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A B S T R A C T

Introduction: A treatment response objective index (TRIS) was previously developed based on sensor data from
pronation-supination tests. This study aimed to examine the performance of TRIS for medication effects in a new
population sample with Parkinson's disease (PD) and its usefulness for constructing individual dose-response
models.
Methods: Twenty-five patients with PD performed a series of tasks throughout a levodopa challenge while
wearing sensors. TRIS was used to determine motor changes in pronation-supination tests following a single
levodopa dose, and was compared to clinical ratings including the Treatment Response Scale (TRS) and six sub-
items of the UPDRS part III.
Results: As expected, correlations between TRIS and clinical ratings were lower in the new population than in
the initial study. TRIS was still significantly correlated to TRS (rs=0.23, P < 0.001) with a root mean square
error (RMSE) of 1.33. For the patients (n= 17) with a good levodopa response and clear motor fluctuations, a
stronger correlation was found (rs=0.38, RMSE=1.29, P < 0.001). The mean TRIS increased significantly
when patients went from the practically defined off to their best on state (P=0.024). Individual dose-response
models could be fitted for more participants when TRIS was used for modelling than when TRS ratings were
used.
Conclusion: The objective sensor index shows promise for constructing individual dose-response models, but
further evaluations and retraining of the TRIS algorithm are desirable to improve its performance and to ensure
its clinical effectiveness.

1. Introduction

Due to progressively reduced duration of levodopa effects as well as
fluctuations in bioavailability of levodopa in Parkinson's disease (PD),
wearing-off episodes and levodopa induced dyskinesia may occur re-
lated to the narrowing therapeutic window [1,2]. Wearing-off episodes
are also caused by reduced dopamine storage capacity as well as dys-
kinesia due to the change in sensitivity for levodopa treatment. It is
important to individualize the magnitude of the response to the

levodopa dose to achieve stable treatment effects. The advance of
wearable sensors can be utilized to develop ambulatory monitoring
systems that can quantify movement characteristics during multiple
time points and settings which are difficult to achieve in standard
clinical practice. The use of wearable sensors to monitor changes in PD
motor states can provide sensitive estimations of dose duration and can
make individualized treatments feasible.

We have previously developed a sensor-based dosing system [3–5]
that can assess individual treatment effects in term of levodopa dose
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efficacy and duration of effect based on physician observed and rated
response as well as quantitative objective assessments of levodopa
motor response. The signal evaluation is performed in three steps:
during a first step, a sensor-based algorithm automatically recognizes
different features of the motor response to levodopa based on repeated
hand pronation-supination tests and produces a continuous index as an
output [5]. The treatment response index from sensors (TRIS) is used as
an input for modelling individual dose response patterns as a second
step of the signal evaluation and the models are used to produce dosing
suggestions in a final step.

The measurement properties of TRIS were examined with regard to
levodopa plasma levels and pharmacodynamic effects in previous stu-
dies [5,6]. TRIS had a good correlation to clinical assessments of motor
state, not only the Treatment Response Scale (TRS) which it was
mapped on [5], but also to selected items of the unified Parkinson's
disease rating scale (UPDRS) part III. TRIS was also effective for de-
tecting different motor states over the time course of a single levodopa
dose [6]. An independent evaluation of the TRIS is essential for de-
termining if the TRIS results can be generalized to other populations of
PD patients and provides reliable information for constructing in-
dividual dose-response models.

The aim of this study was to examine TRIS for the use in automated
quantification of motor responses to a single levodopa dose in an in-
dependent patient population. To proceed to the third step in an au-
tomated signal analysis it is necessary to be able to create individual
dose models based on TRIS. Therefore we also compared the fitting of
individual dose models built between TRIS and TRS ratings.

2. Methods

2.1. Study population and design

This study population was recruited from the Neurology
Department at Sahlgrenska University Hospital, Sweden. The popula-
tion was recruited between August 2016 and February 2017. Eligible
participants were aged> 18 and had a diagnosis of idiopathic
Parkinson's disease. Full inclusion and exclusion criteria as well as
study design have previously been reported in detail [7]. This study
protocol was approved by The Regional ethical review board in Go-
thenburg, Sweden and written informed consent was obtained from all
participants, in agreement with the declaration of Helsinki.

2.2. Treatment-response index from sensor, TRIS

The TRIS algorithm was previously trained on an independent study
population of 19 participants (referred to as study I) [5]. The developed
algorithm was a support vectors machine model (SVM), using six se-
lected principal components as predictors, that had been derived from
88 spatiotemporal features of the wrist sensor signals [5]. The SVM was
mapped on the mean TRS ratings from three movement disorder spe-
cialists. Details of signal processing and the selected features have been
described earlier [5].

2.3. Wearable sensors

Throughout this validation study (referred to as study II) the par-
ticipants wore four small and lightweight sensors (51× 34×14mm;
28 g; Shimmer3 IMU units, Ireland) on the dorsum of each wrist and the
lateral aspect of each ankle. Only the wrist sensor signals (six signals
from three-axis acceleration and three-axis rotation) were used to
produce TRIS values by applying the SVM model from study I.

2.4. Levodopa challenge test

The purpose of the levodopa challenge test was to measure the in-
dividual response to levodopa intake from a practically defined off state

(baseline) to best mobility and/or evoked dyskinesia and back to off
state. Participants performed a series of tasks including hand pronation-
supination movements, finger and foot tapping, standing up from sit-
ting, walking across the room and reading a text. The tasks were first
performed in the morning when the participants had been off levodopa
medication for at least 12 h (the practically defined off state). The tasks
were repeated at predetermined time points (prior to dosing, dose ad-
ministration at time 0, and thereafter at 20, 40, 60, 80, 110, 140, 170,
200 and 230min after dose administration) [6], before and after re-
ceiving a single levodopa dose (120% of their regular levodopa derived
levodopa equivalent morning dose2).

2.5. Video ratings

Video recordings of all participants of study I and II were rated by
experienced movement disorder specialists using the TRS, six items of
the UPDRS and the Dyskinesia rating scale, from practically defined off
state (baseline) to 4 h levodopa administration [7]. In study I raters
rated independently and mean ratings were used to train the algorithm.
In the current study (study II), the raters discussed to reach a consensus
rating. The TRS is an ordinal scale with seven levels for assessing global
clinical motor response to Parkinson medication. TRS ranges from −3
(severe Parkinsonism) to +3 (severe choreatic dyskinesia), where 0
indicates “on” without any dyskinesias, the interval −1 to +1 as
functional “on”, the interval −3 to −2 indicates severe to moderate
Parkinsonism and interval +2 to +3 is “on” with moderate to severe
dyskinesia [6]. The six items of the UPDRS were finger tapping (item
23), rapid alternating movement of hands (item 25), leg agility (item
26), arising from chair (item 27), gait (item 29) and body bradykinesia
and hypokinesia (item 31). The selected six sub-items were considered
to be the most relevant and convenient to assess the motor dynamics
within a levodopa challenge test, in line with previous studies [6,8].
Dyskinesia was rated on the observed activities using the definitions of
the Dyskinesia Rating Scale [9]. The two raters in this study had pre-
viously showed a good interrater reliability (κ=0.68) and 91%
agreement on TRS rating as well as UPDRS part III [8].

2.6. Individual dose-response models

The individual dose-response model is a system of mathematical
equations that describes dose effects following levodopa intake [10],
which is based on a pharmacokinetic-pharmacodynamics population
model (PKPD) and can be created by altering selected parameter values
of a population model [3]. The parameter values were selected based on
sensitivity analysis and the individual dose-response models are built
algorithmically through least squares optimization of the differences
between the population PKPD and individual patients’ TRS ratings
[3,11]. The selected parameter values are altered to minimize the dis-
tance between individual observations and mean PKPD behaviour. The
method was first applied on data from 31 patients who were treated
with levodopa-carbidopa intestinal gel [3]. When creating individual
models TRIS can be used instead of TRS, since the scores are reported in
the same range (−3 to +3). Individual dose-response models based on
a single dose test can only be constructed if the TRS/TRIS values in-
crease from baseline and then decrease towards baseline again. The
behaviour of the TRS/TRIS values was evaluated based on the ability to
fit individual dose-response models, which reflects the ability to pro-
duce individual parameter values for PKPD models. Because the UPDRS
scale does not range from −3 to +3 and only rates aspects of brady-
kinesia, not dyskinesia, it is not easily mapped on the TRS scale. For
that reason UPDRS ratings were not used to create mathematical in-
dividual models, but were evaluated visually for the presence of the

2 Dopamine agonists and MAOB-inhibitors were not included in the calcula-
tion and were administered as usual.
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above mentioned criteria for fitting an individual dose-response model.

2.7. Assessment of motor fluctuations

The presence of clear motor fluctuations in daily life was de-
termined by two blinded independent movement disorder specialists
based on a six-day objective free-living motor symptom accelerometry
measurement (Parkinson Kinetigraphs, PKG, Global Kinetics
Corporation, Australia) that was conducted prior to the data collection
[7]. The objective measurements provide visual graphs of average
bradykinesia and dyskinesia scores over the past week [12]. Dis-
crepancies between the blinded evaluations from the two specialists
were resolved with a final evaluation and decision by the responsible
physician.

2.8. Data analysis and statistics

The motor response to levodopa was evaluated based on changes in
TRS ratings over time. Levodopa response was considered positive if
TRS improved by at least 1 score during the levodopa challenge test.
The practically defined off state was the first assessments during the
levodopa test (when the patient had been off medication for> 12 h).
Best on, as “wanted” response, was defined as the maximum TRS value
in the range −3 to +1 (as TRS -1 to +1 interval describes functional
“on” [8]).

The participants who completed the levodopa challenge test were
divided into two subgroups: participants with positive response to le-
vodopa and unequivocal motor fluctuations (abbreviated as LR + MF),
and participants without acute response in the levodopa challenge or
without apparent motor fluctuations (abbreviated as non-LR/MF).

Spearman rank-order correlations were calculated between TRIS
and the clinical ratings. The Spearman correlation coefficient was
considered as small if rs=0.1 to 0.29, medium if rs=0.3 to 0.49, and
large if rs=0.5 to 1.0 [13]. Changes in clinical ratings and TRIS, from
practically defined off to best on state in the LR + MR group, were
compared using parametric paired t-test and nonparametric Wilcoxon
signed-rank test. The participants who were categorized as non-LR/MF
were analyzed as a whole group due to the small number of subjects.
Statistical analysis was conducted using SAS version 9.4 and the algo-
rithm performance validation was analyzed in R version 3.3. The sig-
nificance level was defined as P < 0.05.

3. Results

Twenty-five participants with PD (median age 68 years, range
58–82 years, 15 male [60%], Table 1) completed the levodopa chal-
lenge test producing a total of 239 assessment time points. The mean
(SD) pre-study levodopa equivalent dose for the morning dose was 141
(70) mg and the mean levodopa test dose used in the study (120% of the
morning dose) was 176 (79) mg. Individual normalized values of TRS
and TRIS are presented in Supplementary Fig. 2. In three participants
(participants 5, 8 and 21) TRS remained unaltered throughout the le-
vodopa challenge test. Another five participants (participants 9, 10, 18,
20 and 23) displayed no clear motor fluctuations according to the
blinded evaluations of a six-day free-living objective accelerometry
measurements using PKG. The remaining 17 participants responded
positively to levodopa and had unequivocal objective motor fluctua-
tions (LR + MF).

3.1. Clinical ratings versus TRIS in study II

A stronger correlation with a lower root mean square error (RMSE)
was found between TRIS and TRS in the LR + MF group compared to
the total population sample (total rs=0.23 [small], P < 0.001,
RMSE = 1.33; LR + MF group rs=0.38 [medium], P < 0.001,
RMSE=1.29). TRIS was significantly correlated with UPDRS III sum

scores and each of 5 sub-items of UPDRS III except for the item of body
bradykinesia and hypokinesia (Fig. 1). Out of the six examined UPDRS
items gait and leg agility correlated most strongly with TRIS. The
dyskinesia ratings were significantly correlated with both TRS and TRIS
(Fig. 1).

3.2. Levodopa-induced changes in ratings and TRIS in study II

There was a significant change in clinical ratings and TRIS from
practically defined off to best on state. The mean TRIS was −0.9 in
practically defined off and −0.5 in best on (n= 17, mean diff=0.32,
t=−2.515, P=0.024, range of changes −1.29 to 0.47). TRS in-
creased from a median of −2 in practically defined off to +1 in best on
(n= 17, a change of 3 scores, range of changes 0 to 4, z=−3.45,
P=0.001). A median improvement from practically defined off to best
on of 3 points (n = 17, range of changes −1 to +12 points, z=−3.24,
P=0.001) was found in the UPDRS sum scores of the six sub-items.
Individual changes in TRIS, UPDRS sum scores and TRS and the average
spline are shown in Fig. 2.

No participants had dyskinesia in the practically defined off state
and 3 participants (participants 7, 15 and 16) exhibited dyskinesia
20min after the levodopa test dose was administered.

3.3. TRIS performance: study I versus study II

A medium correlation of 0.49 with RMSE of 1.14 was reported
between TRS and TRIS in study I, using a leave one patient out cross
validation setting [5]. In study II, TRIS had a lower correlation to TRS
and higher RMSE, but in the LR + MF group the correlation between
TRIS and TRS remained medium strength. There are no significant
differences in gender, age and years since diagnosis between the two
studies. The density functions of the TRS distributions of the two studies
are given in Fig. 3. In comparison with study I, the present study had a
higher percentage of TRS observations that were lower than or equal to
−2 (10% in study I versus 34% in study II, Supplementary Fig. 1).

3.4. Individual dose-response models

Individual dose-response models could be fitted for 19 out of 25
participants (76%) when TRIS was used for modelling (Supplementary
Fig. 2). Using TRS, the individual models could be only fitted for 11 out
of 25 participants (44%). For those participants, the individual models
could also be fitted using the algorithm-based TRIS. The effect of re-
moving outlier data points was also evaluated for TRS and UPDRS.
Outliers were identified as scores that either dropped suddenly after the
onset of effect, or that suddenly spiked after wearing-off had been es-
tablished. However, the PKPD model cannot account for these sudden
motor fluctuations and that is why in the modelling part these are
outliers, whether in clinical terms they are not. After removing such
outliers, visual inspection demonstrated that individual dose-response
models could be constructed from the UPDRS scores in 20 of the 25
patients (80%) (Supplementary Fig. 3).

4. Discussion

The TRIS could objectively describe motor symptom features that
are responsive to levodopa also in a new independent population, and
TRIS performed better in patients with positive clinical levodopa tests
and obvious motor fluctuations on week-long accelerometry evalua-
tions.

The raters were instructed to incorporate all present symptoms
during the entire test sequences to score on the TRS. In contrast, TRIS
were built based solely on movement characteristics of the pronation-
supination tests. The raters can have difficulty to visually assess minute
changes in amplitude and frequency of movements during a single le-
vodopa dose due to the limitations of the human eye and limited
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attention. This is suggested by a stronger association between TRS and
UPDRS III items that are relatively easy to assess visually (e.g. arising
from chair, gait and body bradykinesia and hypokinesia) than the sub-
items where rapid and smaller movements are involved (e.g. finger
tapping, rapid alternating movements and leg agility, Fig. 1). The
medium strength correlation between clinical ordinal scores and con-
tinuous measures is therefore somewhat expected. However, the pur-
pose of developing the objective sensor index is to provide clinically
relevant features of movement characteristics for constructing in-
dividual dose-response models, with a more sensitive measure, rather
than to generate a sensor-based version of existing clinical rating scales.

It is common that correlations are weaker when an algorithm was
trained on a limited population sample and tested in an independent
population and a possible reason can be over- or undertraining of the
algorithm. In line with this, the correlations between TRIS and clinical
ratings were found to be generally lower in this study, compared to the
initial study [5]. The performance of TRIS was robust in the sense that

levodopa responses were detected and that the algorithm output TRIS
resulted in a similar frequency of individual dose fitting as the more
time consuming UPDRS III subset rating. Despite a high variability in
both populations, the predictive algorithm was shown to be useful in a
new independent population using a different test dose. In this study, a
large proportion of the observations was at the −3 (severe Parkin-
sonism) of the TRS scale (Fig. 3) and there were also more observations
at the TRS +2 to +3 level (“on” with moderate to severe dyskinesia)
compared to in study I. As discussed previously, the initial training data
set (study I) was dominated by TRS -2 to +1 values [5]. The algorithm
cannot make accurate predictions in the extremes of the TRS, since only
a few observations were present when the algorithm was trained.
Therefore the algorithm consistently over-predicts when TRS values are
lower or equal to −2 (i.e. Parkinsonism is underestimated). The current
results are heavily influenced by the large errors in the predictions at
very bradykinetic states, as they consist of one third of the total ob-
servations (Fig. 3). Retraining the model from study I with different

Table 1
Demographics and clinical characteristics of the study population.

Characteristic All participants (n= 25) LR + MF (n = 17) Non-LR/MF (n=8)

Male, n (%) 15 (60) 10 (59) 5 (63)
Age, median (range), years 68 (58–82) 68 (58–82) 67 (58–78)
Weight, mean (SD), kg 75 (15) 74 (16) 77 (15)
Body mass index, mean (SD), kg/m2 25 (4) 25 (4) 26 (5)
Years since diagnosis, median (range) 10 (4–30) 14 (4–30) 7.5 (5–10)
Symptom fluctuation duration, median (range), years 4 (1–20) 6 (1–20) 2.5 (1–7)
LED, mean (SD),mg/day 1110 (544) 1148 (504) 1030 (652)
Levodopa derived from LED, mean (SD), mg/day 749 (328) 806 (363) 629 (211)
Number of doses/day, mean (SD) 7 (5) 7 (6) 5 (1)
Morning dose, mean (SD), mg 141 (70) 147 (74) 127 (60)
Test dose, mean (SD), mg 176 (79) 178 (87) 173 (62)
MDS-UDPRS, median (range)
part I 9 (1–22) 6 (3–22) 12.5 (1–20)
part II 18 (1–36) 18 (1–36) 17.5 (2–25)
part III 36 (15–55) 36 (15–55) 42.5 (25–50)
part IV 7 (3–13) 7 (3–13) 7 (4–9)

H& Y stage, n (%)
2 20 (80) 13 (76) 7 (87)
3 4 (16) 3 (18) 1 (13)
4 1 (4) 1 (6) 0 (0)

LR + MF: levodopa responsive and with motor fluctuation; Non-LR/MF: without demonstrated levodopa response or without evident motor fluctuations; SD:
standard deviation; LED: levodopa equivalent daily dose; MDS-UPDRS: Movement Disorder Society's version of the Unified Parkinson's Disease Rating Scale; H&Y:
Hoehn and Yahr stage.

Fig. 1. Spearman correlations between UPDRS sub-items,
TRS and TRIS for study II. a Dyskinesia was rated using
the definitions of the Dyskinesia Rating Scale [9]; Sig-
nificant level * P < 0.05, **P < 0.01, ***P < 0.001.
UPDRS: Unified Parkinson's Disease Rating Scale; TRS:
Treatment Response Scale; TRIS: Treatment Response
Index from Sensors; LR + MF: levodopa responsive and
with motor fluctuations; Non-LR/MF: without demon-
strated levodopa response or without evident motor
fluctuations.
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feature selection methods did not meaningfully improve its predictive
performance [14]. Retraining the TRIS algorithm on data with a higher
prevalence of severe Parkinsonism and severe dyskinesia would, how-
ever, be useful to improve performance.

It was possible to fit more individual models using TRIS than when
TRS was used for modelling. TRS is a seven-level discrete ordinal scale
which may not be sensitive enough to capture changes of individual
motor response during a single levodopa dose. The continuous TRIS
indexes performed comparable well compared to when UPDRS sum
scores were used to create individual models, and UPDRS sum scores
have a maximum of 24 categorical levels. Although the UPDRS scale is
well-validated and widely used to assess PD symptoms, it has some
drawbacks compared to TRIS such as the required resources and time to
conduct the assessments and of the need of experienced and trained
professionals to assign ratings. The algorithm-based TRIS appears to
assess motor symptoms and follow treatment effects at an individual
level with a similar performance in the context of detecting a single
dose dose-response.

The ability to fit individual dose-response models is essential for
using dosing algorithms. In this study sample population, the 19 in-
dividual dose-response models that were fitted with TRIS produced

Fig. 2. Spaghetti plots of individual changes in TRS (a),
the accelerometry derived TRIS (b), and UPDRS sum
scores (c) are shown on the left panel. The cubic spline of
the average changes with 95% confidence interval (red
dots) are shown on the right panel: TRS (d), the accel-
erometry derived TRIS (e) and UPDRS sum scores (f). The
maximum change in both TRS and TRIS was found at
80min and the maximum change in UPDRS sum scores
was observed at 20min, even though these is uncertainty
about these estimates, as seen by the confidence interval
in the figure. UPDRS: Unified Parkinson's Disease Rating
Scale; TRS: Treatment Response Scale; TRIS: Treatment
Response Index from Sensors. (For interpretation of the
references to colour in this figure legend, the reader is
referred to the Web version of this article.)

Fig. 3. The histogram of the TRS values for the two studies. It is seen in the plot
that for values −3 and −2 study II had about 3 times more observations than
study I. TRS, Treatment Response Scale.
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maintenance and morning dosing suggestions through dosing algo-
rithms. These dosing suggestions were strongly correlated with dose
adjustments made by a supervising neurologist based on information
provided from a week-long objective assessment combined with patient
interviews (maintenance dosing suggestions rp= 0.8, the mean relative
error of the prediction 21%; morning dosing suggestions rp= 0.95, the
mean relative error 12.5%) [11]. The weeklong objective assessment
aided adjustments improved PD symptoms and disease related quality
of life short term [7].

A sensor-based individual dosing suggestion system is a natural
progression from objective instrumental tests [12,15]. Automated ob-
jective interpretation of sensor-based measurements and dose sugges-
tions could in the long run improve care, and outcomes, by better in-
dividualization of levodopa dosing schedules. If integrated with web-
based applications, it could also facilitate long distance assessments
when patients are in their home environment [16].

The strengths of the present evaluation are that the developed al-
gorithm was tested in a new population and the results were overall in
line with the initial study. The TRIS is therefore potentially useful for
modelling individual levodopa dose-responses. It can also be considered
a strength that the algorithm performed best in patients with motor
fluctuation and positive response to levodopa as it supports the clinical
usefulness of applying this method on patients with undeniable levo-
dopa response and short effect duration. Limitations include that the
sample size was relatively small, which limits the generalization of the
results. Furthermore, the consensus rating between the two raters in
this study could affect the correlation between TRS and TRIS as a more
limited set of integer outcome values was produced. Some of the mis-
match could tentatively be addressed by retraining the TRIS algorithm
on patients with more extreme TRS values. Further studies are neces-
sary to clarify validity, reliability, responsiveness and clinical utility of
the objective index.

In conclusion, correlations between the objective sensor index and
clinical ratings were lower in the new population, and the predictive
algorithm performed best in patients with a positive response to levo-
dopa and clear motor fluctuations. Although the objective sensor index
shows promise for constructing individual dose-response models, fur-
ther improvement of TRIS is desirable to ensure its performance as well
as its clinical effectiveness. Future evaluations will be based on a TRIS
algorithm trained on a population sample pooled from study I and II.
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