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ARTICLE INFO ABSTRACT
Keywords: Introduction: Emerging technologies show promise for enhanced characterization of Parkinson’s Disease (PD)
Parkinson’s disease motor manifestations. We evaluated quantitative mobility measures from a wearable device compared to the
Wearable sensors conventional motor assessment, the Movement Disorders Society-Unified PD Rating Scale part III (motor MDS-
Wearables

. UPDRS).
Device

Methods: We evaluated 176 PD subjects (mean age 65, 65% male, 66% H&Y stage 2) during routine clinic visits
using the motor MDS-UPDRS and a 10-min motor protocol with a body-fixed sensor (DynaPort MT, McRoberts
BV), including the 32-ft walk, Timed Up and Go (TUG), and standing posture with eyes closed. Regression models
examined 12 quantitative mobility measures for associations with (i) motor MDS-UPDRS, (ii) motor subtype
(tremor dominant vs. postural instability/gait difficulty), (iii) Montreal Cognitive Assessment (MoCA), and (iv)
physical functioning disability (PROMIS-29). All analyses included age, gender, and disease duration as cova-
riates. Models iii-iv were secondarily adjusted for motor MDS-UPDRS.

Results: Quantitative mobility measures from gait, TUG transitions, turning, and posture were significantly
associated with motor MDS-UPDRS (7 of 12 measures, p < 0.05) and motor subtype (6 of 12 measures, p < 0.05).
Compared with motor MDS-UPDRS, several quantitative mobility measures accounted for a 1.5- or 1.9-fold
increased variance in either cognition or physical functioning disability, respectively. Among minimally-
impaired subjects in the bottom quartile of motor MDS-UPDRS, including subjects with normal gait exam, the
measures captured substantial residual motor heterogeneity.

Conclusion: Clinic-based quantitative mobility assessments using a wearable sensor captured features of motor
performance beyond those obtained with the motor MDS-UPDRS and may offer enhanced characterization of
disease heterogeneity.

* Corresponding author. Jan and Dan Duncan Neurological Research Institute, 1250 Moursund St., Suite N.1150, Houston, TX, 77030, USA.
E-mail address: Joshua.Shulman@bcm.edu (J.M. Shulman).
1 These authors contributed equally to this manuscript, co-first authors.

https://doi.org/10.1016/j.parkreldis.2021.02.006

Received 14 August 2020; Received in revised form 28 December 2020; Accepted 3 February 2021

Available online 10 February 2021

1353-8020/© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-ne-nd/4.0/).


mailto:Joshua.Shulman@bcm.edu
www.sciencedirect.com/science/journal/13538020
https://www.elsevier.com/locate/parkreldis
https://doi.org/10.1016/j.parkreldis.2021.02.006
https://doi.org/10.1016/j.parkreldis.2021.02.006
https://doi.org/10.1016/j.parkreldis.2021.02.006
http://crossmark.crossref.org/dialog/?doi=10.1016/j.parkreldis.2021.02.006&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

E.J. Hill et al.

1. Introduction

Parkinson’s disease (PD) is diagnosed clinically, based on the pres-
ence of its cardinal motor manifestations, including bradykinesia, ri-
gidity, gait/postural impairment, and tremor. The gold standard clinical
research assessment tool for PD motor impairment is the Movement
Disorder Society Unified Parkinson Disease Rating Scale (MDS-UPDRS)
part III, a semi-quantitative measure consisting of 18 items measured on
an ordinal scale ranging from 0 (normal) to 4 (severe) [1]. Although this
scale is commonly used to measure motor symptom severity, individual
patients often present with distinct PD motor profiles and these phe-
notypes can shift over time, reflecting a remarkable degree of hetero-
geneity [2-4]. Based on the MDS-UPDRS, for example, tremor dominant
(TD) and postural instability/gait difficulty (PIGD) motor subtypes of PD
have been recognized [5]. Non-motor manifestations, such as cognitive
impairment, also variably contribute to disease heterogeneity and
overall disability. Compared with conventional PD motor assessments,
technology-enabled, quantitative mobility measures offer the promise of
more sensitive detection, remote monitoring, and discrimination of
heterogeneous phenotypes [6-8]. Several studies have demonstrated
that quantitative mobility measures can detect motor features that
distinguish PD from controls, including differences in gait [9-12],
truncal movements [13-16], and the performance of motor tasks, such
as the Timed Up and Go test (TUG) [17,18]. New outcome measures
from devices may thus complement conventional evaluations by quan-
tifying heterogeneous PD motor impairments.

Among the many emerging options for technology-enhanced PD
outcome measures, some are limited to use in specialized gait labs,
whereas others are designed for longer-term, unsupervised monitoring
during everyday living [6,7]. While several devices may also be
amenable to applications during routine clinical encounters [19], how
these technologies might substantively add to standard assessments of
PD mobility, such as the MDS-UPDRS part III, has been less extensively
studied. In prior work, we have validated quantitative mobility mea-
sures from a body-fixed sensor (DynaPort MT®, McRoberts BV) using a
short, standardized motor protocol in older adults examined in the
community setting [20,21]. In this sample, largely excluding subjects
with PD, baseline quantitative mobility measures were associated with
incident mild parkinsonian signs [22]. Here, we deploy the same device
and motor protocol during routine PD clinical evaluations in our aca-
demic movement disorders outpatient practice setting and compare
sensor-derived mobility metrics with the conventional motor
MDS-UPDRS assessment.

2. Methods
2.1. Subjects and clinical evaluations

This study was approved by the Baylor College of Medicine Institu-
tional Review Board. Subjects with PD were recruited during routine
follow-up visits at the Baylor Parkinson’s Disease Center and Movement
Disorders Clinic (PDCMDC). All subjects received a PD diagnosis based
on evaluation by a movement disorders specialist. After informed con-
sent, subjects received the following assessments: the MDS-UPDRS, the
10-min quantitative motor protocol (see below), Montreal Cognitive
Assessment (MoCA) and the Patient-Reported Outcomes Measurement
Information System-29 profile (PROMIS®-29). The MDS-UPDRS was
performed within minutes of the quantitative motor protocol to main-
tain stable conditions for both motor assessments, including recording of
subject ON/OFF state (item 3b). Current age and age at symptom onset
were collected from the medical chart and confirmed with interview.
The PROMIS-29 Profile is a patient-reported outcome measure, which
assesses an individual’s perception of both their abilities and limitations.
The PROMIS Physical Function domain has been validated as a disability
measure in PD [23], and was calculated based on normative data [24].
For cohort descriptive purposes, we applied a cutoff of 40 or lower on
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the transformed ratio (T-score) of the physical function score to define
subjects as disabled. MDS-UPDRS parts I and II were completed with the
subject and caregiver when present. Motor subtype (TD, PIGD, or
indeterminate) was calculated from MDS-UPDRS subscores, using the
established formula [25]. Subjects scoring in the indeterminate range (n
= 16) were excluded from the analyses evaluating motor subtypes.

2.2. Gait and motor testing with a body-fixed sensor

The DynaPort MT® is a small device (106.6 x 58 x 11.5 mm, 55g)
that is positioned at the low back in the midline affixed to a neoprene
belt. Accelerometers and gyroscopes record data at a sampling fre-
quency of 100 Hz, including for 3 acceleration axes (vertical, medio-
lateral, anteroposterior) and 3 angular velocity axes [yaw (rotation
around the vertical axis); pitch (rotation around the mediolateral axis)
and roll (rotation around the anteroposterior axis)]. As previously
described [20], subjects performed a 10-min motor protocol while
wearing the DynaPortMT device, consisting of 3 tasks: (i) 32-foot walk
(subjects walk a distance of eight feet four times without stopping,
including turns); (ii) the TUG [subjects stand from a chair, walk eight
feet at a comfortable pace, turn (turn 1), walk back to the chair, turn
again (turn 2), and sit down, after one practice trial]; and (iii) standing
posture with eyes closed for 20 s. This protocol was designed to be
feasible to perform in an enclosed space. The device connects wirelessly
to a laptop computer, enabling a research assistant to control data
collection. Following the motor protocol, data is transferred from the
device to the laptop and then uploaded to a central server for post-hoc
segmentation, quality control procedures, and extraction of measures.
The data are then summarized into 12 composite mobility scores using
established algorithms within a MATLAB software package (Math-
Works, Natick, MA). The derivation and validation of these scores were
detailed in prior publications [20]. The 12 composite scores (referred to
below as quantitative mobility measures) were derived from the 3 motor
tasks as follows: (i) 4 measures from the 32-foot walk, (ii) 7 from TUG (3
from sitting to standing transition (S1), 2 from standing to sitting tran-
sition (S2), and 2 from turning), and (iii) 1 from standing posture with
eyes closed. For each measure, subjects were excluded if a component
for a composite score was missing or if the computed variable was
greater than 3 standard deviations from the sample mean. Subject
missingness per measure was most commonly due to removal of outlier
values (mean = 5.1, range = 0-22) rather than failure to acquire a
component variables (mean = 2.8, range = 1-6). All measures were
standardized with mean = 0 and standard deviation = 1. Trans-
formations for normality were applied as in our prior work [20].

2.3. Statistical analysis

All statistical analyses were performed using R software (http://
www.R-project.org/). Due to variable missingness for the 12 mobility
measures (above), total subject sample size for each analysis ranged
from 153 to 174 (Table S1). Linear regression was first used to analyze
relationships between the 12 individual quantitative mobility measures
and (i) motor MDS-UPDRS, (ii) MoCA score, and (iii) PROMIS-29
physical functioning disability. Logistic regression was similarly used
to evaluate associations with (iv) PD motor subtype. All analyses were
adjusted for age, sex, and disease duration as covariates. We next
repeated the analyses for cognition (MoCA) and disability (PROMIS)
including motor MDS-UPDRS as a covariate and examined whether the
associations between quantitative mobility measures and each outcome
remained significant. Joint regression models were constructed to
evaluate the variance in either cognition (MoCA) or physical functioning
disability (PROMIS-29) explained by multiple, independently-
associated mobility measures. The adjusted R-squared for a base
model (including terms for age, sex, and disease duration) was
compared to models including additional terms for the motor MDS-
UPDRS with/without the mobility measures [21]. In secondary
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analyses, we also performed linear regression to evaluate associations
between the quantitative mobility measures and MDS-UPDRS parts I and
II and the PIGD score (derived from the MDS-UPDRS II and III). In order
to account for the potential impact of dopaminergic medication status,
we repeated regression analyses, but including a covariate for either
subject-reported ON/OFF state (MDS-UPDRS item 3b) or levodopa
equivalent daily dose [26,27]. Secondary analyses were also performed
excluding subjects with Hoehn & Yahr >2. Lastly, we created violin plots
to visualize the distribution of conventional motor measurements
(motor MDS-UPDRS) compared to that from quantitative mobility
measures. Measurement values were normalized to a range from O to 1
using the formula: (X-Xmin)/(Xmax-Xmin), Where x is the measurement
value being normalized, Xp;, is the minimum value amongst all mea-
surements for that metric, and xpax is the maximum value amongst all
measurements for that metric. Following normalization, violin and
superimposed dot plots were generated using the “ggplot2” package in
R, including a horizontal and vertical jitter.

3. Results

Following quality control filters, our study included 176 subjects
with PD. Cohort clinical and demographic characteristics are summa-
rized in Table 1, and descriptive statistics for the 12 quantitative
mobility measures are displayed in the supplement (Table S1). The
majority of subjects (91%) reported no or only mild motor fluctuations
(0-25% OFF time per day).

We first examined associations between each of the DynaPort
mobility measures and the motor MDS-UPDRS. Seven of 12 mobility
measures were significantly associated with the motor MDS-UPDRS
after adjustment for age, sex, and disease duration (Table 2). This in-
cludes measures from the 32-ft walk (speed, p < 0.001, cadence, p <
0.05, and stride variability, p < 0.01), the TUG sit to stand transition (S1
posterior, p < 0.01), the TUG stand to sit transition (S2 jerk, p < 0.01),
turning (yaw, p < 0.0001), and standing posture with eyes closed (sway,
p < 0.001) (Table 2). Conversely, the remaining measures were not
significantly associated with the motor MDS-UPDRS, including mea-
sures from the walk (regularity), sit-to-stand (anterior-posterior, range),

Table 1
Clinical characteristics of study sample.
Total subjects, n 176
Age, mean (SD) 65 (9.0)
Sex, % men 65
Disease duration in years, mean (SD) 8 (6.2)
Race, % European ancestry 85
MDS-UPDRS III, mean (SD) 23.4 (11.3)
Modified Hoehn & Yahr stage, % 17
1 67
2 6
2.5 10
3 1
4
Motor subtype, % 61
TD 30
PIGD 9
Indeterminate
MoCA, mean (SD) 25 (3.5)
Physical functioning, mean (SD) 46.5 (8.6)
Levodopa equivalent daily dose, mean (SD) 936 (711.2)
Daily OFF time, % 46
None 45
<25% 8
26-50% 1
51-75% 0
>75%
ON during clinical evaluation, % 86

MDS-UPDRS III = Movement Disorder Society-Unified Parkinson Disease Rating
Scale, part IIl; MoCA = Montreal Cognitive Assessment. Physical Functioning =
transformed score from the PROMS-29 physical functioning domain.
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Table 2
Associations between mobility measures and PD outcomes.

MDS-UPDRS-Adjusted

Measure MDS-UPDRS Cognition Disability

III
32-ft. walk
Speed —2.65 (0.0009) 0.38 (0.165) 2.31 (0.0002)*
Cadence —1.82 (0.026) 0.92 (0.0006)* 1.11 (0.082)*
Regularity —0.50 (0.633) 0.83 (0.014)* —0.55 (0.488)
Stride variability 2.27 (0.002) —0.44 (0.079) —2.24 (0.0001)*
TUG Sit to Stand (S1)
Anterior-Posterior —0.99 (0.248) 0.07 (0.801) 0.68 (0.303)
Range —1.54 (0.075) 0.24 (0.415) 0.86 (0.193)
Posterior —3.09 (0.005) 0.006 (0.987) 2.43 (0.005)*
TUG Stand to Sit (S2)
Jerk —3.05 (0.002) 0.343 (0.306) 0.97 (0.215)*
Range 0.25 (0.763) 0.08 (0.767) 0.37 (0.561)
TUG turning
Yaw 5.52 (1.6 x 1079 —0.13 (0.724) —1.65 (0.053)*
Frequency —0.30 (0.729) —0.36 (0.203) —1.13 (0.079)
Standing posture
Sway 3.17 (0.0002) —0.26 (0.398) —1.99 (0.007)*

Regression model Beta (p-value) shown for associations between each quanti-
tative mobility measures and motor MDS-UPDRS score, as well as cognition, and
disability. All models are adjusted for age, sex, disease duration, and the asso-
ciations with cognition and physical functioning are additionally adjusted for
motor MDS-UPDRS score. Significant associations are underlined. Asterisks
indicate those measures that were significantly associated with either cognition
or physical functioning in models adjusted for age, sex, and disease duration
only (See Table S2). MDS-UPDRS= Movement Disorder Society-Unified Par-
kinson Disease Rating Scale; TUG = Timed Up and Go.

stand-to-sit (range), and turn (frequency). Six of the 12 mobility mea-
sures were also significantly associated with PD motor subtype
(Table S2), including S1 range from the TUG and 4 other measures that
were also associated with motor MDS-UPDRS. When compared with TD,
subjects with the PIGD PD motor subtype were characterized by reduced
speed and increased stride variability during the 32-ft walk task,
reduced truncal movements during the TUG [S1 range, S1 posterior, and
yaw], and increased sway during standing posture. Given the predom-
inantly early stage of disease in our cohort (Table 1), our results were not
significantly changed when excluding subjects with modified Hoehn and
Yahr stage > 2 (Table S3). Moreover, nearly all associations remained
significant after adjustment for dopaminergic medications or subject-
reported ON/OFF status (Table S4).

PD progression is characterized by greater motor impairment over
time; consequently, increasing motor MDS-UPDRS score is commonly
related to similar worsening in cognitive impairment and disease-related
disability [28]. Such correlated but independent, clinically-relevant PD
outcome measures can serve as useful “anchors” for head-to-head
comparison of the DynaPort quantitative mobility measures and con-
ventional assessments using the motor MDS-UPDRS. Therefore, we next
compared the quantitative mobility measures and the motor
MDS-UPDRS for their associations with cognition and physical func-
tioning disability. Mean MoCA score was 25 (SD = 3.5) in our sample,
and 19.5% were classified as having significant disability, based on the
PROMIS Physical Function scale. As expected, similar to motor
MDS-UPDRS, multiple quantitative mobility measures were also asso-
ciated with cognition (n = 2) and physical functioning disability (n = 7)
(Table S2). In order to determine if the mobility measures were inde-
pendently associated with cognition and disability, we repeated these
analyses including motor MDS-UPDRS score as a covariate. Indeed, the
associations between cognition and 2 measures from the 32-ft walk task
(cadence and regularity) were each robust to adjustment for motor
MDS-UPDRS score. Moreover, 4 out of 7 mobility measures remained
significantly associated with disability following adjustment for motor
MDS-UPDRS (Table 2).
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Next, in order to quantify the information provided by the mobility
measures that is not provided by motor MDS-UPDRS, we examined joint
regression models for cognition and disability (Table 3). Our base
model, including the variables for age, sex, and disease duration,
accounted for 7.5% and 10% of the variance in cognition and physical
functioning disability, respectively. Adding the motor MDS-UPDRS
score to the model captured 5.2% more variance in cognition. Adding
the 2 quantitative mobility measures that were associated with cogni-
tion independent of motor MDS-UPDRS accounted for an additional
6.7% variance, representing a 1.5-fold increase. Similarly, in the joint
model for disability, the 4 independently-associated, quantitative
mobility measures accounted for an additional 16.6% variance in the
disability outcome—a 1.9-fold increase over adding motor MDS-UPDRS
alone. Our findings were overall consistent (i.e., similar increase in
variance explained) following adjustment for patient-reported ON/OFF
status (Table S5).

These results strongly suggest that quantitative mobility measures
from a wearable device capture information about PD motor impairment
that is distinct and complementary to the motor MDS-UPDRS. In order to
better understand the relationship between these outcomes, we plotted
the normalized distribution of data points for both measures, allowing
for direct visual comparison. As displayed in Fig. 1A, subjects falling
within the upper (red) and lower (green) quartiles of the motor MDS-
UPDRS, are observed to redistribute among all 4 quartiles of the
normalized distribution for multiple mobility measures. For example,
among the individuals clustered tightly in the bottom quartile of motor
MDS-UPDRS, some were found to have correspondingly high stride
variability measures, whereas others fall in the middle or low range of
values. Thus, stride variability and other associated quantitative
mobility measures (Table 2) can stratify PD subjects based on differences
in motor performance that are not appreciable from the total motor
MDS-UPDRS score alone. We next compared the score from the gait item
of the motor MDS-UPDRS (item 3.10) to the normalized distribution of
the quantitative mobility measures derived from the 32-ft walk task
(Fig. 1B). The MDS-UPDRS gait item is scored on an ordinal scale (0-4).
In our sample, 89% of subjects were characterized by mild or absent gait
impairment (score of 0-1) based on the motor MDS-UPDRS gait item.
However, quantitative gait assessment using the device revealed sub-
stantial heterogeneity in gait performance among these same subjects. In
fact, among the 75 subjects without detectable gait impairment on the
MDS-UPDRS (gait score = 0, black in Fig. 1B), quantitative measures of
speed (mean = —0.12, SD = 0.995), cadence (mean = —0.09, SD =
—0.98), regularity (mean = 0.02, SD = 0.81), and stride variability
(mean = 0.06, SD = 1.05) each captured substantial variation, thereby
providing a more granular assessment of gait.
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4. Discussion

The motor MDS-UPDRS is the gold standard battery for monitoring
PD motor progression and response to therapies. Emerging quantitative
motor assessments require evaluation of how these new outcome mea-
sures can complement conventional assessments, such as the MDS-
UPDRS. During routine office visits, we obtained quantitative mobility
measures in 176 subjects with PD, based on completion of several motor
tasks while wearing the DynaPort device. Several of the quantitative
mobility measures, including measures from the 32-ft walk (speed,
cadence, and stride variability), the TUG (S1 posterior, S2 jerk, yaw),
and standing posture (sway), were significantly associated with motor
MDS-UPDRS. This result is consistent with other studies deploying de-
vices for PD monitoring [29], and it is not surprising since the
MDS-UPDRS includes semi-quantitative assessments of PD motor fea-
tures that overlap with our protocol, including examination of gait (item
3.10-3.11) and arising from a chair (3.9). By contrast, several other
quantitative mobility measures were not significantly associated with
motor MDS-UPDRS, suggesting they may capture independent features
of PD motor impairment. While the motor MDS-UPDRS has 22 items for
assessing motor symptoms in the limbs, axial motor tasks are under-
represented, and turning is not directly scored. Of the 2 measures
derived from turning in our analyses, only one (yaw) was associated
with motor MDS-UPDRS score, whereas frequency was not significantly
associated. The DynaPort device records data at 100Hz and records
multiple independent measures for selected tasks, thus providing a more
granular assessment of mobility. For example, whereas the motor
MDS-UPDRS integrates multiple dimensions of gait into a single cate-
gorical score, our analyses considered 4 continuous measures from the
32-ft walk (speed, cadence, regularity, and stride variability). Indeed,
following adjustment for motor MDS-UPDRS, we found that several
DynaPort mobility measures remained significantly associated with
cognition and/or disability, and these measures explained additional
variance for these outcomes in joint regression models. Specifically, we
found that the cadence and step regularity measures from the 32-ft walk
were independently associated with cognitive impairment. Using the
functional disability outcome measure, independent associations were
detected with measures from the 32 ft walk (speed, stride variability),
TUG (posterior), and standing posture tasks (sway). Overall, our results
highlight how quantitative mobility measures from a wearable device
can complement conventional assessments, characterizing relevant
features of PD motor impairment that are not adequately captured using
the motor MDS-UPDRS.

Among subjects in our cohort with little or no gait impairment based
on conventional rating scale evaluations, we found that several

Table 3
Joint regression models for cognition and physical functioning disability.
Cognition Disability

Variable Model A Model B Model C Model A Model B Model C
Age —0.117 (7.15 x 107°) —0.085 (0.005) —0.064 (0.048) —0.138 (0.048) —0.042 (0.55) 0.024 (0.72)
Sex —0.237 (0.663) 0.203 (0.709) 0.376 (0.508) 1.681 (0.197) 2.984 (0.02) 0.564 (0.68)
Disease Duration 0.017 (0.687) 0.047 (0.264) 0.039 (0.376) —0.407 (8.03 x 107°) —0.319 (0.001) —0.354 (0.005)
MDS-UPDRS III —0.083 (0.001) —0.074 (0.005) —0.247 (4.2 x 107%) —0.068 (0.29)
Speed 1.761 (0.007)
Cadence 0.786 (0.007)
Step Regularity 0.78 (0.02)
Stride Variability —1.148 (0.07)
Posterior 1.857 (0.04)
Sway —1.914 (0.007)
Adjusted R? 0.075 0.127 0.194 0.100 0.180 0.346
Fold increase 1.7 1.5 1.8 1.9

Beta (p-value) shown from regression models examining cognition or physical functioning disability as an outcome. The base model (Model A) includes age, sex, and
disease duration as covariates. In Model B, motor MDS-UPDRS III is added as a covariate. Model C includes all prior covariates as well as all quantitative mobility
measures that were found to have individual independent associations with the outcome. Each model’s adjusted R-squared is displayed at the bottom of the column and
the amount of increase in the R-squared in Models B and C are displayed below. MDS-UPDRS III = Movement Disorders Society-Unified Parkinson Disease Rating Scale,

part III; S1= Sit to stand transition in the Timed up and Go.
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Fig. 1. Violin plots of motor MDS-UPDRS versus quantitative mobility measures. The distribution of subject motor MDS-UPDRS scores is compared with that for
quantitative mobility measures. Low scores are normalized to 0 and high scores are normalized to 1 to facilitate comparison. The width of the violin represents the
number of data points at that value. (A) Total motor MDS-UPDRS score is compared with the 7 associated quantitative mobility measures (Table 2). Subjects falling
within the upper and lower quartile of MDS-UPDRS are displayed in red and green, respectively. (B) The MDS-UPDRS gait item is compared with the quantitative
mobility measures from the 32-ft walk task. Subjects are displayed with colors based on the MDS-UPDRS gait item score: 0, black; 1, green; 2, blue; 3, magenta.

quantitative mobility measures revealed substantial variation in per-
formance. Given that PD is preceded by a prolonged clinical prodromal
phase, improved mobility biomarkers are urgently needed for sensitive
and robust detection of the earliest PD-related motor manifestations
[30]. In one study that also used the DynaPort, stride time variability
during a 20-m gait task successfully identified carriers of a dominant
LRRK2 (G2019S) allele who were not diagnosed with PD based on
neurologic evaluation including the UPDRS [31]. In another “at-risk”
cohort, gait mat evaluations revealed differences in step cadence and
swing time among subjects with REM sleep behavior disorder, similarly
with little or no impairment based on motor UPDRS scores [32]. Further,
in a longitudinal study of subjects without clinically recognized disease,
step time variability derived from baseline DynaPort gait evaluations
predicted conversion to PD within 5 years [33]. Lastly, using an identical
assessment protocol as in our present work, we found that baseline
difference in quantitative mobility measures can also predict the
development of mild parkinsonian signs, based on a modified motor
UPDRS, in older adults without PD [22]. In sum, our results add to other
published work showing that quantitative assessments using devices
may be more sensitive than the motor MDS-UPDRS for detecting gait
and axial motor impairments, including those characteristic of early PD.
Thus, mobility measures from wearable devices show promise for
improved PD biomarkers, including for risk-stratification and moni-
toring in future trials of candidate disease-modifying therapies, perhaps
in combination with other clinical data (e.g. MDS-UPDRS III, neuro-
imaging, olfactory testing, and genetics).

Besides its subtle onset, PD is characterized by substantial hetero-
geneity in the specific combinations and severity of motor, as well as
non-motor features, with implications for prognosis and disease-related
disability [2,34]. Besides intrinsic variability in PD pathophysiology,
motor heterogeneity can also arise from extrinsic co-morbidities (e.g.,
osteoarthritis, poor vision, anxiety, among other potential modifying
conditions). Optimal mobility biomarkers must therefore not only ach-
ieve high sensitivity for early detection, but also permit differentiation
of distinct inter-individual patterns of motor impairment [35]. Six out of
12 quantitative mobility measures were associated with PD motor sub-
type characterized by TD versus PIGD predominant features. Moreover,
selected mobility measures, including step cadence and regularity
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during the gait task, strongly associated with PD cognitive impairment,
an important source of non-motor heterogeneity. Importantly, by
considering subjects in the top or bottom quartile based on the motor
MDS-UPDRS, we found that multiple DynaPort mobility measures
detected substantial residual variation. In other words, these measures
reveal “latent heterogeneity” among PD subjects—variation in motor
performance among individuals that appear similarly affected based on
total motor MDS-UPDRS score. In the future, motor assessments using
wearable or other devices may thus enhance patient stratification based
on PD motor subtypes [6,36].

Strengths of our study include a large, clinic-based PD sample with
systematic motor evaluations using both MDS-UPDRS and wearable
devices. Moreover, our previously-validated, short motor protocol [20,
22] was deployed during routine clinic visits without requirement of a
specialized gait laboratory. We also acknowledge a number of important
limitations. Since our study population included predominantly early PD
with mild overall impairment, it will be important in future studies to
recruit a larger sample including the full spectrum of disease and to
perform longitudinal evaluations to directly monitor progression. While
subjects with advanced illness were not excluded, more active, earlier
stage, and ambulatory patients were more likely to express interest, and
study staff may have been predisposed to approach these subjects for the
study. Although adjustment for either dopaminergic medications or
subject-reported ON/OFF status did not significantly affect our findings,
it may also be informative to perform subject evaluations in both the
presence and absence of PD therapies in order to better understand
intra-individual variability of these measures. Other medications and
other medical comorbidities can also modify PD motor manifestations
and should be considered in future studies. Our analyses also excluded
direct assessment of certain relevant and fluctuating PD motor features,
such as tremor or dyskinesia, and the single, axially-placed device and
protocol only indirectly captures limb motor function and potential
asymmetry. Although our study relies on a single device (DynaPort),
motor protocol, and its derived measures, we speculate that many of the
conclusions may be applicable to other technology-enhanced assess-
ments, which can be tested in the future. Our findings nevertheless
suggest how a wearable device might complement the motor
MDS-UPDRS to offer enhanced motor phenotyping for PD.
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