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Abstract Measuring the severity of hyperkinetic movement 
disorders like tremor and myoclonus is challenging. Although 
many accelerometers are available to quantify movements, the 
vast majority lacks real-time analysis and an interface that 
makes it possible to real-time adjust therapy like deep brain 
stimulation (DBS). Here, we developed a smartwatch / 
smartphone application that is capable of real-time analysing 
movement disorder severity. Movement analysis was realised 
by integrating acceleration values, to velocity and subsequently 
to distance. Measured distances were compared with a 
validated accelerometer already applied for quantifying 
movement disorders. Further validation was done by 
quantitative assessment of simulated movement disorders in 10 
healthy volunteers. Finally, the approach was tested in two 
patients treated with DBS to quantify the effect of different 
DBS settings on myoclonus and tremor severity, respectively.  
The distance measured with the application had a 96% 
accuracy. This was non-inferior (p = 0.76) compared to 
accelerometers already clinically applied. Furthermore, 
(simulated) movement disorder severity could be classified 
correctly in 93% of the cases. Finally, the method was capable 
of distinguishing effective from non-effective DBS parameters 
in two patients. In summary, with our approach we realised an 
instantaneous and reliable estimation of the severity of 
movement disorders which can assist in real time titrating 
therapy like DBS. 

I. INTRODUCTION 

Tremor is an oscillating involuntary rhythmic movement 
of a body part (2) and is the most frequently occurring 
movement disorder. In most cases tremor is mild and can be 
managed with medication but in severe cases, in which it 
interferes with activities of daily living, Deep Brain 
Stimulation (DBS) can be a therapeutic option (3). DBS is a 
treatment in which high-frequent electrical stimulation 
modulates pathological neural activation in deep brain nuclei. 
Although DBS is an established treatment for refractory 
tremor, there are still limitations in terms of efficacy and side 
effects. Furthermore, no consensus is present about optimally 
titrating stimulation parameters. 

Myoclonus is a rare type of movement disorder in which 
patients experience repetitive (very) brief involuntary 
twitching of a muscle or a group of muscles. In severe cases, 
myoclonus patients can be treated with DBS (4). Although 
the clinical benefit of DBS is established, optimal stimulation 
settings are difficult to acquire and differ between patients. 
Furthermore, previous research has shown that the visual 
characterisation of myoclonus is difficult and unreliable (5). 
One possible explanation for this might be that the typical 
duration of myoclonus (for review see 6), around 100 ms, is 
too short to be reliably observed by human (visual) 
perception (7).  

 Since it is of crucial importance to objectively 
characterise the severity of tremor and myoclonus for 
titrating DBS stimulation settings, there is an unmet clinical 
need. This is especially the case since > 10.000 DBS 
stimulation settings can be configured are present, which 
can’t all be clinically tested due to patient fatigue and limited 
healthcare resources. For this reason we developed and 
validated a smartwatch application that is capable of real-
time analysing movement disorder severity. 

II. MATERIALS AND METHODS 

A. Soft and Hardware 
The application was written using Xcode version 8.3.3 
(Apple Inc, Cupertino, California, US) and Swift 3.0 (Apple 
Inc, Cupertino, California, US). Experimental testing was 
done using the accelerometer and gyroscope in the Apple 
Watch series 2 with WatchOs 3.2 (Apple Inc, Cupertino, 
California, US) that was controlled by an iPhone 5 with iOS 
10.3 (Apple Inc, Cupertino, California, US). The analysis of 
the clinical validation data was performed using the R 
software package (version 3.3.3, R Core Team, Auckland, 
New Zealand). 

B. Data Processing Pipeline 
Human upper extremity movement data was extracted from 
the accelerometer and gyroscope of the Apple Watch using 
the ‘Core Motion’ framework from which device motion 
filtered from gravitational biases could be derived. This 
filtering was performed using a build-in accelerometer-
gyroscope fusion algorithm (8). Sensor bias due to DC-
offset, calibration time and constant noise corrections have 
been implemented in the software design. DC-offset was 
corrected by subtracting the average value of each individual 
measurement. The calibration time differed per 
accelerometer axis, per hardware device and between 
sessions. The majority of calibration times remained below 1 
second. For this reason, a calibration time of at least 1 
second was used for all recordings. Constant noise was 
subtracted for each axis. A sample frequency of 50 Hz was 
used. 
To quantify movements the accelerometer signal of the x,y 
and z axis was integrated twice to obtain a distance 
estimation. Although this approach has its limitations in 
freely moving situations, it has been validated in clinical 
testing (9). Integration was performed using trapezoid rule 
approach. To obtain a dynamic estimation of distance and 
reduce measurement mistakes in the double integral, a 
moving average approach was used. For further analyses, a 
‘severity score’ was used as quantification. This score 
represents the total displacement over all three axis in a 
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certain temporal interval. Given the restrictions of the 
applied method mentioned above we used the value as a 
score and not as a true distance in centimeters. 

C. Validation 
The application (https://itunes.apple.com/us/app/wmdq/
id1342633514?mt=80, Fig. 1) was validated in four stages. 
The first stage considered the estimation of the 
accelerometer biases and default parameter setting. The 
second stage considered the accuracy of linear motion 
detection and comparison with an established accelerometer 
applied in movement disorders, the third stage considered 
the classification of a simulated movement disorders and the 
fourth stage considered clinical testing of the approach in 
two patients treated with DBS. 

1. Accelerometer Bias Corrections 
A common sensor bias in accelerometer sensors is a short 
deviation at the start of a new measurement. It is only after a 
few iterations that correct acceleration values are reported. 
The duration of this calibration time differs between 
changing environmental conditions and various (sub)types 
of accelerometers. Due to the initially short duration of the 
measurements performed for accessing the severity score in 
this study, a modest deviation for only few iterations can 
have major impact on the resulting score. Because of the 
known high variability in calibration time for these sensors, 
there is no default practice for correcting for this. In order to 
reduce the error caused by this sensor bias, the calibration 
time was measured at 100 different instances divided over 
several days and time periods. The average calibration time 
was defined as the moment that accelerometers read out an 
acceleration below 0.005G over all axis while having the 
sensor on a flat horizontal surface. 
The noise of the acceleration has been measured in a similar 
fashion as aforementioned (100 instances divided over 
several days and time periods). The noise was defined as the 
average acceleration per axis per measurement after 
calibration of the seniors was achieved (< 0.005G 
acceleration measured on flat horizontal surface). 

2. Linear Movements  
In order to use the severity score as a reliable measurement 
tool for tremor and myoclonus severity, the score needs to 
have a linear correlation with the traveled distance of a 
patients wrist. In other words, a double the increase in wrist 
movement is expected to results in double the severity score. 
In order to investigate that the accelerometer in the 

smartwatch is capable of doing such measurements, the 
accuracy of the accelerometer was tested by moving the 
smartwatch over a known linear distance and comparing the 
severity score (total displacement in centimeters) with the 
actual traveled distance. This test was performed by moving 
the smartwatch five times over six different known distances 
(0, 5, 10, 15, 20 and 25 centimeter) over a custom made 
track for improved single-axis movement. After this, the 
averages of each distance were plotted and the linear trend 
of the measurements was calculated using the R-squared 
approach. Furthermore, the accuracy of the smartwatch 
accelerometer was compared with the accuracy of another 
commercially available accelerometer (Shimmer, Dublin, 
Ireland) already applied in movement disorder research (1).  

3. Movement Disorder Simulation  
In the third step of the validation experiment ten volunteers 
were instructed to simulate myoclonus with three different 
severity levels. The explicit instruction was to make an up- 
or downward movement with both arms with either a small, 
medium or large amplitude as well as a null measurement. 
Subjects were ask to perform each condition three times 
(total 12 responses). Simulated myoclonus was quantified by 
performing a 5 second recording. After these measurements, 
a series of four random generated amplitudes were simulated 
blinded from the researcher. Each blinded measurement was 
classified to one of the four severities according to the 
severity score resulting from the application. The 
classification process was done by classifying the score to 
the closest mean of the baseline measurement of that subject.  

4. Clinical Testing  
In the third step of the validation, the severity score was 
used to assess the severity of tremor and myoclonus during 
the application of different DBS settings. In the tremor 
patient, 10 combinations of pseudo-randomised stimulation 
parameters (voltage, pulse-width, frequency) were applied to 
one DBS contact in one hemisphere. For each configuration, 
a measurement with the smart-watch was performed. Next to 
this, a subjective rating was given after testing each 
stimulation configuration. The experimental procedure was 
approved by the local medical ethical board and deemed 
“care as usual”. 

Figure 1: appearance of the combined smartphone / smartwatch app. The 
first screen indicates the start screen whereafter the smartwatch is activated 
and starts the examination (second screen). The third screen depicts the 
visualisation of the results including the severity score (bottom line). The 
last screen depicts the graphical visualisation of the movement recording. 
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!  
Figure 2: comparison of measured distance of the new smartwatch 
application with an established accelerometer applied for measuring 
movement disorders. Measured distances were normalised between 0-25. 
No significant differences were present between the two measurements. 
R^2 = R squared. cm = centimeter. 

In the myoclonus patient each of the DBS contact points (2 * 
4) in each hemisphere was individually tested with 
ascending voltages. This was performed in such way that 
myoclonus severity was assessed from 0V until 4V or until 
the voltage that resulted in the occurrence of side effect in 
steps of 0.5V. The most prominent change in positive and 
negative direction of the severity score induced by DBS was 
calculated for each electrode and averaged afterwards. 
Positive and negative deflections were tested for normality 
and compared using a dependent T test (Fig 4b). 

III. RESULTS  

1. Accelerometer Bias Corrections 
The average acceleration time was comparable between axis 
and was on average 0.9 seconds (longest time reported per 
axis per measurement). An observation worth mentioning 
here is that the calibration time spikes the first time the 
sensor is read out after a longer period of inactivity. 
Concluded from these result, the calibration time has been 
set on 1.0 seconds as default value.  
 The accelerometer noise was ! and 
!  cm per measurement for the x,y and z-axis 
respectively. This noise values for each of the axis is 
subtracted for each readout of each the corresponding axis as 
correction for this bias. Even though this correction does not 
add up to a substantial correction in the initial short duration 
of measurement conducted in this study, as the duration of 
the measurement increases this effect will add up in longer 
recordings. 

2. Linear Movements 
The accelerometer of the smartwatch was able to follow a 
linear trend with an 96% accuracy. This did not differ 
significantly from the shimmer accelerometer (with 99% 
accuracy, p = 0.74, a = 0.05, Fig 2).  

3. Movement Disorder Simulation 
Using solely the severity score resulting from the 
smartwatch application in combination with the baseline of 
each volunteer, the amplitude of this blinded movement was 
classified with 93% accuracy (Table 1). 

Table 1: individual values of the severity scores (a.u.) measured during the 
simulation of myoclonus in ten volunteers (depicted by the numbers 1-10) 
and their averages (bottom row). Null indicates no movement, small, 
medium and large respectively indicate respectively a small, medium and 
large simulated myoclonus. In the last column, the percentage of correct 
classifications based on the closest group mean of the baseline classification 
(at subject level) are depicted. 

 

Figure 

4 : 
quantifying DBS parameters a. Depiction of myoclonus deterioration (left, 
increase) and improvement (right, decrease) after the application of DBS 
compared to baseline in a myoclonus patient expressed in severity score 
(a.u.). No significant deterioration of myoclonus was present, whereas 
significant improvement of myoclonus was present ** = p < 0.01Relation 

3.4 ∙ 10−4

1.7 ∙ 10−3

Subj Null Small Medium Large Correct

1 3.62 13.70 18.45 39.12 100.00

2 1.98 2.00 16.39 60.80 100.00

3 2.93 14.56 27.46 46.68 100.00

4 3.03 25.67 45.57 58.38 77.67

5 2.21 12.01 28.48 82.21 77.67

6 4.17 11.28 19.11 36.06 100.00

7 7.49 38.66 54.84 89.05 100.00

8 1.76 10.31 28.96 62.17 100.00

9 1.44 18.53 35.00 49.05 100.00

10 0.52 8.37 22.68 68.86 100.00

Av 2.92 15.51 29.69 59.24 93.00
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between tremor severity (a.u.) and total delivered energy by DBS. An 
inverse and significant correlation is present. 
4. Clinical Testing  
In the myoclonus patient, normalised OFF stimulation 
severity scores were significantly higher than the optimal 
ON stimulation scores (p < 0.01, resp 0 and -2.7 ± 2.5, Fig 
4a). The measured differences were subtle and did not result 
in a subjective reduction in myoclonus.  
 In the tremor patient, a significant correlation 
between the measured severity score and total delivered 
energy was present (p <0.05, cc = 0.64, Fig 4b). 
Furthermore, severity scores of tremor ratings judged as 
‘better than previous ’ (3/10, 20±3) differed significantly 
from ratings judged as ‘similar or worse than 
previous’ (7/10, 99± 50 p <0.05). 

IV. DISCUSSION 

In this paper we describe the design, validation and first 
implementation of a smartwatch application that is able to 
objectify the severity of hyperkinetic movement disorders. 
The key findings are that the smartwatch based application 
has a similar accuracy in detecting linear movements 
compared to clinically applied accelerometers, with the 
biggest difference that severity is calculated instantaneously 
and immediately visible for users. Next to this, the 
application was also able to accurately detect differences 
between severities of simulated myoclonus. Finally, the 
application was able to distinguish between DBS settings 
with more and less suppression of tremor and myoclonus. 
For myoclonus this difference was not noticed by the patient 
but in tremor there was a strong concordance between 
subjective and objective severity detection. This correlation 
between subjective and objective ratings opens avenues for 
closed loop approaches (e.g. 10) which would make it 
possible to automatically titrate DBS based on smartwatch 
findings. It should however be emphasised that the 
application has only been tested in two patients and is not 
yet fully validated. Furthermore, other challenges were 
encountered during the design process, which will be 
discussed in the following sections.  
 The hardware and approach used in this project has 
minor shortcomings preventing the usage of these devices to 
their highest potential yet. Firstly, limitations in the 
connectivity between smartwatch and smartphone was 
obstructed when one of them became dormant. Once 
dormant, data transfer between both devices is postponed 
until awaking of the device. The measurements performed in 
this paper were executed properly. However, longer duration 
measurement (>12 second) are impractical with the current 
setup. Newer versions of WatchOs have addressed this 
problem and allow wake times up to 70 seconds. Second, the 
sensor range of the accelerometers could be improved. The 
smartwatch used in this paper was equipped with a static 
16G range accelerometer. Previous research has shown 6G 
to be sufficient for recording human movement (11). Since 
the required accelerometer range was exceeded in our setup, 
accuracy was lost in the recordings. More accurate and 
reliable measurement in future research can probably be 
achieved with a reduced accelerometer range. Finally, since 
the approach of calculating the integral results in an 
estimation of the actual distance. The current approach is not 

suitable for a setting in which patients are also making 
intentional movements for over a longer period. These 
systems are nowadays widely available (e.g. Griffiths et al. 
2012) but lack the possibility of providing real-time 
estimation of symptom severity. 
V.         CONCLUSION 
In this paper we describe the first objective, comfortable and 
instantaneous smartwatch application for measuring 
movement disorder severity. Excellent performance in 
classification of simulated myoclonus severity and 
classification between effective and less effective DBS 
parameters illustrates the clinical relevance of this 
application. Future studies in larger patient cohorts should be 
performed to objectify the added value of the application 
over care as usual. 
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