studies); stroke (41); Parkinson's Disease (PD) (20); 

dementia (11); traumatic brain injury (2) and ataxia (1). Physical activity levels measured by remote 

monitoring are consistently low in people with MS, stroke and dementia, and patterns of physical 

activity are altered in PD. In MS, decreased ambulatory activity assessed via remote monitoring is 

associated with greater disability and lower quality of life. In stroke, remote measures of upper limb 

function and ambulation are associated with functional recovery following rehabilitation and goal-

directed interventions. In PD, remote monitoring may help to predict falls. In dementia, remote 

physical activity measures correlate with disease severity and can detect wandering. Conclusions: 

These studies show that remote physical activity monitoring is feasible in neurological diseases, 

including in people with moderate to severe neurological disability. Remote monitoring can be a 

psychometrically sound and responsive way to assess physical activity in neurological disease. 

Further research is needed to ensure these tools provide meaningful information in the context of 

specific neurological disorders and patterns of neurological disability.  
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Introduction 

Research over the last decade has examined accelerometer-based remote monitoring of physical activity 

in health and disease.1-6 Wearable physical activity monitors have also become increasingly 

commonplace as consumer products, primarily marketed for fitness. When considering whether remote 

physical activity monitoring can inform decision-making for use in clinical populations, questions about 

validity, reliability, feasibility and responsiveness arise.7-10  

 

Physical activity is typically defined as voluntary bodily movement using skeletal muscle that requires 

energy beyond resting levels.11 Measurement of physical activity is important because of established 

links between physical inactivity and various morbidities.5, 12, 13 Neurological disease can also increase the 

risk of physical inactivity secondary to associated disability.14-17 Physical activity monitoring using 

accelerometers, pedometers, and gyroscopes has gained traction in healthcare, wellness and medical 

research.5, 18-20 Monitoring can focus on gait, upper or lower limb function or other patterns of body 

movement or behavior. Potential variables that can be used to measure physical activity include step 

count, activity count, activity bouts, active minutes and energy expenditure. Remote physical activity 

monitoring provides a convenient way of assessing movement outside of the clinic setting and may 

correlate with disease-specific predictors, outcomes, or interventions.  

 

However, remote measurement of physical activity in people with neurological disease has 

the potential to be complicated by neurological impairments such as gait abnormalities, weakness, 

spasticity or tremor that could confound remote measurement in these populations. While disease-

specific examination and validation of remote physical activity is needed, systematically reviewing the 

literature across neurological disorders may reveal lessons about feasibility, implementation and 

interpretation that apply across neurological indications.     
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This systematic review summarizes research on remote physical activity monitoring in 

neurological diseases, including multiple sclerosis (MS), stroke, Parkinson’s disease (PD), dementia, 

traumatic brain injury (TBI), ataxia, epilepsy and migraine. To focus primarily on physical activity 

outside of the immediate clinical setting, studies were included that monitored physical activity for at 

least 24 hours.  

 

Methods 

Data Sources 

Original research studies were identified from the PubMed/MEDLINE, CINAHL and 

SCOPUS databases. Once relevant articles were identified, they were located individually in the Web of 

Science database and in Google Scholar to examine citing and cited-by articles. The search strategy used 

a combination of MeSH (Medical Subject Headings) terms and keywords. The search terms used alone 

and in combination were categorized according to PICO: Population: “multiple sclerosis,” “parkinson*,” 

“stroke,” “cerebrovascular accident,” “brain injury,” “ataxia,” “headache,” “migraine,” and “epilepsy”. 

Intervention/ indicator: “acceleromet*,” “activity monitor*,”  “free living physical activity,” 

“pedometer,” “wearable sensor*”. 

Comparator/ Control: Not using the device. Inclusion criteria did not require studies to be intervention 

trials. Outcome: physical activity (measured heterogeneously e.g. step or activity count, movement count, 

bouts of activity)  

 We also examined articles that reported physical activity monitoring in samples with “heart 

disease” or “diabetes” to identify if sub-populations of neurological conditions were evaluated. A 

medical librarian (P.T.) advised on search strategy, search terms, and methodology. 

 

Study Selection 
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Studies were included if they 1) recorded human physical activity, defined as voluntary 

(skeletal) muscle movement during daily functioning requiring energy expenditure3; 2) monitored 

subjects for ≥24 hours; 3) used remote monitoring via devices that employ accelerometers, gyroscopes 

and/or pedometers to measure physical activity and capture data remotely for subsequent analysis; 4) 

enrolled adults 18 years of age or older with a diagnosis of MS, stroke, PD, dementia, TBI, epilepsy, 

migraine, headache or ataxia; 5) and were published between January 2004 and December 2014. Studies 

were excluded that recorded involuntary motor activity such as seizures or tremor; focused on movement 

during sleep or examined sleep as the primary outcome; extrapolated measures for average step counts 

from shorter monitoring periods; measured total daily energy expenditure (such as daily calorie 

consumption or diet interventions) without physical activity monitoring; or measured global positioning 

satellite (GPS) data exclusively rather than more direct measurement or corroboration of physical 

activity. We also excluded case reports and case studies. 

 

Two authors (V.B., E.P.) searched independently. Titles and abstracts were screened for 

relevance and supplementary review. One author (V.B.) manually searched the reference sections of 

complete manuscripts for additional articles. Consensus for meeting the eligibility criteria was achieved 

by comparing search results (V.B., E.P.). 

 

Data extraction and Analysis  

Data were extracted (V.B.) and checked (E.P., D.D.A., J.M.G), with final adjudication by 

consensus from two senior authors (D.D.A., J.M.G.). Variables included population studied; disease-

specific severity levels; device name, placement and intent (i.e. patient behavior change or healthcare 

monitoring); intervention (if any); setting; demographic data; and study details, including design, funding 

sources and motivational factors (i.e. subject imbursement, visual display of data). Studies were graded 

for risk of bias based on methodology proposed by the Cochrane Collaborations21 (see supplementary S1 

Table: a - e). Conclusions and lessons learned across studies were summarized.  
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Results 

The systematic review identified 745 studies through the databases and an additional 25 

articles through recursive and manual reference searches. Once eligibility criteria were applied, 137 

studies remained (Fig 1 and supporting S4 Fig 1) 22. Individual studies are summarized in Tables 1-5. 

Table 6 (sections a-e) documents the sample characteristics. The risk of bias with level of evidence for 

interventional studies is reported in supporting S1 Table. A description of the most common devices used 

in the included studies appears in supporting S2 Table.  
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Table 6. Summary Characteristics of Studies by Neurological Diagnosis 

Section a:   MULTIPLE SCLEROSIS 
 Number of 

studies 
Percent 

(%) 
Notes 

No of Articles Identified 61   Median year published: 2011 
Mean Age of Participants / Years 
(18-50) 
(>50)  

 
49 
12 

 
80.3 
19.7 

- 

Sex 
Both 
Female only  

 
59 
2 

 
96.7 
3.3 

Greater % of females  

MS Phenotype 
(RRMS) 
(SPMS) 
(Relapsing and Progressive) 
(“Diagnosed with MS” / Undefined) 

 
10 
1 

44 
6 

 
16.4 
1.6 

72.2 
9.8 

- 79% of participants in all included 
MS studies had RRMS 

Disability Level  
(EDSS and PDDS equivalent)  
(0-5.5) 
(>5.5) 
(Not stated) 

 
 

40 
4 

17 

 
 

65.6 
6.7 

27.9 

 
 
EDSS/PDDS: 6 (2, 3.3%), ≥7 (2, 
3.3%) 

Mean Disease Duration  / Years    
(>5 – 10)  
(>10 – 20) 
(>20) 
(Not stated)  

 
28 
29 
1 
3 

 
45.9 
47.5 
1.6 
4.9 

0-1 year (0.0%), >1 year - 5 years 
(0.0%) when reported 

Reporting of Paralysis/Paresis 0 0.0  
Reporting of Tremor 1 1.6 - As an exclusion criteria36 
Monitoring Length  
(1 day)  
(2-6 days)  
(7 days) 
(7 days, repeated once)  
(2 days, x2 - separated by 24 hours) 
(7 days, every 6 months – for 2.5yrs) 
(10 days, every 3 months – for 1yr) 

 
1 
3 

41 
13 
1 
1 
1 

 
1.6 
4.9 

67.2 
21.3 
1.6 
1.6 
1.6 

- 

Device Used in Physical Activity 
Monitoring 
*(ActiGraph 7164) 
*(ActiGraph GT3X) 
*(Yamax SW-200 pedometer) 
(Other)  
(StepWatch Activity Monitor)  
(RT3 accelerometer) 

 
 

38 
12 
10 
10 
5 
1 

 
 

62.3 
19.7 
16.4 
16.4 
8.2 
1.6 

* Used in conjunction with another 
activity monitor 
 
 
 

Device Intent 
(Healthcare monitoring) 
(Patient behavior change) 
(Both) 

 
53 
6 
2 

 
86.9 
9.8 
3.3 

- 

Device Placement 
(Unaffected hip) 
(Posterior waist) 
(Unaffected ankle) 

 
43 
4 
4 

 
70.5 
6.6 
6.6 

- 



(Not stated)  
(Right hip) 
(Both wrists) 
(Right ankle) 

4  
3 
2 
1 

6.6 
4.9 
3.3 
1.6 

Device Modality 
(Walking/ gait activity) 
 (Upper extremity/arm activity) 

 
60 
1 

 - Both (0, 0.0%) 

Defined Acceptable Full Days 
Monitoring 
(Yes) 
(No) 

 
 

44 
15 

 
 

74.6 
25.4 

- For yes (44): > 10 hours of data 
(30, 68.2%), < 60 minutes of zero 
scores (24, 54.5%), > 3 days per 
week (7, 15.9%), > 5 days per week 
(2, 4.5%), undefined (10, 22.7%) 

Study Setting 
 (Home/ community) 
(Both Clinic and Home) 

 
48 
13 

 
78.7 
21.3 

Clinic (0, 0.0%) 

Study Design  
(Observational) 
(Interventional) 

 
57 
4 

 
93.4 
6.6 

- 
 

Total N range 
[Control and neurological group]  
(Lowest N) 
(Greatest N) 

 
 

11 
943 

 
 
- 
- 

- 

Neurological groups N range 
(Lowest N) 
(Greatest N) 

 
11 

800 

 
- 
- 

- 

Study Funding 
(Private Foundation) 
(Not stated/ unfunded at time of 
publication) 
(Government) 
(Both) 

 
31 
22 

 
6 
2 

 
50.8 
36.1 

 
9.8 
3.3 

Device manufacturer (0, 0.0%) 

Section b:   STROKE 

No of Articles Identified 41  Median year published: 2011 
Mean Age of Participants >50 100 - 
Sex  Both 100 - 
Type of Stroke 
(Undefined) 
(Both Ischemic and Hemorrhagic) 
(Ischemic) 
(Hemorrhagic) 
(Transient Ischemic Attack) 
(other) 

 
23 
11 
3 
2 
1 
1 

 
56.1 
26.8 
7.3 
4.9 
2.4 
2.4 

 
 
Ischemic (Middle cerebral artery: 2, 
14.3%, undefined: 13, 92.9%) 
 

Time Since Stroke 
(≤7 days - acute) 
(8 - 14 days) 
(>14 days – 3 months) 
(>3 months) 
(Undefined) 

 
6 
3 
3 

28 
1 

 
14.6 
7.3 
7.3 

68.3 
2.4 

- 

Reporting of Paralysis/Paresis 
(Yes) 
(No) 

 
38 
3 

 
92.7 
7.3 

- 

Reporting of Tremor   - 



 (Yes) 
(No) 

1 
40 

2.4 
97.6 

Monitoring Length 
(1 day)  
(2 - 6 days) 
(5 days) 
(7 days) 
(24 hours at 4 time points over 6 months) 
(3 days at: baseline x2, post-Intervention 
& 3 month follow-up) 
(4 weeks: data from 5 days before & after 
intervention) 

 
5 

28 
1 
4 
1 
 

1 
 

1 

 
12.2 
68.3 
2.4 
9.8 
2.4 

 
2.4 

 
2.4 

  
- 

Device Used in Physical Activity 
Monitoring 
(Other) 
(ActiGraph 7164) 
(StepWatch) 
(Intelligent Device for Energy 
Expenditure & Physical Activity) 
(Yamax SW-200 pedometer) 

 
 

25 
2 

13 
 

3 
1 

 
 

61.0 
4.9 

31.7 
 

7.3 
2.4 

 
 
 
 
 
 
 

Device Intent 
(Healthcare monitoring) 
(Behavior change) 
(Both) 

34 
3 
4 

82.9 
7.3 
9.8 

- 

Device Modality 
(Walking/ gait activity) 
 (Upper extremity/arm activity) 
(Both) 

 
24 
14 
3 

 
58.5 
34.1 
7.3 

- 

Defined Acceptable Full Day 
(Yes) 
(No) 

 
27 
14 

 
65.9 
34.1 

- 

Study Setting 
(Home) 
(Home and Out patient) 
(Home and Hospital – acute care) 
(Hospital - acute care) 
(Hospital – acute care and Out patient)  
(Out patient) 

 
18 
10 
1 
9 
1 
2 

 
43.9 
24.4 
2.4 

22.0 
2.4 
4.9 

- 

Study Design 
(Observational) 
(Interventional) 

 
34 
7 

 
82.9 
17.1 

 
 

Blinding 
(Yes) 
(No) 

 
7 

34 

 
17.1 
82.9 

- If Yes: clinician & analyst (3/5), 
participant (3/5), researcher and 
analyst (1/5) 

Total N range 
(Lowest N) 
(Greatest N) 

 
10 

786 

- - 

Neurological groups N range 
(Lowest N) 
(Greatest N) 

 
8 

408 

- - 

Study Funding 
(Government) 
(Private Foundation) 
(Not stated/unfunded at time of 

 
14 
12 

 

 
34.1 
29.3 

 

- 



publication) 
(Both) 

10 
5 

24.4 
12.2 

Section c:   PARKINSON’S DISEASE 

No of Articles Identified 20  Median year published: 2012 
Mean Age of Participants >50 100 - 
Sex  Both  100 - 
Reporting of Paralysis/Paresis 
(No) 

 
20 

 
100 

- 

Reporting of Tremor 
(Yes) 
(No) 

 
7 

13 

 
35.0 
65.0 

- 

Monitoring Length 
(1 day) 
(2 - 6 days) 
(7 days) 
(7 days - repeated once) 
24 hrs x2, 48 hrs once (each separated by 
1 week) 

 
4 
6 
8 
1 
 

1 

 
20.0 
30.0 
40.0 
5.0 

 
5.0 

- 

Device Used in Physical Activity 
Monitoring 
(Other)  
(StepWatch) 
(ActiGraph GT3X)  
(ActivPAL) 

 
 

13 
3 
2 
2 

 
 

65.0 
15.0 
10.0 
10.0 

- 

Device Intent 
(Healthcare monitoring) 
(Behavior change) 

 
19 
1 

 
95.0 
5.0 

- 

Device Placement 
(Anterior waist) 
(Posterior waist) 
(Both ankles) 
(Both wrists) 
 (Hip unaffected or non-dominant) 
 (Multiple limbs) 

 
5 
3 
3 
3 
1 
5 

 
25.0 
15.0 
15.0 
15.0 
5.0 

25.0 

- 

Device Modality 
(Walking/ gait activity) 
 (Upper extremity/arm activity) 
(Both) 

 
19 
0 
1 

 
95.0 
0.0 
5.0 

- 

Defined Acceptable Full Day 
(Yes) 
(No) 

 
12 
8 

 
60.0 
40.0 

- For Yes: greater than 10 hours of 
data (2), less than 60 minutes of 
zero scores (2), more than 3 days 
per week (3), undefined (5) 

Study Setting 
(Home) 
(Home and Out patient) 
 (Hospital - acute care) 

 
13 
6 
1 

 
65.0 
30.0 
5.0 

- 

Study Design 
(Observational) 
(Interventional) 

 
19 
1 

 
95.0 
5.0 

- Cross sectional (17), longitudinal 
(2) 
 

Blinding 
(No) 
(Yes) 

 
18 
2 

 
90.0 
10.0 

- If Yes, who was blinded: 
participants (1), analyst (1)  



Total N range 
(Lowest N) 
(Greatest N) 

 
4 

467 

- - 

Neurological groups N range 
    (Lowest N) 
(Greatest N) 

 
4 

467 

- - 

Study Funding 
(Government) 
(Private Foundation) 
(Both) 
(Not stated/ unfunded at time of 
publication)  
(Device manufacturer) 

 
5 
6 
6 
 

3 
(*) 

 
25.0 
30.0 
30.0 

 
15.0 
0.0 

 
 
 
 
- 1 author: co-inventor of the 
device, not involved in data 
collection or analysis of results.  

Section: d    DEMENTIA 
No of Articles Identified 11  Median year published: 2012 
Mean Age of Participants >50 100 - 
Sex 
(Both) 

 
11 

 
100 

- 

Cognitive Scoring 
(Mild) 
(Moderate) 
(Mild - Moderate) 
(Moderate - Severe)  

 
3 
3 
3 
2 

 
27.3 
27.3 
27.3 
18.2 

 
 
- MMSE cut off <24/30: Mild/ 
Moderate  
 

Presumed Pathology 
(Alzheimer’s)  
(Probable Alzheimer’s and other 
dementia) 
(Alzheimer’s / Lewy body/ 
Frontotemporal /other dementia) 
(Dementia diagnosis) 
(Frontotemporal / other dementia) 

 
5 
 

1 
 

2 
2 
1 

 
45.5 

 
9.1 

 
18.2 
18.2 
9.1 

 
- 

Reporting of Paralysis/Paresis 
(No) 

 
11 

 
100 

- 

Reporting of Tremor 
(Yes) 
(No) 

 
1 

10 

 
9.1 

90.9 

- 

Monitoring Length 
(2 - 6 days)  
(7 days) 
(7 days - repeated x4) 
(Median of 9 days) 

 
6 
3 
1 
1 

 
54.5 
27.3 
9.1 
9.1 

- 

Device Used in Physical Activity 
Monitoring 
(Other) 

 
 

11 

 
 

100 

- 

Device Intent 
(Healthcare monitoring) 
(Behavior change) 

 
11 
0 

 
100 
0.0 

- 

Device Placement 
(Left or non-dominant wrist) 
(Right or dominant wrist 
(Both wrists) 
(Left ankle) 

 
3 
1 
1 
1 

 
27.3 
9.1 
9.1 
9.1 

- 



 (Both ankles) 
(Right hip) 
 (Other/ Multiple limbs) 

1 
1 
3 

9.1 
9.1 

27.3 
Device Modality 
(Walking/ gait activity) 
 (Upper extremity/arm activity) 
(Both) 

 
9 
0 
2 

 
81.8 
0.0 

18.2 

- 

Defined Acceptable Full Day 
 
(Yes) 
(No) 

 
 

8 
3 

 
 

72.7 
27.3 

-For Yes: greater than 10 hours of 
data (2), less than 60 minutes of 
zero scores (1), more than 3 days 
per week (1), undefined (4) 

Study Setting 
(Home) 
(SNF) 

 
8 
3 

 
72.7 
27.3 

- 

Study Design 
(Observational) 

 
11 

 
100 

- Cross sectional (9), longitudinal 
(2) 

Blinding 
(No) 

 
11 

1 
00 

- 

Total N range 
(Lowest N) 
(Greatest N) 

 
12 

774 

- - 

Neurological groups N range 
(Lowest N) 
(Greatest N) 

 
10 

774 

- - 

Study Funding 
(Private Foundation) 
(Both Government and Private) 
(Not stated/ unfunded at time of 
publication)  

 
6 
2 
 

3 

 
54.5 
18.2 

 
27.3 

- 

Section e:  
  TRAUMATIC BRAIN 

INJURY 
No of Articles Identified 1   
Mean Age of Participants 
(18-50) 
(>50) 

 
1 
0 

 
100 
0.0 

- 

Sex  Both 100 - 
Time Since Diagnosis 
(> 3 months) 

 
1 

 
100 

- 

Device Used in Physical Activity 
Monitoring 
(ActiGraph GT3X) 

 
 

1 

 
 

100 

- 

Device Modality  
(Walking/ gait activity) 

 
1 

 
100 

- 

Monitoring Length 
(7 days) 

 
1 

 
20.0 

- 

Neurological groups N 30 - - 
Funding 
(Private Foundation) 

 
1 

 
100 

- 

   ATAXIA 

No of Articles Identified 1   
Mean Age of Participants 
(18-50) 

0 
1 

 - 



 

(>50) 
Sex  Both 100 - 
Device Modality 
(Walking/ gait activity) 

 
1 

 
100 

- 

Monitoring Length 
(7 days) 

 
1 

 
100 

- 

Neurological groups N  19 - - 
Funding 
(Not stated /unfunded at time of 
publication) 

 
1 

 
100 

- 

   ACROSS MULTIPLE 
NEUROLOGICAL 
DIAGNOSES 

No of Articles Identified 3   
Diagnosis 
(TBI/ Stroke) 
(Stroke/PD/MS) 
(PD/AD/Neuromuscular disorder) 

1 
 

1 
1 

33.3 
 

33.3 
33.3 

- 

Mean Age of Participants 
(18-50) 
(>50) 

 
0 
3 

 
0.0 
100 

- 

Sex  Both 100 - 
Device Modality 
(Walking/ gait activity) 

 
3 

 
100 

- 

Monitoring Length 
(1 day)  
(7 days) 
(Average of 3 days and 7 days, repeated 
once) 

 
1 
1 
 

1 

 
33.3 
33.3 

 
33.3 

- 
 
 

Neurological groups N range 
(Lowest N) 
(Greatest N) 

 
10 
50 

- - 

Funding 
(Government) 
(Private Foundation) 
(Not stated /unfunded at time of 
publication) 

 
1 
1 
 

1 

 
33.3 
33.3 

 
33.3 

- 

Abbreviations: A/D: assistive device, yrs: years, SNF: Skilled Nursing Facility, TBI: Traumatic Brain 
Injury, MS: Multiple Sclerosis, PD: Parkinson’s disease, AD: Alzheimer’s disease, N/A: not applicable or not 
recorded. 
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Table 6. Summary Characteristics of Studies by Neurological Diagnosis 

Section a:   MULTIPLE SCLEROSIS 
 Number 

of studies 
Percent 

(%) 
Notes 

No of Articles Identified 61   Median year published: 2011 
Mean Age of Participants / Years 
(18-50) 
(>50)  

 
49 
12 

 
80.3 
19.7 

- 

Sex 
Both 
Female only  

 
59 
2 

 
96.7 
3.3 

Greater % of females  

MS Phenotype 
(RRMS) 
(SPMS) 
(Relapsing and Progressive) 
(“Diagnosed with MS” / Undefined) 

 
10 
1 

44 
6 

 
16.4 
1.6 

72.2 
9.8 

- 79% of participants in all 
included MS studies had RRMS 

Disability Level  
(EDSS and PDDS equivalent)  
(0-5.5) 
(>5.5) 
(Not stated) 

 
 

40 
4 

17 

 
 

65.6 
6.7 

27.9 

 
 
EDSS/PDDS: 6 (2, 3.3%), ≥7 (2, 
3.3%) 

Mean Disease Duration  / Years    
(>5 – 10)  
(>10 – 20) 
(>20) 
(Not stated)  

 
28 
29 
1 
3 

 
45.9 
47.5 
1.6 
4.9 

0-1 year (0.0%), >1 year - 5 
years (0.0%) when reported 

Reporting of Paralysis/Paresis 0 0.0  
Reporting of Tremor 1 1.6 - As an exclusion criteria36 
Monitoring Length  
(1 day)  
(2-6 days)  
(7 days) 
(7 days, repeated once)  
(2 days, x2 - separated by 24 hours) 
(7 days, every 6 months – for 2.5yrs) 
(10 days, every 3 months – for 1yr) 

 
1 
3 

41 
13 
1 
1 
1 

 
1.6 
4.9 

67.2 
21.3 
1.6 
1.6 
1.6 

- 

Device Used in Physical Activity 
Monitoring 
*(ActiGraph 7164) 
*(ActiGraph GT3X) 
*(Yamax SW-200 pedometer) 
(Other)  
(StepWatch Activity Monitor)  
(RT3 accelerometer) 

 
 

38 
12 
10 
10 
5 
1 

 
 

62.3 
19.7 
16.4 
16.4 
8.2 
1.6 

* Used in conjunction with 
another activity monitor 
 
 
 

Device Intent 
(Healthcare monitoring) 
(Patient behavior change) 
(Both) 

 
53 
6 
2 

 
86.9 
9.8 
3.3 

- 

Device Placement 
(Unaffected hip) 
(Posterior waist) 
(Unaffected ankle) 

 
43 
4 
4 

 
70.5 
6.6 
6.6 

- 



	   127	  

(Not stated)  
(Right hip) 
(Both wrists) 
(Right ankle) 

4  
3 
2 
1 

6.6 
4.9 
3.3 
1.6 

Device Modality 
(Walking/ gait activity) 
 (Upper extremity/arm activity) 

 
60 
1 

 - Both (0, 0.0%) 

Defined Acceptable Full Days 
Monitoring 
(Yes) 
(No) 

 
 

44 
15 

 
 

74.6 
25.4 

- For yes (44): > 10 hours of 
data (30, 68.2%), < 60 minutes 
of zero scores (24, 54.5%), > 3 
days per week (7, 15.9%), > 5 
days per week (2, 4.5%), 
undefined (10, 22.7%) 

Study Setting 
 (Home/ community) 
(Both Clinic and Home) 

 
48 
13 

 
78.7 
21.3 

Clinic (0, 0.0%) 

Study Design  
(Observational) 
(Interventional) 

 
57 
4 

 
93.4 
6.6 

- 
 

Total N range 
[Control and neurological group]  
(Lowest N) 
(Greatest N) 

 
 

11 
943 

 
 
- 
- 

- 

Neurological groups N range 
(Lowest N) 
(Greatest N) 

 
11 

800 

 
- 
- 

- 

Study Funding 
(Private Foundation) 
(Not stated/ unfunded at time of 
publication) 
(Government) 
(Both) 

 
31 
22 

 
6 
2 

 
50.8 
36.1 

 
9.8 
3.3 

Device manufacturer (0, 0.0%) 

Section b:   STROKE 

No of Articles Identified 41  Median year published: 2011 
Mean Age of Participants >50 100 - 
Sex  Both 100 - 
Type of Stroke 
(Undefined) 
(Both Ischemic and Hemorrhagic) 
(Ischemic) 
(Hemorrhagic) 
(Transient Ischemic Attack) 
(other) 

 
23 
11 
3 
2 
1 
1 

 
56.1 
26.8 
7.3 
4.9 
2.4 
2.4 

 
 
Ischemic (Middle cerebral artery: 
2, 14.3%, undefined: 13, 92.9%) 
 

Time Since Stroke 
(≤7 days - acute) 
(8 - 14 days) 
(>14 days – 3 months) 
(>3 months) 
(Undefined) 

 
6 
3 
3 

28 
1 

 
14.6 
7.3 
7.3 

68.3 
2.4 

- 

Reporting of Paralysis/Paresis 
(Yes) 
(No) 

 
38 
3 

 
92.7 
7.3 

- 

Reporting of Tremor   - 
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 (Yes) 
(No) 

1 
40 

2.4 
97.6 

Monitoring Length 
(1 day)  
(2 - 6 days) 
(5 days) 
(7 days) 
(24 hours at 4 time points over 6 
months) 
(3 days at: baseline x2, post-
Intervention & 3 month follow-up) 
(4 weeks: data from 5 days before & 
after intervention) 

 
5 

28 
1 
4 
1 
 

1 
 

1 

 
12.2 
68.3 
2.4 
9.8 
2.4 

 
2.4 

 
2.4 

  
- 

Device Used in Physical Activity 
Monitoring 
(Other) 
(ActiGraph 7164) 
(StepWatch) 
(Intelligent Device for Energy 
Expenditure & Physical Activity) 
(Yamax SW-200 pedometer) 

 
 

25 
2 

13 
 

3 
1 

 
 

61.0 
4.9 

31.7 
 

7.3 
2.4 

 
 
 
 
 
 
 

Device Intent 
(Healthcare monitoring) 
(Behavior change) 
(Both) 

34 
3 
4 

82.9 
7.3 
9.8 

- 

Device Modality 
(Walking/ gait activity) 
 (Upper extremity/arm activity) 
(Both) 

 
24 
14 
3 

 
58.5 
34.1 
7.3 

- 

Defined Acceptable Full Day 
(Yes) 
(No) 

 
27 
14 

 
65.9 
34.1 

- 

Study Setting 
(Home) 
(Home and Out patient) 
(Home and Hospital – acute care) 
(Hospital - acute care) 
(Hospital – acute care and Out patient)  
(Out patient) 

 
18 
10 
1 
9 
1 
2 

 
43.9 
24.4 
2.4 

22.0 
2.4 
4.9 

- 

Study Design 
(Observational) 
(Interventional) 

 
34 
7 

 
82.9 
17.1 

 
 

Blinding 
(Yes) 
(No) 

 
7 

34 

 
17.1 
82.9 

- If Yes: clinician & analyst 
(3/5), participant (3/5), 
researcher and analyst (1/5) 

Total N range 
(Lowest N) 
(Greatest N) 

 
10 

786 

- - 

Neurological groups N range 
(Lowest N) 
(Greatest N) 

 
8 

408 

- - 

Study Funding 
(Government) 
(Private Foundation) 

 
14 
12 

 
34.1 
29.3 

- 
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(Not stated/unfunded at time of 
publication) 
(Both) 

 
10 
5 

 
24.4 
12.2 

Section c:   PARKINSON’S DISEASE 

No of Articles Identified 20  Median year published: 2012 
Mean Age of Participants >50 100 - 
Sex  Both  100 - 
Reporting of Paralysis/Paresis 
(No) 

 
20 

 
100 

- 

Reporting of Tremor 
(Yes) 
(No) 

 
7 

13 

 
35.0 
65.0 

- 

Monitoring Length 
(1 day) 
(2 - 6 days) 
(7 days) 
(7 days - repeated once) 
24 hrs x2, 48 hrs once (each separated 
by 1 week) 

 
4 
6 
8 
1 
 

1 

 
20.0 
30.0 
40.0 
5.0 

 
5.0 

- 

Device Used in Physical Activity 
Monitoring 
(Other)  
(StepWatch) 
(ActiGraph GT3X)  
(ActivPAL) 

 
 

13 
3 
2 
2 

 
 

65.0 
15.0 
10.0 
10.0 

- 

Device Intent 
(Healthcare monitoring) 
(Behavior change) 

 
19 
1 

 
95.0 
5.0 

- 

Device Placement 
(Anterior waist) 
(Posterior waist) 
(Both ankles) 
(Both wrists) 
 (Hip unaffected or non-dominant) 
 (Multiple limbs) 

 
5 
3 
3 
3 
1 
5 

 
25.0 
15.0 
15.0 
15.0 
5.0 

25.0 

- 

Device Modality 
(Walking/ gait activity) 
 (Upper extremity/arm activity) 
(Both) 

 
19 
0 
1 

 
95.0 
0.0 
5.0 

- 

Defined Acceptable Full Day 
(Yes) 
(No) 

 
12 
8 

 
60.0 
40.0 

- For Yes: greater than 10 hours 
of data (2), less than 60 minutes 
of zero scores (2), more than 3 
days per week (3), undefined (5) 

Study Setting 
(Home) 
(Home and Out patient) 
 (Hospital - acute care) 

 
13 
6 
1 

 
65.0 
30.0 
5.0 

- 

Study Design 
(Observational) 
(Interventional) 

 
19 
1 

 
95.0 
5.0 

- Cross sectional (17), 
longitudinal (2) 
 

Blinding 
(No) 
(Yes) 

 
18 
2 

 
90.0 
10.0 

- If Yes, who was blinded: 
participants (1), analyst (1)  
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Total N range 
(Lowest N) 
(Greatest N) 

 
4 

467 

- - 

Neurological groups N range 
    (Lowest N) 
(Greatest N) 

 
4 

467 

- - 

Study Funding 
(Government) 
(Private Foundation) 
(Both) 
(Not stated/ unfunded at time of 
publication)  
(Device manufacturer) 

 
5 
6 
6 
 

3 
(*) 

 
25.0 
30.0 
30.0 

 
15.0 
0.0 

 
 
 
 
- 1 author: co-inventor of the 
device, not involved in data 
collection or analysis of results.  

Section: d    DEMENTIA 

No of Articles Identified 11  Median year published: 2012 
Mean Age of Participants >50 100 - 
Sex 
(Both) 

 
11 

 
100 

- 

Cognitive Scoring 
(Mild) 
(Moderate) 
(Mild - Moderate) 
(Moderate - Severe)  

 
3 
3 
3 
2 

 
27.3 
27.3 
27.3 
18.2 

 
 
- MMSE cut off <24/30: Mild/ 
Moderate  
 

Presumed Pathology 
(Alzheimer’s)  
(Probable Alzheimer’s and other 
dementia) 
(Alzheimer’s / Lewy body/ 
Frontotemporal /other dementia) 
(Dementia diagnosis) 
(Frontotemporal / other dementia) 

 
5 
 

1 
 

2 
2 
1 

 
45.5 

 
9.1 

 
18.2 
18.2 
9.1 

 
- 

Reporting of Paralysis/Paresis 
(No) 

 
11 

 
100 

- 

Reporting of Tremor 
(Yes) 
(No) 

 
1 

10 

 
9.1 

90.9 

- 

Monitoring Length 
(2 - 6 days)  
(7 days) 
(7 days - repeated x4) 
(Median of 9 days) 

 
6 
3 
1 
1 

 
54.5 
27.3 
9.1 
9.1 

- 

Device Used in Physical Activity 
Monitoring 
(Other) 

 
 

11 

 
 

100 

- 

Device Intent 
(Healthcare monitoring) 
(Behavior change) 

 
11 
0 

 
100 
0.0 

- 

Device Placement 
(Left or non-dominant wrist) 
(Right or dominant wrist 
(Both wrists) 
(Left ankle) 
 (Both ankles) 

 
3 
1 
1 
1 
1 

 
27.3 
9.1 
9.1 
9.1 
9.1 

- 
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(Right hip) 
 (Other/ Multiple limbs) 

1 
3 

9.1 
27.3 

Device Modality 
(Walking/ gait activity) 
 (Upper extremity/arm activity) 
(Both) 

 
9 
0 
2 

 
81.8 
0.0 

18.2 

- 

Defined Acceptable Full Day 
 
(Yes) 
(No) 

 
 

8 
3 

 
 

72.7 
27.3 

-For Yes: greater than 10 hours 
of data (2), less than 60 minutes 
of zero scores (1), more than 3 
days per week (1), undefined (4) 

Study Setting 
(Home) 
(SNF) 

 
8 
3 

 
72.7 
27.3 

- 

Study Design 
(Observational) 

 
11 

 
100 

- Cross sectional (9), longitudinal 
(2) 

Blinding 
(No) 

 
11 

1 
00 

- 

Total N range 
(Lowest N) 
(Greatest N) 

 
12 

774 

- - 

Neurological groups N range 
(Lowest N) 
(Greatest N) 

 
10 

774 

- - 

Study Funding 
(Private Foundation) 
(Both Government and Private) 
(Not stated/ unfunded at time of 
publication)  

 
6 
2 
 

3 

 
54.5 
18.2 

 
27.3 

- 

Section e:  
  TRAUMATIC BRAIN 

INJURY 
No of Articles Identified 1   
Mean Age of Participants 
(18-50) 
(>50) 

 
1 
0 

 
100 
0.0 

- 

Sex  Both 100 - 
Time Since Diagnosis 
(> 3 months) 

 
1 

 
100 

- 

Device Used in Physical Activity 
Monitoring 
(ActiGraph GT3X) 

 
 

1 

 
 

100 

- 

Device Modality  
(Walking/ gait activity) 

 
1 

 
100 

- 

Monitoring Length 
(7 days) 

 
1 

 
20.0 

- 

Neurological groups N 30 - - 
Funding 
(Private Foundation) 

 
1 

 
100 

- 

   ATAXIA 

No of Articles Identified 1   
Mean Age of Participants 
(18-50) 
(>50) 

0 
1 

 - 
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Multiple Sclerosis: The majority of the 61 studies (60/61, 98.4%) that remotely 

monitored activity in MS23-36, 38-83 (Table 1 and Table 6 section a) measured physical activity by 

walking; one study focused on upper extremity movement.37 The length of continuous monitoring 

ranged from 3 to 7 days for each discrete measurement period33, 65 with 7 days being the 

measurement paradigm for the majority (41/61, 67.2%) of studies. Most of the studies (44/61, 

72.2%) 23, 27, 28, 31, 32, 34, 38, 40, 42, 45, 47-53, 55-75, 77-80, 83, 159 included both relapsing and progressive MS 

Sex  Both 100 - 
Device Modality 
(Walking/ gait activity) 

 
1 

 
100 

- 

Monitoring Length 
(7 days) 

 
1 

 
100 

- 

Neurological groups N  19 - - 
Funding 
(Not stated /unfunded at time of 
publication) 

 
1 

 
100 

- 

   ACROSS MULTIPLE 
NEUROLOGICAL 
DIAGNOSES 

No of Articles Identified 3   
Diagnosis 
(TBI/ Stroke) 
(Stroke/PD/MS) 
(PD/AD/Neuromuscular disorder) 

1 
 

1 
1 

33.3 
 

33.3 
33.3 

- 

Mean Age of Participants 
(18-50) 
(>50) 

 
0 
3 

 
0.0 
100 

- 

Sex  Both 100 - 
Device Modality 
(Walking/ gait activity) 

 
3 

 
100 

- 

Monitoring Length 
(1 day)  
(7 days) 
(Average of 3 days and 7 days, 
repeated once) 

 
1 
1 
 

1 

 
33.3 
33.3 

 
33.3 

- 
 
 

Neurological groups N range 
(Lowest N) 
(Greatest N) 

 
10 
50 

- - 

Funding 
(Government) 
(Private Foundation) 
(Not stated /unfunded at time of 
publication) 

 
1 
1 
 

1 

 
33.3 
33.3 

 
33.3 

- 

Abbreviations: A/D: assistive device, yrs: years, SNF: Skilled Nursing Facility, TBI: Traumatic 
Brain Injury, MS: Multiple Sclerosis, PD: Parkinson’s disease, AD: Alzheimer’s disease, N/A: not 
applicable or not recorded. 
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phenotypes; >78% of participants had relapsing MS. Although MS disease duration varied, studies 

primarily included persons with disease duration of less than 20 years. Fifty-two studies focused on 

people having mild to moderate disability (able to walk without a cane or support) 23, 25-27, 29-31, 34-36, 38, 

41-45, 48, 50, 51, 54-62, 66, 68-75, 77, 78, 80, and only two studies reported inclusion of people with greater levels of 

disability (requiring a walker or wheelchair for mobility).24, 37 One research group (Department of 

Kinesiology and Community Health, University of Illinois at Urbana-Champaign, Urbana, Illinois) 

authored 49/61 studies (81.7%)23, 25-28, 32, 34, 38, 40-70, 73-75, 78, 80-83; results from studies conducted by other 

groups generally corroborated this group’s results. No studies reported direct research funding by 

monitoring device manufacturers.   

 

In two studies focused on people with MS, average daily activity and step count 

measured via wearable accelerometers correlated with performance-based and self-reported walking 

mobility and physical activity.78, 82 A third study observed that accelerometers correlate only with 

performance-based measures of walking (6-minute walk; [6MW,] and the Timed-Up and Go, test; 

[TUG]) and not self-reported walking activity.83  

 

People with MS record lower levels of physical activity than the general population and 

unaffected controls.23, 27, 28, 32, 34, 38, 39, 48, 64, 65, 70, 74, 76, 79, 81 People with MS also frequently fail to reach 

daily levels of intensity and duration recommended for the general population.160 Lower physical 

activity levels in MS are associated with higher levels of disability and lower scores in a range of 

clinical and self-reported outcomes such as walking speed and endurance (Timed 25-Foot Walk23, 24, 

29, 30, 38, 39, 63, 69, 77, 2-minute walk and 6MW23, 24, 26, 31, 38, 39, 45, 58, 61, 68, 81, 83), fatigue (i.e. Fatigue Severity 

Scale)41, 54, 57, depression (i.e. Hospital Anxiety and Depression Scale54, 57, 69), self-efficacy,40, 41, 63 and 

balance (Berg Balance Scale24, 31, 39, TUG23, 31, 81, 83). Higher levels of physical activity correlate 

significantly with better performance on mobility measures in the clinic, self-reported disability 

questionnaires and cognitive processing speed.46, 52, 67 Lower physical activity in MS correlates with 

age,42 disease duration,34 progressive forms of MS,27 spasticity,23 and unemployment,27 but not race.34 
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However, rate of disability accumulation over 6 months was similar in an active versus a more 

sedentary group in one study.56 Of the 4 studies in MS that tested interventions, internet-based 

interventions appear to be beneficial in promoting objective and self-reported physical activity and 

are associated with decreased disability.25, 30, 44, 69  

 

Stroke: More than half of the studies (24/41 studies, 58.5%)15, 84-95, 97-124 that reported on 

activity monitoring post-stroke (Table 2 and Table 6 section b) measured walking or gait; 14 studies 

(34.1%)92, 97, 98, 102, 103, 106, 114, 117, 118, 120-124 assessed upper extremity or arm movement; and 3 (7.3%)99, 111, 

119 measured both arm movement and walking. One study included participants with either a 

diagnosis of stroke (n=30) or TBI (n=20). This study is listed under both diagnostic headings and 

results are analyzed by diagnosis group.96 Monitoring duration was usually between 2 and 6 days 

(28 studies, 68.3 %)84-91, 97-101, 103, 104, 109-113, 116-119, 121-124, although one study monitored step count for 4 

weeks, reporting change in daily average steps between the 5 days prior and post intervention.107 

Monitoring usually commenced between 3 and 6 months after the stroke (28, 68.3%)15, 84-86, 90-95, 100, 

101, 103, 105-110, 112, 113, 115, 116, 118, 121-124. Fewer than 40% of studies reported details about the type of stroke 

(i.e. ischemic or hemorrhagic and/or neuroanatomical localization). The presence and side of 

paralysis or paresis was reported in 92.7% (38/41)15, 84-95, 97-100, 102, 103, 105-124 of the articles; one article 

reported on the presence or absence of tremor as a potential confounder.124 During monitoring, 

participants were in the “home/ community” or “hospital - acute care” settings; none of these studies 

specifically monitored patient activity in acute rehabilitation or at skilled nursing facilities.   

 

Post-stroke, people tend to have a lower frequency of moderate to vigorous bouts of 

physical activity and are less likely to reach generally recommended minimum levels of physical 

activity than healthy controls.15, 85 However, one study found that the “time participants spent on 

their feet” was similar to healthy controls.85 Lower physical activity level post-stroke is associated 

with poor balance and greater depression scores.84 Four intervention studies were identified: 3 aimed 

at improving arm function,103, 121, 122 and 1 successfully increased daily step counts using a goal-
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directed step activity-monitoring program.91 An observational study showed little change in daily 

limb use with accelerometer results, despite significant improvements in clinical measures.111 

Measuring both upper extremities post-stroke facilitated differentiation of uni- vs. bi-manual tasks, 

distribution of arm usage, and comparison of impaired vs. unimpaired arm function.103 Spontaneous 

early arm movement activity was associated with greater neurological recovery post stroke,117 

although results varied regarding prediction of upper extremity recovery. 99, 118-120, 123, 124 

 

Parkinson’s Disease: All 20 studies125-144 that reported on activity monitoring in PD 

(Table 3 and Table 6 section c) measured physical activity through walking. Durations of 

monitoring were mostly for 2-6 days (6, 35.0%)125, 132, 134, 135, 138, 142 or 7 days  (8, 40.0%).127-131, 136, 140, 

141 Thirty-five per cent of studies (7/20) reported on the presence or absence of tremor as a potential 

confounder.125, 132-135, 138, 139  

One activity-monitoring device (DynaPort Hybrid) was able to differentiate between ON/OFF 

phases and detect “missteps/ near falls” in people with PD in the clinic and home environments.135 

Participants wore the device in the clinic while missteps were induced, an algorithm was developed 

to detect deviations from their gait patterns, and the algorithms were validated during an additional 

three days of device wear-time outside the clinic. Abnormal gait patterns, such as lower amplitude 

and greater step-to-step variability, were associated with fall risk in people with PD whereas total 

walking amount was not.142   

People with PD tend to take fewer steps and do shorter bouts of physical activity than the 

general population.128, 136, 145 A reduction in total number of steps per day correlates with PD 

progression,126 and milder severity of PD is associated with higher physical activity levels.134 People 

with PD tend to have a smaller number of longer sedentary periods than healthy controls, although 

total sedentary time is similar.127 An intervention study aimed at increasing physical activity in 

people with PD resulted in increased muscle strength and flexibility, self-directed exercise 

frequency and duration, reduced fear of falls, but no overall change in the total amount of physical 

activity.134  
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Dementia: Nine146-153, 156 of the 11146-156 studies (81.8%) that reported on activity 

monitoring in dementia (Table 4 and Table 6 section d) measured physical activity as walking. Two 

studies focused on upper extremity or arm movement in addition to walking or gait.154, 155 

Monitoring typically lasted 2-6 days (6/11 studies, 54.5%).147, 151, 153-156 Most studies involved people 

with a presumed Alzheimer's dementia or a combination of Alzheimer’s dementia and 

frontotemporal or Lewy Body dementias (8/11 studies, 72.7%).146-148, 150, 151, 153-155 Severity of 

cognitive dysfunction was usually mild to moderate (9/11 studies, 81.8%).146, 147, 149-154, 156, 161 Only 2 

studies involved people with severe cognitive disability.148, 155  

 

Physical activity level in people with dementia depended on stage of disease. People 

with mild Alzheimer’s dementia have lower mean physical activity (associated with apathy and 

more daytime napping)146 and lower step count per day147 compared to people with mild cognitive 

impairment (MCI) or healthy controls. Monitoring was feasible in people with cognitive 

impairment147, 153 and accelerometry was able to distinguish partners with and without early 

Alzheimer’s disease even before deficits were clinically visible.153 Monitoring in people with 

dementia distinguished “intensive wandering behavior,” which, when assessed along with 

estimations of energy expenditure, facilitated accurate calculation of nutritional requirement.150 

 

Traumatic Brain Injury: The single study in TBI concluded that 7 days of 

accelerometry was feasible in 30 people more than 3 months post-TBI (adherence >86%). Physical 

activity was below recommended levels.157 Data were more reliable than a self-reported physical 

activity questionnaire to determine amount, but not type of, moderate to vigorous physical 

activity.157  
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Ataxia: In a single study of physical activity monitoring in ataxia, 19 participants with 

spinocerebellar ataxia wore a step activity monitor for 7 days; greater physical activity was 

associated with shorter disease duration and lower disability scores.158  

 

The remaining studies that reported physical activity monitoring in mixed populations33, 

96, 145 measured walking activity or gait (Table 5 and Table 6 section e). One study observed 50 

people with either TBI or stroke over the age of 50 and greater than 3 months post injury assessing 

various activity monitoring systems.96 Another study evaluated a tri-axial accelerometer (TriTrac 

RT3) over 7 days in a study sample of patients with stroke (> 6 months in duration) (20), PD (7), or 

MS (11), and sedentary healthy controls (9).33 Mobility was more accurately assessed using 7-day 

activity monitoring than with a patient reported measure. A third study measured step count in 

participants with PD (10), MS (10), primary muscle disorder (10) and healthy controls (30) over 7 

days in free-living conditions.145 Neurological patients were observed to have a lower level of 

physical activity than healthy controls.  

 

Reliability and Validity 

Many studies provided evidence of the reliability of various devices. For the StepWatch 

Activity Monitor post-stroke, the test-retest interclass correlation coefficient (ICC) values were 

0.93-0.99 over a minimum of 3 days.110 Other studies documented similar ICC values for Actical 

accelerometer activity counts (ICC >0.94; 95% CI 0.91-0.97) in people post-stroke with no 

differences between workdays and weekend days.113 In MS, test-retest ICC values were 0.91 and 

0.88 for steps per day and activity counts per day (ActiGraph GT3X), respectively, over 6 months, 

although the ICC was smaller for people with greater disability (ICC= 0.672 for activity counts/day 

and ICC= 0.774 for steps/day).38 In a direct comparison in MS, seven days of monitoring 

(ActiGraph 7164) produced an ICC of 0.93 whereas three days yielded an ICC of 0.80, with no 

difference noted between days of the week (weekdays or weekend days) when measuring walking 

activity or gait.65 A 7-day period (using a TriTrac RT3 accelerometer) was most reliable in patients 
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with stroke, MS or PD.33 In PD, 24 hours of monitoring was found to be reliable to record a 

participants’ functional activity (average step count, inactive vs. active minutes using an activity 

monitor).143 In spinocerebellar ataxia, internal consistency was highest with 7-days of monitoring, 

but 3 days of monitoring using a step activity monitor still correlated strongly with 7-day 

measures.158 

 

Evidence of validity primarily comes from comparison of activity data collected remotely with 

established performance-based and self-report measures. In MS, number of steps per day correlates with the 

Expanded Disability Status Scale (EDSS), the Patient Determined Disease Steps (PDDS) scale, performance-

based ambulatory measures in the clinic and patient-reported outcomes.24, 31, 38, 39 Post-stroke, the ICC was 

high when comparing activity counts for the paretic and non-paretic hip (0.96),113 but correlation was 

moderate when comparing activity with patient-reported activity questionnaires.88 Post-stroke, activity counts 

for the upper extremity had high predictive value for good arm recovery;97-99 both arms are used less than by 

healthy controls, and less arm activity correlates with increased impairment and reduced muscle activity 

measured by EMG.97, 98, 102, 117-124 In TBI, activity counts were more accurate than questionnaires in 

characterizing levels of moderate to vigorous physical activity.157 In spinocerebellar ataxia, average step 

count across 7 days correlated strongly with disability scores and moderately with walking speed.158 

 

Discussion     

This systematic review examines a decade of literature on remote monitoring of physical activity 

in people with neurological diseases. Physical activity monitoring is feasible in these populations, including 

in those with impaired cognition.  Some of the evidence was sparse: very few of the eligible studies used 

remote activity monitoring as an outcome for an intervention (9/134),25, 30, 44, 69, 91, 103, 121, 122, 134 indicating that 

use of these tools in neurological populations is still primarily in an observational or validation phase. 

Nevertheless, the data in some diagnostic groups indicate that remote monitoring of physical activity can be a 

clinically useful way to assess activity status over time. 
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A wide array of variables can be used to measure physical activity. The most common are 

permutations of activity count or step count. However, other activity variables may provide better prognostic 

value in disease-specific situations. For example, length and number of moderate to vigorous activity bouts 

85, 104 reflected differences better than total step count in some studies following stroke,85, 115 whereas total step 

count, highest step rate in 1 minute, highest step rate in 5 minutes, and peak activity index appeared most 

reliable in others.110 Detection of upper limb recovery via accelerometer measures of arm/upper extremity 

movement was also favored post-stroke,97-99, 102, 103, 106, 111, 117-124 and may prove helpful in other populations, 

such as upper limb function in MS. In PD, average number of steps per day correlated with activity level and 

disease progression in many studies.126, 130, 131 However, in a minority there was no correlation between 

activity count and patient-reported assessments of symptom severity.138 Physical activity monitoring using 

specialized devices may also be used to predict fall-risk and measure missteps in PD,127 functionality that, if 

replicated and validated, could be very be useful in other neurological populations, including MS and stroke. 

 

Across diagnoses, physical activity is consistently lower in neurological populations than in those 

without neurological disease.34-37, 127, 146, 147 The total amount of activity or step counts measured via 

accelerometers is lower in MS (e.g.64, 70), dementia (e.g.149, 151), and stroke117 than in controls. In people with 

moderate to severe PD, pattern of activity was different (sedentary bouts were longer) but total volume of 

sedentary time was similar to controls.127 In those with mild to moderate PD, speed of turns was slower than 

in healthy controls, and reductions in daily ambulatory activity (volume of moderate to vigorous physical 

activity) were detected over a year, even without evident changes in clinical measures of gait or disease 

severity.126 

 

Remote physical activity monitoring for durations of >24 hours was feasible in the neurological 

populations studied;77 however, adherence was a potential concern. Post-stroke, the placement of sensors in 

pockets (confounding clothing movement with activity and increasing risk of leaving the device behind when 

changing clothes), impaired mental status, depression, and device discomfort (leading to withdrawal of 25% 
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of patients from one study) all reduced adherence.87, 89, 94 In PD, patients concerned with appearance also had 

reduced adherence (affecting over a quarter of participants in one study).125 Physical activity monitoring for 

extended periods of time was well tolerated in people with Alzheimer's Disease, although adherence was 

lower (83%) compared to healthy controls (100%).147 Tolerability was not recorded as a significant problem 

in studies involving people with MS, although adherence and loss of data from attrition was noted in several 

studies (S1 Table: a).  

 

Intervention studies in stroke are heterogeneous with regards to adherence and walking 

performance. A circuit-based rehabilitation study aimed at increasing stroke patients’ amount and rate of 

walking in their home environment, found high adherence rates to the program.108 Specific mention of device 

adherence was not recorded.108 A separate intervention study recording steps per day during 4 weeks, 

reported ~25% attrition due to non-compliance.107  

 

Interventional studies testing physical activity monitoring in stroke patients observed changes in 

clinical and patient-reported measures, but, perhaps in part due to inadequate adherence, failed to 

demonstrate changes in physical activity (average steps per day) in the home environment. 105, 108 Likewise, 

home intervention for increasing activity in people with PD observed improvements in strength, flexibility 

and a reduction in fear of falling, without noting changes is overall daily physical activity levels.134 Studies in 

MS, however, indicated that Internet-based exercise interventions can help to increase physical activity 

(activity/ steps per day), and improve self-reported disease symptoms and self-efficacy over 6 months.44, 69  

 

The few reviewed intervention studies using remote monitoring affirm that measuring activity 

levels of patients with minimal invasiveness in their natural environment has potential advantages over 

traditional self-reported and clinic-based measures. Self-reported measures are easy to obtain through 

questionnaires but are prone to recall bias. Performance-based measures in clinic can provide a useful 

snapshot of physical activity and may have prognostic value but are primarily measures of physical activity 

patients are capable of rather than how active patients actually are in their natural environment.105, 108 Future 
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intervention studies should continue measuring outcomes in multi-faceted ways as researchers gather more 

evidence of the relationship between the different categories of measures. 

 

 The accelerometer-based activity monitors used in many of the included studies are not primarily 

designed or marketed for consumer use, with current prices ranging from ~$200 to $600, which do not 

include software (~$2000) necessary for data analysis (S2 Table). Many commercially available monitors 

have not yet been evaluated in neurological populations. One recent study in healthy individuals showed no 

systematic bias when comparing step counts recorded via commercially available activity monitors (i.e. 

Fitbit) versus research grade accelerometers (ActiGraph).162, 163 However, the accuracy of non-research grade 

activity monitors remains an active source of debate,10, 19, 164-167 as does the failure of activity monitors to 

efficiently track many non-walking-based physical activities such as swimming, cycling, strength training 

and yoga.168 

 

Lessons learned from this systematic review lead to several recommendations for translation of 

remote physical activity monitoring in neurological indications. 1) Remote physical activity monitoring 

research would benefit from standardization in reporting. We provide a checklist that might aid researchers 

and clinicians in future research and clinical use (Fig 2). 2) While remote monitoring devices and 

measurement protocols should be tested and validated in specific neurological conditions, solutions are likely 

to translate across neurological conditions that share patterns of functional impairment. 3) Activity monitors 

have the potential to be retooled with suites of variables specific to particular diagnostic indications. For 

example, a disease-specific remote monitoring suite for MS might include step and activity count, fall 

detection, upper extremity function and temperature sensors to correlate with possible heat-induced 

demyelination-related disability. Additional functionality could include reminders to exercise, take 

medication or keep to a schedule for bowel and bladder maintenance.169 For all diagnostic groups, monitors 

could be tailored to track adherence to home exercise programs. If worn for longer periods of time, they 

could detect continuation of or changes in activity after specific punctate interventions (pharmacologic, 

medical, telehealth, or exercise-based) aimed to increase activity levels. Further studies are needed for longer 
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periods of time (continuously for months/years) to determine the feasibility and responsiveness of activity 

monitoring devices for these purposes.   

 

Limitations of this review include the focus on adults with neurological disease; lessons learned 

do not necessarily extend to pediatric populations with these conditions. This review also focuses specifically 

on physical activity monitoring and by necessity does not analyze advances in non-voluntary activities that 

can also be assessed via remote monitoring, such as seizure detection and sleep. Because only 9 of the 134 

studies were interventional, our review does not include a meta-analysis. 

 

In conclusion, this review records emerging evidence to support the use of remote physical activity 

monitoring in neurological care and neurorehabilitation. Because some patients already regularly perform 

such monitoring on themselves using commercial wearable devices or through their smartphones, providers 

also need to become familiar with these technologies and strategies for interpretation and to consider this 

knowledge translation when planning future studies.   
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Figure Legend 

Fig 1.  PRISMA Flow Diagram 

Fig 2. Checklist for Standardization of Reporting for Remote Physical Activity 

Monitoring in Neurological Disease 
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