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Abstract

Clinical trials need to specify which specific gait characteristics to monitor as mobility measures for each neurological
disorder. As a first step, this study aimed to investigate a set of measures from daily-life monitoring that best discriminate
mobility between people with multiple sclerosis (MS) and age-matched healthy control subjects (MS-Ctl) and between peo-
ple with Parkinson’s disease (PD) and age-matched healthy control subjects (PD-Ctl). Further, we investigated how these
discriminative measures relate to the disease severity of MS or PD. We recruited 13 people with MS, 21 MS-Ctl, 29 people
with idiopathic PD, and 20 PD-Ctl. Subjects wore 3 inertial sensors on their feet and the lumbar back for a week. The Area
Under Curves (AUC) from the receiver operator characteristic (ROC) plot was calculated for each measure to determine
the objective measures that best separated the MS and PD groups from their respective control cohorts. Adherence wearing
the sensors was similar among groups for 58—66 h of recording (p =0.14). Quantity of mobility (activity measures, such
as a median number of strides per gait bout, AUC=0.93) best discriminated mobility impairments in MS from MS-Ctl. In
contrast, quality of mobility (such as turn angle, AUC =0.90) best discriminated mobility impairments in PD from PD-Ctl.
Mobility measures with AUC > 0.80 were correlated with MS and PD clinical scores of disease severity. Thus, measures
characterizing mobility impairments differ for MS versus PD during daily life suggesting that mobility measures for clinical
trials and clinical practice need to be specific to each neurological disorder.
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Introduction

The maintenance of mobility is crucial for active aging,
allowing individuals to lead dynamic and independent lives,
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Recently, the use of mobile health technologies has made
it possible to quantify mobility outside the clinic and during
real-life [5-24]. Various researchers have shown that mobile
health technologies can be used to augment the standard clini-
cal assessment based on active monitoring, such as performing
prescribed/predefined tests at home or based on passive moni-
toring, during routine, daily life tasks in the community [25].
Key challenges in using mobile health technologies to monitor
mobility in daily life are an excessive number of measures
and a lack of consensus on the most useful measures for each
neurological disorder [25]. Hence, there is an unmet need to
determine the specific mobility measures that can objectively
and continuously monitor mobility during daily life that are
representative of different disorders.

In this study, we focused on the following aspects of mobil-
ity [26] in daily life: quality and quantity of gait and turning.
We derived mobility measures using passive monitoring of
natural walking and turning during unrestricted daily activities
with at least 8 h/day over a week using mobile health tech-
nologies. To reduce the excessive number of mobility meas-
ures, previous studies have used factor analysis or principal
component analysis to identify separate domains of mobility.
For example, lower body, upper body, and turning have been
previously shown to be relatively independent during clinical
gait testing [27]. In addition, activity and variability domains
have been used to characterize mobility in the laboratory and
during daily life [16, 24, 28, 29]. Hence, we grouped our
mobility measures into five domains: upper body, lower body,
turning, activity, and variability. The measures incorporating
all the domains of mobility, except activity, are referred to as
“quality of mobility”, and measures within the activity domain
are referred to as “quantity of mobility”. Determining which
mobility measures best discriminate mobility impairments
related to the severity of MS and PD compared to correspond-
ing age-matched healthy control cohorts is needed to monitor
the response to therapy [16, 18, 30-32].

The objectives of the present study were to investigate: (1)
which specific measures of gait and turning during real-life
monitoring best discriminate mobility characteristics in people
with MS and PD from their age-matched control cohorts and
(2) the extent to which objective gait and turning measures are
related to clinical scores of disease severity (clinical concur-
rent validity). We hypothesized that the most discriminative
aspects of mobility would differ for MS and PD and the worse
these mobility measures, the more severe the disease.

Methods
Participants

Thirteen people with MS (Patient-Reported Expanded Dis-
ability Status Scale: 4.27 +0.61 (mean + SD); Multiple

Sclerosis Walking Scale: 28.69 +9.53; and Modified Fatigue
Index Scale: 37.92+17.01), 21 MS-Ctl healthy controls, 29
people with PD (Unified Parkinson’s disease Rating Scale
part III total score tested ON medication: 34.66 + 11.02; and
Hoehn and Yahr stage: 2.07 +£0.45 with I (n=1), II (26), III
(1), and I'V (1)) and 20 PD-Ctl healthy controls participated
in the study. Inclusion criteria for PD were a diagnosis of
idiopathic Parkinson’s disease from movement disorders
neurologist with the United Kingdom Parkinson’s disease
Society Brain Bank criteria, Hoehn and Yahr scores of II-1V,
and complaints about mobility. Inclusion criteria for MS
were a confirmed diagnosis of relapsing—remitting or pro-
gressive MS, a mild-to-moderate MS-associated disability
(EDSS score <6.0) confirmed by a neurologist specialist and
complaints about mobility. Exclusion criteria for all sub-
jects included the inability to follow protocol instructions,
other factors affecting gait such as musculoskeletal disor-
ders, uncorrected vision or vestibular problems, or inability
to stand or walk in the home without an assistive device.
The experimental protocol was approved by the Institutional
Review Board of the Oregon Health and Science University.
All the participants provided informed written consent.

Data collection

Subjects were asked to wear three inertial sensors (Opals by
APDM, Inc., Portland, OR, USA), one on top of each foot
and one over the lower lumbar area (at top of pelvis with an
elastic belt that clipped together) for a week of continuous
monitoring for at least 8 h/day. Each Opal sensor contains a
tri-axial accelerometer, gyroscope, and magnetometer sam-
pling at 128 Hz. The Opals are lightweight (<25 g), have a
battery life of more than 12 h, and includes 8 GB of storage,
that can record over 30 days of data. Subjects removed the
sensors at night and recharged the batteries. Data were stored
in the internal memory of the Opals. Subjects mailed back
the sensors using a pre-paid box after completion of a week
of data collection. Data were uploaded to a secure cloud-
based database upon return of the devices and downloaded
to a local computer for further processing.

In the laboratory, clinical scores provided estimates of
the severity of MS or PD. Subjects with MS walked 25
feet as quickly, but safely, as possible from one marked
line on the floor to another, similar to a Timed 25- Foot
Walk test [33, 34]. Further, we collected patient-reported
outcomes: Patient-Reported Expanded Disability Status
Scale (PREDSS) [35, 36], Multiple Sclerosis Walking
Scale (MSWS-12) [37], and the Modified Fatigue Index
Scale (MFIS) [38]. Subjects with PD were tested in the ON
levodopa state with the Movement Disorder Society-Unified
Parkinson’s disease Rating Scale (MDS-UPDRS) [39] Part
IIT Motor Signs, including the postural instability and gait
disability (PIGD) subscore.
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Mobility measures

The algorithms used for detecting gait bouts and extract-
ing spatial and temporal measures of gait and turning were
detailed previously ([40], under review). In summary, the
algorithm first searches for possible bouts of walking using
a time-domain approach to inertial sensor data from the feet
and for turns based on yaw rotational orientation of the pel-
vis. Second, individual steps are combined into potential
bouts of walking, as long as the duration from one step to
the next step is no longer than 2.5 s. Finally, each possi-
ble bout that contains at least three steps and is at least 3 s
in duration is processed with the commercial gait analysis
algorithms included in Mobility Lab (APDM, Inc., Port-
land, Oregon) [41-43]. Our gait analysis algorithm uses
the Unscented Kalman Filter to fuse information from the
accelerometers, gyroscopes, and magnetometers to precisely
estimate the orientation and position trajectory of each foot
between quiet stance periods [44, 45]. This approach reduces
the problem of tracking over a long period of time. For the
results reported in this paper, we only included stride pairs
during periods of straight walking, and we excluded walking
during turns, which were characterized independently. For
turning measures, we used a previously published algorithm
to detect and characterize each turn [13]. Briefly, a candidate
turn was defined as a trunk rotation around the vertical plane
with a minimum of 40°/sec, and a start and end of the turn
was defined with a threshold of 15°/sec. Only turns with
durations between 0.5 and 10 s, and turn angles of 40° or
more were considered. Relative turn angles were obtained
by integrating the angular rate of the lumbar sensor about
the vertical axis. A turn may occur within straight walking
bouts. If a turn was present in a bout, and if a stride is even
partially in a turn, it is excluded from the straight walking
bout. Only step time was used to determine how many steps
were in a turn.

In total, we extracted 46 mobility measures and grouped
them into five domains similar to previous factor analysis:
10 lower body, 3 upper body, 7 turning, 6 activity, and 20
variability [27-29]. We evaluated the variability of each
measure from all the gait strides and turns across all days as
the coefficient of variation (standard deviation divided by
the mean, CV). The detailed description of the definition of
mobility measure is given in Appendix 1.

Statistical analysis

The normality of data was determined with Shapiro—Wilk
tests and parametric analysis was used, unless otherwise
stated. Independent ¢ tests or Mann—Whitney U tests (if
not normally distributed) were used to compare differ-
ences between groups. One-way Analysis of Variance or
Kruskal-Wallis rank-sum test (if not normally distributed)
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was used to compare the total time duration of recording
across all groups.

To investigate which specific measures best discriminate
mobility characteristics in MS from MS-Ctl group, and PD
from PD-Ctl group, we first calculate Receiver Operating
Characteristic (ROC) curves [46] and computed the Area
Under Curve (AUC) [47], and then ordered them based on
the highest to lowest AUC value. Since MS-Ctl are expected
to be younger than PD-Ctl, we also computed AUC to
observe the effect of age. Box plots were used to show the
distribution of all top three mobility measures discriminating
PD from PD-Ctl and MS from MS-Ctl groups.

Clinical concurrent validity of the top mobility measures
discriminating MS and PD groups was determined by relat-
ing the weekly average mobility measures to the clinical
scores of the severity of the neurological disease. Specifi-
cally, Spearman’s correlation was used to assess the relation
between mobility measures and severity of MS (PREDSS,
MFIS, MSWS, and gait speed from timed 25-foot walk test)
and severity of PD (such as UDPRS Part III, and PIGD sub-
score of the UPDRS Part III). All statistical analysis was
performed using R Version 1.1.456 software. The statistical
significance was set to p < 0.05.

Results
Group characteristics and adherence

Age, height, and weight were similar between the MS and
MS-Ctl and between the PD and PD-Ctl groups. The total
number of turns/hour were statistically significant but not the
total number of bouts/hour between groups. Table 1 shows
the demographics and activity characteristics of subjects
who participated in this study. Adherence to the weekly
recordings for each subject group averaged 65.23 +7.34
(mean + SD) hours in MS, 66.34+16.06 h in MS-Ctl,
66.35+13.60 h in PD, and 58.34 + 14.89 h in PD-Ctl of con-
tinuous data. The Kruskal-Wallis rank-sum test on groups
showed no significant differences in total hours of mobility
recording per week (p=0.14), supporting the feasibility of
the approach.

Mobility measures discriminating people with MS
from MS-Ctl

Nine Mobility measures were most discriminative in dif-
ferentiating mobility of the MS group from the MS-Ctl
group, each with an AUC >0.80 (Fig. 1). Gait quantity
measures summarizing activity (fewer median number of
strides per bout and fewer number of strides per hour as
shown in Fig. 2) were most discriminative in MS. In addi-
tion, gait quality measures related to speed and temporal
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Table 1 Demographics and

o B MS-Ctl MS P PD-Ctl PD P
activity characteristics of each (N=21) (N=13) (N=20) (N=29)
group
Mean SD Mean SD Mean SD Mean SD

Age (years) 4643 11.06 48.69 11.10 0.57 66.85 7.16 67.66 527 0.65
Height (m) 1.68 0.08 1.70 0.10 0.85% 170  0.18 1.71 0.13  0.65
Weight (kg) 65.84 11.07 7592 20.80 0.13 74.61 938 7595 12.73 0.69
Bouts/hour (#) 21.53 129 17.79 1.84 0.09 22.37 1.95 20.72 1.30 0.68%
Turns/hour (#)  104.35 747 7024 9.97 0.01 102.89 10.96  77.67 759 0.03%

MS multiple sclerosis, MS-Ctl age-matched control subjects corresponding to MS, PD Parkinson’s disease,
PD-Ctl age-matched control subjects corresponding to PD

4 Mann—Whitney U test

components (such as percentage of the gait cycle in a sin-
gle limb, swing phase, and percentage of the gait cycle in
double support) also showed AUC > 0.80.

Mobility measures discriminating people with PD
from PD-Ctl

Five mobility measures were most discriminative in dif-
ferentiating mobility of the PD group from the PD-Ctl
group, with an AUC >0.80 (Fig. 1). Various gait qual-
ity measures related to bradykinesia, shuffling gait (such
as smaller turn angles and increased variability of swing
phase, and decreased pitch of the foot at initial contact as
shown in Fig. 2) performed better in discriminating mobil-
ity characteristics in people with PD from PD-Ctl than the
quantity of mobility measures that discriminated mobil-
ity in people with MS from MS-Ctl, such as the median
number of strides per bout, and the number of strides/hour.
These results were also apparent from the comparison of
AUC values of specific mobility measures in Fig. 1.

Mobility measures discriminating MS-Ctl
from PD-Ctl

MS-Ctl group was younger than PD-Ctl group, specifi-
cally, the mean age for MS-Ctl was 46.43 +11.06 years,
and for PD-Ctl was 64.44 +7.52 years. Out of the total
46 mobility measures, five individual mobility measures
(variability in a number of steps in a turn, turn duration,
cadence, step duration, and stride duration) best differ-
entiated mobility of the MS-Ctl group from the PD-Ctl
group, with an AUC > 0.80 (Figure S1). Gait speed AUC
was 0.78. These measures characterize the slowness of
walking and turning due to aging. Therefore, to minimize
the contribution from the aging, we used age-matched con-
trol subjects for each neurological disorder.

Clinical concurrent validity of mobility measures

Figure 3 shows a correlation of top mobility measures dis-
criminating each neurological disorder with clinical scores.
For people with MS, the PREDSS only ranged from 3.5
to 6 in our cohort but significant correlations were found
for percentage cycle in double support (Fig. 3), percentage
cycle in swing (p =0.022), pitch of the foot at initial contact
(p=0.031), and variability of the foot at toe-oft (p =0.028)
(not shown in Figure). Further, the MFIS showed a moderate
negative correlation (r=—0.53) with the median number of
strides per bout consistent with shorter gait bout lengths in
those with complaints of fatigue; this correlation, however,
not statistically significant (p =0.063). Gait speed from the
25-foot walk time in the laboratory was also correlated with
gait speed over a week of daily monitoring. However, none
of the top mobility measures showed a significant correlation
with MSWS-12 score.

For people with PD, the top three discriminative mobil-
ity measures (turn angle, swing variability, and pitch of the
foot at initial contact) were significantly correlated with
the PIGD subscore of the MDS-UPDRS Part III as seen in
Fig. 3. In addition, pitch of the foot at initial contact vari-
ability (p=0.018), and stride length (»p =0.018) were also
significantly correlated with the PIGD subscore. However,
none of the top mobility measures were significantly cor-
related with UPDRS Parts III total score.

Discussion

Our findings demonstrate that different measures over a
week of daily monitoring discriminated mobility in peo-
ple with MS than mobility in people with PD. Specifically,
smaller median number of strides in the bout was the most
discriminative measure in people with MS whereas smaller
turn angle was the most discriminative in people with PD.
Both guantity and quality of the mobility discriminated well

@ Springer



1192

Journal of Neurology (2020) 267:1188-1196

Domains

Turning
M Lower Body
H Upper Body
B Activity
W Variability

MS

Median Stride per Bout (#)
Strides per Hour (#)

Gait Speed (m/s)-

Double Support (%)

Swing (%)

Stride Duration (s)-

Cadence (strides/min)

Step Duration (s)

Stride Length (m)-

Swing CV (-

Turn Jerk CV (-

Coronal Range of Motion (rad)-
Turns per Hour (#

Stride Length CV (-

Pitch at Initial Contact CV (
Pitch at Initial Contact (

Turn Angle CV (
(

(

(

I 14

e 5 P Fd 1 ¢

I i 2 R ]
= INEOR©O

i
0
S
o

o1

Pitch at Toe Off
Pitch at Toe Off CV
Turn Angle

=] (=1 (=] =] 1<)
e e e T e e e
B

Gait Speed CV (-

Turn Rate Max CV (-

Cadence CV (-

Step Duration CV (-

Stride Duration CV (- 0.667

Turn Rate Average CV (-

Bouts per Hour (#

Coronal Range of Motion CV (-

Max Stride per Bout (#

Still (%

Turn Duration CV (-

Turn Rate Average (°/

ML Turn Range

Turn Jerk (°/s?)-

b d =]
o o) b =]
1A = o) =
N k] < B
™| > Sk

o

ARSI L L UL e UL

—

Transverse Range of Motion (rad) T
Turn Duration (s) | | !
ML Turn Range CV (-)-
Double Support CV (-) INEEFTE
Steps in Turn (#) | | ]
Steps in Turn CV (-) INEEEEE
Sagittal Range of Motion CV (-): IEY7ZH
Elevation at Mid Swing (cm)| INEEE-FZE
Turn Rate Max (°/s) | | :
Sagittal Range of Motion (rad) P
Elevation at Mid Swing CV (-)
Transverse Range of Motion CV (-)-
0.0 0.5 1.0

Area Under the ROC Curve (AUC)

AUC = 0.80

Domains
PD Turning
M Lower Body
H Upper Body
M Activity
W Variability
Turn Angle (°)1 | | | | )
Swing CV (-)
Pitch at Initial Contact (°)
Pitch at Initial Contact CV (-) |
Stride Length CV (-)| INEEG——Y¥IW AUC > 0.80
Stride Length (m)
Gait Speed (m/s)
Pitch at Toe Off CV (-)
Gait Speed CV (-)
Cadence CV (-)
Stride Duration CV (-)
Turn Angle CV (-)
Step Duration CV (-)
Median Stride per Bout (#)
Steps in Turn CV (-)
Pitch at Toe Off (°)
Turn Jerk (°/s?)] | [ | |
Swing (%) I
Double Support CV (-)
Turns per Hour (#)
Turn Rate Average (°/s); | | | >
Coronal Range of Motion CV (-) I {7E
Double Support (%) Y
Elevation at Mid Swing CV (-)
Steps in Turn (#) | C |
Turn Duration CV (-) IEEEEYGEN
Turn Rate Max (°/s){ | | ) |
ML Turn Range CV (-); IEEEEYIIE
ML Turn Range (°)1 | | !
Sagittal Range of Motion (rad): IEEEEECIE
Transverse Range of Motion (rad); N
Still (%) I
Transverse Range of Motion CV (-
Strides per Hour (#); IEEEYE
Coronal Range of Motion (rad); IEEETE
Turn Duration (s){ | | ;
Sagittal Range of Motion CV (-)
Turn Rate Max CV (-)
Bouts per Hour (#)
Turn Rate Average CV (-): I
Turn Jerk CV (-); IS
Elevation at Mid Swing (cm)| INEEEEEE
Stride Duration (s): N
Step Duration (s)
Max Stride per Bout (#)
Cadence (strides/min)
0.0 0.5 1.0

Area Under the ROC Curve (AUC)

Fig.1 AUC (in descending order) for each mobility measure discriminating people with MS from MS-Ctl and PD from PD-Ctl groups. The
color-coding scheme is based on domains of mobility as shown in the legend

mobility of people with MS from MS-Ctl, however, only
quality of mobility discriminated well people with PD from
PD-Ctl, and not guantity.

Activity measures, and specifically median number of
valid strides in a bout and number of valid strides per hour
were smaller in MS than MS-Ctl, and were the most discrim-
inative measures characterizing mobility impairment in MS.
In fact, lower levels of physical activity and fewer daily step
counts have previously been observed in individuals with
MS compared to healthy control subjects (see refs. in Block
et al. [5],Giggins et al. [48]. Furthermore, lower physical
activity levels, specifically, fewer steps per day have been
shown to be strongly related to EDSS, MSWS-12,Timed
25-Foot Walk test, and 6-min Walk test [49, 50]. Thus, it
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is not surprising that gait speed during passive monitoring
in daily life and temporal measures of gait associated with
gait speed (double support and swing time as a percentage
of the gait cycle, cadence, step duration and stride length)
were also very discriminative measures characterizing gait
impairments in MS.

In contrast to people with MS, turning, and specifically
smaller turn angles, best characterized mobility disability
in people with PD during unsupervised daily mobility. In
fact, turning performance has been observed to be greatly
compromised in people with PD leading to a reduced quality
of life and injurious falls [17, 51]. Specifically, turning char-
acteristics are even more sensitive to early, unmedicated PD
than straight-ahead, linear gait characteristics in a clinical
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Fig.2 Boxplot of top three mobility measures discriminating mobil-
ity in people with MS from MS-Ctl and PD from PD-Ctl. Each
mobility measure is calculated by taking an average of all strides
across a week. Based on normality check test results, p values

Timed Up and Go Test [27]. Turning in individuals with
PD is characterized by long turning durations, more steps
to complete the turn, and slower peak and average speed
compared to age-matched, healthy controls in daily life [13,
15]. Turning, especially turning in place 360° is also a trig-
ger for freezing of gait so it is possible that people with PD
avoid large turns to avoid freezing. Indeed, a significantly
smaller turn angle in freezers was observed in a study of 94
non-freezer and freezer PD subjects passively observed dur-
ing 3 days of daily life [24]. Also, a recent longitudinal study
in community dwelling old adults found that fewer turns in
daily life differentiate future recurrent fallers from non-fall-
ers [51]. After the turn angle, the swing (percentage of the
gait cycle) variability measure was the most discriminative
to PD. Specifically, higher swing variability was observed
in people with PD compared to PD-Ctl. In fact, higher vari-
ability in various gait measures was observed previously in
patients with PD compared to healthy control subjects in
the laboratory [52] and in free living conditions [8, 15, 16].

@Mann-Whitney U Test

between groups were calculated using either independent ¢ test or
Mann-Whitney U test indicated by superscript® (if not normally dis-
tributed)

Further, a variability of mobility measures (such as stride-
time variability) has been shown to be related to fall risk in
PD [12]. Thus, it is not surprising that turn angle, swing CV
during passive monitoring in daily life and measures char-
acterizing freezing or shuffling (such as pitch angle of foot
at initial contact) were also very discriminative measures
characterizing mobility impairments in PD.

Although previous studies have found that people with
PD had fewer steps/day than age-matched controls [10, 53],
we did not find a significant difference (p =0.35) in a num-
ber of strides/hour between PD (82.11 +43.75) and PD-Ctl
groups (98.25 + 66.83). Further, our total number of steps
per day is far less than what has been reported in the litera-
ture. Several possibilities may explain this discrepancy: (1)
Our number of steps/day did not include turns while turns
were included in previous studies. Considering an aver-
age of ~80-100 turns/hour and ~3-5 steps per turn, if we
add turning, our total number of steps will increase drasti-
cally. (2) Lord et al. [10] considered at least one step to
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Fig.3 Correlation of discriminative measures of daily mobility with clinical scores related to the severity of MS and PD

qualify as a stepping bout, whereas we considered at least
3 steps to qualify as a bout. (3) We only considered valid
strides in each bout for our analysis to avoid the effects due
to potential false positive steps. (4) Algorithm differences
defining a valid bout and a valid step could result in very
different number of steps (or strides) per day. Hence, for
activity measures, we recommend caution while comparing
our results with consumer-grade activity trackers (such as
activPAL™, Fitbit).

Mobility measures discriminating the older (PD-Ctl) from
the younger (MS-Ctl) groups (see supplementary Figure S1),
specifically, slow turns, slow cadence and slow gait speed
with accompanying changes in gait temporal characteris-
tics may be related to slowness due to aging and/or various
comorbidities (such as arthritis, heart disease) [54, 55]. The
mobility measures distinguishing the MS-Ctl versus PD-Ctl
control groups were distinct from the top mobility meas-
ures characterizing the mobility impairments in MS and PD.
Hence, we used age-matched, control cohorts for the two
different neurological disorders.

Mobility measures may be useful to track the progression
of neurological disease severity. We used the relationship
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between mobility measures with patient-reported outcomes
and clinician-reported outcomes representing disease sever-
ity as a type of concurrent (clinical) validity or meaningful-
ness of the measures. The median number of strides per
bout over the week was correlated with the self-reported
fatigue scale, MFIS for people with MS. The turning and
gait shuffling mobility measures over the week were cor-
related with the UPDRS PIGD sub-score that represents
a clinician’s evaluation of balance and gait for PD. These
results demonstrate the correlation between clinical scores
related to the severity of neurological disease and mobility
measures. Future studies need to determine the test—retest
reliability and sensitivity of the top mobility measures to
disease progression in daily life to be useful as digital bio-
markers for clinical trials.

There are several limitations to the current study. First,
the turn algorithm used in this study was defined by a
threshold on a vertical rotational rate of the pelvis (15°/s)
[13]. This can be challenging when turns are nearly as
slow and small as the angular velocities and angles of
trunk motion during gait. Too high a threshold to detect
the onset and offset of turns could result in smaller turn
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angles rather than longer turn durations with the initial and
final rate of change of trunk rotation is very slow. Second,
we performed all mobility analysis by taking the mean
of each measure for all the strides over a week for each
subject and thus gave equal weight to each stride. But in
reality, gait speed and other measures vary for gait bouts
of different lengths [16] and people with MS might have
fewer long gait bouts because of fatigue. Hence, future
work will focus on analyzing the effect of bout length on
each mobility measure and how gait bout length affects the
discriminatory power of each mobility measure. Thirdly,
we ranked mobility measures characterizing mobility
impairments in MS and PD based on AUC, but we cannot
assume this ranking would be identical across all cohorts.
Future work with larger cohorts is needed to investigate
if these findings would generalize to other individuals.
Lastly, in this paper, we report the most discriminative
mobility measures for a specific group of people with
MS and a group with PD, but to apply this knowledge in
clinical practice, each individual’s gait characteristics are
needed to tailor interventions specific for each individual’s
specific mobility disability. Future studies need to develop
age-related normative values for passive monitoring of
mobility. Future work would also explore how to charac-
terize diurnal fluctuations of mobility throughout the day.

Conclusion

Quantity and quality of the mobility both discriminated
well people with MS from MS-Ctl, however, only quality
of mobility discriminated well people with PD from PD-Ctl,
and not quantity. Several of these mobility measures from
a week of passive monitoring in daily life were also related
to clinical and patient-reported outcomes of neurological
severity, providing clinical concurrent validity. Thus, the
most sensitive objective measures of daily life mobility for
clinical trials and clinical practice need to be specific for
each neurological disease.
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