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Abstract: Parkinson’s disease (PD) is characterized by a highly individual disease-profile as well
as fluctuating symptoms. Consequently, 24-h home monitoring in a real-world environment would
be an ideal solution for precise symptom diagnostics. In recent years, small lightweight sensors
which have assisted in objective, reliable analysis of motor symptoms have attracted a lot of attention.
While technical advances are important, patient acceptance of such new systems is just as crucial to
increase long-term adherence. So far, there has been a lack of long-term evaluations of PD-patient
sensor adherence and acceptance. In a pilot study of PD patients (N = 4), adherence (wearing time)
and acceptance (questionnaires) of a multi-part sensor set was evaluated over a 4-week timespan.
The evaluated sensor set consisted of 3 body-worn sensors and 7 at-home installed ambient sensors.
After one month of continuous monitoring, the overall system usability scale (SUS)-questionnaire
score was 71.5%, with an average acceptance score of 87% for the body-worn sensors and 100% for
the ambient sensors. On average, sensors were worn 15 h and 4 min per day. All patients reported
strong preferences of the sensor set over manual self-reporting methods. Our results coincide with
measured high adherence and acceptance rate of similar short-term studies and extend them to
long-term monitoring.

Keywords: Parkinson’s disease; body-worn sensors; ambient sensors; Accelerometer; PIR sensor;
acceptance; adherence; patient monitoring; telemetry; remote sensing technology; wearable electronic
devices; symptom assessment; motor disorders

1. Introduction

Parkinson’s disease (PD) is the second most common neurodegenerative disorder [1]. With a
mean age of onset around 60 years, PD is highly age-associated [2]. The cardinal motor symptoms of
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PD, bradykinesia, resting tremors, akinesia and postural instability lead to a reduction of quality of
life [3–5]. To date, there is no cure for PD and treatment mainly aims to reduce the symptoms [2]. Most
motor symptoms can effectively be treated using levodopa-based medication [6,7]. While levodopa
medication significantly improves quality of life of PD patients [8] there are some challenges associated.
Motor fluctuations, namely between blocking and dyskinesia (involuntary movement), can occur after
prolonged exposure to levodopa which reduces treatment effectiveness [9]. Timing and dosage are
challenging, and it requires precise information about the occurrence and duration of the symptoms.

Disease diagnosis and progression usually consist of consultations with medical experts in a
clinical setting such as a medical office or a hospital. The Unified Parkinson Disease Rating Scale
(UPDRS) is the gold standard for the assessment of PD motor and non-motor symptoms. It assesses
through self-evaluation and rating and monitoring by clinicians. However, there are also some
disadvantages to this method. Some motor symptoms are known to be triggered by very specific
environments, such as freezing of gait (FoG), which can be triggered by walking through doorways
or turning mid-walk [10]. These situations can be hard to reproduce in clinical settings. Regular
visits to a hospital or clinic for symptom assessment can be a burden to patients with reduced
mobility. Furthermore, strong intra-day and intra-person symptom fluctuations during the day make it
challenging for medical professionals to correctly classify the severity of the PD symptoms [11]. For a
better insight into motor-symptom fluctuations, another method for medical professionals to rate the
long-term progress of the patient’s disease are self-reporting PD diaries, led by the patients. These
PD diaries can be either in paper form or included in an app on an electronic device [12]. Patients
note down the medication intake and approximate time of symptom occurrence. Patient-led symptom
diaries are widely accepted and well established [13]. Advantage of these diaries are the obtained
long-term information about symptoms and progress throughout the day. The main disadvantage
is the necessity for patients to regularly write down their symptoms manually. This can lead to
low patient adherence and satisfaction while also suffering from recall bias and thus increasing the
method’s subjectiveness [14]. From both a medical point of view as well as from the patient perspective,
there is thus a strong need for objective and reliable PD symptom monitoring systems that require
minimal manual interaction. Additionally, a more objective profile of the patient’s fluctuations can
assist the medical professionals’ decision-making process regarding medication protocol.

The usage of wearable sensors to identify movement patterns such as gait assessment [15] or
body position [16] dates back over 20 years. Over the past couple of years, these sensors have not only
become cheaper, but also smaller, lighter and equipped with increasingly longer battery life, making
them very well-suited for long-term (e.g., several weeks) objective and automatic data collection.
In the field of PD symptom detection and identification, wearable sensors have been the primary
sensor type for motor-symptom detection [17–20]. However, so far, usage of wearable sensors has
mostly been constrained to application in clinical settings such as research labs, hospitals or other
controlled environments. Only recently, with the extension of battery life has it become feasible to
develop wearable sensor-based symptom identification systems for use at home.

There have been a couple of studies looking at the usability of individual sensors as well as
multi-component sensor systems in clinical and home-based applications [21–23]. However, only a few
studies have addressed the patient’s perspective on these new sensor systems. The patients’ acceptance
of such new systems and adherence to them should be a crucial part of their development [24].
Tzallas et al. evaluated a sensor set consisting of five body-worn sensors, designed to identify PD
motor symptoms [25], after their sensor set reliability was evaluated in a previous study [26]. The sensor
set was first evaluated over a short time period, 15 min, in a clinical setting, followed by a long time
period, 8 h a day over 5 consecutive days, at the PD patients’ homes. The sensors were placed on
both left and right wrist as well as both left and right ankle. The fifth sensor was placed at the hip
and a data-logger was carried with a small bag. After the respective measurements, the participants
gave detailed feedback about their experiences. The feedback was rated to value the acceptance of the
system as satisfactory. Fisher et al. evaluated a sensor set consisting of two wrist sensors [27]. Again,
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the sensor set was designed to identify PD motor symptoms. The sensors were first tested in a clinical
setting with 34 PD patients, then during one week at the PD patients’ homes. At home, participants
wore the sensors continuously. After 7 days, the participants were asked to fill in a questionnaire
regarding their experience and acceptance of the sensors. The sensor data was evaluated in [28]. Both
the studies by Tzallas et al. and Fisher et al. reported good acceptance rates [25,27].

Another form of sensors that can be used in a home-based setting are ambient sensors. Ambient
sensors are installed at fixed locations and no sensors must be worn by the monitored people.
This reduces the burden on the measured people. These sensors have been used to monitor both
healthy elderly people as well as people with mild cognitive impairment [29,30]. El Helw et al. propose
an integrated multi-Sensing framework including ambient sensors to monitor Parkinson’s disease
progression [31]. While body-worn sensors record body movement in detail, ambient sensors collect
data about the person location and could thus be used to add additional contextual information,
including things such as location-patterns or the presence in a specific room. This additional
information may help to increase accuracy of body-worn sensors, without adding more of them.

In this study, we evaluate the adherence and acceptance of long-term (4 weeks) usage of an
at-home sensor set. We aim to extend existing results regarding acceptance and adherence from
short-term studies. The sensor set consists of three body-worn and seven ambient sensors and is built
for identification of PD motor symptoms. To our knowledge, there have been no studies of comparable
length involving a combination of both body-worn and ambient sensors.

2. Results

In this study, we evaluated the PD-patient acceptance and adherence of a set of body-worn sensors
and a set of in-home ambient sensors over a four-week period. Acceptance was measured through a
set of established questionnaires. The PD patients’ adherence was quantified by the relative wear time
of the body-worn sensors.

2.1. Outcome Measure–Questionnaire

The study participants filled in two questionnaires, the SUS and an ad-hoc questionnaire. Over
both questionnaires, results were weighted such that missing questions were not included. The mean
SUS score was at 71.5% (SD 12.8).

Results for all question items Q1 through Q10, excluding the open-end questions, are presented
in Figure 1a. Answers to the open-end question Q4 for all three sensor-locations, Q6 and Q11 are
presented in Table 1. All participants strongly favored the sensor set over the self-reporting method
and strongly disagreed with the statement to rather use the self-reporting method over the sensor set,
Q7. This resulted in a 100% score favoring the sensor set over the self-reporting method. Both the
dislike of the self-reporting method as well as the preference of the sensor set was confirmed verbally,
on multiple occasions. Nevertheless, the participants do not feel fully at ease wearing the sensors in
public, Q8, as the score of 73.3% (SD 3.8) indicates. Patients indicate high willingness to use the sensor
set over short time periods, Q9, i.e., less than 2 months (86.7% SD 23.1). The patient’s willingness to
use the system over longer time periods, Q10, i.e., 6 months, is lower (60% SD 34.6).

2.2. Analysis–Adherence

In Figure 1b, the measured sensor-wearing time of all four participants is depicted. Overall,
mean sensor-wearing time is 16 h 4 min (SD 4.13) for the wrist sensor, 13 h 31 min (SD 1.83) for
the hip sensor and 15 h 37 min (SD 4.04) for the ankle sensor. The p-value results from the paired
t-test for every person and every sensor pair is given in Table 2. Participant P1, P2 and P4 have no
significant differences in wearing times for the three sensors. A 12-days extract of the sensor-wearing
time of participant P1 if given in Figure 1c. Participant P3 wore the wrist and ankle sensor also during
night-time, resulting in significantly different wearing times between these two sensors and the hip
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sensor. Excluding the wearing time of P3, the wrist sensor is worn 13 h 50 min (SD 2.0), the hip sensor
is worn 13 h 33 min (SD 2.19) and the ankle sensor is worn 13 h 34 min (SD 2.19).

(a) (b)

(c)

Figure 1. Results from acceptance and adherence evaluation. (a) Answer scores from the questionnaire.
The question item is depicted at the bottom of each bar. Items Q1–Q3 are repeated once for every
body-worn sensor. (b) Total wearing time of the three body-worn sensors over 4 weeks. The grey bar
outlines 24 h, the yellowish bar outlines the 16 h mark. (c) Example of daily sensor-wearing time over
consecutive 12 days. Green is wearing time; red is non-wearing time. For every day, wrist, hip and
ankle sensors are listed individually.
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Table 1. Comments to the open-end questions Q4, Q6 and Q11. All answers are translated from German.

Open-End Questions

Q4 (wrist): “When changing clothes, like jumpers or jackets, the [wrist] sensor was a bit disturbing”.
Q4 (ankle): “When changing trousers, the [ankle] sensor was a bit disturbing”.
Q4 (hip): “In winter, the sensor is less disturbing as compared to when light clothes are worn.

I wore the [hip] sensor at the front. On the back it was more disturbing”.
“When using the toilet, it was bothersome”.

Q6: “I forgot about the [ambient] sensors”.
Q11: “Not in summer”.

“I enjoyed participating in this study”.

Table 2. In this table, the p-values for the paired t-test for every participant and every two sensors
are depicted.

p-Values P1 P2 P3 P4

wrist-hip 0.07 0.46 <0.01 0.02
wrist-ankle 0.30 0.14 0.01 0.04
hip-ankle 0.82 0.55 <0.01 0.13

2.3. Data Validity and Usability

In the data evaluation process, there was no noticeable loss of data. This coincides with results
from previous studies performed with the same sensors [30,32]. Results from the usability test
for bradykinesia, tremor and dyskinesia are given in Table 3. Since there were not enough gait
abnormalities recorded during these measurements, our obtained data was compared to existing data
sets and their approach on detection of gait abnormalities. Our obtained data is recorded at the same
body position and with similar sampling frequency as the Daphnet data set [17].

Table 3. Classification results, based on preliminary usability tests.

Motor Symptom Sensitivity Specificity Precision

Bradykinesia 69.8% 68.3% 70.1%
Dyskinesia 69.0% 72.2% 72.5%
Tremor 74.2% 69.7% 70.8%

3. Discussion

The strength of this study was the long measurement duration and the continuous 24 h
monitoring. The relatively small number of participants is sufficient for the purpose of the long-term
usability testing.

To our knowledge, this is the first long-term evaluation of PD patients’ acceptance with and
adherence to home-monitoring systems. The reported acceptance and measured adherence are in
accordance with past studies over shorter time periods. In the study by Tzallas et al., 12 PD patients
wore a set of 6 body-worn sensors over 5 consecutive days [25]. They reported the system to be
acceptable. In the study by Fisher et al., 34 patients wore 2 wrist sensors over seven consecutive
days [27]. They reported high patient concordance with the body-worn sensors. Furthermore, as in our
study, most patients showed a strong preference towards the body-worn sensors over the self-reporting
method. However, the comfort of the sensors seems to be an important point, as the reported comfort
deteriorated over time with regards to the wrist-worn sensors. This is, to a lesser extent, also reflected
in our study. Out of the seven comments given in the open-end question items in Table 1, five are
concerned with specific problems when wearing the sensors, e.g., trouble when changing cloths.
The perceived stigma of wearing the sensors publicly is also addressed in question item Q8: “I feel
uncomfortable wearing the sensors in public.” which scored at reverse-coded 73.3% (SD 3.8), meaning,
the patients disagree with this statement with 73.3%. Most of the problems were addressed during our
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study and overall scores from Q1, Q2, Q3 are all relatively high, but the feedback indicates there is
still room for improvement to integrate the sensors in every day wearing habits such that the sensors
are even less noticeable and bothersome. From the patients’ side, sensor-comfort and perception is a
very important point when choosing a sensor set. Integration of the sensors in the form of wearables,
i.e., sensors directly integrated into everyday clothing, jewelry, watches or similar objects could be an
alternative to the body-worn sensors. However, further testing would be required for evaluation and
usability of these types of sensors.

Besides the body-worn sensors, a set of 7 ambient sensors plus a base station for data handling
and forwarding was installed in the participants homes. None of the participants showed any concerns
about these types of sensors and one person added a comment in the open-end question item Q6
that they forgot about the sensor all together. This feedback was also given on multiple occasions
in oral form at the second and third meeting with the patients. These results suggest that, at least
from a patient perspective, it might be a valid strategy to incorporate such ambient sensor set in PD
symptom monitoring.

The reported SUS score is lower (71.8% SD 12.8) than the scores from the additional questionnaire.
A reason for this discrepancy could be the more detailed questions of the additional questionnaire
as opposed to the general questions of the SUS. In Bangor et al., 2009, an empirical study matching
the SUS score to one of seven adjectives (Worst Imaginable, Awful, Poor, OK, Good, Excellent, Best
Imaginable) concluded that the adjective ‘Good’ corresponds to a SUS score of 71.4 (SD 11.6) when
rating a product [33].

During the 4 weeks of measurement, the patients were asked to use a self-reporting method
to keep track of their motor symptoms. While this is a common method to observe both daily and
day-to-day fluctuations, this method suffers from some disadvantages. Keeping patient adherence
up for longer periods can be challenging, recall bias and diary fatigue can alter the validity of the
entries [14]. This was confirmed in question item Q7, with 100% score (SD 0.0) in favor of the sensor
set over the self-reporting method. Additionally, on multiple occasions during the user focus meetings
as well as throughout the study, oral feedback was obtained regarding the patients’ discontent towards
the self-reporting method.

The four study participants showed high commitment to the task. Mean measured wearing times
are between 13.5 and 16 h per day. One participant, P3, did wear two of the three sensors also during
the night. Excluding his results, the other three participants have very steady wearing times, all around
13 to 14 h per day, and low deviations. This is also supported by the paired t-test results presented in
Table 2. There is no significant (p > 0.01) difference in wearing time for of the three sensors for P1, P2
and P4. The participants were not asked to wear the sensors during night-time nor during showering
or similar activities, which account for 7 to 9 h per day. Considering these numbers, our measurement
indicates very good participation and high potential for long-term usage of such sensor sets for PD
monitoring. However, results from this study cannot automatically be generalized to study other
populations. With the explained aim to digitize the self-reporting symptom recording methods, most
participants expressed immediate understanding, agreement and high motivation to help. This might
not be the case for other studies, and long-term adherence might differ substantially [34].

Regarding the data validity and usability, primary evaluations are satisfactory. With virtually
no data loss, the technical validity of the system is confirmed. While the reported sensitivity and
specificity values are lower than in the reference literature, this was to be expected, considering the
noisy ground truth. In the PD symptom diary, patients fill in their dominant motor symptom per
every 30-min interval. On the other hand, the studies on which the used algorithms are based did
detail time measurements of the symptoms, down to the seconds. Further evaluations with patients
staying in a semi-supervised environment will be needed to augment our data and further improve
the classification accuracy.
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4. Limitations

This study focused on a few participants who were followed closely during the measurement.
Consequently, the individual behavior of the participants influenced the results more than the effect of
the long-term measurements, i.e., the choice of one participant to wear some of the sensors during
night-time influenced the result of the adherence evaluation. On the other hand, by following the four
study participants closely, any concerns, thoughts and inputs by the participants were immediately
taken care of, to gain the best possible insight into the sensor set usage. With technology usage
ranging between laggard and early adopters, the selection of participants does not wrongly favor
technology-enthusiast.

5. Methods

5.1. Materials

The sensor set consists of three body-worn sensors and 7 ambient sensors. The body-worn
sensors measure 3-axis acceleration (weight 11 g, l × b × h : 23 × 32.2 × 7.6 mm, Axivity
AX3 [35]) that can record continuously at 100 Hz up to 14 days with acceleration range of ±8 g
and up to 13 bit resolution. This sensor was chosen for its long battery run time, small weight and
past usage in other studies [27,28,32]. One acceleration sensor each is placed on wrist and ankle with
dominant motor symptom using a flexible strap and hook-and-loop closure as depicted in Figure 2a,b.
The sensor-positions were selected based on existing studies [17,20,23,25] with the aim to detect as
many of the cardinal motor symptoms and side effects as possible, bradykinesia, tremor, dyskinesia,
gait abnormalities and postural instabilities. The material of the flexible straps for wrist and arm
fixture were selected for comfort (soft touch, non-itchy) and comply with sanitary standards. The third
acceleration sensor is placed on the hip using a 3D-printed casing and suspender closure as is depicted
in Figure 2c.

The flexible straps used for fixating the body-worn sensors as well as the 3D-printed casing for
the hip sensor were continuously tested and adapted for best usability both in the pre-study phase as
well as during the study. The 3D-casing for the hip sensor started as a small lightweight skeleton-like
design with a simple clip-on closure but was changed to a fully enclosing sturdy shell with a stronger
suspender closure after the sensor got caught in a jacket after two days of wearing.

The set of ambient sensors consists of 5 passive infrared (PIR) sensors and two two-piece magnetic
door sensors (DomoCare R©, DomoSafety [36]) as shown in Figure 2d. The PIR sensors are placed
inside the home of the PD patient, covering kitchen, bathroom, bedroom, entrance and living room,
usually placed at an elevated position such that the presence of the patients is detected easily. The two
door sensors are placed on the entrance door and on the fridge door. The 7 ambient sensors are
equipped with long lasting batteries and do not need to be connected to another power source. The PIR
sensors register movement with 0.5 Hz. The door sensors register each opening and closing of the
corresponding door. A base station, plugged into a power source, communicates with all ambient
sensors through the ZigBee protocol. The base station sends all received sensor data to a server through
UMTS communication. Please note that since PIR sensors cannot differentiate between patients and
family members, we have selected only participants living in single households.



Sensors 2019, 19, 5169 8 of 13

(a) (b)

(c) (d)

(e)
Figure 2. The complete sensor set with body-worn sensors as well as ambient sensors. (a) acceleration
sensor, worn on wrist and ankle with a flexible strap and 3D-printed encasing. (b) The strap is simple
to put on and take off, even with reduced finger or hand mobility and dexterity. (c)Fully enclosing
sturdy shell for hip sensor. A suspender closure is used for steady fixation on the belt or the trouser
seam. (d) The ambient sensor set consists of 5 PIR sensors (left), 2 two-piece magnetic door sensors
(right) and the base station. (e) Example of self-reporting PD home diary.

5.2. User Focus Meetings

To take the perspective of technicians, clinicians, therapists as well as patients into account,
four user focus meetings were held. In the first two meetings, the number of body-worn sensors
was decided upon, together with technicians, researchers and PD patients. In the subsequent
meetings, exact body position of the sensors were discussed with prospective study participants.
These discussions also included sensor fixation for the body-worn sensors. Results from these meetings
influenced the development process of the fixtures discussed in the previous Section 5.1.

5.3. Subject Recruitment

The study design was carried out in accordance with the current version of the Declaration of
Helsinki and approved by the Ethics Committee of the Canton of Bern, Switzerland (KEK-Nr. 406/16).
The participants were recruited by doctors and physical therapists at the neurorehabilitation unit of a
regional hospital. Inclusion criteria were the ability to fill in the PD symptom diary independently or
with the help of primary caregivers if limitations in finger-dexterity occurred. There was no exclusion
criterion based on their technical familiarity. The study procedure and all devices were explained
to the participants and a written informed consent was obtained prior to participation. Four adults
(2 male, 2 female; age 65–70; disease duration 10–14 years, UPDRS 11–49) were included in this study.
Their technical familiarity ranged from laggard to early majority [37]. Patients expressed different
disease stages and different symptom distributions. Participants’ medication intake for PD related
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ailments were recorded in the PD symptom diary. All study participants were instructed to wear the
sensors during waking hours. They were not required to wear the sensors during the night nor when
taking a shower, bathing or similar activities but were not prohibited from doing so.

5.4. Data Collection

After the participants filled out the informed consent, a first meeting was set at their homes.
At the first meeting, the ambient sensors were installed in the patients’ homes and the body-worn
sensors were handed to the patients with detailed instructions. Patients wore the body-worn sensors
during waking hours. During all 4 weeks of measurement, the patients kept their PD home diary.
An extract is depicted in Figure 2e. The second meeting was at the beginning of the third week when
the body-worn sensors were recharged. This meeting was also used to obtain general oral feedback
from the participants. The third meeting was at the end of the fourth week. The body-worn sensors
were collected, and the ambient sensors uninstalled. After the last meeting, the patients were given
two questionnaires to fill out.

The first questionnaire-based outcome measure was self-reported system usability, evaluated by
the System Usability Scale (SUS) [38]. The SUS is a generalized usability measure which collects users’
subjective perception of interaction with different interfaces. Two usability aspects are important:
the patients’ ability to handle the sensors and their willingness to use the sensors on a day-to-day
basis. The SUS is a Likert-scale-like questionnaire with ten items on a 5-point scale ranging from 1
(strongly disagree) to 5 (strongly agree). There are five items with positively formulated questions
and five items with negatively formulated questions. The SUS takes three different usability criteria
into account: effectiveness, efficiency and satisfaction. The item scale is weighted such that resulting
points range from 0 to 100 with 100 being the best outcome and 0 being the worst outcome. We used
a validated German translation of the SUS [39]. The second questionnaire is based on work by
Fisher et al. [27]. They tested a set of body-worn sensors for PD motor-symptom tracking during one
week in a home-based setting and evaluated the participants’ experiences through a questionnaire.
All question items used in our questionnaire are presented in Table 4. As with the SUS, all question
items are rated on a 5-point scale from 1 (strongly disagree) to 5 (strongly agree). In the evaluation,
all negatively formulated question (Q2, Q5, Q7 and Q8) are reverse coded by subtracting their value
from 6. Resulting values are added and weighted such that the resulting points range from 0 to 100,
with 100 being the best and 0 the worst outcome.

The questionnaire is split into four parts. The first and second part inquire the sensor-individual
acceptance by the study participants. In the first part, question items Q1, Q2, Q3 and Q4 are posed for
each of the three body-worn sensors, with adjusted sensor and body-placement description, ankle,
wrist, hip. In the second part, two question items, Q5 and Q6, inquire the sensor-individual acceptance
of the ambient sensors. In the third part, two question items, Q7 and Q8, inquire the preferences of the
two systems, sensor set vs. self-reporting method. The last part consists of two question items, Q9
and Q10, regarding short- and long-term acceptance of the sensor set. At the end, there is a general
open-end question, Q11, for any comments not covered by the previous questions.

5.4.1. Analysis

The main target of the sensor set is the replacement of the PD home diary or other self-reporting
methods by a better accepted, more reliable system. Loss of data, as a result of technical or human
failure or due to non-adherence, is an objective measure of the system reliability and usability.
Technical reliability depends heavily on the chosen sensors and must be evaluated for each new
sensor. Both chosen sensor types, wearable and ambient, have been used extensively in the past
for other studies or commercial use [30,32,36]. The focus here is on the sensor-independent parts,
the patient compliance and adherence in conjunction with a given sensor set.
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Table 4. Questionnaire items additional to the SUS. In the evaluation, all questions are rated on a
5-point scale ranging from 1 (strongly disagree) to 5 (strongly agree). The negatively formulated
questions Q2, Q5, Q7 and Q8 are reverse coded by subtracting their value from 6 in the evaluation.

Body-Worn Sensors 1 2 3 4 5
Q1: [sensor] is comfortable to wear. 2 2 2 2 2
Q2: [sensor] is limiting me in my everyday movements. 2 2 2 2 2
Q3: I wore [sensor] at [body-location] without any

problems throughout the measurement.
2 2 2 2 2

Q4: (Open-end question) General comments about
[sensor] at [body-placement].

Ambient sensorsAmbient sensorsAmbient sensorsAmbient sensorsAmbient sensorsAmbient sensorsAmbient sensorsAmbient sensorsAmbient sensorsAmbient sensorsAmbient sensorsAmbient sensorsAmbient sensorsAmbient sensorsAmbient sensorsAmbient sensorsAmbient sensors 1 2 3 4 5
Q5: The ambient sensors make me feel uncomfortable. I

feel irritated by the ambient sensors.
2 2 2 2 2

Q6: (Open-end question) General comments about the
ambient sensors.

System preferenceSystem preferenceSystem preferenceSystem preferenceSystem preferenceSystem preferenceSystem preferenceSystem preferenceSystem preferenceSystem preferenceSystem preferenceSystem preferenceSystem preferenceSystem preferenceSystem preferenceSystem preferenceSystem preference 1 2 3 4 5
Q7: I would rather use a self-reporting method than

this sensor system.
2 2 2 2 2

Q8: I feel uncomfortable wearing the sensors in public. 2 2 2 2 2
Long-term acceptanceLong-term acceptanceLong-term acceptanceLong-term acceptanceLong-term acceptanceLong-term acceptanceLong-term acceptanceLong-term acceptanceLong-term acceptanceLong-term acceptanceLong-term acceptanceLong-term acceptanceLong-term acceptanceLong-term acceptanceLong-term acceptanceLong-term acceptanceLong-term acceptance 1 2 3 4 5
Q9: I can envision myself using this system over short

time periods (<2 months).
2 2 2 2 2

Q10: I can envision myself using this system over long
time periods.

2 2 2 2 2
Final commentsFinal commentsFinal commentsFinal commentsFinal commentsFinal commentsFinal commentsFinal commentsFinal commentsFinal commentsFinal commentsFinal commentsFinal commentsFinal commentsFinal commentsFinal commentsFinal comments
Q11: (Open-end question) General comments about the

study.

5.4.2. Adherence

To quantify the adherence, data from the body-worn sensors was evaluated and the actual
wear time is calculated. The employed algorithm as well as the used threshold is based on work by
Doherty et al. [32]. For every 5 s interval Ti, the standard deviation σs,i over the data si is computed on
all three axes x, y, z. If σs,i is below a lower threshold Lth = 13 mg for all three axis x, y, z, this 5 s interval
Ti is classified as ‘non-wearing’. To account for accidental movement of the non-wearing sensors or
periods of very low movement, e.g., napping, watching TV, the obtained ‘wearing’/’non-wearing’
times are smoothed and filtered. Only consecutive non-wearing time intervals of at least 30 min length
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are considered. Short state changes from non-wearing to wearing or the other way around of less than
5 min are omitted.

5.4.3. Statistical Evaluations

The wearing times per sensor for every person are evaluated statistically. The daily wearing
times of the three sensors are considered repeated samples per person; they are thus analyzed using a
dependent t-test for paired samples. The significance level for p-values is set at 0.01. The Python/Scipy
software environment is used for the calculation of the statistics results and the adherence computation.

5.4.4. Data Validity and Usability

Obtained data from the wearable sensors are checked for data integrity and completeness, using
methods developed by Doherty et al. [32]. Usability of data was evaluated using existing algorithms
that have been tested in controlled environments. We have tested, whether the selected algorithms
are applicable to our obtained data. The following four major motor symptoms have been taken
into account: Bradykinesia, tremor, gait abnormalities and dyskinesia as the major side effect of the
levodopa medication. For every motor symptom, the relevant algorithms were applied to the data,
and feature vectors were generated. For Bradykinesia, features as described by Salarian et al. were
extracted from the data [20]. For Tremor, features as described by Rigas et al. were extracted from
the data [18]. For dyskinesia, features as described by Patel et al. were extracted from the data [19].
Based on the ground truth, the PD symptom diary, a bagging classifier was trained in a 10-fold
cross-validation setting. The results were validated on a test set, excluded from the training. For gait
abnormalities, the data structure was compared to similar data on which gait classification has been
performed successfully [40].
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PIR-sensor Passive Infrared Sensor
FoG Freezing of Gait
SUS System Usability Scale

References

1. De Lau, L.M.; Breteler, M.M. Epidemiology of Parkinson’s disease. Lancet Neurol. 2006, 5, 525–535. [CrossRef]
2. Samii, A.; Nutt, J.G.; Ransom, B.R. Parkinson’s disease. Lancet 2004, 363, 1783–1793. [CrossRef]
3. Jankovic, J. Parkinson’s disease: Clinical features and diagnosis. J. Neurol. Neurosurg. Psychiatry 2008,

79, 368–376. [CrossRef]
4. Sveinbjornsdottir, S. The clinical symptoms of Parkinson’s disease. J. Neurochem. 2016, 139, 318–324.

[CrossRef]

http://dx.doi.org/10.1016/S1474-4422(06)70471-9
http://dx.doi.org/10.1016/S0140-6736(04)16305-8
http://dx.doi.org/10.1136/jnnp.2007.131045
http://dx.doi.org/10.1111/jnc.13691


Sensors 2019, 19, 5169 12 of 13

5. Marsden, C.D. Parkinson’s disease. J. Neurol. Neurosurg. Psychiatry 1994, 57, 672–681. [CrossRef]
6. Yahr, M.D.; Duvoisin, R.C.; Schear, M.J.; Barrett, R.E.; Hoehn, M.M. Treatment of Parkinsonism with

Levodopa. Arch. Neurol. 1969, 21, 343–354. [CrossRef]
7. Marsden, C.D.; Parkes, J.D. Success and problems of long-term levodopa therapy in parkinson’s disease.

Lancet 1977, 309, 345–349. [CrossRef]
8. Antonini, A.; Mancini, F.; Canesi, M.; Zangaglia, R.; Isaias, I.; Manfredi, L.; Pacchetti, C.; Zibetti, M.;

Natuzzi, F.; Lopiano, L.; et al. Duodenal Levodopa Infusion Improves Quality of Life in Advanced
Parkinson’s Disease. Neurodegener. Dis. 2008, 5, 244–246. [CrossRef]

9. Katzenschlager, R.; Lees, A.J. Treatment of Parkinson’s disease: Levodopa as the first choice. J. Neurol. 2002,
249, II19–II24. [CrossRef]

10. Rahman, S.; Griffin, H.J.; Quinn, N.P.; Jahanshahi, M. The Factors that Induce or Overcome Freezing of Gait
in Parkinson’s Disease. Behav. Neurol. 2008. [CrossRef]

11. Jankovic, J. Motor fluctuations and dyskinesias in Parkinson’s disease: Clinical manifestations. Mov. Dis.
2005, 20, S11–S16. [CrossRef]

12. Lungu, C.; Kim, B.; Hallet, M.; Lukasiewicz, K.; Harrington, J.; Altemus, A.; Baldwin, J. iPad App for Daily
Parkinson Diary (P1.193); Wolters Kluwer Health, Inc.: Philadelphia, PA, USA, 2015; Volume 84.

13. Vega, J.; Couth, S.; Poliakoff, E.; Kotz, S.; Sullivan, M.; Jay, C.; Vigo, M.; Harper, S. Back to Analogue:
Self-Reporting for Parkinson’s Disease. In Proceedings of the 2018 CHI Conference on Human Factors in
Computing Systems—CHI’18, Montreal, QC, Canada, 21–26 April 2018; ACM Press: Montreal, QC, Canada,
2018; pp. 1–13. [CrossRef]

14. Papapetropoulos, S.S. Patient Diaries As a Clinical Endpoint in Parkinson’s Disease Clinical Trials. CNS
Neurosci. Ther. 2012, 18, 380–387. [CrossRef]

15. Willemsen, A.T.M.; van Alsté, J.A.; Boom, H.B.K. Real-time gait assessment utilizing a new way of
accelerometry. J. Biomech. 1990, 23, 859–863. [CrossRef]

16. Kemp, B.; Janssen, A.J.M.W.; van der Kamp, B. Body position can be monitored in 3D using miniature
accelerometers and earth-magnetic field sensors. Electroencephalogr. Clin. Neurophysiol./Electromyogr.
Mot. Control 1998, 109, 484–488. [CrossRef]

17. Bachlin, M.; Plotnik, M.; Roggen, D.; Maidan, I.; Hausdorff, J.; Giladi, N.; Troster, G. Wearable Assistant for
Parkinson’s Disease Patients With the Freezing of Gait Symptom. IEEE Trans. Inf. Technol. Biomed. 2010,
14, 436–446. [CrossRef] [PubMed]

18. Rigas, G.; Tzallas, A.T.; Tsipouras, M.G.; Bougia, P.; Tripoliti, E.E.; Baga, D.; Fotiadis, D.I.; Tsouli, S.G.;
Konitsiotis, S. Assessment of Tremor Activity in the Parkinson’s Disease Using a Set of Wearable Sensors.
IEEE Trans. Inf. Technol. Biomed. 2012, 16, 478–487. [CrossRef]

19. Samà, A.; Pérez-Lopez, C.; Romagosa, J.; Rodríguez-Martín, D.; Català, A.; Cabestany, J.;
Pérez-Martínez, D.A.; Rodríguez-Molinero, A. Dyskinesia and motor state detection in Parkinson’s Disease
patients with a single movement sensor. In Proceedings of the 2012 Annual International Conference of
the IEEE Engineering in Medicine and Biology Society, San Diego, CA, USA, 28 August–1 September 2012;
pp. 1194–1197. [CrossRef]

20. Salarian, A.; Russmann, H.; Wider, C.; Burkhard, P.R.; Vingerhoets, F.J.G.; Aminian, K. Quantification of
Tremor and Bradykinesia in Parkinson’s Disease Using a Novel Ambulatory Monitoring System. IEEE Trans.
Biomed. Eng. 2007, 54, 313–322. [CrossRef]

21. Weiss, A.; Sharifi, S.; Plotnik, M.; van Vugt, J.P.P.; Giladi, N.; Hausdorff, J.M. Toward Automated, At-Home
Assessment of Mobility Among Patients With Parkinson Disease, Using a Body-Worn Accelerometer.
Neurorehabil. Neural Repair. 2011, 25, 810–818. [CrossRef]

22. Chen, B.; Patel, S.; Buckley, T.; Rednic, R.; McClure, D.J.; Shih, L.; Tarsy, D.; Welsh, M.; Bonato, P. A Web-Based
System for Home Monitoring of Patients With Parkinson’s Disease Using Wearable Sensors. IEEE Trans.
Biomed. Eng. 2011, 58, 831–836.[CrossRef]

23. Patel, S.; Chen, B.; Buckley, T.; Rednic, R.; McClure, D.; Tarsy, D.; Shih, L.; Dy, J.; Welsh, M.; Bonato, P. Home
monitoring of patients with Parkinson’s disease via wearable technology and a web-based application.
In Proceedings of the 2010 Annual International Conference of the IEEE Engineering in Medicine and
Biology, Buenos Aires, Argentina, 31 August–4 September 2010; pp. 4411–4414. [CrossRef]

http://dx.doi.org/10.1136/jnnp.57.6.672
http://dx.doi.org/10.1001/archneur.1969.00480160015001
http://dx.doi.org/10.1016/S0140-6736(77)91146-1
http://dx.doi.org/10.1159/000113714
http://dx.doi.org/10.1007/s00415-002-1204-4
http://dx.doi.org/10.1155/2008/456298
http://dx.doi.org/10.1002/mds.20458
http://dx.doi.org/10.1145/3173574.3173648
http://dx.doi.org/10.1111/j.1755-5949.2011.00253.x
http://dx.doi.org/10.1016/0021-9290(90)90033-Y
http://dx.doi.org/10.1016/S0924-980X(98)00053-8
http://dx.doi.org/10.1109/TITB.2009.2036165
http://www.ncbi.nlm.nih.gov/pubmed/19906597
http://dx.doi.org/10.1109/TITB.2011.2182616
http://dx.doi.org/10.1109/EMBC.2012.6346150
http://dx.doi.org/10.1109/TBME.2006.886670
http://dx.doi.org/10.1177/1545968311424869
http://dx.doi.org/10.1109/TBME.2010.2090044
http://dx.doi.org/10.1109/IEMBS.2010.5627124


Sensors 2019, 19, 5169 13 of 13

24. Espay, A.J.; Bonato, P.; Nahab, F.B.; Maetzler, W.; Dean, J.M.; Klucken, J.; Eskofier, B.M.; Merola, A.; Horak, F.;
Lang, A.E.; et al. Movement Disorders Society Task Force on Technology. Technology in Parkinson’s disease:
Challenges and opportunities. Mov. Disord. 2016, 31, 1272–1282. [CrossRef]

25. Tzallas, A.T.; Tsipouras, M.G.; Rigas, G.; Tsalikakis, D.G.; Karvounis, E.C.; Chondrogiorgi, M.; Psomadellis, F.;
Cancela, J.; Pastorino, M.; Waldmeyer, M.T.A.; et al. PERFORM: A System for Monitoring, Assessment and
Management of Patients with Parkinson’s Disease. Sensors 2014, 14, 21329–21357. [CrossRef] [PubMed]

26. Cancela, J.; Pastorino, M.; Tzallas, A.T.; Tsipouras, M.G.; Rigas, G.; Arredondo, M.T.; Fotiadis, D.I. Wearability
Assessment of a Wearable System for Parkinson’s Disease Remote Monitoring Based on a Body Area Network
of Sensors. Sensors 2014, 14, 17235–17255. [CrossRef] [PubMed]

27. Fisher, J.M.; Hammerla, N.Y.; Rochester, L.; Andras, P.; Walker, R.W. Body-Worn Sensors in Parkinson’s
Disease: Evaluating Their Acceptability to Patients. Telemed. e-Health 2015, 22, 63–69. [CrossRef] [PubMed]

28. Fisher, J.M.; Hammerla, N.Y.; Ploetz, T.; Andras, P.; Rochester, L.; Walker, R.W. Unsupervised
home monitoring of Parkinson’s disease motor symptoms using body-worn accelerometers.
Parkinsonism Relat. Dis. 2016, 33, 44–50. [CrossRef]

29. Stucki, R.A.; Urwyler, P.; Rampa, L.; Müri, R.; Mosimann, U.P.; Nef, T. A Web-Based Non-Intrusive Ambient
System to Measure and Classify Activities of Daily Living. J. Med. Internet Res. 2014, 16, e175. [CrossRef]

30. Schütz, N.; Saner, H.; Rudin, B.; Botros, A.; Pais, B.; Santschi, V.; Buluschek, P.; Gatica-Perez, D.; Urwyler, P.;
Marchal-Crespo, L.; et al. Validity of pervasive computing based continuous physical activity assessment in
community-dwelling old and oldest-old. Sci. Rep. 2019, 9. [CrossRef]

31. ElHelw, M.; Pansiot, J.; McIlwraith, D.; Ali, R.; Lo, B.; Atallah, L. An integrated multi-sensing framework
for pervasive healthcare monitoring. In Proceedings of the 2009 3rd International Conference on Pervasive
Computing Technologies for Healthcare, London, UK, 1–3 April 2009; pp. 1–7. [CrossRef]

32. Doherty, A.; Jackson, D.; Hammerla, N.; Plötz, T.; Olivier, P.; Granat, M.H.; White, T.; Hees, V.T.V.; Trenell, M.I.;
Owen, C.G.; et al. Large Scale Population Assessment of Physical Activity Using Wrist Worn Accelerometers:
The UK Biobank Study. PLoS ONE 2017, 12, e0169649. [CrossRef]

33. Bangor, A.; Kortum, P.; Miller, J. Determining What Individual SUS Scores Mean: Adding an Adjective
Rating Scale. J. Usability Stud. 2009, 4, 114–123.

34. Galea, S.; Tracy, M. Participation Rates in Epidemiologic Studies. Ann. Epidemiol. 2007, 17, 643–653.
[CrossRef]

35. Axivity. AX3. 2019. Available online: http://www.axivity.com/product/1 (accessed on 25 November 2019).
36. Domosafety. DomoCare/DomoMedical. 2019. Available online: http://www.domo-safety.com/en/for-

seniors/ (accessed on 25 November 2019).
37. Rogers, E.M. Diffusion of Innovations, 3rd ed.; Free Press: New York, NY, USA; Collier Macmillan: London,

UK, 1983.
38. Brooke, J.; Jordan, P.; Thomas, B.; Weerdmeester, B.; McClelland, I. Usability evaluation in industriy. In SUS:

A ‘Quick and Dirty’ Usability Scale; Redhatch Consulting Ltd.: Reading, UK, 1996; pp. 184–194.
39. Reinhard, W.; Ruegenhagen, E.; Rummel, B. System Usability Scale—Jetzt auch auf Deutsch. 2015. Available

online: https://experience.sap.com/skillup/system-usability-scale-jetzt-auch-auf-deutsch/ (accessed on
12 January 2019).

40. Khandelwal, S.; Wickström, N. Gait Event Detection in Real-World Environment for Long-Term Applications:
Incorporating Domain Knowledge Into Time-Frequency Analysis. IEEE Trans. Neural Syst. Rehabil. Eng.
2016, 24, 1363–1372. [CrossRef]

c© 2019 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/10.1002/mds.26642
http://dx.doi.org/10.3390/s141121329
http://www.ncbi.nlm.nih.gov/pubmed/25393786
http://dx.doi.org/10.3390/s140917235
http://www.ncbi.nlm.nih.gov/pubmed/25230307
http://dx.doi.org/10.1089/tmj.2015.0026
http://www.ncbi.nlm.nih.gov/pubmed/26186307
http://dx.doi.org/10.1016/j.parkreldis.2016.09.009
http://dx.doi.org/10.2196/jmir.3465
http://dx.doi.org/10.1038/s41598-019-45733-8
http://dx.doi.org/10.4108/ICST.PERVASIVEHEALTH2009.6038
http://dx.doi.org/10.1371/journal.pone.0169649
http://dx.doi.org/10.1016/j.annepidem.2007.03.013
http://www.axivity.com/product/1
http://www.domo-safety.com/en/for-seniors/
http://www.domo-safety.com/en/for-seniors/
https://experience.sap.com/skillup/system-usability-scale-jetzt-auch-auf-deutsch/
http://dx.doi.org/10.1109/TNSRE.2016.2536278
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Results
	Outcome Measure–Questionnaire
	Analysis–Adherence
	Data Validity and Usability

	Discussion
	Limitations
	Methods
	Materials
	User Focus Meetings
	Subject Recruitment
	Data Collection
	Analysis
	Adherence
	Statistical Evaluations
	Data Validity and Usability


	References

