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Abstract

Introduction

Effective management and development of new treatment strategies for response fluctua-

tions in advanced Parkinson’s disease (PD) largely depends on clinical rating instruments

such as the PD home diary. The Parkinson’s kinetigraph (PKG) measures movement accel-

erations and analyzes the spectral power of the low frequencies of the accelerometer data.

New algorithms convert each hour of continuous PKG data into one of the three motor cate-

gories used in the PD home diary, namely motor Off state and On state with and without

dyskinesia.

Objective

To compare quantitative motor state assessment in fluctuating PD patients using the PKG

with motor state ratings from PD home diaries.

Methods

Observational cohort study on 24 in-patients with documented motor fluctuations who com-

pleted diaries by rating motor Off, On without dyskinesia, On with dyskinesia, and asleep for

every hour for 5 consecutive days. Simultaneously collected PKG data (recorded between

6 am and 10 pm) were analyzed and calibrated to the patient’s individual thresholds for Off
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and dyskinetic state by novel algorithms classifying the continuous accelerometer data into

these motor states for every hour between 6 am and 10 pm.

Results

From a total of 2,040 hours, 1,752 hours (87.4%) were available for analyses from cali-

brated PKG data (7.5% sleeping time and 5.1% unclassified motor state time were excluded

from analyses). Distributions of total motor state hours per day measured by PKG showed

moderate-to-strong correlation to those assessed by diaries for the different motor states

(Pearson’s correlations coefficients: 0.404–0.658), but inter-rating method agreements on

the single-hour-level were only low-to-moderate (Cohen’s κ: 0.215–0.324).

Conclusion

The PKG has been shown to capture motor fluctuations in patients with advanced PD. The

limited correlation of hour-to-hour diary and PKG recordings should be addressed in further

studies.

Introduction
Effective management and development of new treatment strategies for response fluctuations
in PD largely depends on clinical rating instruments such as the PD home diary [1], Unified
PD rating scale (UPDRS) [2] or modified Abnormal Involuntary Movement Scale (mAIMS)
[3]. However, clinical ratings have limitations regarding inter-rater variability and continuous
monitoring. Patient diaries are self-completed forms reflecting the patient’s perception of his
motor state for every hour awake and are frequently used in PD for both clinical practice and
as clinical trial endpoints [4]. Estimation of motor complications using diaries heavily relies on
their accurate completion and is thus associated with a large recall bias and diary fatigue, par-
ticularly in patients with cognitive dysfunction or depression [4, 5]. Consequently, there is a
strong need for continuous and objective monitoring of motor performance in PD for both
improving therapeutic regimens in routine care and for usage in clinical trials.

Current approaches to objectively monitor motor function such as bradykinesia and dyski-
nesia in PD comprise of various wearable sensors (accelerometer with or without gyroscopes)
placed on different body parts to measure movements [6–12]. Various studies used gait param-
eters measured by wearable sensor-based devices to estimate bradykinesia and showed strong
correlation of gait parameters with bradykinesia [9, 10, 13, 14]. In order to measure dyskinesia
in advanced PD, there are various approaches using data from accelerometers and/or gyro-
scopes fixed to various parts of the body, in most cases while the patient were performing stan-
dardised motor tasks and/or voluntary movements. Although the comparison of the various
approaches with their different recording modes and technologies is difficult, the accuracies of
the approaches when compared to clinical estimation of dyskinesia are very high [6, 7, 11, 15–
18].

The Parkinson’s Kinetigraph logger (PKG; Global Kinetics Corporation, Melbourne, Aus-
tralia) measures movement accelerations of the wrist and analyzes the spectral power of the
low frequencies of accelerometer data providing continuous variables—namely the median
bradykinesia score (BKS) and dyskinesia score (DKS)–which closely correlate with UPDRS
motor score and mAIMS, respectively [7]. In contrast to most other technologies, the PKG
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records movements over several days during normal daily life. This fact enabled Horne and co-
workers to recently introduce a fluctuation score, which distinguishes between fluctuating and
non-fluctuating patients with high sensitivity and selectivity and which might be sensitive to
treatment effects [19].

We here determine the agreement of data generated by the PKG measuring movement
accelerations of the wrist and by the PD home diary to ask whether the objective assessment
that correlates with the UPDRS motor score and AIMS could correlate well with diaries. By
using new algorithms designed for the present study, the continuous PKG data from each hour
arising out of the algorithm already introduced by Griffith and co-workers in 2012 [7] were
converted into one of the three motor categories used for the PD home diary, namely motor
Off state and On state with and without dyskinesia.

Materials and Methods

Study cohort
Subjects fulfilling UK PD Brain Bank criteria [20] with documented motor fluctuations were
enrolled into this observational cohort study between January and May 2013 as inpatients at
the Department of Neurology at the Technische Universität Dresden and at the Movement
Disorders Clinic Beelitz-Heilstätten. Motor fluctuations were classified as documented if motor
fluctuations had been documented by a trained neurologist in the patient’s records and/or
reported in the UPDRS part IV (performed by a trained neurologist) [2]. Patients were
excluded if they had an identifiable cause of parkinsonism or signs for atypical parkinsonism,
psychosis, or dementia (Montreal-Cognitive-Assessment�26 points) [21] or other relevant
conditions interfering with the study protocol. All patients provided written informed consent
and the study was approved by responsible institutional review board of the Technische Uni-
versität Dresden and received the study number EK388122012.

Basic assessments
We assessed basic demographic data including type of motor complication, Hoehn-Yahr score
[22], UPDRS [2] and Beck’s Depression Inventory (BDI) [23]. The UPDRS motor score (part
III) [2] was assessed during the inpatient period in the defined Off state after drug free period
and STN-DBS turned off for at least 12 hours, and best possible motor On state. Patients
underwent a diary training session for the PD motor diary introduced by Hauser and col-
leagues with four different motor states (asleep, motor Off, On without dyskinesia, and On
with dyskinesia) [24]. During the training session, patients were instructed as to how the differ-
ent functional states are defined and how the diaries have to be completed (placing a tick mark
on a daily diary card every 60 minutes reflecting their predominant status over the prior hour
period; for time asleep, the diary was completed upon awakening). Patients then completed
diaries on 6 consecutive days (5 days for analysis plus first day for PKG calibration) without a
specific reminder function.

PKGmotor state measurement
The PKG measures acceleration of the wrist and was worn between 6 am and 10 pm on the
most severely affected side. The new algorithms designed for the present study are using the
continuous variables BKS and DKS arising out of the analyzing technique of the spectral power
of the low frequencies of accelerometer data developed by Griffith and colleagues in 2012 [7].
These new algorithms convert each hour of the continuous variables BKS/DKS into one of the
five categories (asleep, motor Off state, On state or On state with dyskinesia [also: dyskinetic
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state], not wearing PKG) used in the PD home diary. Note that subjects without PD also have
BKS and DKS, but their medians are lower than PD subjects [7]. For each hourly diary entry,
the probability that the BKS or DKS in that hour were higher than 75th percentile was esti-
mated. This was done in the following manner: The 75th percentiles of BKS and DKS of normal
subjects were used from data of the study by Griffith and colleagues [7] and the probability
that more BKS or DKS was greater than the 75th percentile of controls in each hour was esti-
mated using the Chi2 test. There are 30 two minute epochs in an hour and in normal subjects,
1 in 4 will be over the 75th percentile of controls. Thus in patients, if 15 or more BKS or DKS
are greater than 75th percentile of controls in the hour then the χ2 test provides a p<0.05. This
was treated as the objective assessment of “Off” or “dyskinesia”, respectively. These data are
referred to herein as raw data.

All hour-time-periods between 6 am and 10 pm were analyzed for the three motor catego-
ries (motor Off, On or On with dyskinesia) states, but hour-time-periods were excluded from
analysis if there was no response (sleeping time or PKG logger not on wrist for 30 or more min-
utes in the hour) or if the patient in the diary or the PKG recorded more than one of the three
motor categories for that hour. Analysis of PKG data was performed by raters without contact
to patients and blinded for diary entries (LC, MH). Only diary entries of the first day of record-
ings were conveyed to the PKG analyzers for calibration (see below).

Calibration of PKG data
As well as correlating scores with the consistent threshold (the 75th percentile), we also
attempted to model the thresholds used by the patient and thus obtain better correlations. To
achieve this, raw PKG data were tuned to model the first day of diary entries by each patient
(referred herein as calibrated PKG data) so as to establish their individual thresholds for Off
and dyskinetic state. Calibration from that first day was then applied to the subsequent 5 days,
with PKG analyzers blinded to diary entries. Calibration was achieved by modifying two
parameters: The first was altering the threshold (i.e. the percentile) for achieving the Off state
or On state with dyskinesia and the second entailed shifting the hour in which the PKG was
analyzed forwards (+) or backwards (-) relative to the diary. Take for example the hour
between 9:00–10:00. If the patient appeared to be switching between Off and On at threshold
that best correlated with the 65th percentile then this threshold was used for this patient,
instead of the 75th percentile. As well, the diary should have been filled in at 10:00 to reflect an
assessment of motor state of the whole of the previous hour. If the PKG data in the period
9:30–10:30 was found to correlate better with the diary entry then the PKG was moved forward
in time (+ 30 mins) compared to the diary. In each patient time shift and change in threshold
was then applied to all subsequent days.

Statistical analyses
Statistical comparisons of data were calculated using χ2, McNemar test, Fisher’s exact test, Wil-
coxon test, or paired t-test as appropriate. Percentage agreement and Cohen’s κ were used to
determine inter-rating agreement between assessment methods on the single-hour-level, Pear-
son’s correlation test was used for correlations on the total-hours-per-day-level (κ or Pearson’s
correlation coefficient |r|<0.3 was considered a weak, κ/|r| = 0.3–0.59 a moderate, κ/|r|�0.6 a
strong agreement/correlation). Multiple linear regression modeling was used to test predictive
value of depression and diary data for the PKG results as the dependent variable. To estimate
the median difference between PKG values for the relevant hour (in calibrated data) when the
diary scored the hour as On compared to when the diary was scored as Off (dyskinetic in the
case of DKS), a clustered median regression analysis with the binary diary record (“On”/”Off”)
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for the hour as an input and the PKG values for that hour as an output, with hour-specific val-
ues clustered within the patients was used. In addition, to estimate the between-subject vari-
ability as the proportion of total variability in diary entries, a random-effect multi-level logistic
regression model with PKG score at a given point of time as an input, the respective diary entry
as an output, and the patient as the random effect level variable was developed. The proportion
of between-subject variability was estimated using the Intra-class Correlation Coefficient
(ICC). Since this is a pilot study and no data on PKG movement assessment were available at
the time of the study start, we were not able to perform a sample-size calculation and thus
aimed for 100 suitable full-day datasets from 20 patients. Pairwise deletion was applied to miss-
ing data. Data were analyzed using SPSS 21.0 (SPSS Inc., Chicago, IL) and Stata IC 13 (Stata-
Corp, College Station, TX). If not mentioned otherwise, all data are displayed as means±SD
[range] or numbers (%), significance level was set at P<0.05 (two-tailed test).

Results
The total number of subjects was 24 (16 women (67%); age: 65.0±7.4 [54–82] years; disease
duration: 11.7±4.3 [2–20] years; Hoehn-Yahr stage in On: 2.1±0.6 [1.0–3] and Off: 2.8±0.9
[1.0–5]; P< 0.001 [Wilcoxon test]; UPDRSIII motor score in On: 13.5±5.5 [5–28] and Off: 26.9
±8.8 [10–47]; P<0.001 [paired t-test]; levodopa equivalent dose per day [25]: 1,106±358 mg
[410–1,690 mg]; see S1 Table for further information). All patients displayed at least two types
of motor complications, median number of motor complication was 4 (10th/90th percentile: 1/
6). S2 Table summarizes the various types of motor complications. Mean BDI score was 9.7
±6.7 (0–27) and 8 patients showed scores above the threshold for detecting depression in PD
(score> 12) [26].

Correlations of diary and PKG data on the total-hours-per-day level
From a total of 2,040 hours between 6 am and 10 pm (120 days), 1,840 hour-time-periods for
were available for further analysis from diary entries, 1,820 from raw PKG data and 1,752 from
calibrated PKG (see S3 Table for details). Fig 1A shows the distributions of motor states for all
hours recorded over 5 days in 24 patients with respect to the assessment method (analysis on
group level). Distribution of total hours per day in all motor states measured by PKG (cali-
brated data) closely reflected those assessed by the PD home diaries (Fig 1B–1D). On the
patient level, similar results were obtained for the mean number of hours per day per patient
collected during the five days from each patient as the common analysis strategy for PD home
diary data (S1 Fig). Consistently, we found a moderate correlation between calibrated PKG and
diary data for total daily hours in Off and On state without dyskinesia and a strong correlation
for the dyskinetic state on the group level (Table 1). The number of motor state switches per
day was also similar between techniques with a median of 4 switches per day (10th/90th percen-
tile: 1/8) from diaries, 5 switches (1/8) from raw PKG data and 5 switches (2/8) from calibrated
PKG data, respectively. Correlations between PKG and diary data for motor state switches per
day were generally weak with Pearson’s coefficients between 0.010 and 0.209 (Table 1). Ancil-
lary analyses using multiple linear regression models with depression (as measured by BDI
assessment)[26] as an additional independent variable revealed that PKG data were not signifi-
cantly determined by depression (p>0.05), but prediction of PKG data by diary data remained
unchanged for all analyses. Similar results were obtained by the same analysis on the patient
level (S4 Table).

We then analyzed the correlations on the total-hours-per-day level of diary data with cali-
brated PKG data with respect to the 5 consecutive days of recording (Fig 2). In general, we
detected stable Pearson’s correlation coefficients for the various motor states over the 5
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consecutive days except for the motor off state with a drop in correlation strength at day 5.
Interestingly, we observed a continuous decrease of the correlation strength over time for the
number of motor state switches with no relevant correlations for days 3–5 (Fig 2D). Pearson’s
correlation tests using the data of only the first 3 or 4 days revealed strong correlation of diary
data and calibrated PKG data for all motor states (Pearson’s correlation coefficients r>0.6).

Correlations of diary and PKG data on the single-hour level
To determine inter-rating agreement as to the state at a particular hour of the day the raw
agreement rates (in percent) and Cohen’s κ test for categorical items in 2×2 contingency tables

Fig 1. Frequencies of motor states from diaries, raw PKG and calibrated PKG data. (A) Distributions of motor states from diaries, raw PKG data and
calibrated PKG data recorded over 5 days in 24 patients (120 days). Numbers above bars are total hours available (6 am to 10 pm without sleeping/PKG off
time and hours with unclassified motor states). (B-D)Displayed are total hours per day in motor Off state (B), motor On state without dyskinesia (C) and
dyskinetic state (D) as per the diaries, PKG raw and calibrated data.

doi:10.1371/journal.pone.0161559.g001
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were used. Raw agreement rates were 53 to 77%, but only weak agreement according to the
Cohen’s κ scores of 0.043 to 0.176 between diary entries and raw PKG data for motor states
and 49% and Cohen’s κ of 0.023 for motor state switches (Table 1). Calibration of PKG data to
diary entries on day one led to slightly higher agreement rates of 63–75% with weak to moder-
ate agreements (Table 1). We did not find relevant differences in agreement rates (Cohen’s κ)
between days or between hours during the day, except for motor state switches with decreasing
agreement rates over time similar as observed at the total-hours-per-day level. In addition, we
found differences for motor states as well as motor state switches neither in the agreement
rates (p>0.05; Fisher’s exact tests) nor Cohen’s κ values between depressed and non-depressed
subjects (Mann-Whitney U-test).

Factors that influenced calibration
Calibration of the PKG data was achieved by modifying two parameters: The first was altering
the threshold for achieving the Off or dyskinetic state and the second entailed shifting the hour
in which the PKG was analyzed forwards (+) or backwards (-) relative to the diary (Fig 3A).
Calibration of the timing was not needed in 12/24 subjects, but did require a shifting forward
of the PKG relative to the diary in 9/12 subjects. Fig 3B shows the extent to which the threshold
for the Off state was increased or decreased from 26 BKS units and for the dyskinetic state
changed from 4 DKS units (50th percentiles of normal subjects). In approximately half the
patients, the BKS threshold was not changed and in the other cases, the BKS threshold was usu-
ally reduced (i.e. less bradykinetic). Note that a reduction in 8 BKS units brings the threshold
to the mean of normal subjects. In the case of DKS, almost all subjects required an increase in
threshold (19/24 did not consider themselves to be dyskinetic when objective measures would
have).

Table 1. Comparisons of diary data with PKG results.

Agreement between diary and raw PKG data Agreement between diary and calibrated PKG data

per hour (n, %) per hour
(Cohen’s κ)

per day
(Pearson’s r)c

per hour (n, %) per hour
(Cohen’s κ)

per day
(Pearson’s r)c

Motor states pattern 779 / 1,648
(47.3%)a

0.080 - 850 / 1,594
(53.3%)a

0.304 -

Off state
(bradykinesia)

1,067 / 1,648
(64.7%)a

0.057 -0.049 1,108 / 1,594
(69.5%)a

0.216 0.404***

On state w/o
dyskinesia

872 / 1,648
(52.9%)a

0.043 0.063 997 / 1,594
(62.5%)a

0.257 0.562***

On state with
dyskinesia

1,267 / 1,648
(76.9%)a

0.176 0.437*** 1,188 / 1,594
(74.5%)a

0.329 0.658***

Total motor state
changes

697 / 1,427
(48.8%)a

0.023 - 636 / 1,328
(47.9%)a

0.033 -

Motor state switches
onlyb

41 / 161 (25.5%)a 0.075 0.010 44 / 156 (28.2%)a 0.122 0.209*

* indicates p<0.05

*** represents p<0.001
aData are from 2×2 contingency tables analyzing hours/switches with agreement between diary and PKG data versus total hours/switches recorded (e.g. for

Off state analysis, there was agreement between diary and raw PKG data (diary-Off/PKG-Off or diary-nonOff/PKG-nonOff) in1,067 hours out of a total of

1,648 hours recording time)
bData are for motor state switches only, excluding hour-to-hour data showing no motor state change; n = 1194 for raw PKG data analysis, n = 1122 for

calibrated PKG data analysis)
cDisplayed data are Pearson’s correlation coefficients r.

doi:10.1371/journal.pone.0161559.t001
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Based on the median regression analysis, the median within-patient difference between the
BKS values in hours when the diary is “On” and when the diary is “Off” is 2.37 (95%CI: 0.49–
4.25; P = 0.014), while the similar difference for DKS (“On” vs dyskinetic hours) is 5.24 (95%
CI: 1.18–9.3; P = 0.012), illustrated in (Fig 3C). The values of median within-patient differences
range from -4.78 to 10 for BKS values and from -1.01 to 14.57 for DKS. Thus about half of the
patients required a change in BKS or DKS of>4 to identify the respective motor state (approxi-
mates a UPDRSIII>4 and mAIMS>3) [7]. The median differences correlated modestly with
the number of changes in motor state (r2 = 0.3), suggesting that those who were non-fluctua-
tors were able to detect a smaller change in bradykinesia or dyskinesia to detect the Off or
On with dyskinesia state. Random-effect multi-level logistic regression analysis demonstrated
that when investigating the association between diaries and bradykinesia within-patient vari-
ability is stronger (ICC = 16%) whereas the between-patient differences dominated dyskinesia
(ICC = 78%).

Discussion
Our study revealed moderate-to-high concordance of quantitative motor state assessment
using the Parkinson's kinetigraph (PKG) with patient’s diary data when analyzed on a daily

Fig 2. Correlations on the total-hours-per-day-level of diary data with calibrated PKG data with respect to the 5 consecutive
days of recording. A-D) Displayed are Pearson’s correlation coefficients for correlations on the total-hours-per-day-level for each of
the 5 consecutive days of recordings and for the days 1 to 4 for motor Off state (A), motor On state without dyskinesia (B), dyskinetic
state (C) and for motor state switches (D).

doi:10.1371/journal.pone.0161559.g002
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basis (total hours per day), but limited concordance on the single-hour-level. In general, raw
PKG data showed weak agreement rates, but calibration of PKG data to diary entries from an
index day led to higher correlations of PKG data with diary entries on both the daily level and
higher inter-rating scale agreement on the single-hour-level. There was a strong correlation of
total daily hours in the dyskinetic state with a correlation coefficient>0.6.

Comparing objective measurement devices to subjective assessments such as patient dia-
ries implicates several limitations which might be—at least partially—responsible for their
limited agreement. Firstly, the PKG measures movements continuously and classifies them
into the motor states for every hour, while the hourly diary completion not only leads to
large recall bias, but potentially also due to diary fatigue [4, 5]. However, the amount of
incomplete diary entries was similar to the missing number of classifications by the PKG, but
diary fatigue might also lead to limited diary entry accuracy fatigue [4, 5]. The assumption of
diary fatigue is supported by decreasing agreement rates over days in the present study, but
notably we did not directly assess diary fatigue. Secondly, PKG outcomes correlate well with
clinical ratings by physicians such as UPDRS or mAIMS suggesting a more objective rating
of motor performance, while diary completion is potentially confounded by non-motor
symptoms or their fluctuations, particularly psychiatric conditions such as cognitive dysfunc-
tion, fatigue and depression. However, persistent depression measured by the BDI was not a
relevant confounder for the correlations of diary and PKG data. Whether or not mood or
other non-motor symptom fluctuations that are known to appear in conjunction with motor
oscillations fluctuations [27, 28] influence the diary ratings needs to be addressed in future
studies. Another limitation of the present study is that ratings derived from PKG and patient
diaries were not compared to clinical assessments performed by trained clinicians. This
would have required continuous presence of a rater during the observation period, which was
not part of the protocol. Maybe simultaneous video monitoring would be a way to acquire
this supplementary information in future studies. We finally point to the fact that the limits
of the use of patient diary information as a gold standard in clinical studies were not focus of
our study.

Fig 3. Ancillary analyses of factors that influenced calibration. A)Number of minutes that diaries were shifted forwards (+) or backwards (-) relative to
the PKG time (see text): 12/24 required no shift in time and 9/12 of the remainder required shifting the PKG forward in time. B) Extent to which the
threshold for “Off” was increased or decreased from 26 BKS units and 4 DKS units. Note that a reduction in 8 BKS units brings the threshold to the mean of
normal subjects. It was necessary to increase the DKS threshold in most subjects.C) Value of the regression coefficient (Y axis) which is the difference in
the median BKS (green symbols) or median DKS (red symbols) when the diary has been scored as On compared to when the diary scores were Off or
dyskinetic (respectively). The bars show the median and interquartile range (IQR).

doi:10.1371/journal.pone.0161559.g003
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The strong correlation of PKG measures with objective ratings (UPDRS and mAIMS) using
the same recording paradigms as in the recent study [7] also implies that the fact that the PKG
was placed on one limb only (wrist on most affected side) is not an important reason for a lack
of correlation. In addition, PKG might not be able to reliably distinguish between volitional
rest and immobility in Off state. In order to minimize these factors, only inpatients under con-
tinuous surveillance were enrolled and trained rigorously in completing the diaries correctly.
Therefore, the PKG should be combined with a patient activity protocol similar to Holter ECG
monitoring.

Another important consideration in this comparison potentially limiting the agreement
between diary and PKG data is that the clinical scales and the PKG scores are continuous
whereas diaries typically have either a three point scale (Off, On or dyskinetic). Ideally, there
should be a specific point on the continuous scale and when this point is exceeded the subject
is deemed “Off” or dyskinetic. However with diaries each patient selects their own (possibly
varying) threshold. Thus a comparison between the PKG (and any other objective continuous
rating scale) with diary entries will require that first some threshold level is chosen and second
that an attempt is made to establish what idiosyncratic threshold each subject has chosen. To
further add more variability to the patient ratings, the finding that the within-patient variability
is stronger for the association between diaries and PKG for bradykinesia, whereas the between-
patient differences dominated dyskinesia, might be interpreted as meaning that individual
patients are more variable in the way they score Off and On, whereas with dyskinesia, the
patients are intrinsically more consistent in their scoring. These factors which were partially
eliminated by data calibration during data processing leading to much better agreement rates
between PKG and diary data. Indeed, a closer look at the ratings of the different motor states
conveys that the calibrated PKG data agree with the diaries classification of the Off state and
dyskinetic states for a high proportion of hours (see S5 and S6 Tables). However, it also pro-
vides an explanation for why the Cohen’s κ would have been low in many of these patients:
That reason is that for many patients, while there was high agreement, it was for being in the
On state, with a very small proportion in the bradykinetic or dyskinetic state. Cohen’s κ test
and other categorical tests to do not handle this type unbalanced distribution of values in cells.

Calibration of the PKG data consisted of either shifting the time or the threshold. In about a
third of subjects, there was a forward shift, meaning that events happening in the PKG at the
time of filling in the diary led to better correlations than those of an hour earlier. One explana-
tion might be that the patient’s current state was likely to be more influential than the memory
of the last hour. On the other hand, almost half the patients (11 out of 24) required a lowering
of the bradykinesia threshold. The objective threshold for the PKG was set at 8 BKS units
above “normal”, which is roughly equivalent to a UPDRSIII score of around 10 [7]. This
implies that for half the patients this threshold is too high and that they are detecting lower
thresholds. The regression analysis showed that about half of the patients required a change in
BKS>4 (UPDRS III ~4) to qualify for a change from On to Off state. In the case of dyskinesia,
an increase in threshold was required in 19 out of the 24 subjects. The PKG threshold was set
at 4 DKS, which is equivalent to an AIMS = 0. If the threshold had been set at the 75th percen-
tile of controls (equivalent to an AIMS ~10) [7], then most subjects would have required a low-
ering of threshold. The random effect logistic regression model implies that between-patient
differences dominated the variability between PKG and diaries in scoring dyskinesia. This may
indicate that individual patients are intrinsically more consistent in their scoring of being dys-
kinetic than in their scoring of bradykinesia.

The improvement of correlations between PKG and diary data by calibrating the PKG data
as well as the discussed differences of the correlation strengths between diary and PKG data for
motor fluctuations and dyskinesia might not only support the notion that low correlation levels
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were mediated by individual differences or thresholds in diary entries by the patients, but
might also point to potential limits in the algorithm used to classify continuous PKG data into
motor states based on upper extremity motor function. The finding that the median BKS and
median DKS closely correlate with the UPDRS III and mAIMS support the contention that the
original algorithms can classify motor symptoms as rated by an objective observer [7] and can
distinguish between fluctuating and non-fluctuating patients [19]. Thus the mismatch seems
more likely to be between the objective and subjective observer. However, future threshold-free
and adaptive technologies might be utilized to improve categorization of continuous PKG data
into categorical diary data and/or other patient ratings.

Together, the PKG is a valuable tool to measure total motor state hours per day particularly
for the dyskinetic motor state. Future studies in larger patient cohorts—at best under con-
trolled prospective conditions—are warranted to confirm our data and to evidence the PKG as
a suitable trial endpoint.

Supporting Information
S1 Fig. Frequencies of motor states from diaries, raw PKG and calibrated PKG data per day
on the patient level. Displayed are the mean number of hours per day per patient collected
during the five days from each patient (n = 24) in motor Off state (A), motor On state without
dyskinesia (B) and dyskinetic state (C) as per the diaries, PKG raw and calibrated data.
(TIF)

S1 Table. Demographic and clinical data.
(DOCX)

S2 Table. Types of motor complications.
(DOCX)

S3 Table. Data of PKG recordings and PD home diary entries.
(DOCX)

S4 Table. Correlation of diary data with PKG results (per day on the patient level).
(DOCX)

S5 Table. Matching between calibrated PKG and diary data in identification of bradykine-
sia.
(DOCX)

S6 Table. Matching between calibrated PKG and diary data in identification of dyskinesia.
(DOCX)

Acknowledgments
The authors thank all patients for their participation and the study center personnel, namely
Simone Schmidt, Dorena Galle, Rowena Karl and Antonia Maass.

Author Contributions

Conceptualization: CO FGMHGE AS.

Data curation: CO GE AS.

Formal analysis: CO FG LC AS GE.

Funding acquisition: GE AS.

Objective Motor State Assessment in PD

PLOSONE | DOI:10.1371/journal.pone.0161559 August 24, 2016 11 / 13

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0161559.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0161559.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0161559.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0161559.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0161559.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0161559.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0161559.s007


Investigation: CO FGMF CB GE AS.

Methodology: CO GE AS.

Project administration: CO FG CB AS.

Resources:HR GE AS.

Software: LCMH AS.

Supervision: GE AS.

Visualization: CO AS MH.

Writing – original draft: CO AS.

Writing – review & editing: FGMF CB LC HRMHGE.

References
1. Hauser RA, Friedlander J, Zesiewicz TA, Adler CH, Seeberger LC, O'Brien CF, et al. A home diary to

assess functional status in patients with Parkinson's disease with motor fluctuations and dyskinesia.
Clinical neuropharmacology. 2000; 23(2):75–81. Epub 2000/05/10. PMID: 10803796.

2. Fahn S, Elton RL, Committee UD. The Unified Parkinson’s Disease Rating Scale. In: Fahn S, Marsden
CD, Calne DB, editors. Recent developments in Parkinson’s disease. 2. Florham Park: Macmillan
Healthcare Information; 1987. p. 153–63, 293–304.

3. May PR, Lee MA, Bacon RC. Quantitative assessment of neuroleptic-induced extrapyramidal symp-
toms: clinical and nonclinical approaches. Clinical neuropharmacology. 1983; 6 Suppl 1:S35–51. Epub
1983/01/01. PMID: 6139165.

4. Papapetropoulos SS. Patient diaries as a clinical endpoint in Parkinson's disease clinical trials. CNS
neuroscience & therapeutics. 2012; 18(5):380–7. Epub 2011/11/11. doi: 10.1111/j.1755-5949.2011.
00253.x PMID: 22070400.

5. Stone AA, Shiffman S, Schwartz JE, Broderick JE, Hufford MR. Patient non-compliance with paper dia-
ries. BMJ. 2002; 324(7347):1193–4. Epub 2002/05/23. PMID: 12016186; PubMed Central PMCID:
PMC111114.

6. Tsipouras MG, Tzallas AT, Rigas G, Tsouli S, Fotiadis DI, Konitsiotis S. An automated methodology for
levodopa-induced dyskinesia: assessment based on gyroscope and accelerometer signals. Artificial
intelligence in medicine. 2012; 55(2):127–35. Epub 2012/04/10. doi: 10.1016/j.artmed.2012.03.003
PMID: 22484102.

7. Griffiths RI, Kotschet K, Arfon S, Xu ZM, JohnsonW, Drago J, et al. Automated assessment of bradyki-
nesia and dyskinesia in Parkinson's disease. Journal of Parkinson's disease. 2012; 2(1):47–55. Epub
2012/01/01. doi: 10.3233/JPD-2012-11071 PMID: 23939408.

8. Maetzler W, Domingos J, Srulijes K, Ferreira JJ, Bloem BR. Quantitative wearable sensors for objective
assessment of Parkinson's disease. Movement disorders: official journal of the Movement Disorder
Society. 2013; 28(12):1628–37. Epub 2013/09/14. doi: 10.1002/mds.25628 PMID: 24030855.

9. Klucken J, Barth J, Kugler P, Schlachetzki J, Henze T, Marxreiter F, et al. Unbiased and mobile gait
analysis detects motor impairment in Parkinson's disease. PloS one. 2013; 8(2):e56956. Epub 2013/
02/23. doi: 10.1371/journal.pone.0056956 PMID: 23431395; PubMed Central PMCID: PMC3576377.

10. Barth J, Klucken J, Kugler P, Kammerer T, Steidl R, Winkler J, et al. Biometric and mobile gait analysis
for early diagnosis and therapy monitoring in Parkinson's disease. Conference proceedings: Annual
International Conference of the IEEE Engineering in Medicine and Biology Society IEEE Engineering in
Medicine and Biology Society Annual Conference. 2011; 2011:868–71. Epub 2012/01/19. doi: 10.
1109/IEMBS.2011.6090226 PMID: 22254448.

11. Patel S, Hughes R, Huggins N, Standaert D, Growdon J, Dy J, et al. Using wearable sensors to predict
the severity of symptoms and motor complications in late stage Parkinson's Disease. Conference pro-
ceedings: Annual International Conference of the IEEE Engineering in Medicine and Biology Society
IEEE Engineering in Medicine and Biology Society Annual Conference. 2008; 2008:3686–9. Epub
2009/01/24. doi: 10.1109/IEMBS.2008.4650009 PMID: 19163512.

12. Patel S, Lorincz K, Hughes R, Huggins N, Growdon J, Standaert D, et al. Monitoring motor fluctuations
in patients with Parkinson's disease using wearable sensors. IEEE transactions on information

Objective Motor State Assessment in PD

PLOSONE | DOI:10.1371/journal.pone.0161559 August 24, 2016 12 / 13

http://www.ncbi.nlm.nih.gov/pubmed/10803796
http://www.ncbi.nlm.nih.gov/pubmed/6139165
http://dx.doi.org/10.1111/j.1755-5949.2011.00253.x
http://dx.doi.org/10.1111/j.1755-5949.2011.00253.x
http://www.ncbi.nlm.nih.gov/pubmed/22070400
http://www.ncbi.nlm.nih.gov/pubmed/12016186
http://dx.doi.org/10.1016/j.artmed.2012.03.003
http://www.ncbi.nlm.nih.gov/pubmed/22484102
http://dx.doi.org/10.3233/JPD-2012-11071
http://www.ncbi.nlm.nih.gov/pubmed/23939408
http://dx.doi.org/10.1002/mds.25628
http://www.ncbi.nlm.nih.gov/pubmed/24030855
http://dx.doi.org/10.1371/journal.pone.0056956
http://www.ncbi.nlm.nih.gov/pubmed/23431395
http://dx.doi.org/10.1109/IEMBS.2011.6090226
http://dx.doi.org/10.1109/IEMBS.2011.6090226
http://www.ncbi.nlm.nih.gov/pubmed/22254448
http://dx.doi.org/10.1109/IEMBS.2008.4650009
http://www.ncbi.nlm.nih.gov/pubmed/19163512


technology in biomedicine: a publication of the IEEE Engineering in Medicine and Biology Society.
2009; 13(6):864–73. Epub 2009/10/23. doi: 10.1109/TITB.2009.2033471 PMID: 19846382.

13. Barth J, Sunkel M, Bergner K, Schickhuber G, Winkler J, Klucken J, et al. Combined analysis of sensor
data from hand and gait motor function improves automatic recognition of Parkinson's disease. Confer-
ence proceedings: Annual International Conference of the IEEE Engineering in Medicine and Biology
Society IEEE Engineering in Medicine and Biology Society Annual Conference. 2012; 2012:5122–5.
Epub 2013/02/01. doi: 10.1109/EMBC.2012.6347146 PMID: 23367081.

14. Del Din S, Godfrey A, Rochester L. Validation of an accelerometer to quantify a comprehensive battery
of gait characteristics in healthy older adults and Parkinson's disease: toward clinical and at home use.
IEEE journal of biomedical and health informatics. 2015. Epub 2015/04/08. doi: 10.1109/JBHI.2015.
2419317 PMID: 25850097.

15. Keijsers NL, Horstink MW, van Hilten JJ, Hoff JI, Gielen CC. Detection and assessment of the severity
of levodopa-induced dyskinesia in patients with Parkinson's disease by neural networks. Movement
disorders: official journal of the Movement Disorder Society. 2000; 15(6):1104–11. Epub 2000/12/05.
PMID: 11104192.

16. Keijsers NL, Horstink MW, Gielen SC. Automatic assessment of levodopa-induced dyskinesias in daily
life by neural networks. Movement disorders: official journal of the Movement Disorder Society. 2003;
18(1):70–80. Epub 2003/01/09. doi: 10.1002/mds.10310 PMID: 12518302.

17. Tsipouras MG, Tzallas AT, Fotiadis DI, Konitsiotis S. On automated assessment of Levodopa-induced
dyskinesia in Parkinson's disease. Conference proceedings: Annual International Conference of the
IEEE Engineering in Medicine and Biology Society IEEE Engineering in Medicine and Biology Society
Annual Conference. 2011; 2011:2679–82. Epub 2012/01/19. doi: 10.1109/IEMBS.2011.6090736
PMID: 22254893.

18. Pulliam CL, Burack MA, Heldman DA, Giuffrida JP, Mera TO. Motion sensor dyskinesia assessment
during activities of daily living. Journal of Parkinson's disease. 2014; 4(4):609–15. Epub 2014/09/12.
doi: 10.3233/JPD-140348 PMID: 25208729.

19. Horne MK, McGregor S, Bergquist F. An objective fluctuation score for Parkinson's disease. PloS one.
2015; 10(4):e0124522. Epub 2015/05/01. doi: 10.1371/journal.pone.0124522 PMID: 25928634;
PubMed Central PMCID: PMC4416005.

20. Hughes AJ, Daniel SE, Kilford L, Lees AJ. Accuracy of clinical diagnosis of idiopathic Parkinson's dis-
ease: a clinico-pathological study of 100 cases. Journal of neurology, neurosurgery, and psychiatry.
1992; 55(3):181–4. Epub 1992/03/01. PMID: 1564476; PubMed Central PMCID: PMC1014720.

21. Gill DJ, Freshman A, Blender JA, Ravina B. The Montreal cognitive assessment as a screening tool for
cognitive impairment in Parkinson's disease. Movement disorders: official journal of the Movement Dis-
order Society. 2008; 23(7):1043–6. Epub 2008/04/03. doi: 10.1002/mds.22017 PMID: 18381646.

22. Hoehn MM, Yahr MD. Parkinsonism: onset, progression and mortality. Neurology. 1967; 17(5):427–42.
Epub 1967/05/01. PMID: 6067254.

23. Beck AT, Ward CH, Mendelson M, Mock J, Erbaugh J. An inventory for measuring depression. Arch
Gen Psychiatry. 1961; 4:561–71. Epub 1961/06/01. PMID: 13688369.

24. Hauser RA, Russ H, Haeger DA, Bruguiere-Fontenille M, Muller T, Wenning GK. Patient evaluation of a
home diary to assess duration and severity of dyskinesia in Parkinson disease. Clinical neuropharma-
cology. 2006; 29(6):322–30. Epub 2006/11/11. doi: 10.1097/01.WNF.0000229546.81245.7F PMID:
17095895.

25. Tomlinson CL, Stowe R, Patel S, Rick C, Gray R, Clarke CE. Systematic review of levodopa dose
equivalency reporting in Parkinson's disease. Movement disorders: official journal of the Movement
Disorder Society. 2010; 25(15):2649–53. Epub 2010/11/12. doi: 10.1002/mds.23429 PMID: 21069833.

26. Schrag A, Barone P, Brown RG, Leentjens AF, McDonaldWM, Starkstein S, et al. Depression rating
scales in Parkinson's disease: critique and recommendations. Movement disorders: official journal of
the Movement Disorder Society. 2007; 22(8):1077–92. PMID: 17394234.

27. Storch A, Schneider CB, Wolz M, Sturwald Y, Nebe A, Odin P, et al. Nonmotor fluctuations in Parkinson
disease: severity and correlation with motor complications. Neurology. 2013; 80(9):800–9. Epub 2013/
02/01. doi: 10.1212/WNL.0b013e318285c0ed PMID: 23365054.

28. Storch A, Schneider CB, Klingelhofer L, Odin P, Fuchs G, Jost WH, et al. Quantitative assessment of
non-motor fluctuations in Parkinson's disease using the Non-Motor Symptoms Scale (NMSS). J Neural
Transm (Vienna). 2015; 122(12):1673–84. doi: 10.1007/s00702-015-1437-x PMID: 26264174.

Objective Motor State Assessment in PD

PLOSONE | DOI:10.1371/journal.pone.0161559 August 24, 2016 13 / 13

http://dx.doi.org/10.1109/TITB.2009.2033471
http://www.ncbi.nlm.nih.gov/pubmed/19846382
http://dx.doi.org/10.1109/EMBC.2012.6347146
http://www.ncbi.nlm.nih.gov/pubmed/23367081
http://dx.doi.org/10.1109/JBHI.2015.2419317
http://dx.doi.org/10.1109/JBHI.2015.2419317
http://www.ncbi.nlm.nih.gov/pubmed/25850097
http://www.ncbi.nlm.nih.gov/pubmed/11104192
http://dx.doi.org/10.1002/mds.10310
http://www.ncbi.nlm.nih.gov/pubmed/12518302
http://dx.doi.org/10.1109/IEMBS.2011.6090736
http://www.ncbi.nlm.nih.gov/pubmed/22254893
http://dx.doi.org/10.3233/JPD-140348
http://www.ncbi.nlm.nih.gov/pubmed/25208729
http://dx.doi.org/10.1371/journal.pone.0124522
http://www.ncbi.nlm.nih.gov/pubmed/25928634
http://www.ncbi.nlm.nih.gov/pubmed/1564476
http://dx.doi.org/10.1002/mds.22017
http://www.ncbi.nlm.nih.gov/pubmed/18381646
http://www.ncbi.nlm.nih.gov/pubmed/6067254
http://www.ncbi.nlm.nih.gov/pubmed/13688369
http://dx.doi.org/10.1097/01.WNF.0000229546.81245.7F
http://www.ncbi.nlm.nih.gov/pubmed/17095895
http://dx.doi.org/10.1002/mds.23429
http://www.ncbi.nlm.nih.gov/pubmed/21069833
http://www.ncbi.nlm.nih.gov/pubmed/17394234
http://dx.doi.org/10.1212/WNL.0b013e318285c0ed
http://www.ncbi.nlm.nih.gov/pubmed/23365054
http://dx.doi.org/10.1007/s00702-015-1437-x
http://www.ncbi.nlm.nih.gov/pubmed/26264174

