ﬂ SCNSors m\py

Article

Sensor-Based and Patient-Based Assessment of
Daily-Living Physical Activity in People with
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Abstract: The benefits of daily-living physical activity are clear. Nonetheless, the relationship between
physical activity levels and motor subtypes of Parkinson’s disease (PD), i.e., tremor dominant (TD)
and postural instability gait difficulty (PIGD), have not been well-studied. It is also unclear if
patient perspectives and motor symptom severity are related to objective, sensor-based assessment
of daily-living activity in those subtypes. To address these questions, total daily-living physical
activity was quantified in 73 patients with PD and 29 healthy controls using a 3D-accelerometer
worn on the lower back for at least three days. We found that individuals with the PIGD subtype
were significantly less active than healthy older adults (p = 0.007), unlike individuals with the TD
subtype. Among the PIGD subtype, higher daily physical activity was negatively associated with
more severe ON bradykinesia (rs = -0.499, p = 0.002), motor symptoms (higher ON MDS-UPDRS
(Unified Parkinson’s Disease Rating Scale motor examination)-III scores), gait difficulties (rg = -0.502,
p = 0.002), motor complications (rg = 0.466, p = 0.004), and balance (rs = 0.519, p = 0.001). In contrast,
among the TD subtype, disease-related characteristics were not related to daily-living physical
activity. Intriguingly, physical activity was not related to self-report of ADL difficulties (scores of
the MDS-UPDRS Parts I or II) in both motor subtypes. These findings highlight the importance of
objective daily-living physical activity monitoring and suggest that self-report does not necessarily
reflect objective physical activity levels. Furthermore, the results point to important differences
in factors related to physical activity in PD motor subtypes, setting the stage for personalized
treatment programs.
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1. Introduction

The positive benefits of a daily-living physical activity on health in general, and motor function,
in particular, and the negative consequences of reduced physical activity have been well-described [1,2].
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Emerging evidence highlights the importance of capturing daily-living physical activity metrics with
activity monitoring via body-worn sensors. Signals from an activity monitor, typically placed on the
lower-back or wrist, can be converted into metrics that reflect the intensity and total daily-living activity.
This approach mitigates problems of self-report, like recall bias and other sources of subjectivity [3-6].

Previous studies among patients with Parkinson’s disease (PD) have shown, not surprisingly,
that objectively measured, sensor-based estimates of daily-living physical activity are reduced,
compared to that seen in age-matched controls [3]. Moreover, a prolonged reduction in physical
activity is related to increased severity of motor symptoms [4]. In addition, differences between
the two common motor subtypes, i.e., postural instability and gait difficulty (PIGD) and the tremor
dominant (TD) subtypes, have been well studied. However, previous work has examined this issue
either via self-report or semi-objective tests inside the laboratory settings [7,8]. Daily-lining physical
activity based on objective sensor-based assessments in the two sub-types is not yet clear. One could
speculate that physical activity would be lower among PD patients with the PIGD motor subtype,
compared to those with the TD subtype. Indeed, balance and objective measures of gait extracted
from accelerometer-based wearable sensors (McRoberts, DynaPort Hybrid system, The Netherlands)
in laboratory settings were worse in the PIGD patients, compared to TD patients [6]. Nonetheless,
contrary to expectations, no difference was found between PIGD and TD subtypes in daily-living step
counts—an important component of physical activity, extracted from activity monitoring continuously
over the course of several days [4]. However, total daily-living physical activity was not examined
in that study. Furthermore, the total daily-living physical activity was not compared to a healthy
adult control group, limiting the ability to interpret these findings. Comparing daily-living activity of
healthy adults to those measured in individuals of the PIGD and the TD subtype might provide a more
accurate reflection of the impact of PD on the everyday life of these two motor subtypes. This may,
perhaps, provide insight into the personalization of treatment.

In PD, especially in the PIGD subtype, walking is affected by the burden of motor symptoms,
yet partially improved by levodopa medication intake. Therefore, one could speculate that motor
severity during the ON medication state should be more closely associated with daily-living physical
activity than motor severity measured during the OFF medication state. Nonetheless, one study
reported no differences in the amount of walking captured by a smartwatch accelerometer during
self-reported ON medication state and during wearing off in mild to moderately affected people
with PD [9,10]. In contrast, another study reported moderate correlations between physical activity
and motor symptoms observed both in the ON and the OFF state [10]. However, the relationship
between physical activity and motor disease severity during the ON and OFF medication cycles was
not examined separately in individuals from the PIGD and the TD subtypes.

Previous studies suggest that there is a mild-to-moderate association between motor symptom
severity (e.g., Unified Parkinson’s Disease Rating Scale motor examination score(MDS-UPDRS)-III) in
the ON state and daily-living physical activity [10-12]. At the same time, the understanding of how
other different features of the MDS-UPDRS are associated with daily-living physical activity in PD
is still lacking. For instance, patient perspectives (self-report) of the impact of non-motor and motor
symptoms on daily living experiences could be expected to be associated with objectively measured,
sensor-based assessment of daily-living physical activity. Indeed, the MDS-UPDRS Part II has been
suggested to be an indicator of disability [13], and increasingly, regulatory agencies are underscoring
the importance of the perspective of the patient. However, it is not yet clear if and how self-report
estimates of physical activity reflect objective, sensor-based assessment. We aimed to shed light on
this question by comparing self-report to objectively measured physical activity among individuals
with PD. Further, one could suggest that patients who spend much of their time in the off-medication
state (more severe motor complications, as reflected in the MDS-UPDRS Part IV) would have lower
daily-living physical activity levels. Scores on the MDS-UPDRS Part Il and Part IV have been correlated
with acceleration measured under free-living conditions [11,12]. In addition, an association between
motor fluctuations (self-reported) and time spent walking during the day was established; however,
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the severity of fluctuations was not associated with the amount of change in time spent walking in
relation to levodopa intake in any part of the day [9,11,12]. We conjectured that motor fluctuation
severity (MDS-UPDRS Part IV) would be, in a way, related to an objective measure of total daily-living
physical activity during the day in individuals of both motor subtypes. Moreover, we speculated that
in the PIGD subtype who have more severe changes in mobility, this association would be stronger.

To gain additional insight into daily-living physical activity among patients with the common
motor subtypes of PD, we tested the following hypotheses: (1) Sensor-based assessment of total
daily-living physical activity is lower in subjects with the PIGD motor subtype, compared to those with
the TD subtype and compared to healthy controls (HC); (2) disease severity in the ON-medication state
is associated with daily-living physical activity, and more than the association in the OFF-medication
state, and (3) higher self-reported difficulty of non-motor and motor experiences of daily living
(i.e., MDS-UPDRS Parts I, Il and IV) are related to lower levels of daily physical activity. To our surprise,
the results below are only consistent with a subset of these hypotheses.

2. Materials and Methods

2.1. Study Design and Setting

This cross-sectional study was undertaken in the Center for the study of Movement, Cognition,
and Mobility (CMCM) at the Tel Aviv Sourasky Medical Center, Tel Aviv, Israel.

2.2. Participants

The study was approved by the Tel Aviv Medical Center Ethics Committee (0595-09-TLV;
TLV-0674-15, NIH: NCT01039831). All subjects provided informed written consent for the study
according to the Declaration of Helsinki.

This work is based on the secondary analysis of data that was originally collected to examine the
association between white matter hyperintensities and PD motor subtypes [14]. A full description
of participant recruitment and demographics was reported elsewhere [6]. Briefly, patients with PD
between the age of 40 and 80 years and with disease severity of stage I-IV on the Hoehn and Yahr
scale were included. Patients were excluded if they were demented, based on the DSM-1V criteria
and Mini Mental State Exam (MMSE) scores, or if they underwent brain surgery. Subjects were also
excluded if they had significant co-morbidities likely to affect gait, e.g., acute illness, orthopedic
disease, history of stroke, or if they could not walk independently in the off medication cycle. For the
comparison of the daily living physical activity among PD subtypes and healthy adults, we included
data from a healthy control (HC) group. The HC underwent gait-lab and daily-living evaluation
between September 2017 and December 2019 as part of a study designed to examine the association
of motor, behavioral, psycho-cognitive, and other factors with total daily-living physical activity in
HC and PD patients. Briefly, HC participants were between the ages of 60 and 85 years without any
neurological, neuropsychiatric, orthopedic diagnosis, dementia, or major depression.

2.3. Demographic and Clinical Measures

Demographics and subject characteristics were collected from the entire cohort. Parkinsonian
symptoms and disease severity were evaluated using the Unified Parkinson’s Disease Rating Scale-new
version, the MDS-UPDRS [15]. The MDS-UPDRS was first assessed in the OFF medication state (12 h
after taking anti-parkinsonian medications). Subsequently, patients took their morning medications, and
the evaluation continued in the ON state, reflecting their performance while on dopaminergic therapy.
Patients were classified into PIGD or TD subtypes (in OFF medication state) [6,14]. For classification
into PD motor subtypes in the off state, items from parts 2 and 3 of the original UPDRS were used,
as suggested by Jankovic et al. [16]. Bradykinesia of the lower extremities was calculated from items
3.7 and 3.8 of the motor MDS-UPDRS part. A gait index score was calculated as the sum of 4 items
related to gait (3.9-12).
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The levodopa equivalent daily dose (LEDD) scores were calculated [17]. The clinical examination
included cognitive, gait, balance, and function tests [6,14]. Cognition was evaluated using the Mini
Mental State Exam (MMSE) and the Montreal Cognitive Assessment (MoCA) tests. Balance was
measured using the Berg balance scale test and mental well-being was assessed via the Geriatric
Depression Scale (GDS-15). The severity of freezing of gait was assessed by self-report using the
NFOG-Q [18]. The Activities-specific Balance Confidence scale (ABC) evaluated the level of fear of
falling while walking.

2.4. Test Protocol

After testing in the lab, participants were asked to wear a small, lightweight body-fixed sensor
(DynaPort Hybrid system, The Netherlands) attached with a belt to their lower back for three
consecutive days (except during activities like showering). The hybrid contains a triaxial accelerometer
and a tri-axial gyroscope (data not analyzed in the present study). The three acceleration axes were:
Vertical (V), medio-lateral (ML), and anterior posterior (AP). To measure daily-living physical activity
among the healthy controls, participants wore a similar tri-axial accelerometer (Axivity AX3, York,
UK) for one week. The device was held in place with skin tape [19]. In order to evaluate “whole
body” movement, both devices were placed close to the center of mass, as previously described
by Mathie et al. [20] and elsewhere [21], and used in other studies [22-24] (among many others).
All subjects were instructed to continue their daily routine. Upon completion of the recording,
the devices were returned to the laboratory for data processing. Subjects who had less than three days
of recording and less than 60 percent wear-time were excluded.

2.5. The Total Daily-Living Physical Activity Counts

The raw acceleration signals were sampled at 100 Hz, saved locally on the sensors, and later
transferred to a personal computer for further analysis using MATLAB (MathWorks, Natick, MA,
USA) software. The data was extracted from 100 Hz raw tri-axial acceleration data after calibration,
removal of gravity and sensor noise, and identification of wear/non-wear episodes. Then, the signal
vector magnitude (SVM) of the measured acceleration signal from three axes, calculated for each 15 s
window during the daytime (between 06:00 AM and 22:00 PM each day):

SVM = sqrt (x* + y* + z°) 1)

Per each day, the sum of all windows was calculated and normalized by the wear time in hours.
Finally, the median value of all days was extracted for the sum values for each subject. This parameter
represents total daily-living physical activity (physical activity), as previously described [20] and has
been widely used in studies of healthy adults and individuals with PD [1,12,25,26] We also divided the
SVM counts per 100 to simplify the counts (mg).

2.6. Statistical Analyses

Statistical analyses were carried out using SPSS v25 (SPSS Inc, Chicago, IL, USA). Descriptive
statistics (median/means and range/SD) were calculated for subject characteristics. To compare the
PIGD and the TD subtypes, Mann-Whitney U and Student t-tests were used. To compare subject
characteristics, Kruskal-Wallis tests were used. Univariate General Linear Model (GLM), controlling for
age, sex, and body-mass index (BMI) with 95% confidence intervals examined the relationship between
the three groups in total daily-living activity counts. Since only one subject from the PIGD subgroup
remained in stage 4 (ON medication) in an exploratory analysis, we removed this subject from the
PIGD subgroup. The decision to control for age, sex, and BMI was due to the previously reported
association between these subject characteristics and total daily physical activity [25]. Since the subjects
from the control group were older than the PD subjects, all statistical analyses were controlled for
age. Moreover, as age could be a confounding variable, we also examined potential interaction effects
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between age and total daily physical activity. Post Hoc Multiple Comparisons analysis was carried
out using Fisher’s least significant differences (LSD). To avoid false-positive findings due to multiple
comparisons, we used Bonferroni corrections. According to the Bonferroni corrected LSD, comparisons
are significant if the respective p-values are below 0.017 (0.05/3 groups). Finally, we used Spearman’s
partial correlations to examine the relationship between disease-related characteristics and daily-living
physical activity in the PD subtypes. Due to the association between age and BMI with physical
activity, and the association of sex with disease severity, Spearman’s correlation analyses adjusted
to these factors. According to the Bonferroni correction, significance levels were set at p = 0.0033
(0.05/15 outcomes).

3. Results

Participants from the PIGD and TD subgroups had similar demographic characteristics. Of note,
individuals in the control group (HC) were significantly older (about 5 years) than the subjects on the
PD subtypes (see Table 1). Most of the participants lived in urban areas (88-91%). Of all participants,
72.0% up to 80.4% were married. Among the HC as well as the TD, 31.0% and 34.0% respectively were
working (or volunteering). Interestingly, a significantly higher employment rate was observed in the
PIGD subgroup (p = 0.010, 65.0% reported working or volunteering). The PIGD and TD subgroups
were generally similar with respect to disease-related characteristics (e.g., disease duration, UPDRS
motor score, levodopa equivalent daily dose), except for higher scores in the MDS-UPDRS Part I and
in the PIGD as compared to the TD subgroup. Geriatric Depression Scale (GDS-15) scores were similar
in both PD subtypes and suggested the absence of major depression.

Daily-living physical activity was significantly lower (p = 0.007) in the PIGD subgroup
166.97 + 9.19 (mg) as compared to the HCs 132.57 + 7.87 (mg) 95% CI [-61.570, —8.861] (see Figure 1).
Physical activity tended to be different in the TD subgroup (142.75 + 8.65 mg), compared to PIGD 95%
CI [-16.210, 32.68] and the HC 95% CI [-53.517, —0.447], although this was not statistically significant
after controlling for multiple comparisons. After removing one subject (H&Y stage 4 in ON) from the
PIGD subgroup, the differences between the HC and PIGD remained significant (p = 0.011), 95% CI
[-61.775,—8.252], and non-significant for HC and TD (p = 0.064) after adjusting to multiple comparison,
95% CI [-53.73,-0.148]. In addition, an exploratory analysis of interactions between age and other
variables (e.g., physical activity, group, gender) only slightly changed the p-value (however, findings
remained significant).
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Figure 1. Daily-living physical activity counts (Y-axis) in PIGD, TD, and healthy control (HC) (X-axis),
controlling for age, sex, and BMI. * Difference statistically significant (p < 0.017) even after adjusting for
multiple comparisons using Bonferroni corrections. The interaction age *group* body-mass index (BMI)
was significant (p < 0.001) and the associations with group persisted (p = 0.007) also after removing the
only subject with H&Y stage 4 in ON from the PIGD subgroup (p = 0.011).



Sensors 2020, 20, 7015 6 0of 13

Table 1. Demographic, anthropometric, cognitive and disease-related measures in the "OFF" and "ON" state for the postural instability gait difficulty (PIGD) and the
tremor dominant (TD) groups. Data are mean + SD unless stated otherwise.

. . PIGD TD -Value HC p-Value
Demographic/Anthropometric n=al =32 PI éD vs. TD n =129 HC Compar_ed to all PD
Subjects
Age (years) 64.8 £8.1 65.8 +11.0 0.997 709 £ 8.8 0.008 *
Sex (% male) 74.2 81.0 0.422 52.0 0.022
Body-mass-index (kg/m2) 27.0+37 26.5+3.3 0.066 26.89 + 8.8 0.651
Education (years) 159 +3.7 152+ 34 0.289 154 +34 0.717
Montreal Cognitive Assessment 2543 +2.8 25.6 £ 3.0 0.766 263+24 0.381
Mini-Mental State Examination 2885+1.7 29.09 £ 0.9 0.157 29.11+1.0 0.997
Disease-Related Characteristics PIGD TD p-Value
Disease duration (years) 5.6+ 3.8 53+29 0.937
UPDRS Part I score ** 11.87+4.9 9.95+6.6 0.033
UPDRS Part II score 13.86 + 6.8 13.07 £ 7.0 0.453
UPDRS Part III score ON 3214 +11.2 35.17 +12.9 0.273
UPDRS Part III score OFF 377 +114 422 +138 0.115
UPDRS III Delta (on vs. OFF) ** 56+55 73+72 0.018
UPDRS Part IV score 21+32 19+3.0 0.946
Bradykinesia legs ON 6.11+28 510+3.0 0.068
Bradykinesia legs OFF 713+£29 6.26 3.5 0.163
Hoehn & Yahr stage ON n (%)
I 0 3 (1%) 0.015*
I 27 (67.5%) 25 (78.1%)
I 13 (32.5%) 4 (12.5%)
v 1 (0.02%) 0 (0%)
Levodopa e‘gg‘%‘éigﬂ{fose (LEDD) 50081 + 387.90.00 (0.26)  543.85 + 352.50.00 (0_13) 0.1160.001
Number of falls in the last year *** 0.50 (0_15) 0.00 (0_2) 0.003
Berg Balance Scale 53.00 + 3.3 53.71+2.21 0.194
Geriatric Depression Scale 42 +3.15 419 + 3.67 0.992
Activities-specific Balance Confidence scale 87.07 +15.17 89.06 + 14.4 0.127

* p-value represents significance between the 3 groups according to Kruskal-Wallis test. ** significance between PIGD and TD groups according to Mann-Whitney Test p < 0.05,
*** significance reached with respect to Bonferroni correction measured in the ON medication state.
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Among the entire cohort (PD and HC), higher age (rs = —0.290, p = 0.003), and higher BMI
(rs = =0.269, p = 0.007) were mildly correlated with lower levels of daily-living physical activity.
Gender was not associated with daily-living physical activity (p > 0.05). Cognitive function, as
represented by the MoCA scores, was related to total daily physical activity in the HC group (rs = 0.413,
p = 0.026) but not among all the participants with PD (p > 0.05) nor in each subtype separately (p >
0.05). Also, mood disorders (GDS-15 scores) were not associated with the physical activity levels in PD
subjects (rg = —0.055, p = 0.641).

Figure 2 summarizes the association between total daily-living physical activity and disease-related
factors in the TD and the PIGD subtypes. Among the PIGD subjects, higher physical activity was
negatively associated with more severe motor symptoms (higher scores UPDRS Part III) in ON
(rs = —0.464, p = 0.004) and in OFF (rg = —0.419, p = 0.011) medication states, and with motor
complications (UPDRS Part IV score) (rs = 0.466, p = 0.004). Conversely, these associations were not
observed in the TD subtype.

The relationship between physical activity and disease related characteristics in PIGD and TD subtypes

Disease duration

MDS-UPDRS part | Berg Balance Scale
0.510*
« PIGD TD
MDS-UPDRS part II / H&Y OFF
0.358 /
-0.261 / -0.390
2 / »0.317//'
MDS-UPDRS part IlON  -0.464* - \ 0150/ H&Y ON
SRUE R , -0.363*
-0.12 / —
dosp / 4
% \,(J‘;Wyﬁ'o& —
-0:266 _.0.318
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0419 =" GO\ o
MDS-UPDRS part Il OFF ~/ 4{ Na
-0. \
// 0.C \.
4/ -0.115 N\

-0.440

PIGD score Bradykinesia OFF
-0.499*

Tremor score Bradykinesia ON

Figure 2. The relationship between total daily-living physical activity and disease-related measures
in PIGD and TD subtypes. Blue indicates PIGD and orange indicates TD. The values represent the
Spearman partial correlation coefficient (rs) controlling for age, sex, and BMI. The correlation coefficients
are presented as absolute values. * p-value statistically significant (p < 0.004), even after adjusting for
multiple comparisons using Bonferroni corrections.

Daily-living physical activity was related to the lower extremity bradykinesia scores, measured
in ON medication state in the PIGD group (rs = —0.499, p = 0.002). However, the lower extremity
bradykinesia score in the OFF medication state had only a slightly weaker association (rg = —0.440,
p = 0.007) with physical activity (see Figure 2). The gait index in ON was significantly (rs = —0.502,
p = 0.002) associated with physical activity only in the PIGD group. Conversely, in the TD subtype,
no significant association was found between disease-related characteristics and daily physical activity.
MDS-UPDRS total score in ON was moderately and significantly correlated with physical activity
as well (rg= —0.455, p = 0.005) in the PIGD group, but not in the TD group (rg= —0.175, p = 0.374).
No associations were found between daily physical activity and the MDS-UPDRS scores of Parts I
(rs = -0.261, p = 0.125; rs = —=0.052, p = 0.793) or II (rs = =196, p = 0.251; rg = —0.125, p = 0.532) among
the PIGD and the TD subtypes, respectively (see Figure 3).
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Figure 3. The relationship between total daily-living physical activity and MDS-UPDRS Parts in
PIGD and TD. Scatter-plots illustrating the relationship of daily-living physical activity extracted from
acceleration signals (x-axis) against the MDS-UPDRS Parts scores (y-axis) in PIGD and TD subtypes.
Regression lines are included with solid lines showing p-value < 0.005 (0.05/10 outcomes), dashed lines
p-value < 0.005. The p-values represent the variable’s eta significance in linear regressions controlled by
age, sex and BMI. MDS-UPDRS—Unified Parkinson’s Disease Rating Scale motor examination.

Daily-living physical activity was associated with better balance as represented by higher Berg
Balance Test scores in the PIGD subtype (rs = 0.519, p = 0.001) and in the TD subtype (rs = 0.358,
p = 0.044). Moreover, daily-living physical activity was negatively associated with disease stage
(i.e., Hoehn and Yahr) scale, as measured in the OFF (rg = —0.394, p = 0.014) and in the ON state
(rs = —=0.317, p = 0.050).

In addition, no significant correlation was found between daily-living physical activity and the
number of falls, both in the PIGD (rs = 0.150, p = 0.399) and the TD (rg = 0.145, p = 0.462). Contrary
to expectations, overall FOG severity was not associated with physical activity in the PIGD subtype
(rg = 0.050, p = 0.778) or the TD subtype (rs = —0.140, p = 0.477). Fear of falling (represented by scores
on the Activities-specific Balance Confidence Scale) tended to be associated with physical activity
in the PIGD subtype significance (rg = —0.281, p = 0.107), but this trend was not observed in the TD
subtype (rs = 0.069, p = 0.727).
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4. Discussion

Differences in subjective activity of daily living (ADL), health-related quality of life,
performance-based tests, and the quality of daily-living activity between the PD motor subtypes
have been established [6,7]. The current study highlights differences in total daily-living physical
activity between the individuals with PIGD and healthy controls, suggests that physical activity
in the TD subtype was intermediate between PIGD and controls, and identifies factors that are
related to physical activity in the PIGD subtype. Our results complement other clinically relevant
differences regarding the PIGD and the TD motor subtypes and point to factors that may contribute
to these differences. Moreover, the present findings demonstrate that bradykinesia, a hallmark of
PD, was indeed significantly associated with the daily-living physical activity, especially in the PIGD
subtype, underscoring the clinical value of this measure of activity.

Consistent with previous reports [9-11], we found that daily-living physical activity was
moderately related to motor symptom severity (i.e., higher UPDRS III scores). This was present only in
the PIGD subtype (recall Figure 2). Contrary to our expectations, higher motor severity in the ON
state was only slightly more strongly associated with physical activity than in the OFF state. This may
be explained by the limited influence of dopaminergic therapy on some of these symptoms [27].
Alternatively, perhaps the OFF state reduces gross motor function, while the movements provided in
that period of the day play an important role in total daily-living physical activity capturing.

In contrast to the manifestations of the PIGD subtype, overall disease severity in both ON and OFF
medication states and PD symptoms fluctuations appear to have mild, non-significant association with
daily-living physical activity in the TD subtype subjects. There may be several possible explanations
regarding the differences in physical activity between those motor subtypes. For example, previous
reports indicate that people with the TD subtype have a lower annual rate of progression in the
MDS-UPDRS scores [28]. Moreover, the tremor score was not associated with the severity or progression
of motor complications [29] and, according to our findings, was also not related to objective daily
physical activity counts. An additional explanation of the less restricted physical activity in the TD
subtype could be linked to non-motor symptoms of PD. Individuals in the TD group tend to suffer less
than individuals in the PIGD group from a variety of non-motor symptoms that are known to also
influence physical activity [6].

However, there are some surprising findings related to the PIGD subtype too. For instance, FOG,
another hallmark of disease severity of the PIGD subtype, was not directly related to the daily-living
physical activity levels. This finding may indicate that symptoms like freezing of gait, fear of falling,
and fall history could be mediators, secondarily related to the physical activity causing gait and
balance disturbances. Poor balance performance (represented by the Berg balance test) was negatively
associated with the total daily-living physical activity in both subtypes (recall Figure 2), yet more
so in the PIGD individuals. Similarly, gait index scores were highly reflected in the daily physical
activity, as expected. These disturbances may contribute to less consistent and less confident gait and
result in a reduced physical activity among the PIGD subtype. Furthermore, patients with PD who
experience FOG are more sensitive to dual-task costs during walking [30]. These hazardous conditions
and other factors may alter daily-living physical activity into a high resource-consuming function
(due to different levels of dual-tasking) for subjects with PD of the PIGD subtype and may cause
self-restriction of physical activity.

Parts I and II of MDS-UPDRS (representing self-report of ADL difficulties and non-motor
symptoms) are often used to evaluate therapeutic effects in clinical trials, to track longitudinal changes
in PD cohorts over time, and to guide clinical decision-making. Previous studies have demonstrated
varying results on the agreement of MDS-UPDRS Part II with objective measures of daily-living
activity [11,31,32]. In the current work, we did not find significant associations between the self-report
patient’s perspectives of non-motor and motor symptoms (i.e., scores on the UPDRS Parts I and II) and
the total daily-living physical activity among the PD subtypes (recall Figure 3). Several factors may
explain the differences between our and the aforementioned findings: (1) Subjects received different
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instructions regarding how to maintain their weekly routines [32], (2) The placement of the sensor to
measure step counts as a proxy for daily-living physical activity was different than in our study [11].
Still, our results are based on collection and processing methods of total daily-living physical activity
that are consistent with many previous studies that assessed daily-living physical activity [1,20,33].
Studies that used wearables to assess daily-living ambulation emphasize the importance of monitoring
the many challenges that occur during daily routines, as compared to the relative sterile laboratory
settings assessment. To date, there is a lack of standardization of physical activity monitoring in daily
living. Nevertheless, wearables are not implemented in every clinic, thus it is not yet a common practice.

It appears that ADL difficulties do not accurately reflect the objective measurement of physical
activity. This finding is consistent with other studies that examined the validity and interpretation of
the MDS-UPDRS Part II due to psychometric limitations [34,35]. Nonetheless, optimal characterization
of a subject’s response to an intervention or clinical trial should probably include, alongside the
self-report, objective daily-living evaluation (e.g., using wearables).

Limitations and Future Work

This study has several limitations: First, PD subjects and controls were recruited as part of different
studies. To address this, all data preparation, processing, and analysis were performed in the same
manner. Second, and perhaps more importantly, the control group was about 5 years older than the
two PD subtypes. We addressed this limitation by controlling for age in all the statistical analysis.
Still, even with this adjustment, the PIGD group was less active than the control subjects who were,
on average, 5 years older, suggesting that the age difference did not explain the reduced physical
activity that was observed in the PIGD patients. Third, the cross-sectional study design limits our
ability to interpret cause and effect. Finally, a larger sample size would allow us to further explore the
daily-living physical activity of PD motor subtypes compared to HC (e.g., classify the healthy and the
PD subtypes using the input features).

Our results suggest that the amelioration of the severity of motor response fluctuations,
motor complications, and lower extremity bradykinesia may lead to a reduction in daily-living
physical activity in subjects with the PIGD subtype. It will be interesting to examine the impact of
physical therapy/physical training programs and other types of interventions on daily-living physical
activity, and whether this reduces bradykinesia and improves gait index, especially in subjects with the
PIGD subtype. Furthermore, since balance impairment was associated with the amount of daily-activity
in both subtypes, it may be beneficial to explore whether balance-targeted interventions enhance total
daily physical activity levels among patients with PD.

5. Conclusions

The present results point to important differences between PD motor subtypes that set the
stage for future research and for personalized treatment programs for people with PD, especially
considering the positive health benefits associated with higher levels of daily-living physical activity in
PD. These findings also highlight the importance of sensor-based assessment of daily-living physical
activity, along with patients’ perspectives based on self-report.

Author Contributions: Conceptualization, ] M.H., I.G., and T.H.; methodology, I.G.; daily-living data processing,
N.G. (Natalie Ganz), statistical analysis, I.G.; resources, M.A., T.H.; data curation, M.A., T.H.; writing—original
draft preparation, I.G.; writing—review and editing, T.H., J M.H, A.M., and N.G. (Nir Giladi); visualization, 1.G.;
supervision, ].M.H.; funding acquisition, ]. M.H. All authors have read and agreed to the published version of
the manuscript.

Funding: This was supported in part by the Israel Science Foundation (grant # 1081/17). A.M. and ]. M.H. were
in part supported by Mobilise-D, which has received funding from the Innovative Medicines Initiative 2 Joint
Undertaking (JU) under grant agreement No 820820. The JU receives support from the European Union’s Horizon
2020 research and innovation programme and EFPIA.

Acknowledgments: We thank the study participants for their time and help.



Sensors 2020, 20, 7015 11 of 13

Conflicts of Interest: A.M., J.H., and N.G. report having submitted a patent for assessment of mobility using
wearable sensors in Parkinson’s disease. The intellectual property rights are held by the Tel Aviv Medical Center.

References

1.

10.

11.

12.

13.

14.

15.

Shah, R.C.; Buchman, A.S.; Leurgans, S.; Boyle, P.A.; Bennett, D.A. Association of total daily physical activity
with disability in community-dwelling older persons: A prospective cohort study. BMC Geriatr. 2012, 12.
[CrossRef]

Oveisgharan, S.; Yu, L.; Dawe, R.J.; Bennett, D.A.; Buchman, A.S. Total daily physical activity and the risk of
parkinsonism in community-dwelling older adults. J. Gerontol. Ser. A Biol. Sci. Med. Sci. 2020, 75, 702-711.
[CrossRef] [PubMed]

Terashi, H.; Taguchi, T.; Ueta, Y.; Mitoma, H.; Aizawa, H. Association of daily physical activity with cognition
and mood disorders in treatment-naive patients with early-stage Parkinson’s disease. |. Neural Transm. 2019,
126, 1617-1624. [CrossRef]

Pan, W.; Kwak, S.; Li, F; Wu, C.; Chen, Y.; Yamamoto, Y.; Cai, D. Actigraphy monitoring of symptoms in
patients with Parkinson’s disease. Physiol. Behav. 2013, 119. [CrossRef]

Speelman, A.D.; Van De Warrenburg, B.P.; Van Nimwegen, M.; Petzinger, G.M.; Munneke, M.; Bloem, B.R.
How might physical activity benefit patients with Parkinson disease? Nat. Rev. Neurol. 2011, 7, 528-534.
[CrossRef]

Herman, T.; Weiss, A.; Brozgol, M.; Giladi, N.; Hausdorff, ].M. Gait and balance in Parkinson’s disease
subtypes: Objective measures and classification considerations. J. Neurol. 2014, 261, 2401-2410. [CrossRef]
Hariz, G.M.; Forsgren, L. Activities of daily living and quality of life in persons with newly diagnosed
Parkinson’s disease according to subtype of disease, and in comparison to healthy controls. Acta Neurol.
Scand. 2011, 123. [CrossRef]

Rezvanian, S.; Lockhart, T.; Frames, C.; Soangra, R. Toward an objective method to classify tremor dominant
and postural instability and gait difficulty subtypes of Parkinson’s disease: A pilot study. Biomed. Sci.
Instrum. 2017, 53, 138.

Silva de Lima, A.L.; Evers, L.J.W,; Hahn, T.; de Vries, N.M.; Daeschler, M.; Boroojerdi, B.; Terricabras, D.;
Little, M.A; Bloem, B.R.; Faber, M.]. Impact of motor fluctuations on real-life gait in Parkinson’s patients.
Gait Posture 2018, 62, 388-394. [CrossRef]

Rodriguez-Molinero, A.; Sama, A.; Pérez-Lopez, C.; Rodriguez-Martin, D.; Alcaine, S.; Mestre, B.;
Quispe, P.; Giuliani, B.; Vainstein, G.; Browne, P.; et al. Corrigendum: Analysis of correlation between an
accelerometer-based algorithm for detecting parkinsonian gait and UPDRS subscales. Front. Neurol. 2017, 8.
[CrossRef]

Skidmore, FM.; Mackman, C.A.; Pav, B.; Shulman, L.M.; Garvan, C.; Macko, R.F,; Heilman, K.M. Daily
ambulatory activity levels in idiopathic Parkinson disease. ]. Rehabil. Res. Dev. 2008, 45, 1343-1348.
[CrossRef]

Galperin, I; Hillel, I; Del Din, S.; Bekkers, E.M.].; Nieuwboer, A.; Abbruzzese, G.; Avanzino, L.; Nieuwhof, E;
Bloem, B.R.; Rochester, L.; et al. Associations between daily-living physical activity and laboratory-based
assessments of motor severity in patients with falls and Parkinson’s disease. Park. Relat. Disord. 2019.
[CrossRef] [PubMed]

Rodriguez-Blazquez, C.; Rojo-Abuin, ].M.; Alvarez-Sanchez, M.; Arakaki, T.; Bergareche-Yarza, A.; Chade, A;
Garretto, N.; Gershanik, O.; Kurtis, M.M.; Martinez-Castrillo, J.C.; et al. The MDS-UPDRS Part II (motor
experiences of daily living) resulted useful for assessment of disability in Parkinson’s disease. Park. Relat.
Disord. 2013, 19, 889-893. [CrossRef] [PubMed]

Herman, T.; Rosenberg-Katz, K.; Jacob, Y.; Auriel, E.; Gurevich, T.; Giladi, N.; Hausdorff, ] M. White matter
hyperintensities in Parkinson’s disease: Do they explain the disparity between the postural instability gait
difficulty and tremor dominant subtypes? PLoS ONE 2013, 8, e55193. [CrossRef] [PubMed]

Goetz, C.G,; Tilley, B.C.; Shaftman, S.R.; Stebbins, G.T.; Fahn, S.; Martinez-Martin, P.; Poewe, W.; Sampaio, C.;
Stern, M.B.; Dodel, R.; et al. Movement Disorder Society-Sponsored Revision of the Unified Parkinson’s
Disease Rating Scale (MDS-UPDRS): Scale presentation and clinimetric testing results. Mov. Disord. 2008, 23,
2129-2170. [CrossRef]


http://dx.doi.org/10.1186/1471-2318-12-63
http://dx.doi.org/10.1093/gerona/glz111
http://www.ncbi.nlm.nih.gov/pubmed/31046115
http://dx.doi.org/10.1007/s00702-019-02085-x
http://dx.doi.org/10.1016/j.physbeh.2013.05.044
http://dx.doi.org/10.1038/nrneurol.2011.107
http://dx.doi.org/10.1007/s00415-014-7513-6
http://dx.doi.org/10.1111/j.1600-0404.2010.01344.x
http://dx.doi.org/10.1016/j.gaitpost.2018.03.045
http://dx.doi.org/10.3389/fneur.2017.00604
http://dx.doi.org/10.1682/JRRD.2008.01.0002
http://dx.doi.org/10.1016/j.parkreldis.2019.01.022
http://www.ncbi.nlm.nih.gov/pubmed/30718220
http://dx.doi.org/10.1016/j.parkreldis.2013.05.017
http://www.ncbi.nlm.nih.gov/pubmed/23791519
http://dx.doi.org/10.1371/journal.pone.0055193
http://www.ncbi.nlm.nih.gov/pubmed/23383104
http://dx.doi.org/10.1002/mds.22340

Sensors 2020, 20, 7015 12 of 13

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Jankovigc, J.; Carter, J.; Gauthier, S.; Goetz, C.; Golbe, L.; Huber, S.; Koller, W.; Olanow, C.; Shoulson, I.;
Stern, M.; et al. Variable expression of Parkinson’s disease: A base-line analysis of the DATATOP cohort.
Neurology 1990, 40, 1529. [CrossRef]

Tomlinson, C.L.; Stowe, R.; Patel, S.; Rick, C.; Gray, R.; Clarke, C.E. Systematic review of levodopa dose
equivalency reporting in Parkinson’s disease. Mov. Disord. 2010, 25. [CrossRef]

Nieuwboer, A.; Rochester, L.; Herman, T.; Vandenberghe, W.; Emil, G.E.; Thomaes, T.; Giladi, N. Reliability
of the new freezing of gait questionnaire: Agreement between patients with Parkinson’s disease and their
carers. Gait Posture 2009, 30. [CrossRef]

Del Din, S.; Galna, B.; Godfrey, A.; Bekkers, E.M.].; Pelosin, E.; Nieuwhof, F.; Mirelman, A.; Hausdorff, ].M.;
Rochester, L. Analysis of free-living gait in older adults with and without Parkinson’s disease and with and
without a history of falls: Identifying generic and disease-specific characteristics. J. Gerontol. Ser. A Biol. Sci.
Med. Sci. 2019, 74, 500-506. [CrossRef]

Mathie, M.].; Coster, A.C.E; Lovell, N.H.; Celler, B.G. Accelerometry: Providing an integrated, practical
method for long-term, ambulatory monitoring of human movement. Physiol. Meas. 2004, 25. [CrossRef]
Pham, M.H.; Elshehabi, M.; Haertner, L.; Del Din, S.; Srulijes, K.; Heger, T.; Synofzik, M.; Hobert, M.A.;
Faber, G.S.; Hansen, C.; et al. Validation of a step detection algorithm during straight walking and turning in
Patients with Parkinson’s disease and older adults using an inertial measurement unit at the lower back.
Front. Neurol. 2017, 8. [CrossRef] [PubMed]

Van Lummel, R.C.; Walgaard, S.; Pijnappels, M.; Elders, PJ.M.; Garcia-Aymerich, J.; Van Dieén, ]. H.; Beek, PJ.
Physical performance and physical activity in older adults: Associated but separate domains of physical
function in old age. PLoS ONE 2015, 10. [CrossRef] [PubMed]

Weiss, A.; Sharifi, S.; Plotnik, M.; Van Vugt, ].P.P; Giladi, N.; Hausdorff, ]. M. Toward automated, at-home
assessment of mobility among patients with Parkinson disease, using a body-worn accelerometer. Neurorehabil.
Neural Repair 2011, 25. [CrossRef]

Sekine, M.; Tamura, T.; Ogawa, M.; Togawa, T.; Fukui, Y. Classification of acceleration waveform in a
continuous walking record. In Proceedings of the 20th Annual International Conference of the IEEE
Engineering in Medicine and Biology Society. Vol.20 Biomedical Engineering Towards the Year 2000 and
Beyond, Hong Kong, China, 1 November 1998.

Dawe, RJ.; Leurgans, S.E.; Yang, J.; Bennett, ].M.; Hausdorff, ].M.; Lim, A.S.; Gaiteri, C.; Bennett, D.A.;
Buchman, A.S. Association between quantitative gait and balance measures and total daily physical activity
in community-dwelling older adults. . Gerontol. Ser. A Biol. Sci. Med. Sci. 2018, 73. [CrossRef]

Hausdorff, J.M.; Hillel, I.; Shustak, S.; Del Din, S.; Bekkers, E.M.].; Pelosin, E.; Nieuwhof, E.; Rochester, L.;
Mirelman, A. Everyday stepping quantity and quality among older adult fallers with and without mild
cognitive impairment: Initial evidence for new motor markers of cognitive defcits? J. Gerontol. Ser. A Biol.
Sci. Med. Sci. 2018, 73, 1078-1082. [CrossRef]

Crouse, ].J.; Phillips, J.R.; Jahanshahi, M.; Moustafa, A.A. Postural instability and falls in Parkinson’s disease.
Rev. Neurosci. 2016, 27. [CrossRef]

Jankovic, J.; Kapadia, A.S. Functional decline in Parkinson disease. Arch. Neurol. 2001, 58, 1611-1615.
[CrossRef]

Van Der Heeden, J.F,; Marinus, J.; Martinez-Martin, P.; Rodriguez-Blazquez, C.; Geraedts, V.J.; Van Hilten, J.J.
Postural instability and gait are associated with severity and prognosis of Parkinson disease. Neurology 2016,
86, 2243-2250. [CrossRef]

Spildooren, J.; Vercruysse, S.; Desloovere, K.; Vandenberghe, W.; Kerckhofs, E.; Nieuwboer, A. Freezing of
gait in Parkinson’s disease: The impact of dual-tasking and turning. Mov. Disord. 2010, 25. [CrossRef]
Morgan, C.; Rolinski, M.; McNaney, R.; Jones, B.; Rochester, L.; Maetzler, W.; Craddock, I.; Whone, A.L.
Systematic review looking at the use of technology to measure free-living symptom and activity outcomes in
Parkinson’s disease in the home or a home-like environment. J. Parkinson’s Dis. 2020, 10. [CrossRef]
Terashi, H.; Mitoma, H.; Yoneyama, M.; Aizawa, H. Relationship between amount of daily movement
measured by a triaxial accelerometer and motor symptoms in patients with Parkinson’s disease. Appl. Sci.
2017, 7, 486. [CrossRef]

Van Uem, J. Health-related quality of life in Parkinson’s disease analysed with the WHO-developed ICF
model. Basal Ganglia 2017, 8. [CrossRef]


http://dx.doi.org/10.1212/WNL.40.10.1529
http://dx.doi.org/10.1002/mds.23429
http://dx.doi.org/10.1016/j.gaitpost.2009.07.108
http://dx.doi.org/10.1093/gerona/glx254
http://dx.doi.org/10.1088/0967-3334/25/2/R01
http://dx.doi.org/10.3389/fneur.2017.00457
http://www.ncbi.nlm.nih.gov/pubmed/28928711
http://dx.doi.org/10.1371/journal.pone.0144048
http://www.ncbi.nlm.nih.gov/pubmed/26630268
http://dx.doi.org/10.1177/1545968311424869
http://dx.doi.org/10.1093/gerona/glx167
http://dx.doi.org/10.1093/gerona/glx187
http://dx.doi.org/10.1515/revneuro-2016-0002
http://dx.doi.org/10.1001/archneur.58.10.1611
http://dx.doi.org/10.1212/WNL.0000000000002768
http://dx.doi.org/10.1002/mds.23327
http://dx.doi.org/10.3233/JPD-191781
http://dx.doi.org/10.3390/app7050486
http://dx.doi.org/10.1016/j.baga.2017.02.051

Sensors 2020, 20, 7015 13 of 13

34. Regnault, A.; Boroojerdi, B.; Meunier, J.; Bani, M.; Morel, T.; Cano, S. Does the MDS-UPDRS provide the
precision to assess progression in early Parkinson’s disease? Learnings from the Parkinson’s progression
marker initiative cohort. J. Neurol. 2019, 266, 1927-1936. [CrossRef] [PubMed]

35. Hagell, P. Measuring activities of daily living in Parkinson’s disease: On a road to nowhere and back again?
Meas. J. Int. Meas. Confed. 2019, 132, 109-124. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1007/s00415-019-09348-3
http://www.ncbi.nlm.nih.gov/pubmed/31073716
http://dx.doi.org/10.1016/j.measurement.2018.09.050
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Study Design and Setting 
	Participants 
	Demographic and Clinical Measures 
	Test Protocol 
	The Total Daily-Living Physical Activity Counts 
	Statistical Analyses 

	Results 
	Discussion 
	Conclusions 
	References

