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Introduction: Inertial sensors generate objective and sensitive metrics of movement
disability that may indicate fall risk in many clinical conditions including multiple sclerosis
(MS). The Timed-Up-And-Go (TUG) task is used to assess patient mobility because
it incorporates clinically-relevant submovements during standing. Most sensor-based
TUG research has focused on the placement of sensors at the spine, hip or ankles;
an examination of thigh activity in TUG in multiple sclerosis is wanting.
Methods: We used validated sensors (x-IMU by x-io) to derive transparent metrics
for the sit-to-stand (SI-ST) transition and the stand-to-sit (ST-SI) transition of TUG, and
compared effect sizes for metrics from inertial sensors on the thighs to effect sizes for
metrics from a sensor placed at the L3 level of the lumbar spine. Twenty-three healthy
volunteers were compared to 17 ambulatory persons with MS (PwMS, HAI ≤ 2).
Results: During the SI-ST transition, the metric with the largest effect size comparing
healthy volunteers to PwMS was the Area Under the Curve of the thigh angular velocity
in the pitch direction–representing both thigh and knee extension; the peak of the spine
pitch angular velocity during SI-ST also had a large effect size, as did some temporal
measures of duration of SI-ST, although less so. During the ST-SI transition the metric
with the largest effect size in PwMS was the peak of the spine angular velocity curve in
the roll direction. A regression was performed.
Discussion: We propose for PwMS that the diminished peak angular velocity during
SI-ST directly represents extensor weakness, while the increased roll during ST-SI
represents diminished postural control.
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Conclusions: During the SI-ST transition of TUG, angular velocities can discriminate
between healthy volunteers and ambulatory PwMS better than temporal features.
Sensor placement on the thighs provides additional discrimination compared to sensor
placement at the lumbar spine.
Keywords: wearable, gyroscope, gait, mobility, walking, standing, sitting, accelerometer

INTRODUCTION

6% in placebo-treated patients), but only in 35% of such patients
(8).
There is a correlation between clinical progression, as implied
by MRI measures of brain atrophy and gross tissue loss,
and symptomatic progression, although more fine-grained MRI
measures of disease activity such as T2 lesion load do not always
correlate directly with overall symptomatic assessment such as
with the Multiple Sclerosis Functional Composite Score (MSFC)
(9) or with validated tools based on clinical judgment such as the
EDSS (Expanded Disability Status Scale) (10). In summary, both
research and treatment into MS are characterized by uncertainty
because it can be difficult to quantify modest improvements due
to treatments (11, 12).

Multiple Sclerosis (MS) is a progressive neurological disorder
usually presenting in early adulthood whose manifestations
include an unpredictable spectrum of motor, sensory and
autonomic symptoms, usually accompanied by increasing levels
of ambulatory dysfunction (1, 2). The relapsing-remitting form
of the disease (RRMS) involves attacks of sudden exacerbations
of symptoms lasting days to weeks, caused by autoimmunity,
inflammation and demyelination, followed by abatement of
many (but not all) of the new symptoms during periods of
remission. Although MS is currently without a cure or a known
cause, the last decade has seen a renaissance in disease modifying
treatments and symptomatic therapies (3). Researchers’ goals
are to find new medical and physiotherapy treatments that can
improve function after an attack and prevent new attacks (4),
greatly improving the quality of life of patients. Assessment of
intervention efficacy fundamentally depends on making accurate
measurements of disease progression and disability.

Inertial Sensors and Other Metrics of
Mobility Dysfunction
In general, detailed measurements of gait function and mobility
require a specialist gait laboratory setting (e.g., for optoelectronic motion capture) and are too costly, isolated and timeconsuming for routine clinical use. Inertial Motion Units (IMUs)
are a cost-effective, wearable subclass of wireless sensors based
on Micro-Electromechanical Sensor (MEMS) technology, which
often include a collection of accelerometers, gyroscopes and
magnetometers, allowing the derivation of motion of various
body segments; the choice of which body segment (e.g., ankle,
hip, thigh, or a combination) will provide the minimal sensitivity
needed to interpret the task remains controversial (13). Recent
research has highlighted the opportunities for use of inertial
sensors in MS (14), although most of this work has focused
on home-based measures of total physical activity (15), with
a comparatively smaller number of attempts to characterize
walking in MS (16, 17). By contrast, in other causes of movement
disorder [e.g., Parkinson’s disease (18), stroke (19), total knee
arthroplasty (20), and elderly patients at risk of falling (21)],
there is a broader range of data considering the strengths and
weaknesses of the sensor metrics. Recently, at the level of the
thigh, hip range of motion (ROM) has been found to be a useful
metric to assess disability in MS during flat walking (17). In
addition to walking, sensor measurements of ambulatory ability
are broadened by a wide range of clinically-established tasks that
the patient can perform.

Traditional Measurements of Disability
Progression in MS
Objective and precise measurements of movement disability
(including weakness and attenuation of coordination and
control) are needed to make clear assessments about
interventional efficacy and disease symptom progression
(5). However, the day-to-day variation in MS symptom severity,
combined with the relapsing-remitting course of RRMS,
undermine precise assessment of symptomatic progression
at a given moment in time. Furthermore, the efficacy of
new treatments is sometimes disputed because of issues
associated with the disability outcome measures (6, 7). Current
interventions (including medications and physiotherapy) used
to treat MS symptoms are often modestly effective, and may
exert their clinical effects on only a small subpopulation of those
treated. For example, fampridine (4-AP) was shown to elicit a
25% improvement in ambulation of MS patients (compared to
Abbreviations: Ang. Vel., angular velocity; AUC, area under the curve; BDI,
beck depression scale; csv, comma separated variables format of data file;
EDSS, expanded disability and status scale; EDSS-S, self-assessed version of
the EDSS; FSS; fatigue severity scale; HAI, Hauser ambulatory index; ICF,
International Classification of Functioning; IMU, inertial motion unit; IPAQ,
International Physical Activity Questionnaire; L3, Lumbar vertebra 3; MEMS,
micro-electromechanical sensor; MFIS, modified fatigue impact scale; MS,
multiple sclerosis; MSFC, multiple sclerosis functional composite; MSWS12, multiple sclerosis walking scale, 12 item version; PwMS, persons with
multiple sclerosis; RRMS, relapsing remitting multiple sclerosis; SI-ST, sit-tostand transition during TUG; ST-SI, stand-to-sit transition during TUG; T25FW,
timed-25-foot walk; TUG, timed up and go test.
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TUG and Other Tasks
In the International Classification of Functioning [ICF (22)],
the domain of activities can be broken down into capacity and
performance. While direct tests of muscle strength arising during
maximal isometric contraction can be measured with a force
transducer, to assess clinically relevant disability, muscle actions
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are usually assessed within a more naturalistic context, such as
walking a short distance, walking a longer distance (where fatigue
and walking degradation are possible), or getting out of a chair
and starting to walk. The Timed-Up-And-Go (TUG) task (23)
tests the time it takes for a patient to stand up from a seated
position, walk 3 m, turn around 180◦ , walk back 3 m, turn around
and sit back down again; the task begins when the clinician gives
the signal to start, and it ends when the patient’s body first returns
to the seat pan of the chair. TUG duration is a modest predictor of
frailty and falls (24), and TUG is a threshold test for independent
living. In their original, non-instrumented format, most of these
naturalistic tasks had only a single metric output, which was
either time duration (e.g., TUG) or distance covered successfully
(e.g., the 6 min walk).
TUG can be effectively considered as six subtasks (Figure 1A):
the sit-to-stand transition (SI-ST), walking 1 (away), turn 1
(180◦ ), walking 2 (return journey), turn 2 (180◦ ), and the standto-sit transition (ST-SI); in analyses, walking 1 and walking 2 are
often bundled together because they represent nearly identical
subtasks, and some analyses elide turn 2 with the ST-SI transition
because the two subtasks usually do not have a clear boundary. A
range of TUG-like variants also exist that shorten the walk [8-UG
(25)] or lengthen it [to 7 m each way (26)] in order simplify the
task for patients or to make the walking data more robust.

indicator of control and balance during eccentric contraction of
the extensors. For stroke, specific SI-ST metrics (such as rising
speed or asymmetry of weight distribution) have been proposed
as possible metrics for detecting improvement during the first
year post-stroke (29, 30). The asymmetry features are particularly
important in stroke because of hemiparesis, although rising speed
might potentially be useful in any movement disorder, including
MS; to the best of our knowledge a similar investigation for MS
has not occurred.
Some groups have looked at single SI-ST transitions, or cycles
of Sit-Stand-Sit transitions, which provide more uniform data
about the SI-ST transition, because TUG often results in elision
of the SI-ST transition and walking 1 when the first step (toeoff and swing) begins before or immediately at the completion of
contralateral thigh extension. Compared to the ankles, the SI-ST
transition has a profound effect on the directionality of the thigh
segment (and to the torso as well).

Known Sensor Metrics for TUG
Extensive sensor-based research on TUG has been performed
in a range of clinical conditions (31, 32). A brief survey of this
literature reveals at least 90 sensor metrics for TUG have been
derived to recognize falling risk. In a 2014 systematic review of
53 sensor-based studies on the sit-to-stand transition (32), 84%
of the studies used a sensor on the torso, at either the spine
[e.g., L3 (33, 34)] or the sternum [e.g., (18)]. Other studies have
placed sensors on the shanks (16, 27, 35); only in a few cases
placement was on the thigh segment (20, 36, 37), despite the
fact that the thigh would be the most directly involved body
segment during the SI-ST or ST-SI transition. The many metrics
(based on all body segments) have included calculations based on
temporal variables, linear acceleration variables, angular velocity
variables, frequency variables, and descriptive statistics based
on entropy (ApEn) and fractal dimension (dF ). Some groups
have measured asymmetry in weight bearing (36). The derived
temporal variables (and asymmetry) are the most clearly related
to traditional gait measures (which are based on position and

The Sit-to-Stand Transition and the Thigh
What makes TUG and TUG-like tasks different from other
walking tasks (e.g., the Timed-25 Foot Walk or the 6 min Walk)
is the inclusion of the sit-to-stand transition and the standto-sit transition [also some researchers have also investigated
aspects of the turns (16, 27)]. The sit-to-stand transition (and
the continuation into walking) is not only ecologically relevant
for day-to-day living, but it is particularly affected in the frail
elderly who complain of stiffness after extended sitting. It is also
highly dependent on extensor strength in the lower extremity,
and is considered one of the most mechanically demanding of
functional daily activities (28). The stand-to-sit transition is an

FIGURE 1 | Clarification of methods. (A) shows a schematic of the entire TUG task divided into subtasks. (B) shows the approximate directions of pitch, roll and yaw
(depending on precise sensor stability) as we describe in this study. Pitch is nominally rotation around the medio-lateral axis (i.e., within the sagittal plane), roll is
nominally rotation around the dorso-ventral axis (i.e., within the coronal plane), and yaw is nominally rotation around the vertical (superior-inferior) axis (i.e., within the
transverse plane).
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differences in mobility due to shoe stiffness or heels; our team
have a collection of different sizes of these running shoes to fit all
participants. Sensors were placed on the lateral surfaces of thighs,
to avoid interference with walking; sensors were orientated with
the positive X-axis pointing superiorly (proximally).

force), while sensor metrics are based on movement (angular
velocity and linear acceleration).
In the current study we sought to compare a collection of
transparent metrics of the SI-ST and ST-SI transitions, assessing
whether there was added value when measurements were made
with sensor placement at the thigh, compared to placement
at the spine. We judged assessment value in terms of effect
size (the rank biserial) of the association of a feature with
its ability to distinguish middle-aged healthy participants from
Persons with MS (PwMS). In addition to temporal measures,
we examined a range of calibrated, transparent sensor metrics,
as well as testing two different measures of the smoothness
of signals. As a rough test of whether our metrics would be
useful in examination of PwMS, we compared an ambulatory
sample of MS patients [Hauser Ambulation Index (HAI) ≤ 2, no
use of walking aids for short distances] to middle-aged healthy
volunteers. Thus, our hypothesis is that there exists a set of thighbased sensor metrics of pitch angular velocity that have a higher
effect size in distinguishing PwMS from healthy volunteers than
either the TUG stopwatch time or the published spine based
metrics. Finally, to roughly simulate the value of our features, we
produced a step-wise logistic regression with multiple features.

Patient Reported Outcome Measures
The participant filled in six forms: the self-assessed version of
the Extended Disability Status Scale [EDSS-S, (38)], the Multiple
Sclerosis Walking Scale [MSWS-12 (39)], the Fatigue Severity
Scale [FSS, (40)], the Modified Fatigue Impact Scale [MFIS, (41)],
the Beck Depression Inventory [BDI, (42)], the International
Physical Activity Questionnaire (IPAQ-short) (43). These six
scales (plus the demographics scale) required approximately
20 min to fill in.
Fitting the sensors took 5 min, while removing the sensors
took 3 min. In general the entire procedure for a single volunteer
lasted 60 min (including rest time). The sensors had their data
synchronized at the beginning and the end of the experiment by
being affixed together and being subjected to sudden transient
accelerations, interspersed with periods of non-movement.

Tasks
The timed-up-and-go (TUG) task was performed according to
Steffen et al. (44). The task involves arising from a seated position,
walking 3 m, turning around, walking back 3 m, turning around
and sitting back down in the chair. Participants started in a
chair with arms, with a tape mark on the floor showing the 3 m
distance where they were supposed to turn around. Participants
were given instructions to perform the task “as fast as possible,
but safely,” and they were shown how to do the task. Stopwatch
timing was done according to best practice (44, 45), starting on
the word “Go” and ending when the participant’s buttocks first
made contact with the seat of the chair; a sensor-based full length
TUG duration feature was also calculated based on the attitude of
the thigh. The TUG task was performed twice.
Participants were also asked to perform several other walking
and balance tasks, including a Timed-25-Foot-Walk [T25FW
based on timing with a stopwatch, (46)], which was used to
establish that participants were at the Hauser Ambulation Index
[HAI, (47)] of 2 or below. None of the tasks were stressful or
tiring, and participants were asked before each task if they needed
a rest.

METHODS
Volunteer Recruitment
Seventeen PwMS (mean age ± sd = 53.06 ± 11.06, 13 female)
were recruited from a local community MS center (MS Sussex),
with approval from Staffordshire University ethics committee.
Twenty-three healthy volunteers (age 46.13 ± 11.12, 14 female)
were recruited from the university community via email. The
exclusion criteria were that no participant had clinically relevant
complicating diseases (other than MS) that would impact walking
ability or walking rates. This included: not currently suffering
from flu, cold, etc., no current leg/back injuries due to trauma,
no loss of motivation due to obvious psychiatric symptoms
(e.g., no major depression, bipolar disorder, psychosis), and
no loss of walking ability or exercise tolerance due to another
disorder: heart failure, recent myocardial infarction, COPD or
other respiratory disorder.

Procedure
The experimental procedure was approved by the university
ethics committee, and the experiment was run according to the
principles in the Declaration of Helsinki. Each participant was
informed about the nature of the experiment, and they gave
their informed consent for the experiment. Before each volunteer
began, he/she filled in a demographic form (establishing their
age and gender, estimated year of first symptoms, and year of
receiving an MS diagnosis). Three of our sensors were noninvasively placed on the lateral aspect of their lower left thigh
(the most distal part of the sensor was 5 cm above the superior
border of the patella), lower right thigh, and the small of the
back (at the level of L3). All sensors were worn over clothing
using a lightweight Velcro elasticated webbing system for keeping
the sensors in place. All participants wore standardized running
shoes (Lonsdale) of the correct shoe size, in order to correct for
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Sensors and Data Analysis
The sensors used were x-IMU by X-io (Bristol, UK), with three
dimensions each of accelerometry, gyroscopy and magnetometry.
These sensors are factory calibrated for gravitational acceleration
(accelerometers) and angular momentum (gyroscopes), and they
incorporate an onboard algorithm for estimation of heading
and quaternions (48, 49). These sensors have been validated for
accuracy when measuring walking, both in terms of angular
velocities and derived temporal gait metrics (50). Data from
the three sensors in each x-IMU node was gathered at 128 Hz
onto the onboard 32 GB micro SD cards (Sandisk Ultra
Micro) with the sensors’ blue tooth transmission off (to extend
battery charge). Time alignments between sensors and with
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FIGURE 2 | Flow chart for calculations of thigh and spine measures during TUG.

was based on Weiss et al. (33, 52), while all other angular velocity
and duration measurements were derived as shown in Figure 2.

other measurements and video tapes were performed using
an automated event-based synchronization strategy [e.g., (51)].
Directions used (i.e., pitch, roll and yaw) are shown in Figure 1B.
Binary file sensor data was transferred to a Windows 7
computer, and the binary files were converted into csv files using
the manufacturer’s provided Graphical User Interface. The csv
files were read into Matlab, and all sensor data was aligned (based
on the synchronization signals at the beginning and end of the
experiment) with a purposed-made script; timing differences
between sensors were interpolated linearly–at no point did the
original sensor acquisition data differ between sensors by more
than 50 ms (over the course of 90 min of acquisition).
The relevant sensor data for each task was located by Matlab
based on the event’s start and finish time recorded by the sensor,
and all data was low-pass filtered (2.5 Hz, 4th order Butterworth,
0 latency, Matlab filtfilt). Peaks were identified with a peak
detector algorithm set to detect a minimum recovery of 20% of
the range of the signal. Timing duration from the spine sensor

Frontiers in Neurology | www.frontiersin.org

Smoothness
To test control of movement, repeated gait movements can be
tested for variation, such as the Coefficient of Variation for any
metric (e.g., step length) (53). For a single movement performed
once (e.g., the SI-ST transition), inconsistent neural control (or
loss of balance) may be reflected by a loss of smoothness (which is
often measured as an increase in jerk for a continuous signal). In
this study, we tested two different measures of smoothness. The
normalized mean absolute jerk (54) is one of the most commonly
used measures for smoothness (smoothness 1):

ηnmaJ

5

1
, −
υpeak (t2 − t1 )

Zt2

t1

d2 υ
dt
dt 2
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Another measure of smoothness we used, the speed arc length
(55), has the advantage of being unit-free (smoothness 2):

ηspal

 t s
Z2 

, − ln
t1

υ̂ (t) ,

1
t2 − t1

υ (t)
.
υpeak

2

+



dυ̂
dt

2

TABLE 1 | Baseline characteristics of participants.
Variable

dt 

Statistics
Statistics were calculated within Matlab (Natick, MA, USA). To
allow for peaks from different legs (and in different directions) to
be compared, all peaks are the peak of the absolute value of the
calibrated signal, and all means are also the mean of the absolute
value of the calibrated signal.
Graphical inspection of healthy and PwMS peak angular
velocity data showed that it was approximately normally
distributed; nevertheless, to allow for those features that were
not normally distributed, for assessments of correlation between
repeated attempts of the same task, an Intraclass Correlation
Coefficient (ICC) was calculated (56). For unpaired comparisons
between the means of two populations, the Wilcoxon Rank
Sum test was used; this was corrected by the Holm-Bonferroni
correction for multiple comparisons. For effect size calculations,
the rank biserial was calculated.

17

23

13/4

14/9

IPAQ (high/medium/low)

3/9/5

11/10/2

Variable

Mean

St. Dev.

Age (years)

53.06

Height (cm)

167.8

Weight (kg)
EDSS-S

Mean

St. Dev.

±11.06

46.13

±11.12

NS

±11.2

170.1

±10.4

NS

74.9

±26.2

70.6

±11.2

NS

4.00

±1.80

0.1

±0.2

<0.0001

P

Beck depression index

11.8

±8.2

5.6

±9.8

<0.001

MS walking scale-12

50.6

±21.5

0

±0

<0.0001
<0.001

Fatigue severity scale

5.0

±1.5

2.8

±1.3

Mod. fatigue impact Sc

42.2

±21.5

15.7

±17.0

<0.001

Timed 25 foot walk (s)

6.02

±1.23

4.53

±0.68

<0.0001

Timed up-and-go (s)

12.44

±2.70

10.27

±1.53

<0.05

P-values are based on the Wilcoxon Rank Sum Test. PwMS, Persons with Multiple
Sclerosis; n, total number of participants in that category; St. Dev., standard deviation; NS,
not significant. f/m, female/male; IPAQ, International Physical Activity Questionnaire; Mod
Fatigue Impact Sc, Modified Fatigue Impact Scale (MFIS); EDSS-S, Self-Administered
Expanded Disability Status Scale.

arc, the area under the curve of the arc, and the smoothness of
the peak’s arc. Representative sensor data is shown in Figure 3.
All traces in this figure are low pass filtered (2.5 Hz) and factorycalibrated. Sharp peaks/troughs correspond to the thigh’s role
in swing phase, while wider simultaneous peaks/troughs are
the stance phase of the contra-lateral lower limb. Panels A
(healthy) and D (PwMS) show both left and right thigh pitch
traces during the entire TUG task; each walking step is clearly
identifiable from the swing phase (sharp peaks) and concurrent
contra-lateral stance phase (wider, blunt peaks), as are the sitto-stand and stand-to-sit transitions (wider and lower-amplitude
changes). The turns are more easily identified by the traces for
the yaw gyroscopes (not shown). The first half step (“step 1”)
that occurs immediately after standing up entails a small swing
phase (in panel A it is the right thigh trace between 1.2 and
1.5 s) that peaks at a much lower angular velocity than other
steps.
Figure 3B is a close up of panel A during the sit-to-stand
transition showing the relationship between the peaks of the
spine pitch trace (black line) and the thigh traces. In previous
studies (33, 52), the spine pitch trace was the data used to derive
the timing of the SI-ST and ST-SI transitions. For this volunteer,
the first spine peak (intersection of black time course trace and
left-most vertical gray line) is closely aligned with the initiation
of thigh movements (red and dark blue circles), and the second
spine peak/trough (right-most vertical gray line) is closely aligned
with the beginning of the first half step (i.e., one possible end
of the sit-to-stand transition). For the purposes of computer
identification, zero-crossing points of the thigh traces (black
squares) were used as markers for the end of SI-ST transitions.
Panel C is a close up of panel A during the stand-to-sit transition

RESULTS
Participants
The two cohorts compared in the main study were ambulatory
persons with multiple sclerosis (PwMS) and middle-aged
healthy volunteers. The PwMS were recruited via a local MS
community center (MS Sussex Treatment Center). The baseline
characteristics of the two groups are shown in Table 1. The two
groups were not statistically significantly different in terms of
height, weight, or age (although the mean age difference was >6
years). In all other measurements of disability and difficulty, the
PwMS had significantly higher Beck Depression Index Scores,
MSWS-12 scores, FSS scores, MFIS scores, and T25FW times
(which were on average 1.5 s longer than the times for healthy
volunteers). This difference in mean T25FW is just over the
established cut-off of 20% that suggests a clinically meaningful
difference (46), and the mean of 6.02 s is almost exactly the 6 s
cut-off established for clinically meaningful cut-off (57).

Format of TUG Data
Pitch gyroscope data from each sensor (and roll data from
the lumbar spine sensor) were used to derive both the rate of
movement during the sit-to-stand (and stand-to-sit) transitions,
as well as the durations that these activities lasted. The features
we calculated were based on finding peaks, calculating the peak
attributes (maximum, start point, end point, 20% rise point, 80%
return point), and from those points calculating the magnitude
of the peak (angular velocity), the duration (time in seconds)
of the peak’s arc (where an arc is the geometric segment of the
angular velocity curve), the mean angular velocity of the peak’s
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Gender (f/m)

n



PwMS
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FIGURE 3 | Representative traces of pitch gyroscope sensors data during the TUG task. (A) shows the activity of the left (red) and right (dark blue) thigh sensors
during the entire TUG task for a healthy volunteer. SI-ST, sit-to-stand transition; ST-SI, Stand-to-Sit transition; T1, Turn 1; T2, Turn 2; which elides directly into the
ST-SI transition. (B,C) show expanded views of the same representative traces at the sit-to-stand transition (B) and the stand-to-sit transition (C), labeled with key
points for feature calculation. (D–F) show analogous traces for a PwMS; note that the different panels have slightly different scales on their axes. In addition to the
pitch traces from the left thigh (red) and the right thigh (dark blue), (B,C,E,F) include a pitch trace from the lumbar spine sensor (black), to allow comparisons with
previously published data features based on torso-mounted sensor data. The peaks/troughs for the thigh traces are magenta circles, and the peaks/troughs for the
spine are shown as vertical gray lines. The start of the rise for the left thigh is a red circle, for the right thigh is a dark blue circle, and for the spine is a magenta
diamond. Step end points are shown as black squares, and 20% rise and 80% return points are shown as cyan circles.

and blue traces, between 10.8 and 11.3 s) to arrive at 0◦ /s (black
squares) in this case is due to abduction/adduction of the thighs
accompanied by thigh rotation, rather than a delay in sitting (i.e.,
the hands bracing against the fall downward). The first spine peak
is delayed compared to knee and thigh flexion (cyan circle on
red line at 9.8 s). The thigh activity of the right lower limb (dark

showing the relationship between the peaks of the spine pitch
trace and the thigh traces; for this volunteer, the second spine
peak (right-most vertical gray line) is closely aligned with the
thighs’ return to the seat pan of the chair (i.e., the end of the
stand-to-sit transition), which is identified by the 80% return
point (cyan circles). The delay of the thigh pitch traces (red
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blue) is a combination of the final shuffling step during Turn 2
(T2, starting at the dark blue circle) and the subsequent flexion of
sitting down.
The traces related to a PwMS in panel D show a similar set
of activities as in panel A, although the actions are performed
more slowly and with lower angular velocity peaks. The most
noticeable difference is that in panel F the ST-SI transition is
performed much more slowly and carefully.
Figure 4 shows a close up view of the same left thigh
pitch trace during the sit-to-stand transition from Figures 3A,B,
along with the peak attributes and time points used to derive
the features for these movements. A complete description of
the arcs is provided in the Supplementary Materials. Arcs
A-H correspond to the sit-to-stand transition, while arcs JR correspond to the same attributes during the stand-to-sit
transition (there is no arc I). Arcs E and N (not shown)
correspond to a 1-s time period centered around the maximum
(i.e., peak of the arc) of the SI-ST transition (arc E) and ST-SI
transition (arc N). The peak (shown here as a black circle) is
bracketed by the step end (to the right, black square) and the start
of the rise (to the left, dark blue triangle). To avoid eccentricities
arising from false starts and additional partial movements, the
start of calculations is sometimes represented by the 20% rise
point (cyan diamond, left), and the 80% return point (cyan circle,
right).

of which encompass the entirety of the ST-SI peak (including the
peak itself); the least correlated were arcs P and Q, both of which
represent the first half of the ST-SI transition. The most consistent
among the spine roll metrics are the SI-ST arcs that include the
most possible time for unpredictable activity, including arcs B, F,
E, and A, all of which had excellent correlations (ICC ≥ 0.75).
The vast majority of smoothness metrics were poorly correlated,
although a few were good (between 0.60 and 0.74). This may be
expected, given that lack of smoothness would represent loss of
control, which would per force be inconsistent.

Features of SI-ST and ST-SI Transitions:
PwMS vs. Healthy
In total 819 correlated features were tested, and they were
compared between the healthy volunteers and the PwMS. The
raw P-values (Wilcoxon Rank Sum test) and the effect sizes
(rank biserial) are shown in Table 2 for 27 of the most relevant
TUG micro-features; a total of 134 features had raw P < 0.01.
Those not included in the table were redundant or similar to
other features already in the table [e.g., there were similar effect
sizes for calculations based on the minimum (e.g., left or right
thigh) and maximum]. To account for multiple comparisons,
the Holm-Bonferroni method was used. Under this stringent
method, only three features remained statistically significant, all
of which related to SI-ST transition, based on the thigh pitch
measurements of the area under the curve: feature 1 (Thigh
Maximum Area Under the Curve for Arc B), feature 2 (Thigh
Maximum Area Under the Curve for Arc D) and feature 3 (Thigh
Maximum Area Under the Curve for Arc F). A comparison of
feature 1 between Healthy and PwMS is shown in Figure 6A.
The fastest 50% of healthy volunteers reach angular velocities
that exceed all PwMS, while the slowest quartile of PwMS cannot
reach angular velocities reached by all healthy volunteers (except
for one healthy outlier, who was a tall (175 cm), middle-aged
female who moved slowly and deliberately when getting in and
out of the chair). To illustrate the scale of those differences, a
comparison of the total TUG task durations (as measured by
stopwatch) are shown next to this plot (see Figure 6B).
When comparing the effect sizes (Rank Biserial in Table 2) of
MS in our cohort of the features, several observations arise. The
features relating to the sit-to-stand transition have a larger effect
size (and are more consistently relevant when discriminating
PwMS from healthy volunteers) than the stand-to-sit transition.
The angular velocity features (Area under the Curve, absolute
peak and absolute mean) have larger effect sizes (and are more
consistently relevant when observing PwMS) than the durations.
In our hands, the effect sizes of the durations arising from the
spine sensor [features 21 and 22 in this study, originally from
Weiss et al. (52)] have a smaller effect size than the homologous
features measured with thigh sensors; furthermore, spine pitch
peak angular velocity features (features 14–16) have larger effect
sizes than spine duration features (features 20 and 21).
In our hands, in a univariate analysis roll of the spine sensor
features had low rank biserials compared to the other tested
features; the exception was for smoothness features, four of which
had P < 0.05, including feature 22 (Spine Roll Arc D smoothness

Features of SI-ST and ST-SI Transitions:
Repeatability
Before determining which features were most likely to be affected
in our cohort by MS, we sought to determine which of the
features were clearly repeatable. Because each of the participants
performed the TUG task twice, we compared the value of
each feature during the first attempt and the second attempt.
We analyzed the correlation using the Intraclass Correlation
Coefficient (ICC). The features we tested were based on the pitch
angular velocity measurements from both thighs and the spine
sensor, roll angular velocity measurements from the spine sensor,
a range of smoothness metrics, and an omnibus measure of TUG
duration based on the Anterior-Posterior accelerometer of the
thigh. The calculations were the absolute value (magnitude) of
the peak angular velocity, the many possible durations of the
event (as determined by the arcs as explained in the methods
and Figure 4), the magnitude of the mean angular velocities
for those arcs, the area under the curve for those arcs, and the
smoothness of each arc (see Methods). Each pitch feature was
initially calculated for both left and right thighs (and also for
the spine), and the final thigh features were the maximum of
the two thigh values, the minimum of the two thigh values, the
value associated with the thigh making the first step, and the value
associated with the thigh making the second step. In broad terms,
we started with 819 features (many of which were highly related),
of which 152 had an ICC ≥ 0.60 [a good correlation according to
(58)].
Representative plots showing selected correlations of four
of the features are shown in Figure 5. The most correlated
measurement arcs for the transitions are arc J, K, N, and M all
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FIGURE 4 | Arc boundaries used for calculations of features. The left thigh pitch trace from the sit-to-stand transition in Figure 3 is labeled with the relevant time
markers and peak attributes used to calculate the features in this study. Arcs A–H correspond to the SI-ST transition, while arcs J–R represent the ST-SI transition.
How these points were computationally derived is described in the methods; note that arcs E and N (not shown) are 1 s regions centered on the peak, and arc I does
not exist.

DISCUSSION

2). As stated above, smoothness features were less consistent than
other features. Among non-smoothness features derived from
the roll of the spine sensor, the largest effect size of MS was on
the mean of the angular velocity during ST-SI (arc J), which was
associated with a raw P = 0.067 (rank biserial = −0.345).

Inertial sensor metrics of gait and mobility variables, and their
responsiveness to clinical conditions, are being explored for
the differences elicited by sensor placement on different parts
of the body (60). In this study of MS, we considered myriad
TUG features (derived from previous studies of ambulatory
disabilities of all kinds), and found informative metrics derived
from thigh-positioned wearable inertial sensors that would be
useful for estimating disability in PwMS, particularly with regard
to strength and effort. We also compared a range of the best of
the thigh-based metrics to spine-based metrics (which represent
both strength and control), and ran a logistic regression on
the results. We list seven non-overlapping features that may
be useful together as complementary metrics in assessments of
disability progression in MS, and also as metrics for clinical
efficacy for interventions proposed to improve or limit disability
in MS. In the present study, the test for whether these
features may be useful for estimating disease progression was a
comparison of a small community sample of PwMS with Hauser
Ambulation Index scores ≤2 against a sample of middle-aged,
healthy volunteers. Our novel contribution is to consider the
combination of thigh and spine metrics in MS–as did Motta
et al. (17) during a 1-min walking task. Our data specifically
considers the case of TUG, which includes the SI-ST and
ST-SI transitions; these transitions are particularly challenging
activities in everyday life, and are especially revealing of the
movement of the thigh segment.

Multivariate Analysis With Logistic
Regression
As an unplanned analysis, we sought to understand how
these variables might work together, given that many of the
features were based on similar or related measurements. Using
a stepwise procedure (Matlab), we removed variables that were
weak contributors (low absolute t-values) or were not robust
when subsets of volunteers were selected for the model. A
set of seven features were found and described in a logistic
regression (see Table 3). The regression had an R2 [coefficient
of discrimination (59)] of 0.4708 based on 73◦ of freedom
for error. None of the pairs of variables had a coefficient
of correlation above 0.69 (Table 4). To check for overfitting,
combined data for healthy and PwMS volunteers were randomly
split in half (training set), betas were re-derived for the seven
robust features, and the remaining volunteers (test set) were
compared to predicted values based on the new betas; in 100
attempts, the average correct prediction rate was 0.7982. This
implies that these features may be consistent enough to be
useful in assessing degrees of mobility/disability among MS
patients.
Frontiers in Neurology | www.frontiersin.org
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FIGURE 5 | Correlations of selected features of thigh pitch signal (maximum of the left/right thigh) between trial 1 and trial 2 of TUG. Persons with MS are shown as
red circles, healthy volunteers are shown as blue triangles. (A) shows excellent correlation between the two TUG trials each participant performed for the feature: the
absolute value of the peak pitch angular velocity during the Stand-to-Sit (ST-SI) transition (magenta circle in Figure 3C). (B) This can be compared directly to the same
measurement during the Sit-to-Stand (SI-ST) transition (magenta circle in Figure 3B), which shows only fair correlation. (C) shows the absolute value of the mean
angular velocity of the signal (as shown as arc F in Figure 4) during the Sit-to-Stand transition. (D) shows the correlations for the duration of the sit-to-stand phase
(arc F).

demanding task for the musculature, and higher values for pitch
angular velocity would be particularly demanding, we associate
these variables with strength (28). This fits with previous research
on patients with total knee arthroplasty that concluded that
quadriceps weakness has a substantial impact on performance of
the sit-to-stand task (20, 61).
We also tested temporal duration features based on the thigh
SI-ST transition and previously published features based on
the spine-derived SI-ST transition (52), and we found the set
of such spine-derived features that were potentially useful, but
those features resulted in lower effect sizes than the traditional
stopwatch duration of TUG for our cohorts (and thus had
lower effect sizes than the best angular velocity features). For
both sit-to-stand and stand-to-sit transitions, spine data is
discriminatory, but thigh data is more discriminatory for MS
disability. We also measured many features suggesting that thigh
pitch (or spine pitch) is much more discriminatory than spine
roll.
Some previous studies have found discriminatory features
within the roll of the spine (37), within the stand-to-sit transition
(26, 33, 62), and from jerk-related smoothness of angular velocity
signals (21), all of which would reflect diminished balance and

As expected, we found that the total time duration of the
TUG task as measured by stopwatch was a consistent and
discriminatory feature (rank biserial = −0.473, P < 0.05) for
these two cohorts; this is similar to a study of TUG in the elderly
[Instrumental Activities of Daily Living (IADL) vs. no IADL] in
which TUG duration was the most discriminatory feature (52),
and to an MS vs. healthy comparison of the Timed 25 Foot Walk
where overall velocity (which is usually measured as a stopwatch
duration) was the most discriminatory mobility feature (53). In
our cohorts we compared a wide variety of sensor-based microfeatures of TUG to two timing features of TUG as a whole; we
found that many of the thigh-derived sensor micro-features are
reproducible and have high reliability, and that a collection of
thigh pitch angular velocity features (including absolute values
of the area under the curve, the peak and the mean) based on
the sit-to-stand transition differed between MS and healthy with
higher effect sizes (rank biserial) than total time duration of TUG;
three of these features were statistically significantly different
(between healthy and PwMS) by the stringent Holm-Bonferroni
method of multiple comparisons. These features were all similar
measurements of the area under the curve for pitch angular
velocity for the SI-ST transition. Because the SI-ST transition is a
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TABLE 2 | List of selected features comparing healthy to PwMS.
No.

Feature

Raw P rank sum

A

Total TUG duration thigh accel ant-post

0.01606

B

Total TUG duration stopwatch

0.01183

Rank biserial

Healthy median ± MAD

PwMS median ± MAD

ICC

−0.453

9.14 ± 0.68

11.11 ± 2.27

0.86

−0.473

10.27 ± 1.53

12.44 ± 2.70

0.86

THIGH PITCH SIT-TO-STAND (ANGULAR VEL)
1

Thigh maximum arc B area under curve (abs)

0.00003

0.785

11,720 ± 620

9,685 ± 1,292

0.69

2

Thigh maximum arc D area under curve (abs)

0.00004

0.775

11,634 ± 859

9,552 ± 1,309

0.62

3

Thigh maximum arc F area under curve (abs)

0.00005

0.760

11,448 ± 803

9,519 ± 1,244

0.61

4

Thigh maximum sit-to-stand peak (abs)

0.00030

0.678

117.91 ± 15.62

90.06 ± 15.07

0.74

5

Thigh second step arc F mean (abs)

0.00069

0.637

73.75 ± 9.22

55.12 ± 8.84

0.78

6

Thigh maximum arc F mean (abs)

0.00084

0.627

79.66 ± 9.59

63.44 ± 10.36

0.79

7

Thigh minimum arc F mean (abs)

0.00103

0.616

71.10 ± 11.27

55.12 ± 8.24

0.74

8

Thigh first step sit-to-stand peak (abs)

0.00103

0.616

110.09 ± 13.57

90.06 ± 15.07

0.59

9

Thigh minimum arc D mean (abs)

0.00165

0.591

69.85 ± 9.50

53.38 ± 7.57

0.71

10

Thigh second step sit-to-stand peak (abs)

0.00444

0.535

100.34 ± 14.66

86.35 ± 12.73

0.77

THIGH PITCH STAND-TO-SIT (ANGULAR VEL)
11

Thigh maximum arc K area under curve (abs)

0.00239

0.570

8,958 ± 1,026

7,137 ± 338

0.50

12

Thigh maximum arc M area under curve (abs)

0.00373

0.545

8,616 ± 686

6,931 ± 430

0.51

13

Thigh minimum stand-to-sit peak (abs)

0.09513

0.315

68.73 ± 7.40

60.01 ± 12.53

0.85

SPINE PITCH (ANGULAR VEL)
14

Spine pitch sit-to-stand peak 2 (abs)

0.00676

0.509

79.02 ± 11.37

60.92 ± 11.36

0.79

15

Spine pitch sit-to-stand peak 1 (abs)

0.00796

0.499

110.48 ± 14.30

83.21 ± 10.40

0.70

16

Spine pitch stand-to-sit peak 1 (abs)

0.07994

−0.330

70.84 ± 8.66

62.65 ± 12.46

0.56

17

Spine pitch arc Q AUC

0.44364

−0.146

-3,355 ± 825

−2,906 ± 914

0.66

DURATIONS ALL
18

Thigh maximum arc F duration

0.01858

−0.442

1.19 ± 0.09

1.42 ± 0.15

0.62

19

Thigh minimum arc D duration

0.03871

−0.389

0.81 ± 0.13

0.95 ± 0.16

0.78

20

Spine sit-to-stand Weiss duration

0.13923

−0.279

0.70 ± 0.12

0.77 ± 0.19

0.67

21

Spine stand-to-sit Weiss duration

0.15867

−0.266

1.01 ± 0.10

1.22 ± 0.32

0.54
0.53

SPINE ROLL (ANGULAR VEL)
22

Spine roll arc D smoothness 2

0.00675

0.509

−1.243 ± 0.100

−1.413 ± 0.141

23

Spine roll arc J mean (abs)

0.06679

−0.345

5.80 ± 1.84

8.69 ± 2.92

0.49

24

Spine roll arc B mean (abs)

0.07534

−0.335

15.29 ± 3.69

21.34 ± 8.76

0.80

25

Spine roll stand-to-sit peak 1 (abs)

0.07534

−0.335

30.75 ± 10.08

43.02 ± 15.07

0.75

26

Spine roll stand-to-sit peak 2 (abs)

0.11888

−0.294

15.77 ± 6.53

21.09 ± 5.16

0.40

27

Spine roll arc N smoothness 1

0.28596

0.202

−0.0372 ± 0.0093

−0.0423 ± 0.0172

0.09

All angular velocities refer to pitch unless stated as roll. The features in each category are listed in order of the effect size (rank biserial); note that some features (13, 16, 17, 22, 23–27)
are included as illustrative rather than as discriminatory features. 819 features were tested, so that with a Holm-Bonferroni method for multiple comparisons, only features 1, 2, and 3
(Area Under the Curve for arcs B, D and F) are significant. Arcs are as listed in Figure 4.

enough to stay in the analysis after the first one was included.
Of the spine features, it is intuitive that healthy volunteers have
a large pitch SI-ST peak (feature 14, implying torso strength
and effort), and that PwMS have a larger roll peak during STSI (feature 26, implying loss of torso control). It also makes
some sense that healthy volunteers would have a smoother
roll in angular momentum in the 1 s surrounding the ST-SI
peak (feature 27, arc N, Figure 4). It was interesting to find
that the PwMS had a larger AUC of spine pitch in arc Q
(feature 17); arc Q is the first half of the ST-SI transition,
and when picked by our algorithm is made up primarily of
Turn 2 of the TUG. It is less intuitive that the spine roll
signal during most of the SI-ST transition (feature 22, arc D)

control rather than strength/weakness. In our cohorts these types
of features produced smaller univariate effect sizes, and those roll
features that were reliable (ICC) did not reach raw P-values under
P < 0.05 (except for feature 22).
In a logistic regression we found that our initial hypothesis was
supported: the movement of the thigh during the SI-ST transition
was the most informative of all the TUG measures tested, and
that adding a thigh feature (feature 3) robustly improved a
logistic regression compared to using only spine features with
the total TUG duration. However, we were surprised to find that
five of the seven robust features were from the spine sensor,
three were related to roll, and two were related to smoothness;
none of the other thigh features were independent or robust
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FIGURE 6 | Comparison of TUG variables for Healthy vs. MS Participants for Area Under the Curve for SI-ST Thigh Pitch Angular Velocity (A, all values should be
multiplied by 104 ) and Total TUG Stopwatch Duration (B). Black horizontal lines are mean values.

TABLE 3 | Logistic regression to discriminate healthy from MS.
Feat. No.

Sensor

3

Thigh

Pitch

SI-ST

Arc F

14

Spine

Pitch

SI-ST

Peak 2

Complete

TUG

Duration

−1.2315

0.3996

−3.082

0.0090

Roll

SI-ST

Arc D

Smoothness 2

−92.326

33.041

−2.794

0.0093

B

Stopwatch

22

Spine

Direction

Time

Arc

Calculation

Beta

S.E.

AUC

1.0666e-03

3.34579e-04

3.188

0.0026

Abs

0.17734

0.05628

3.151

0.0020

t

p

26

Spine

Roll

ST-SI

Peak 2

Abs

−0.10683

0.03984

−2.681

0.0103

17

Spine

Pitch

Turn 2

Arc Q

AUC

−9.3272e-04

4.4917e-04

−2.077

0.0086

Spine

Roll

ST-SI

Arc N

Smoothness 1

46.015

22.486

2.046

0.0209

−10.149

5.322

−1.907

0.0099

27

Constant

For betas and t values that are positive, an increase in the feature’s value implies the volunteer is healthy, while for negative values t and beta, higher values of the feature suggest that
the volunteer is a person with MS. Rows are ordered by absolute value of t statistic, with the most contributory (and consistently discriminatory) features at the top. SI-ST, sit-to-stand
transition; ST-SI, stand-to-sit transition; AUC, area under the curve; Abs, absolute value.

Relevance of Sensor Assessment of
Mobility in the Clinic

would be smoother for MS patients than for healthy volunteers;
presumably this relates to MS patients being slower and more
cautious when rising (using the chair’s arms), but none of the
other calculations (peak, mean or duration) is discriminatory in
this way.
This hierarchy of discriminatory power (strength > control)
seems to be supported by some other studies working on other
ambulatory disorders. A previous study examining the shankmounted sensor metrics of TUG (as an entire task) in PwMS
(16) found that their regression models for clinical disability
metrics [EDSS and Multiple Sclerosis Impact Scale (MSIS-20)]
incorporated many sensor metrics of angular velocity including
mean angular velocities, maximum angular velocities, and
minimum (i.e., trough negative) angular velocities (all multiplied
by patient height), while it rejected coefficients of variation,
and many gait duration features (e.g., mean stride time, mean
swing time, mean double support %, turning time). In a study
of the elderly (33, 52), the range of the vertical accelerometry
signal (located at the lumbar spine) was a discriminatory feature
for identifying idiopathic fallers among the elderly, while SI-ST
duration and ST-SI duration were not discriminatory.
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The use of inertial sensor technology in clinical assessment of
disability is moving ahead rapidly in both MS and in disorders of
mobility more generally. The goal of such systems is to increase
the resolution and consistency of measurements of ambulatory
disability (e.g., might it be possible to consistently recognize a
difference between an ambulatory equivalent of EDSS 4.2 vs.
EDSS 4.3). Only further sensor research on clinical populations
will clarify whether this goal is even possible. Currently a
commercial system for measuring mobility during TUG that is
operated by clinicians (i.e., not researchers or engineers) has been
released and assessed by the UK’s National Institute for Health
and Care Excellence (63). Extensive research into this particular
inertial sensor methodology has been driven by the manufacturer
of this system, which places sensors near the ankles. In a crosssectional study of early stage relapsing remitting MS, the anklebased sensor system used a proprietary algorithm to produce
an EDSS estimate that was shown to correlate moderately well
(R2 = 0.5) with clinician assessed EDSS (16). More recently
the same system was able to predict the 90-day risk of falls
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TABLE 4 | Correlation coefficients for logistic regression variables.
Feat. No.

Feature name

3

Pitch thigh AUC arc F

1

14

Spine SI-ST P peak 2

0.6497

B

TUG stopwatch

−0.5944

−0.6788

1

22

Spine roll arc D smoothness 2

−0.4708

−0.6108

0.6115

1

26

Spine roll ST-SI peak 2

−0.3076

−0.4255

0.6184

0.6541

1

17

Spine pitch arc Q AUC

−0.4127

−0.3760

0.4943

0.5171

0.5824

27

Spine roll arc N smoothness 1

0.3912

0.5824

−0.4617

−0.6010

−0.3227

−0.1667

−0.6858

−0.6106

0.0647

0.3809

−0.0138

0.3331

Constant

Feat. 3

Feat. 14

Feat. B

Feat. 22

Feat. 26

Feat. 17

Feat. 22

Constant

1

1
1
−0.2289

1

SI-ST, sit-to-stand transition; ST-SI, stand-to-sit transition; AUC, area under the curve; Abs, absolute value.

healthy participants, the bottom 20% of the curve adds slightly
to the discrimination between MS and healthy (i.e., arc B has
a greater absolute effect size compared to arc F). In general
strength measurements based on angular velocity had higher
discriminatory power if the maximum of the two thighs was used
(compared to the lesser value from the two thighs). Also, for spine
roll features, where MS is associated with higher values of roll
angular velocity than seen in healthy volunteers, this increased
roll is easier to detect in longer segments that include the bottom
20% of the entire peak region.

of Parkinson’s patients with a 73% accuracy during a 6 month
longitudinal trial (64).

Analysis Details
The most clear result here is that for univariate associations, the
hierarchy of discrimination is broadly: area under the curve >
mean/peak angular velocity > duration. This dominance by AUC
was slightly unexpected, as mean/peak velocity features might
be expected to vary inversely with duration measures; however,
when thinking about the entire movement, duration multiplied
by movement is a more comprehensive measure of the total effort
and strength than the peak (or the mean) is. It is worth noting
that the ICC for AUC features were generally not as high as for
peak or mean features. Duration features were quite variable.
The rationale for positioning wearable inertial sensors on
the thighs for characterizing the sit-to-stand and stand-tosit transitions is that the activity of the thighs during these
transitions is invariably both necessary and sufficient to achieve
these actions, while the activity of the spine and torso are usually
necessary but are definitely not sufficient. For example, additional
torso activity may occur during bodily adjustments or false
starts, and torso activity can be suppressed while rising up or
sitting down with the use of the chair’s arms. Nevertheless, our
regression favored spine metrics.
Regarding false starts and bodily adjustments, it is slightly
easier to detect the difference between healthy and PwMS from
overall absolute peak angular velocity values or from means
derived from time segments that do not include the bottom
20% of activity (i.e., arc F on Figure 3B has a higher effect size
than arc B). The values for pitch angular velocity are higher for
healthy than for MS; the regions of the bottom 20% of activity
may be associated with brief, abortive initiations of standing,
which are inconsistent but common to both healthy and mild MS,
thus masking the appropriate durations or mean values of the
transitions. Note also that the calculations of durations are made
less valid (lower absolute effect size) by including the bottom 20%
of activity; the rank biserial for SI-ST duration (maximum from
either thigh) when based on Arc F (which does not include the
lower 20%, see Figure 4) is −0.442, compared to the rank biserial
for the same value based on Arc B is −0.358.
By contrast, for area under the curve measures, where
increased duration adds to the appearance of strength in the
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Limitations
One limitation of the current study is that we did not make
concurrent measurements of strength (e.g., the Oxford Scale
for Muscle Strength Grading), nor did we estimate spasticity
(e.g., Modified Ashworth Scale); plainly there are differences in
the types of MS mobility impairment (65), and there would be
a difference in the test results between a PwMS with flaccid
paralysis vs. a PwMS with normal strength and a high level
of spasticity. In future measurements of the SI-ST transition,
measurements of strength and spasticity should accompany
sensor measurements, as this is often not done (16, 66).
Another limitation is that for inertial sensor metrics to be
justified for use in the clinic to assess disability or mobility
impairment, a longitudinal study needs to be performed. Such
a longitudinal study would ideally show that clinically relevant
disability progression (or amelioration due to therapeutic
intervention) could be detected with more sensitivity and
consistency by the sensor metrics than by the EDSS (or possibly
by the MSFC). Recognising fine-grained differences against a
“gold standard” measurement such as the EDSS will require an
agreement or recognition as to how to recognize (or cause) small
changes in disability independently of the EDSS.
Inconsistency between equally disabled patients (or between
measurements from the same patient on different days) may
affect many individual metrics because patients may compensate
for their disability with additional motivation; it would be
expected that when this compensation occurs, there would be
a deterioration of performance control (e.g., spine roll during
TUG) because of the speed-accuracy trade-off (67, 68). When
considering speed and limb movements during walking tasks
(e.g., T25FW), motivation (or lack thereof) can affect walking
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than both (a) durations of sit-to-stand derived from a lumbar
spine sensor, and (b) durations of the entire TUG task. Our data
suggests that adding a thigh sensor-based metric can increase
discriminatory power compared to using a spine sensor alone,
and that for mild to modest disability (HAI ≤ 2), features that
reflect weakness (or strength) are more discriminatory than
features that reflect loss of control or imbalance. Finally, the
area under the curve, the peak and mean angular velocities, the
durations, and the roll measures may provide more universal
and broadly-sensitive information if they are combined into a
composite metric, although for any such metric to be adopted
by the medical community, it would have to be transparent. Our
regression data included the SI-ST transition, ST-SI transition,
part of Turn 2, and overall gait performance (TUG stopwatch
time), all of which were contributory to the model.

speed; however, lack of motivation alone will be less likely to
affect peak angular velocity during the SI-ST transition, because
standing up slowly requires more prolonged effort than standing
up quickly, due to the disadvantageous torque moments that have
to be resisted during slow standing (69).
The sensors used during this study were recorded
independently and were later synchronized using an automated
synchronization protocol. While this produces accurate data
synchronization, it prevents real-time analysis, which would
be essential for clinical use. Since the gathering of this data,
the manufacturer of the sensors (x-io) has introduced a new
generation of IMU sensors (NGIMU), which include WiFi
communication and the use of one sensor as a master sensor
to calibrate all others on the network (70). In the future, these
self-synchronizing sensors should be used for gathering data.
In our regression, we found a few features with smaller
effect sizes (many of which are more related to accuracy/control
rather than speed/strength) that may be relevant for estimating
disability in PwMS, particularly when assessing PwMS who have
mild or almost no ambulatory dysfunction. Likewise, the many
uncorrelated features rejected from the final list of features may
include some usefully discriminating features that could be used
as metrics of balance and control during movement.
The generalizability of these results for PwMS may be limited
due to the precise nature of the TUG task format, as well as due
to the idiosyncrasies of PwMS. For example, Boonstra et al. (20)
used a special sit-to-stand assay that differed from the TUG in
several important aspects; their chair did not have arms, their
arthroplasty patients had to position their hands on their hips
so that they could not use their arms to aid in standing, and
the task did not continue directly into a walking task. Another
feature of their protocol that differed from the current study is
that their chair had an adjustable chair height so the participants’
knees always started at 90◦ . The precise position of the knees
at the beginning of rising will affect measurements of activity,
especially angular velocity. In the TUG protocol the participant
is allowed to start with their legs in self-selected positions, which
would mean that the first movement during TUG would include
repositioning of the lower limb into an optimum position for the
sit-to-stand transition.
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CONCLUSIONS

SUPPLEMENTARY MATERIAL

Our data suggest that positioning sensors on the thighs and
measuring pitch angular velocities during the sit-to-stand
transition can provide information relating to disability in
multiple sclerosis that is more relevant (with larger effect sizes)

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fneur.
2018.00684/full#supplementary-material

REFERENCES

3. Multiple Sclerosis Coalition. The Use of Disease-Modifying Therapies in
Multiple Sclerosis: Principles and Current Evidence: A Consensus Paper. The
Consortium of Multiple Sclerosis Centers (2016). Available online at: http://
www.mscare.org/?page=dmt (Accessed October 23, 2016).
4. Compston A, Coles A. Multiple sclerosis. Lancet (2002) 359:1221–31.
doi: 10.1016/S0140-6736(02)08220-X
5. Pearson OR, Busse ME, Van Deursen RWM, Wiles CM. Quantification
of walking mobility in neurological disorders. QJM (2004) 97:463–75.
doi: 10.1093/qjmed/hch084

1. Goldenberg MM. Multiple sclerosis review. Pharm Ther. (2012) 37:175.
Available online at: https://www.ptcommunity.com/journal/article/full/2012/
3/175/multiple-sclerosis-review
2. Polman CH, Reingold SC, Banwell B, Clanet M, Cohen JA, Filippi M,
et al. Diagnostic criteria for multiple sclerosis: 2010 revisions to the
McDonald criteria. Ann Neurol. (2011) 69:292–302. doi: 10.1002/ana.
22366

Frontiers in Neurology | www.frontiersin.org

14

September 2018 | Volume 9 | Article 684

Witchel et al.

Thigh Sensor TUG

6. Cohen JA, Reingold SC, Polman CH, Wolinsky JS. Disability
outcome measures in multiple sclerosis clinical trials: current
status and future prospects. Lancet Neurol. (2012) 11:467–76.
doi: 10.1016/S1474-4422(12)70059-5
7. Nilsagård Y, Gunnarsson LG, Denison E. Self-perceived limitations of
gait in persons with multiple sclerosis. Adv Physiother. (2007) 9:136–43.
doi: 10.1080/14038190701256402
8. Goodman AD, Brown TR, Krupp LB, Schapiro RT, Schwid SR, Cohen R, et al.,
and the Fampridine MS-F203 Investigators. Sustained-release oral fampridine
in multiple sclerosis: a randomised, double-blind, controlled trial. Lancet
(2009) 373:732–8. doi: 10.1016/S0140-6736(09)60442-6
9. Furby J, Hayton T, Anderson V, Altmann D, Brenner R, Chataway J, et al.
Magnetic resonance imaging measures of brain and spinal cord atrophy
correlate with clinical impairment in secondary progressive multiple sclerosis.
Mult Scler. (2008) 14:1068–75. doi: 10.1177/1352458508093617
10. Di Filippo M, Anderson VM, Altmann DR, Swanton JK, Plant GT, Thompson
AJ, et al. Brain atrophy and lesion load measures over 1 year relate to clinical
status after 6 years in patients with clinically isolated syndromes. J Neurol
Neurosurg Psychiatry (2010) 81:204–8. doi: 10.1136/jnnp.2009.171769
11. Ontaneda D, Cohen JA. EDSS improvement: recovery of function or noise?
Mult Scler J. (2012) 18:1520–1. doi: 10.1177/1352458512441689
12. Zhang J, Waubant E, Cutter G, Wolinsky JS, Glanzman R. EDSS variability
before randomization may limit treatment discovery in primary progressive
MS. Mult Scler J. (2012) 19:775–81. doi: 10.1177/1352458512459685
13. Fortune E, Lugade VA, Amin S, Kaufman KR. Step detection using multiversus single tri-axial accelerometer-based systems. Physiol Meas. (2015)
36:2519–35. doi: 10.1088/0967-3334/36/12/2519
14. Goldman MD, Motl RW, Rudick RA. Possible clinical outcome measures
for clinical trials in patients with multiple sclerosis. Ther Adv Neurol Disord.
(2010) 3:229–39. doi: 10.1177/1756285610374117
15. Sandroff BM, Motl RW, Kam JP, Pula JH. Accelerometer measured physical
activity and the integrity of the anterior visual pathway in multiple
sclerosis. Mult Scler Relat Disord. (2014) 3:117–22. doi: 10.1016/j.msard.2013.
06.014
16. Greene BR, Rutledge S, McGurgan I, McGuigan C, O’Connell K, Caulfield
B, et al. Assessment and classification of early-stage multiple sclerosis
with inertial sensors: comparison against clinical measures of disease state.
IEEE J Biomed Health Inform. (2015) 19:1356–61. doi: 10.1109/JBHI.2015.24
35057
17. Motta C, Palermo E, Studer V, Germanotta M, Germani G, Centonze D, et al.
Disability and fatigue can be objectively measured in multiple sclerosis. PLoS
ONE (2016) 11:e0148997. doi: 10.1371/journal.pone.0148997
18. Zampieri C, Salarian A, Carlson-Kuhta P, Nutt JG, Horak FB. Assessing
mobility at home in people with early Parkinson’s disease using an
instrumented timed up and go test. Parkinsonism Relat Disord. (2011) 17:277–
80. doi: 10.1016/j.parkreldis.2010.08.001
19. Janssen WG, Bussmann JB, Horemans HL, Stam HJ. Validity of accelerometry
in assessing the duration of the sit-to-stand movement. Med Biol Eng Comput.
(2008) 46:879–87. doi: 10.1007/s11517-008-0366-3
20. Boonstra MC, Schwering PJ, de Waal Malefijt MC, Verdonschot N. Sit-tostand movement as a performance-based measure for patients with total knee
arthroplasty. Phys Ther. (2010) 90:149–56. doi: 10.2522/ptj.20090119
21. Ganea R, Paraschiv-Ionescu A, Büla C, Rochat S, Aminian
K. Multi-parametric evaluation of sit-to-stand and stand-to-sit
transitions in elderly people. Med Eng Phys. (2011) 33:1086–93.
doi: 10.1016/j.medengphy.2011.04.015
22. WHO. International Classification of Functioning, Disability and Health: ICF.
Geneva: World Health Organization (2001). Available online at: http://apps.
who.int/iris/bitstream/handle/10665/42407/9241545429.pdf
23. Podsiadlo D, Richardson S. The timed “Up & Go”: a test of basic functional
mobility for frail elderly persons. J Am Geriatr Soc. (1991) 39:142–8.
doi: 10.1111/j.1532-5415.1991.tb01616.x
24. Thrane G, Joakimsen RM, Thornquist E. The association between timed up
and go test and history of falls: the Tromsø study. BMC Geriatr. (2007) 7:1.
doi: 10.1186/1471-2318-7-1
25. Rolenz E, Reneker JC. Validity of the 8-foot up and go, timed up and
go, and activities-specific balance confidence scale in older adults with

Frontiers in Neurology | www.frontiersin.org

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.
44.

45.

15

and without cognitive impairment. J Rehab Res Dev. (2016) 53:511–8.
doi: 10.1682/JRRD.2015.03.0042
Salarian A, Horak FB, Zampieri C, Carlson-Kuhta P, Nutt JG, Aminian K.
iTUG, a sensitive and reliable measure of mobility. IEEE Trans Neural Syst
Rehab Eng. (2010) 18:303–10. doi: 10.1109/TNSRE.2010.2047606
Greene BR, Healy M, Rutledge S, Caulfield B, Tubridy N. Quantitative
assessment of multiple sclerosis using inertial sensors and the TUG test.
In: 2014 36th Annual International Conference of the IEEE Engineering in
Medicine and Biology Society. Chicago, IL: IEEE (2014). p. 2977–80.
Kralj A. Analysis of standing up and sitting down in humans: definitions
and normative data presentation. J Biomech. (1990) 23:1123–38
doi: 10.1016/0021-9290(90)90005-N
Janssen W, Bussmann J, Selles R, Koudstaal P, Ribbers G, Stam H. Recovery
of the sit-to-stand movement after stroke: a longitudinal cohort study.
Neurorehab Neural Repair (2010) 24:763–9. doi: 10.1177/1545968310363584
Boukadida A, Piotte F, Dehail P, Nadeau S. Determinants of sit-to-stand tasks
in individuals with hemiparesis post stroke: a review. Ann Phys Rehab Med.
(2015) 58:167–72. doi: 10.1016/j.rehab.2015.04.007
Sprint G, Cook DJ, Weeks DL. Toward automating clinical assessments:
a survey of the timed up and go. IEEE Rev Biomed Eng. (2015) 8:64–77.
doi: 10.1109/RBME.2015.2390646
Millor N, Lecumberri P, Gomez M, Martínez-Ramirez A, Izquierdo
M. Kinematic parameters to evaluate functional performance of sitto-stand and stand-to-sit transitions using motion sensor devices: a
systematic review. IEEE Trans Neural Syst Rehab Eng. (2014) 22:926–36.
doi: 10.1109/TNSRE.2014.2331895
Weiss A, Herman T, Plotnik M, Brozgol M, Giladi N, Hausdorff JM. An
instrumented timed up and go: the added value of an accelerometer for
identifying fall risk in idiopathic fallers. Physiol Meas. (2011) 32:2003–18.
doi: 10.1088/0967-3334/32/12/009
Giansanti D, Maccioni G. Physiological motion monitoring: a wearable device
and adaptative algorithm for sit-to-stand timing detection. Physiol Meas.
(2006) 27:713-23. doi: 10.1088/0967-3334/27/8/006
Greene BR, Doheny EP, Walsh C, Cunningham C, Crosby L, Kenny RA.
Evaluation of falls risk in community-dwelling older adults using body-worn
sensors. Gerontology (2012) 58:472–80. doi: 10.1159/000337259
Boonstra MC, de Waal Malefijt MC, Verdonschot N. How to quantify
knee function after total knee arthroplasty? Knee (2008) 15:390–5.
doi: 10.1016/j.knee.2008.05.006
Higashi Y, Yamakoshi K, Fujimoto T, Sekine M, Tamura T. Quantitative
evaluation of movement using the timed up-and-go test. IEEE Eng Med Biol
Mag. (2008) 27:38–46. doi: 10.1109/MEMB.2008.919494
Bowen J, Gibbons L, Gianas A, Kraft GH. Self-administered expanded
disability status scale with functional system scores correlates well
with a physician-administered test. Mult Scler. (2001) 7:201–6.
doi: 10.1177/135245850100700311
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) 60:31–6. doi: 10.1212/WNL.60.1.31
Krupp LB, LaRocca NG, Muir-Nash J, Steinberg AD. The fatigue
severity scale: application to patients with multiple sclerosis and
systemic lupus erythematosus. Arch Neurol. (1989) 46:1121–3.
doi: 10.1001/archneur.1989.00520460115022
Mills RJ, Young CA, Pallant JF, Tennant A. Rasch analysis of the modified
fatigue impact scale (MFIS) in multiple sclerosis. J Neurolol Neurosurg
Psychiatry (2010) 81:1049–51. doi: 10.1136/jnnp.2008.151340
Beck AT, Steer RA. Beck Depression Inventory Manual. New York NY: The
Psychological Corporation/Harcourt Brace Jovanovich (1987).
Booth ML. Assessment of physical activity: an international perspective. Res Q
Exerc Sport (2000) 71:s114–20. doi: 10.1080/02701367.2000.11082794
Steffen TM, Hacker TA, Mollinger L. Age-and gender-related test performance
in community-dwelling elderly people: six-minute walk test, berg balance
scale, timed up & go test, and gait speeds. Phys Ther (2002) 82:128–37.
doi: 10.1093/ptj/82.2.128
Schoppen T, Boonstra A, Groothoff JW, de Vries J, Göeken LN, Eisma WH.
The Timed “up and go” test: reliability and validity in persons with unilateral
lower limb amputation. Arch Phys Med Rehab. (1999) 80:825–8.

September 2018 | Volume 9 | Article 684

Witchel et al.

Thigh Sensor TUG

60. Ben Mansour K, Rezzoug N, Gorce P. Analysis of several methods and
inertial sensors locations to assess gait parameters in able-bodied subjects. Gait
Posture (2015) 42:409–14. doi: 10.1016/j.gaitpost.2015.05.020
61. Mizner RL, Snyder-Mackler L. Altered loading during walking and sit-tostand is affected by quadriceps weakness after total knee arthroplasty. J Orthop
Res. (2005) 23:1083–90. doi: 10.1016/j.orthres.2005.01.021
62. Van Lummel RC, Ainsworth E, Lindemann U, Zijlstra W, Chiari L, Van
Campen P, et al. Automated approach for quantifying the repeated sit-to-stand
using one body fixed sensor in young and older adults. Gait Posture (2013)
38:153–6. doi: 10.1016/j.gaitpost.2012.10.008
63. NICE (National Institute for Health and Care Excellence, UK). QTUG for
Assessing Falls Risk and Frailty. Medtech Innovation Briefing [MIB73] (2016).
Available online at: https://www.nice.org.uk/advice/mib73 (Accessed May 30,
2018).
64. Greene BR, Caulfield B, Lamichhane D, Bond W, Svendsen J, Zurski C, et al.
Longitudinal assessment of falls in patients with Parkinson’s disease using
inertial sensors and the timed up and go test. J Rehab Assist Technol Eng.
(2018) 5:1–5. doi: 10.1177/2055668317750811
65. Filli L, Sutter T, Easthope CS, Killeen T, Meyer C, Reuter K, et al.
Profiling walking dysfunction in multiple sclerosis: characterisation,
classification and progression over time. Sci Rep. (2018) 8:1–13.
doi: 10.1038/s41598-018-22676-0
66. Smith E, Walsh L, Doyle J, Greene B, Blake C. Effect of a dual task
on quantitative timed up and go performance in community-dwelling
older adults: a preliminary study. Geriatr Gerontol Int. (2017) 17:1176–82.
doi: 10.1111/ggi.12845
67. Drury CG, Woolley SM. Visually-controlled leg movements embedded in a
walking task. Ergonomics (1995) 38:714–22. doi: 10.1080/00140139508925143
68. Keele SW. Movement control in skilled motor performance. Psychol Bull.
(1968) 70:387–403. doi: 10.1037/h0026739
69. Carr JH, Ow JE, Shepherd RB. Some biomechanical characteristics of standing
up at three different speeds: implications for functional training. Physiother
Theory Pract. (2002) 18:47–53. doi: 10.1080/09593980290058418
70. Madgwick S. NGIMU User Manual. X-io Technologies (2017). Available
online at: http://x-io.co.uk/downloads/NGIMU-User-Manual-v1.3.pdf

46. Hobart J, Blight AR, Goodman A, Lynn F, Putzki N. Timed 25-foot walk
direct evidence that improving 20% or greater is clinically meaningful
in MS. Neurology (2013) 80:1509–17. doi: 10.1212/WNL.0b013e31828
cf7f3
47. Hauser SL, Dawson DM, Lehrich JR, Beal MF, Kevy SV,
Propper RD. et al. Intensive immunosuppression in progressive
multiple sclerosis. A randomized, three-arm study of high-dose
intravenous cyclophosphamide, plasma exchange, and ACTH. N
Engl J Med. (1983) 308:173–80. doi: 10.1056/NEJM1983012730
80401
48. Madgwick S. (2010). An Efficient Orientation Filter for Inertial and
Inertial/Magnetic Sensor Arrays. Report x-io and University of Bristol (UK).
Bristol, UK: Xio Technologies.
49. Madgwick SO, Harrison AJ, Vaidyanathan R. Estimation of IMU and
MARG orientation using a gradient descent algorithm. In: 2011 IEEE
International Conference on Rehabilitation Robotics. Zurich: IEEE (2011).
p. 1–7.
50. Witchel HJ, Needham R, Healy A, Guppy JH, Bush J, Oberndorfer C, et al.
Using wearable inertial sensors to compare different versions of the dual task
paradigm during walking. In: Proceedings of the 35th European Conference on
Cognitive Ergonomics (ECCE) New York, NY: ACM (2017).
51. Bannach D, Amft O, Lukowicz P. Automatic event-based synchronization of
multimodal data streams from wearable and ambient sensors. In: European
Conference on Smart Sensing and Context New York, NY: Springer (2009). p.
135–48.
52. Weiss A, Mirelman A, Buchman AS, Bennett DA, Hausdorff JM.
Using a body-fixed sensor to identify subclinical gait difficulties in
older adults with IADL disability: maximizing the output of the timed
up and go. PLoS ONE (2013) 8:e68885. doi: 10.1371/journal.pone.00
68885
53. Sosnoff JJ, Sandroff BM, Motl RW. Quantifying gait abnormalities in persons
with multiple sclerosis with minimal disability. Gait Posture (2012) 36:154–6.
doi: 10.1016/j.gaitpost.2011.11.027
54. Hogan N, Sternad D. Sensitivity of smoothness measures to movement
duration, amplitude, and arrests. J Motor Behav. (2009) 41:529–34.
doi: 10.3200/35-09-004-RC
55. Balasubramanian S, Melendez-Calderon A, Burdet E. A robust and sensitive
metric for quantifying movement smoothness. IEEE Trans Biomed Eng. (2012)
59:2126–36. doi: 10.1109/TBME.2011.2179545
56. Salarian A. ICC–Intraclass Correlation Coefficient. MatlabCentral (2008).
Available online at: https://www.mathworks.com/matlabcentral/fileexchange/
22099-intraclass-correlation-coefficient--icc
57. Goldman MD, Motl RW, Scagnelli J, Pula JH, Sosnoff JJ, Cadavid
D. Clinically meaningful performance benchmarks in MS Timed
25-Foot Walk and the real world. Neurology (2013) 81:1856–63.
doi: 10.1212/01.wnl.0000436065.97642.d2
58. Cicchetti DV. Guidelines, criteria, and rules of thumb for evaluating normed
and standardized assessment instruments in psychology. Psychol Assess.
(1994) 6:284–90. doi:10.1037/1040-3590.6.4.284
59. Tjur T. Coefficients of determination in logistic regression models—a new
proposal: the coefficient of discrimination. Am Stat. (2009) 63:366–72.
doi: 10.1198/tast.2009.08210

Frontiers in Neurology | www.frontiersin.org

Conflict of Interest Statement: JeB and CH were employees of ASTRUM IT
GmbH at the time of this study. ASTRUM IT manufactures a gait system, but not
the system used in this study.
The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.
Copyright © 2018 Witchel, Oberndorfer, Needham, Healy, Westling, Guppy, Bush,
Barth, Herberz, Roggen, Eskofier, Rashid, Chockalingam and Klucken. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

16

September 2018 | Volume 9 | Article 684

