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Chapter 1

Introduction and thesis outline

Parkinson’s Disease (PD) and Essential Tremor (ET) are the most common movement
disorders, associated with bradykinesia and/or tremor in case of PD and with tremor as
the dominant feature in ET [1—4]. PD is a progressive disorder that affects the central
nervous system. Its cardinal motor symptom is bradykinesia, often combined with
tremor and/or rigidity [4—7]. The predominant motor symptom in ET is tremor [8]. Both
bradykinesia and tremor frequently occur in the upper extremities, although both can also
be present in other parts of the body [7,8]. Clinically, several scales are used to quantify
these symptoms, which take a considerable amount of time and show obvious intra- and
interrater variability [9—17]. Although scoring criteria frequently feature quantitative
thresholds, the results of these clinical scales may vary depending on the experience
of the rater and the time for the measurement. As a potential solution, standardized
objective measurement of these phenomena, applied at the outpatient clinic, the clinic, as
well as intraoperatively, would create an important step towards more reliable outcome
measures, decreased rater-dependence, and more uniform assessments. Furthermore,
standardized objective measurement of these motor symptoms would allow for adequate
comparisons of pre-, intra-, and postoperative states, and would improve the exchange
of these data in clinical trials. Moreover, precise monitoring of motor symptoms during
Deep Brain surgery contributes to optimal lead placement and a better prediction of
postoperative motor improvement [18]. Therefore, this thesis focuses on the perioperative
application of accelerometry to quantify bradykinesia and tremor of the hands.

Phenomenology of tremor and bradykinesia

Tremor is a rhythmic and oscillatory movement that occurs involuntary [8]. In PD,
tremor is dominant in the 4—7 Hz frequency range and is generally observed unilaterally in
the extremities [19,20]. Specifically in PD, the tremor is most prominent at rest, decreases
in amplitude during voluntary movement of the affected body part, and increases during
mental tasks or voluntary movement of other body parts [7,19]. A characteristic feature
of a PD tremor is the so-called “pill-rolling” tremor of the thumb and index finger, as
well as the re-emergence phenomenon [21]. In contrast, ET is characterized by upper
body tremor, often bilaterally, with a stable tremor frequency in a range similar to that
of PD tremor [20]. ET mainly occurs during certain postures and voluntary movement
of the affected body part. Notably, also an intention tremor is present in ET patients, in
which tremor amplitude increases towards the end of a goal-directed movement [22,23].

Bradykinesia, another hallmark of PD, is characterized by small amplitude, slowness,
and hesitancy of voluntary movements, as well as a lack of overall movement [5,24].
The presence of bradykinesia is a key prerequisite for the diagnosis of PD, according to
both the 1988 UK Brain Bank PD criteria [25] and the more sensitive 2015 MDS Clinical
Diagnostic Criteria for Parkinson’s Disease [7,26]. When performing repetitive movement
tasks, bradykinetic patients exhibit progressive reduction of amplitude and speed during
the task [24,25].
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Clinical measurements of tremor and bradykinesia

Several disease specific measurement instruments are currently in use to clinically
evaluate motor symptoms like tremor and bradykinesia, both inside and outside the
surgical setting [24,27,28]. Examples are the internationally standardized Movement
Disorder Society Unified PD Rating Scale (MDS-UPDRS) part IIT (MDS-UPDRS-III),
the Fahn-Tolosa-Marin Clinical Rating Scale for Tremor (FTM) and The ET Rating
Assessment Scale (TETRAS) [24,27,28]. These three scales are the most commonly
applied methods to clinically rate the severity of tremor and/or bradykinesia, and have
been thoroughly standardized by panels of movement disorders experts. All are based on
ordinal scores ranging from o to 4 points per item [10,29,30]. Each scale applies various
scoring criteria and thresholds [24,27,28].

Despite international standardization by expert neurologists, the subjective
assessment of symptom severity by clinicians introduces variability [17]. Results
depend on the rater’s experience and the timing of measurement, potentially leading
to bias [9—16]. A low inter- and intra-reliability of the MDS-UPDRS was reported in the
measurement of within-subject changes [9]. Similarly, a rather large intra-rater variation
and considerable inter-rater disagreement was shown [12]. It was also shown that if
patients are evaluated by two raters, their UPDRS ratings can differ up to 16 points
[12]. Given that multiple caregivers with various expertise levels are involved in rating
the patient in the pre-, intra-, and postoperative phase, it is inevitable that inter-rater
variability occurs. Moreover, MDS-UPDRS-III is designed to be applied in the sitting
position. However, to evaluate the clinical effect during stereotactic neurosurgery or to
assess bedridden PD patients, the MDS-UPDRS-III is often used in a supine position.
Research on the supine application of MDS-UPDRS-III and its influence on its variability
is lacking. In summary, while rating scales provide valuable insights, their application
requires careful consideration of potential biases and variability in clinical assessments

[9-16,31,32].
Objective quantification of tremor and bradykinesia

To overcome the drawbacks mentioned above, an objective measurement technique
that uniformly depicts movement information of tremor and bradykinesia might help to
identify the incidence, severity, and fluctuations of motor symptoms over time. Moreover,
flaws in the current scoring system can be identified and possibly corrected using
objective input. The introduction of objective measures in these clinical assessments
might reduce the current inter- and intra-rater variability. Given the time and effort
that was put into internationally standardizing the previously mentioned scales, it would
make sense to explore solutions that stay close to these standardized outcome measures.

Movement sensors allow the collection of such objective movement data, and fall
under the umbrella of transducers, i.e. any sensor converting a physiological signal
into an electrical signal [33]. Transducer-based measurements have proven to be an
effective addition to clinical assessment in accurately evaluating tremor and bradykinetic
symptoms [32,34—45]. Digital measurement tools like movement sensors have been
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widely recognized as promising tools to improve remote monitoring of patients with
movement disorders [46].

However, studies with intraoperative motor measurements are scarce and rarely
focus on tracing the course of motor symptoms during surgery [44,45,47]. Moreover,
an overview of the current options for intraoperative quantification of motor symptoms
during stereotactic neurosurgery is lacking. At this moment, methods that are proven to
be accurate in preclinical settings can be applied in a neurosurgical setting with hardly
any adjustments.

Accelerometry recording and data analysis

Accelerometers are noninvasive transducers that in the past decade are proven
accurate, cost-effective, and widely available [41,48]. An accelerometer measures linear
movement-induced accelerations relative to the Earth’s gravitational field [48]. Tri-axial
accelerometry is most commonly used, in which the accelerations are measured along
three perpendicular axes (X, Y and Z). The output of such devices is a 3D time series of
accelerations expressed in gravitational units (g) in the frame of reference of the device,
where one g-unit denotes the acceleration of Earth’s gravity [41,48]. Commercially
available accelerometers nowadays are lightweight, small, and water-resistant, and allow
wireless recordings. The dynamic measurement range of accelerometers used for human
movement analysis typically varies between 2 and 16 g-units and its resolution from 8-bit
to 12-bit [48,49]. The sampling rate of the device may vary depending on the application,
although generally a rate from 20 Hz up to 200 Hz is applied, which suffices for human
movement analysis [48—51]. Previous studies showed that tremor and bradykinesia can
be quantified using accelerometry [47,52—67]. As such, tremor can be detected using the
accelerometers embedded in smartphones [50,68,69]. The novelty of this thesis lies in
investigating the application of accelerometry to classify bradykinesia and tremor using
algorithms based on the gold standard criteria.

Raw accelerometric data tends to be noisy. Therefore, several pre-processing steps
are needed to obtain clinically useful information. The data is generally pre-processed
to filter low frequency noise, the Earth’s gravitation, and higher-order harmonics from
the signal [49—51,70]. For example, a 0.25 Hz infinite impulse response filter can be
used to remove drift from accelerometry data [51]. A zero-phase third order Butterworth
bandpass filter with cutoff frequencies of 1 Hz and 20 Hz was applied by van Brummelen
et al. before their acceleration analysis [50]. Also, acceleration data in g-units can be
transformed to m/s? units by correcting for the gravitational acceleration (1 g = 9.81 m/
s2). To prepare data for bradykinesia analysis, low-pass filtering with a cut-off value of
e.g. 3 Hz can be applied to remove possible tremor from the signal [71]. Similarly, high-
pass filtering with a cut-off value of e.g. 3 Hz could be considered for tremor tasks where
low-frequent movements of adjacent body parts are expected, for example during the
finger-to-nose maneuver [47,72,73].

The techniques for analyzing accelerometry data vary depending on the motor symptom
of interest. Given the extensive application of accelerometry for movement analysis,
numerous examples exist on how to analyze these data. In previous research, the outcome
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measures in tremor detection derived from accelerometric data vary from peak frequency
[50] to acceleration magnitude [74]. For assessing bradykinesia, the opening velocity [75]
and dwell time [776] captured during finger tapping tests have been used [44,51].

Accelerometry is mostly applied to analyze tremor, commonly using frequency analysis.
The peak frequency or frequency variability is determined to distinguish between various
tremor syndromes [20,77,78]. As tremor is generally a distinct sinusoidal movement, its
dominant frequency can be approximated using the Fast Fourier transform (FFT), which
is a method to represent a time-based signal in the frequency domain. Several studies have
employed this data analysis technique. For example, an all-pole auto regressive model
can be used to distinguish between pathological tremor and physiological tremor [51].
In this study, the frequency spectra, and Power Spectral Density (PSD) were estimated
using the Burg method [79]. Luft et al. also used a PSD-based method to detect tremor
based on accelerometry data [80]. The tremor amplitude in centimeters, as described in
the MDS-UPDRS-III, can be calculated from the acceleration data by double integration
[81]. The drift resulting from integration can be resolved by applying a high-pass filter.
Trends that have been found in previous studies based on accelerometric data include the
finding that tremor amplitude increases and tremor frequency decreases as the disease
progresses [76,81,82]. A logarithmic relation was found between clinical tremor rating
scale scores and tremor amplitude measured using accelerometry [35,71,76,82,83].

Considering its complicated presentation, bradykinesia tends to be more complex
to be captured with accelerometry than tremor. Although an abundance of movement
(hyperkinesia) like tremor is generally more straightforward to capture with movement
sensors than a lack of physiological movement (hypokinesia), the field of quantifying
bradykinesia using accelerometry is evolving [84—86]. As bradykinesia is more clearly
observed during repetitive movement tasks, continuous movement data is usually
captured while the subject performs repetitive tasks as quickly and with the largest
amplitude as possible, like finger tapping [24]. Amplitude decrement can be calculated by
comparing these continuous data to a certain reference value, either from the acceleration
signal (g) or from integrated data (cm). Time values (s) or velocity (cm/s) can be used
to determine deceleration during these tasks. Interruptions and arrests of the ongoing
movement indicate lack of movement (i.e. acceleration) compared to a certain reference.
Previous studies have used accelerometry for automated prediction of finger tapping
scores [84,85] and estimation of the severity of bradykinesia fluctuations in PD [71,86].
Other groups have attempted to quantify bradykinesia during unscripted tasks and daily
living activities [51,67,87—89]. Also, accelerometry was used to distinguish between on
and off states based on mean velocity and movement percentage [89].

It is important to note that while accelerometry has been studied substantially for
the quantification of tremor and (to a lesser extent) bradykinesia, previous studies
have mainly focused on determining objective measures that solely correlate well with
clinical outcome measures [127]. These were primarily relative outcome measures, and
not absolute measures of e.g. tremor amplitude (in cm) as stated in the MDS-UPDRS-III
and FTM. Studies on absolute agreement of accelerometric methods with clinical ratings
is still lacking, mainly since direct comparison of continuous accelerometric measures
to the discrete measures of e.g. the MDS-UPDRS is limited.

11
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Perioperative motor quantification in neurosurgery

PD and ET currently lack curative options. Nevertheless, various therapies are
available to reduce the symptoms related to bradykinesia and tremor. Among the
available neurosurgical treatment options for motor symptom reduction are Deep Brain
Stimulation (DBS) and Deep Brain Lesioning (thalamotomy, pallidotomy) [90—93].
Deep brain targets for neurosurgery include the subthalamic nucleus (STN), the ventral
intermediate nucleus (VIM) of the thalamus, and the internal globus pallidus (GPi)
[94—96]. The stereotactic planning of neurosurgical targets relies on preoperative MRI
and perioperative CT imaging [93,96—104]. During DBS surgery, one or two stimulating
electrodes are meticulously placed in the target, either unilaterally or bilaterally, aiming
to electrically suppress the debilitating motor symptoms [96—99]. In thalamotomy (VIM)
and pallidotomy (GP1i), a thermal lesion (ablation) is inflicted by placing a probe in the
VIM or GPi to reduce motor symptoms [94]. Accurate positioning of DBS electrodes
and/or lesioning probe has shown to be key to treatment success [39,105—-114]. With the
use of frame-based, skull-mounted devices and merged MRI-CT imaging, an accuracy
for electrode insertion of approximately 1 mm can be achieved [113,115-118], although a
considerable publication bias on these data has been reported [105]. With accurate neuro-
navigation techniques, DBS surgeries can be performed under general anesthesia [119—
122]. DBS performed under general anesthesia was shown to be as safe and effective as
under local anesthesia with intraoperative neuromonitoring [122]. However, stereotactic
neurosurgery is still performed under local anesthesia in some tremor-dominant and
complex patients, to allow for adjustment of the electrode or lesioning probe based on
clinical and/or electrophysiological monitoring [18,94,123—127]. Since such positioning
is partly based on the clinical perioperative findings of the neurologist, it is important
to correctly measure these motor symptoms during neurosurgery in order to achieve
maximal symptom reduction without side effects [18,94,127].

If the DBS procedure is performed under local anesthesia, an alleviation of motor
symptoms can be observed during or immediately after placement of the DBS electrode
[124,125]. This phenomenon is referred to as the microlesion or stun effect [123—
125,127]. During awake thalamotomy or pallidotomy, this effect can also be observed
intraoperatively upon placement of the lesioning probe [94]. Several studies describe how
the intensity of the stun effect may be used as an indication of correct electrode positioning
[123—126]. The magnitude of the micro-lesion effect as well as the clinical motor effect
after lesioning or after actual stimulation via the electrode can be intraoperatively real-
time monitored during awake procedures [101,128]. It is important to intraoperatively
monitor motor symptoms and side effects to confirm optimal lead placement and predict
postoperative motor improvement [18]. Objective methods to intraoperatively quantify
symptom severity can help neurosurgeons to position the electrode inside the brain
more accurately, contributing to the best possible clinical outcome [44,45,94,127]. The
added value of objective motor measurements in the perioperative setting lies in uniform
evaluation of therapy effect, despite multiple caretakers being involved, allowing analyses
on improvement of DBS candidate selection [129—131], prediction of individual treatment
effect [130,132], and intraoperative confirmation of optimal electrode positioning [18,123—
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127,133]. Accelerometry seems to be especially suitable for this purpose. Therefore,
the perioperative application of accelerometry to quantify tremor and bradykinesia is
investigated in this thesis.

Problem statement

The perioperative identification of motor symptom incidence and severity is critical
for evaluating stereotactic neurosurgery and to optimize DBS treatment. Previous
research has highlighted the importance of intraoperative monitoring of motor symptoms
and side effects supporting optimal lead placement, and predicting postoperative motor
improvement.

Considering the potential biases and variability associated with standard clinical
assessments of tremor and bradykinesia, and the semi-permanent nature of DBS, there
is an unmet need for objective methods to uniformly quantify tremor and bradykinesia
in the perioperative setting. Reliable and objective outcomes measures are essential in
both research and clinical settings. Accelerometry is thought to be an accurate method
to yield objective outcome measures that can be used to optimize Deep Brain surgery
candidate selection, predict postoperative symptom reduction, confirm optimal lead
placement, and evaluate treatment effect.

Since perioperative studies on accelerometric motor measurements are lacking,
especially in the intraoperative setting, it is unclear how tremor and bradykinesia can
be objectively quantified perioperatively, and which reliabilities can be yielded. In
addition, there is a knowledge gap on the translation of standardized clinical scales
(e.g. MDS-UPDRS, FTM) to objective methods using accelerometry measuring tremor
and bradykinesia. Translating these internationally standardized scales into objective
measures allows for the identification of the flaws that lead to the current inter- and
intra-rater variabilities of clinical scales. Identification of such flaws improves the gold
standard, while objective input into clinical assessments allows for a more uniform
assessment.

Therefore, this thesis is dedicated to investigating several aspects of the perioperative
quantification of tremor and bradykinesia, including current options for intraoperative
quantification of motor symptoms during stereotactic neurosurgery.

13
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Thesis outline

This thesis aims to investigate the following hypotheses:

1. Objective measurement of bradykinesia and tremor using accelerometry is a useful
method to quantify existing clinical motor scales in PD and ET.

2. The objective measurement of bradykinesia and tremor has added value in monitoring
patients with PD and ET perioperatively.

In Chapter 2, we systematically review the objective measuring techniques applied
during awake stereotactic neurosurgery to quantify tremor, bradykinesia, and rigidity.
In Chapter 3, we study the validity of MDS-UPDRS-III assessment performed in the
supine position, as measured by two independent clinical raters and accelerometry.

Subsequently, we investigate the perioperative application of accelerometry to
quantify bradykinesia of the hands. In Chapter 4, we examined the translation of
MDS-UPDRS-III bradykinesia tests to an objective accelerometry-based method, being
measured in patients with PD undergoing neurosurgical treatment.

Thereafter, we focus on the perioperative application of accelerometry to
quantify tremor. In Chapter 5, we study the potential value of 3D accelerometry to
intraoperatively quantify MDS-UPDRS-III tremor measurements. In Chapter 6,
we do the same, investigating the quantification of Fahn-Tolosa-Marin tremor tests
using accelerometry in ET patients who underwent neurosurgery. In Chapter 7, we
look at the value of intraoperative MDS-UPDRS-III assessment versus accelerometric
tremor measurements to predict thalamotomy outcomes. Chapter 8 focuses on the
accelerometric quantification of MDS-UPDRS-III tremor scores in a larger cohort of
patients with PD, in a perioperative setting.

Finally, Chapter 9 entails a general discussion. We summarize and discuss the
results presented in this thesis and elaborate on the future directions of quantifying
bradykinesia and tremor.
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Abstract

Background

Tremor, bradykinesia, and rigidity are incapacitating motor symptoms that can be
suppressed with stereotactic neurosurgical treatment like Deep Brain Stimulation (DBS),
and ablative surgery (e.g. thalamotomy, pallidotomy). Traditionally, clinicians rely on
clinical rating scales for intraoperative evaluation of these motor symptoms during awake
stereotactic neurosurgery. However, these clinical scales have a relatively high inter-rater
variability and rely on experienced raters. Therefore, objective registration (e.g. using
movement sensors) is a reasonable extension for intraoperative assessment of tremor,
bradykinesia, and rigidity.

Objective
The main goal of this scoping review is to provide an overview of electronic motor
measurements during awake stereotactic neurosurgery.

Methods

The protocol was based on the PRISM A extension for scoping reviews. After a systematic
database search (PubMed, Embase, and Web of Science), articles were screened for
relevance. Hundred-and-three articles were subject to detailed screening. Key clinical and
technical information was extracted. The inclusion criteria encompassed use of electronic
motor measurements during stereotactic neurosurgery performed under local anesthesia.

Results

Twenty-three articles were included. These studies had various objectives, including
correlating sensor-based outcome measures to clinical scores, identifying optimal DBS
electrode positions, and translating clinical assessments to objective assessments. The
studies were highly heterogeneous in device choice, sensor location, measurement
protocol, design, outcome measures, and data analysis.

Conclusion

This review shows that intraoperative quantification of motor symptoms is still limited
by variable signal analysis techniques and lacking standardized measurement protocols.
However, electronic motor measurements can complement visual evaluations and provide
objective confirmation of correct placement of the DBS electrode and/or lesioning. On the
long-term, this might benefit patient outcomes and provide reliable outcome measures
in scientific research.
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1. Introduction

Tremor, bradykinesia, and rigidity are debilitating motor symptoms that can be
alleviated with stereotactic neurosurgical treatment [1,2]. Currently, intraoperative
neurosurgical decisions are based, in part, on subjective and episodic evaluations of
tremor, bradykinesia, and rigidity [3—13]. Objective registration is a reasonable extension
for intraoperative assessment of these cardinal symptoms [6—11,14—20]. Unfortunately,
motor symptoms remain difficult to measure objectively, due to the heterogeneity of
the symptoms between patients. Currently, expert evaluation is often used as the gold
standard in research aiming to validate objective methods. Studies performed outside
the intraoperative setting showed that electronic measurements can improve clinical
evaluation, resulting in for example a decrease in scoring error of up to 20% [21],
increased reliability [12,22—24], and increased accuracy [7,24—27]. These results motivate
further investigation of objective intraoperative registration of these motor symptoms.
However, studies on intraoperative motor measurements are scarce and rarely focused
on tracing the course of motor symptoms during surgery [6,19,28—30]. Also, there are
inconsistencies in the methods and protocols that are described. As a result, objective
and quantitative input is still lacking in the mainstream clinical decision-making for
guiding and adjusting treatment. This paper aims to present a structured overview of
current objective clinical registration of tremor, bradykinesia, and rigidity during awake
stereotactic neurosurgery, to discuss the key findings in the current literature, and to
identify trends that can be relevant for clinical practice.

1.1. Clinical background

Tremor, bradykinesia, and rigidity can occur in several movement disorders, like
Parkinson’s Disease (PD), Essential Tremor (ET), Dystonic Tremor (DT) and Holmes
Tremor (HT). While the sole motor symptom in ET is tremor, patients with PD also
suffer from bradykinesia and rigidity [31,32]. Tremor can also occur in dystonia, which
is a movement disorder characterized by sustained or intermittent muscle contractions
[33,34]. HT is a low frequency, more proximal tremor syndrome, frequently caused by
an acquired lesion in the brainstem [31].

Open neurosurgical treatment options for motor symptom reduction consist of Deep
Brain Stimulation (DBS) and radiofrequency (RF) needle ablation (e.g. thalamotomy and
pallidotomy) [2]. Based on specific symptoms, potential targets include the subthalamic
nucleus (STN), ventral intermediate nucleus (VIM), and globus pallidus internus (GPi)
[1,33,35,36], among others. Incisionless approaches include application of Gamma Knife
[37] or Magnetic Resonance Imaging (MRI)-guided focused ultrasound (MRgFUS)
[30,38.

During procedures under local anesthesia, immediate alleviation of motor symptoms
can usually be observed after placement of the DBS electrode, RF-lesioning probe or
during the MRgFUS test lesion: the microlesion or stunning effect [1,34,39—41]. Several
studies describe how the intensity of the stunning effect can be an indication of correct
targeting [34,39—41]. The magnitude of the intraoperative effect on the symptoms can be
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real-time monitored during awake procedures [38,42,43]. Sammartino et al. described
the importance of intraoperative monitoring of motor symptoms and side effects for
confirming optimal lead placement and predicting postoperative motor improvement [29].

Tremor, bradykinesia, and rigidity are often intraoperatively evaluated with disease-
specific clinical rating scales, e.g., the Movement Disorder Society Unified PD Rating
Scale (MDS-UPDRS) [44] and the Fahn-Tolosa-Marin Clinical Rating Scale for Tremor
(FTM) [45]. As such, severity of symptoms is subjectively assessed by an expert [3—
11,14,15] and its results depend on the rater’s experience, which may result in significant
bias [3—11,14]. For example, the results from Post et al. showed a rather large intra-rater
variation and considerable inter-rater disagreement [4]. They also showed that if patients
are evaluated by two different raters, the total UPDRS ratings can differ up to 16 points
[4]. Different caregivers with different expertise levels are involved with rating the patient
during the preoperative, intraoperative, and postoperative measurements, resulting in
inter-rater variability. This lack in continuity in measurements might negatively affect
patient outcomes [3—11,14].

1.2. Technical background

Wearable devices and video-based measurements allow for collection of data
representing movement information of tremor, bradykinesia, and rigidity [46]. The use
of such devices has been proven to aid experts in objectively quantifying symptoms
during application of clinical protocols (e.g., MDS-UPDRS) [6,16—19]. This might
reduce inter- and intra-rater variability and optimize clinical outcome. Nonetheless,
devices have to fulfill various requirements in order to be suitable for human movement
analysis, for example: small size, light weight, unobtrusive, reliable, and accurate [47].
Electromyography (EMG), accelerometers, gyroscopes, and optical devices that satisfy
these requirements have already been validated for this purpose.

1.2.1. Tremor

The diagnosis of tremor is generally confirmed using EMG by measuring electrical
activity of muscles [31,48—-50]. Electrical signals of the measured muscle groups are
amplified and filtered to remove noise and interference. Depending on the application,
information can be analyzed using time-domain techniques for amplitude and duration
analysis, or using frequency-domain techniques involving the frequency content of the
signals [51]. This technique has good reliability when compared to clinical scales such
as the MDS-UPDRS [52].

Accelerometry is also used to assess tremor, by measuring linear movement-induced
accelerations relative to the gravitational field [47,53,54]. The acceleration signal is
transformed using frequency analysis to discriminate tremor from other activities.
Voluntary movement is generally concentrated at frequencies below 2 Hz, while most
tremor subtypes have a dominant frequency of 3 Hz or greater [31,49]. Accelerometric
data can be used to derive meaningful information about tremor, like frequency,
amplitude, and constancy [6,28,46,47,53—55].
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Gyroscopes are similarly suitable for tremor registration, especially for rotational
PD tremor (“pill-rolling” tremor) [56]. Gyroscopes detect angular velocity of a rotating
body by measuring the Coriolis force generated in a rotating reference frame [57,58].
These sensors measure the rate of rotation of an object around one, two, or three axes
[58]. Similar to previous techniques, gyroscopic data is transformed to be analyzed in the
frequency domain to obtain amplitude and dominant frequency as metrics to evaluate
tremor presence, intensity, and frequency [59—61].

1.2.2. Bradykinesia

The most commonly used tasks to assess hand bradykinesia include finger tapping,
opening/closing of the fist, and pronation/supination of the arm, as described in the MDS-
UPDRS [44]. Quantification of slowness, hesitancy, and movement amplitude decrements
can be measured with EMG [50,51,62], accelerometers [50,63], gyroscopes [56], and
optical measurements [64—66]. Data from these devices is analyzed using various
techniques like frequency analysis and velocity estimation, to quantify the severity of
bradykinesia [23,56,62—67]. Strong associations between electronic measures and the
clinical gold standard references (e.g., MDS-UPDRS) were reported for bradykinesia,
indicating that the reliability of these techniques suffices clinical requirements [68].
Quantification of bradykinesia commonly employs a combination of sensors, in contrast
to tremor being reliably quantified with a single sensor. A combination of accelerometers,
gyroscopes, and magnetic sensors, known as Inertial Measurement Unit (IMU), is the
most commonly used technology, reporting a moderate correlation or an acceptable
receiver operating characteristic (ROC) compared to gold standard references [68].

1.2.3. Rigidity

Rigidity is generally evaluated with clinical tests (e.g., MDS-UPDRS) where slow
passive flexion and extension of the joint of interest is performed by the examiner to
feel the resistance of the passive movement (“cogwheel phenomenon”) [44,50]. Rigidity
can usually be increased when a voluntary activation maneuver (e.g., fist opening/
closing, or heel tapping) is performed by the contralateral limb [44,50]. The amount and
pattern of muscle activity during the movement can be evaluated based on EMG analysis
[24,50,69,70]. The outcome measures obtained using this technique include amount of
resistance, uniformity of resistance, muscle activity amplitude, co-activation, pattern
of muscle activity, and symmetry of muscle activity [24,50,69,70]. These metrics have
shown to have good reliability (Intraclass Correlation Coefficient (ICC) 0.9) compared
to clinical evaluation [24].

IMUs are also used to assess rigidity, by capturing e.g., the range of movement,
angular velocity, linear acceleration, and orientation of body segments during movement
[24,50,71,72]. Possible IMU outcome measures are joint angle, angular velocity, linear
acceleration, jerk, and resistance to movement [24,50,71,72]. Good reliability (ICC 0.8)
can be found compared to clinical evaluation [24].
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2. Methods
2.1. Protocol

The protocol was based on PRISM A Extension for Scoping Reviews (PRISMA-ScR) [73].
2.2, Eligibility criteria

Peer-reviewed journal articles published in English were included. Eligible studies
included electronic motor measurements in patients suffering from tremor, bradykinesia,
and/or rigidity during awake stereotactic neurosurgery. Only human studies with an
experimental or quasi-experimental design were included. Exclusion criteria were animal
studies, (systematic) review articles, and conference abstracts. As this review focuses on
electronic measurement of symptomatology, indirect measurement techniques, such as
microelectrode recordings (MER), local field potentials (LFP), imaging, ultrasound, and
intracerebral microvascular measurements, were not taken into account.

2.3. Search strategy

Key terms from relevant articles were extracted to build the search string, which was
tested and refined accordingly. PubMed (MEDLINE, PubMed Central), Embase, and
Web of Science were searched. No limit was applied for the publication date. The final
search in all databases was performed on December 6, 2023. The result of each search
was exported to Mendeley. As an example, the search string from PubMed is added to
Appendix 1.

2.4. Source selection

Each title and abstract were screened by the first and second author for relevance.
Any disagreements were resolved. Papers that passed the first screening underwent a
full-text review and were categorized as either included or excluded.

3. Results

After screening and full-text review, 23 articles were included in the final review
(Figure 1). The number of subjects and controls, clinical diagnoses, symptoms, and
surgery specifications of the included studies are shown in Table 1. The results are
summarized in Table 2—4 [74—96].
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Figure 1. Search results and selection of articles.

Table 1. Overview of included studies

Authors, year Participants Symptoms Surgery Laterality Targets
[referencel  pp ET DT HT HC Tre Bra Rig DBS Thal Pal Uni Bi STN VIM GPi
Landy et al., 21 21 21 21 21 21
2000 [74]

Koop et al., 61 15 61 61 24 37 61

2006 [75]

Papapetropoulos 12 10 12 12 12 12 12

et al., 2008 [76]

Papapetropoulos 1 1 1 1 1
etal., 2009 [77]

Waldauetal,, 8 5 8 8 4 4 5 3
2011 [78]

Florin et al., 14 8 14 14 14

2012 [79]

Kwon et al., 8 8 8 2 6 8

2014 [80]

Hemm et al., 5 5 5 5 5
2016 [81]

Florin et al., 26 8 26 26 26

2016 [82]

Shah et al., 15 15 15 15 7 8

2017 [83]
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Table 1. Overview of included studies (continued)

Authors, year Participants Symptoms Surgery Laterality Targets

32

[reference]  pp ET DT HT HC Tre Bra Rig DBS Thal Pal Uni Bi STN VIM GPi
Shah et al., 2017 9 9 9 9 9

[84]

Milosevicetal.,, 2 9 11 11 1 10 11
2018 [85]

Schaefferetal., 26 11 37 26 37 37 37
2018 [86]

Shah et al., 5 5 5 1 4 5
2020 [87]

Wang et al,, 39 39 39 39 35 4
2020 [88]

Lopes et al., 59 59 59 59 59

2020 [89]

Wuetal.,, 2021 7 7 7 7 7

[90]

Kremer et al., 1 1 1 1
2021 [91]

Smid et al., 28 26 28 22 6 6 22 22 6
2022 [92]

Yuetal, 2022 20 3 20 20 20 20

[93]

Baeket al., 9 9 18 18 18 18
2023 [94]

Smid et al., 13 7 22 24 24 24
2023 [95]

Glowinsky et 1 1 1 1 1
al., 2023 [96]
Table 2. Overview of the intraoperative studies on objectively measuring tremor.
Device type Location of the device Outcome measure References
Accelerometer Held in the hand Tremor amplitude (cm) Papapetropoulos

Center frequency (Hz) etal., 2008
(n=12) [76],

SD of center frequency
(frequency dispersion)

Harmonic index (HI)

Papapetropoulos et
al., 2009 (n=1) [77]

Wrist

Standard deviation
Signal energy

Amplitude of dominant
frequency

Hemm et al., 2016
(n=5) [81],
Shah et al., 2017

(n=15) [83],
Shah et al., 2020
(n=5) [87]

Scalar sum of accelerations
Tremor reduction (%)

Milosevic et al.,
2018 (n=11) [85]
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Table 2. Overview of the intraoperative studies on objectively measuring tremor. (continued)

Device type Location of the device Outcome measure References
Accelerometer Hand dorsum Acceleration (g) Schaeffer et al.,
Average signal power (g2) 2018 (n=37) [86]
Tremor frequency (Hz)
Index finger Tremor frequency (Hz) Smid et al., 2022
Tremor amplitude (cm) (n:28) [92],
Smid et al., 2023
Area-under-the-curve of _
X (n=22) [95]
power in 4—6 Hz range
Percentage of time that Smid et al., 2022
tremor was present (%) (m=28) [92]
Arm, forearm, Joint angle reduction (%) Baek et al., 2023
and index finger (n=9) [94]
Gyroscope Hand dorsum Angular velocity (dps) Schaeffer et al.,
Average signal power (dps2) 2018 (0=37) [86]
sEMG Several muscle groups EMG response Landy et al., 2000
(n=21) [74]
m. extensor digitorum Frequency (Hz) Florin et al., 2012
communis Coherence (with LFP) (n=14) [79],
m. flexor digitorum Florin et al., 2016
superficialis (n=26) [82]
e. digitorum Weighted Root Mean Square  Wang et al., 2020
f. digitorum superficialis per second (n=39) [88]

m. tibialis anterior
m. gastrocnemius

Modified Mean Absolute
Value

Waveform Length

Zero Crossings

Slope Sign Changes
Sample Entropy

Peak Frequency (Hz)
Peak Frequency Power
Median Amplitude Power
Mean Amplitude Power
Frequency Ratio

m. sternocleidomastoideus
m. semispinalis cervicis

EMG-burst activity (uV)
EMG-burst length (ms)

Kremer et al., 2021
(n=1) [91]

wrist flexor and extensor

EMG-burst activity (uV)
Frequency (Hz)
Neuronal/EMG coherence

Flexor-extensor cross-
correlation

Glowinsky et al.,
2023 (n=1) [96]
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Table 3. Overview of the intraoperative studies on objectively measuring bradykinesia.

Device type Location of the device Outcome measure References

Gyroscope Hand dorsum Root mean square of angular  Koop et al., 2006
velocity (deg/sec) (n=61) [75]
Frequency (Hz)

Optical device In front of the patient Velocity (units/s) Waldau et al., 2011
Reaction time (ms) 0=8) [78]

Around the patient Distance (mm) between Wau et al., 2021

thumb and index finger (n=7) [90],
Distance (mm) fingertips Yuetal, 2022
and hand palm (n=20) [93]
Roll angle (°) of the hand palm
Frequency (Hz)
Velocity (mm/s)

Touch sensor  In front of the patient Maximal frequency (Hz) Papapetropoulos et

al., 2008 (n=12) [76]

Table 4. Overview of the intraoperative studies on objectively measuring rigidity.

Device type

Location of the device Outcome measure

References

Accelerometer Hand dorsum

Acceleration (g)
Average signal power (g2)

Schaeffer et al.,
2018 (n=37) [86]

Wrist of the examiner

Standard deviation
Signal energy

Amplitude of dominant
frequency

Shah et al., 2017
(n=9) [84]

Inertia calculation

Kwon et al., 2014

Torque sensor  Wrist of the examiner Resistive torque integrated by (n=8) [80]
angle (W) per cycle
Resistive torque integrated by
time (I) per cycle
Mechanical impedance (Z)
Potentiometer Wrist of the examiner Wrist angle (°)
Gyroscope Hand dorsum Angular velocity (dps) Schaeffer et al.,
Average signal power (dps?) 2018 (0=37) [86]
Hand palm Angular velocity of the wrist  Lopes et al., 2020
(°/s) (n=59) [89]
sEMG Several muscle groups EMG response Landy et al., 2000
(n=21) [74]
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3.1. Demographics

Mean age and standard deviation of the included patients were only described in
14 of the included studies [74-77,79,80,82,88,00-93,95,96], and the disease duration
in 10 studies [75-77,79,80,82,90,91,95,96]. For the studies that did mention these
demographics, age ranged from 48 to 83 years, and the disease duration ranged from
3 to 35 years. Only one DT patient [91] and two HT patients [95] were described. Few
studies included healthy participants (Table 1) [75,76,78,92,93].

3.2. Main research aims

The principal aim of most studies was to objectively quantify change
in tremor, bradykinesia, or rigidity during stereotactic neurosurgery [74-—
77,80,83,84,86,87,89,00,92—95]. Few studies specifically aimed to validate their
approaches on electronic measurement of tremor, bradykinesia, or rigidity intraoperatively
[80,86,93]. Kremer et al. aimed to show how EMG can be used to quantify dystonic
tremor reduction during VIM-DBS surgery [91]. The aim of Hemm et al. [81] and Shah et
al. [87] was to optimize DBS electrode positioning. Other studies were focused to quantify
stimulation effects [78,85,88,96]. Florin et al. aimed to intraoperatively identify causality
patterns of tremor in two types of PD patients, by using surface EMG (SEMG) [79,82].

3.3. Clinical protocols

Most studies used tasks from the motor section of the MDS-UPDRS as their clinical
intraoperative protocol [75,76,86,88—90,92,93,95]. Others did not use a standardized
clinical scale intraoperatively [74,78,79,81,82,85,91,906]. Papapetropoulos et al. used FTM
as a clinical protocol to intraoperatively assess tremor [77]. Baek et al. used postural
tremor tasks, signature writing, Archimedes spiral, and point-to-point drawing to assess
tremor intraoperatively [94]. Four studies used a modified MDS-UPDRS to rate tremor
and rigidity [80,83,84,87]. Eleven out of 23 studies compared the electronic measurement
data with a clinical scale, showing correlations ranging from —0.76 to 0.99 (p<0.001)
[12,75,80,83,86,88—90,92—94]. Several studies focused on creating an objective method
for measuring clinical outcome measures with visually scored scales [75,76,86,90,92,93].
Smid et al. [92] aimed to translate a clinical scale to an objective scoring method, using
internationally standardized MDS-UPDRS thresholds.
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3.4. Technical aspects
3.4.1. Tremor

Of 16 included tremor-studies, 10 used accelerometry [76,77,81,83,85-87,92,94,95]
and six used sSEMG [74,79,82,88,91,96]. Only Shaeffer et al. [86] used both accelerometer
and gyroscope data.

Frequency analysis was the most common technique to assess tremor, since 13
[74,76,77,79,81—83,85—-88,92,95] out of 16 included studies used this to quantify tremor
characteristics, mostly with the classical Fast Fourier Transform (FFT) [76,77,81,83,86—
88]. Baek et al. did not mention their analysis technique [94]. Kremer et al. and Glowinsky
et al. used raw SEMG data to investigate EMG burst activity by observation [91,96]. The
periodogram [92,95] and coherence analysis [79,82] have also shown good performance.

Apart from frequency domain analysis, time domain analysis of the acceleration or
angular velocity was also used to quantify tremor characteristics. Papapetropoulos et
al. [76,77] and Smid et al. [92,95] used the acceleration signal to estimate the position
and calculated the amplitude of tremor in centimeters. Hemm et al. [81] and Shah et al.
[83,87] used the magnitude of the acceleration signal to estimate tremor intensity.

In all 16 included studies, different clinical tremor characteristics were considered
as outcome measures of the electronic assessment. Eight studies objectively quantified
tremor frequency [76,77,81,83,86—-88,95], nine studies quantified amplitude
[76,77,81,83,85,87,88,92,95], three quantified duration [85,88,92], two intensity [76,77],
and eight irregularity [76,77,79,82,88,91,96]. All studies took the presence of tremor into
account [74,76,77,79,81—-83,85-88,92,95].

Most studies concluded that their quantitative approach might improve intraoperative
monitoring or awake stereotactic targeting [74—78,80,81,83—95]. It differed per study why
this was the conclusion. None of the included studies presented sufficient data to conclude
that electronic measurements would improve monitoring or stereotactic neurosurgery.
Only Shah et al. investigated whether the intraoperative neurosurgical decision would
be different based on their measurements: 15 of the 26 decisions would have been
different. They were not able to judge whether the expert-based or the accelerometry-
based electrode position would have been the best clinical outcome [83,84]. Still, they did
show the potential of tri-axial accelerometry complementing tremor assessment during
neurosurgery [83,84]. Use of accelerometry to quantify change in tremor was reported
to be superior with regard to traditional visual evaluation of tremor [76,77,81,83,85—
87,92,94,95].

The added value of EMG for intraoperative tremor quantification was demonstrated
in all six tremor EMG studies [74,79,82,88,91,06]. Wang et al. concluded that amplitude,
motor unit firing rate, and changes in the regularity pattern could be used as quick
intraoperative biomarkers to quantify and predict efficacy of DBS in PD patients with
resting tremor [88]. Kremer et al. concluded that the easy-to-use objective technique of
polymyography can facilitate optimization of DBS electrode placement [91].
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3.4.2. Bradykinesia

Of the five included studies that measured bradykinesia, three studies used optical
devices [78,90,93]. Papapetropoulos et al. [76] used a touch recording plate and Koop et
al. [75] used a tri-axial gyroscope. Wu et al. [90] and Yu et al. [93] used a Leap Motion
Controller (LMC) to assess bradykinetic movements, extracting information of the
position and orientation of the hands during different tasks. Waldau et al. used an optical
Virtual Reality (VR) glove to estimate the velocity of hand movements [78]. Common
outcome measures were velocity estimation [75,78,90,93], reaction time [78], movement
duration [78], position [90], orientation [90], rhythm [76], movement amplitude [90],
and movement variability [93].

Koop et al. demonstrated a promising gyroscope-based method to quantify
changes in upper extremity bradykinesia during different stages of DBS surgery [75].
Papapetropoulos et al. showed that maximal frequency FT as measured by the touch
recording plate increased significantly in the stimulated hand after DBS electrode
implantation [76]. Waldau et al. concluded that their VR glove may be useful as a quick
intraoperative measurement to check correct electrode placement, complementing the
clinician’s and patient’s subjective sense of improvement [78]. Wu et al. showed that
intraoperative changes in bradykinesia can be evaluated with a noninvasive, objective,
simple, and sensitive optical LMC device [90]. Yu et al. demonstrated how optical LMC
measurements can be used during stereotactic neurosurgery to objectively assess
bradykinesia, without interfering with voluntary movements [93]. The LMC was validated
with a motion capture system, resulting in an average Pearson’s correlation coefficient
of 0.986 [93].

3.4.3. Rigidity

Similar to bradykinesia, intraoperative assessment of rigidity has received less
attention compared to tremor, as only five studies were included in the review. There
was little overlap in devices and analysis techniques, ranging from accelerometry [84],
gyroscopes [89], sSEMG [74], to IMUs [80,86].

Landy et al. showed that resting spontaneous EMG activity decreased if rigidity
and/or tremor severity was reduced by lesioning. As such, sSEMG may contribute to safe
targeting in pallidotomy [74]. Kwon et al. showed that rigidity during DBS surgery can be
quantified best by a biomechanical outcome measure called the viscous damping constant
[80]. Shah et al. showed that 10 of 12 DBS placement choices would have been different
if accelerometric data was considered by the neurosurgeon, showing the potential of
accelerometry to assess rigidity during stereotactic neurosurgery [84]. Schaeffer et al.
underlined that long-term work is necessary to assess whether motor quantification alters
intraoperative decision-making, and how this influences patient outcomes [86]. Lopes et
al. concluded that their device supports the intraoperative evaluation of the effectiveness
of DBS surgery, and also foresee its application in pharmacological clinical trials [89].
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4. Discussion

This scoping review clearly shows that there are many intraoperative possibilities
to implement objective measurement techniques to guide DBS or ablation. Based on
the reported literature, there is no consensus on protocols nor analysis techniques.
Nevertheless, most studies show that objective measurements can very well complement
expert evaluation, are easily applicable, and have the potential to improve targeting in
stereotactic neurosurgery.

Comparison of the results is challenging, since the study designs and technical
considerations were widely diverse. The described studies have varying cohorts (Table
1) and make use of various outcome measures (Table 2—4). Also, a wide variety of analysis
techniques was applied in the included studies, making it difficult to conclude which
approach was superior. None of the studies directly compared the clinical outcome of
sensor-based stereotactic neurosurgeries with the clinical outcome of standard procedure.
Consequently, none were able to show that electronic assessment was more sensitive
or accurate than expert assessment, or outperformed clinical assessment in any other
way. Also, it was not shown that electrode placement based on objective assessment was
superior in clinical effect or surgical outcome to placement based on expert assessment.

Unfortunately, most of the described electronic motor measurements lack
standardized protocols. There is currently no international consensus on clinical
protocols for intraoperative monitoring during stereotactic neurosurgery for movement
disorders. Also, solid proof or validation regarding which outcome measures are superior
in quantifying the intraoperative effect of stereotactic neurosurgery is still lacking [97].
Journee et al. described conditions and limitations for performing intraoperative tremor,
bradykinesia and rigidity measurements [50]. These aspects need to be considered when
setting up a sensor-based approach for measuring motor symptoms in a clinical setting.

A possible reason that only one DT patient was included might be that stereotactic
neurosurgery in dystonia patients is often performed under total anesthesia, which
disallows intraoperative motor measurements. Also, the characteristics of DT are not as
clearly defined as those in cases of parkinsonian and Essential Tremor, making it more
difficult to quantify. Moreover, the interpretation of intraoperative assessments of DT
is more challenging, since DT characteristics present higher variability compared to PD
and ET [33,34].

The inclusion of only two HT patients is probably caused by the low prevalence of
this tremor syndrome [98—-100]. Also, the indication for DBS is not clear yet for this
patient population [101]. Moreover, HT is more difficult to measure electronically due
to low-frequent proximal muscle contractions, as opposed to distal tremor syndromes
like PD and ET [31].

A possible reason for the low number of included studies for bradykinesia and rigidity
is that these are more complex symptoms to measure than tremor. Sensor techniques
that have been validated for the quantification of these symptoms are often too intricate
and invasive for application in a neurosurgical setting [24,68].

It stood out that approaches in tremor-focused studies were more homogeneous
than those for bradykinesia and rigidity. Though, studies on bradykinesia and rigidity



Objective clinical registration of tremor, bradykinesia, and rigidity during awake neurosurgery

disclosed less information on their techniques than tremor-focused studies. As these are
more complex symptoms to analyze, their full data analysis protocol might have been too
expansive for publication. Another explanation might be the use of patented devices and
software, limiting public knowledge on how signal processing and data analysis was done.
The use of closed-source systems, along with high costs and complexities in appliance,
may contribute to the lack of standardized, open-source protocols for quantifying motor
symptoms during stereotactic neurosurgery [86].

It stood out there was fewer information available about the usefulness and efficacy of
intraoperative electronic measurements of bradykinesia than for tremor. Commercially
available systems were used in all five studies that were included for the bradykinesia
section. Although this may have limited the data analyses techniques presented by the
authors, there are several studies outside the neurosurgical setting available to show the
usefulness and efficacy of these methods to assess bradykinesia [21,102].

Although the results of this review indicate that intraoperative clinical assessments
might benefit from electronic motor measurements, some disadvantages are associated
with these types of measurements (e.g., expenses, time investment, required technical
knowledge). Additionally, objective measurements still need the interpretation of
clinicians for clinical decision-making. Currently, it is not to be expected that objective
methods for measuring motor symptoms will replace expert assessment. Nevertheless,
these electronic methods can complement the current expert-approach, allowing objective
input for clinical decision-making.

4.1. Future perspectives

In this scoping review, the spectrum of electronic techniques that can be applied to
an intraoperative setting to measure tremor, bradykinesia and rigidity during awake
stereotactic neurosurgery in Parkinson’s Disease and Tremor patients was described. In
order to definitely prove the added value of their use, a multicenter or global collaboration
aiming to validate electronic outcome measures and standardize objective intraoperative
protocols is proposed. The open-source publication of these protocols and data analysis
techniques is key here. Also, randomized controlled trials, involving multiple expert
movement disorders neurologists, are suggested to investigate the added sensitivity and
accuracy of electronic measurements to improve clinical assessment. All of this aiming to
come to a consensus on the intraoperative application of these electronic measurements.

Although data-driven approaches described in this review offer interesting data
and many different parameters, their use is often accompanied with complex hardware
and software [21,97]. For most techniques, sensor calibration and pre-processing of the
data is intricate and time-consuming. So, technical expertise of these sensors and their
data analysis is needed in order to come to data that is clinically useful. Since objective
measurements result in complex quantitative data, their use calls for advanced data
analysis to quickly evaluate large amounts of data, to identify classification patterns, and
to present the data in a quickly interpretable manner. Machine learning algorithms and
other mathematical procedures, such as principal component analysis, can be considered.
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A number of techniques used intraoperatively can be used outside the operating room,
for example at the outpatient clinic or at the patient’s home. Electronic measurements can
be applied preoperatively to aid prediction of surgery outcome and optimize selection of
surgical candidates, as well as postoperatively to objectively monitor symptom severity
at follow-up and to optimize DBS settings [103—108]. These are promising developments
in the context of the uprise of closed-loop or adaptive DBS [109,110]. Also, there is great
potential in applying sensor-based monitoring at home to support clinicians in optimally
managing patients between hospital appointments [111,112]. Consistent use of accurate
and objective methods to monitor motor symptoms throughout the caretaking process
might contribute to the best possible clinical outcome. These quantitative measurements
can complement clinical motor assessment in evaluating the efficacy of neurosurgical
treatments [19].

5. Conclusion

This scoping review provides a comprehensive overview of the most common
electronic methods for intraoperatively measuring tremor, bradykinesia, and rigidity,
showing that there are many possibilities to implement objective measurement techniques
in the intraoperative setting. On the other hand, a lack of standardization was identified
in this field. Although most included studies provided reliable outcome measures that
correlated well with clinical assessments, sensor-based assessment was not shown to be
more sensitive or accurate than expert assessment. Also, it was not proven that electrode
placement based on objective assessment was superior to placement based on clinical
assessment. Nevertheless, it is clear that objective measurements can complement
visual evaluation of motor symptoms and may provide an objective confirmation of the
surgical result. On the long-term, this might benefit patient outcomes and provide reliable
outcome measures in scientific research. For future research, it is suggested to develop
standardized protocols with validated outcome measures that aid in predicting (long-
term) neurosurgical outcome.
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Appendix 1
Search string from PubMed

(“intraoperative*”[Title/Abstract] OR “intra-operative*”[Title/Abstract])

AND

(“quanti*”[Title/Abstract] OR “assess*”[Title/Abstract] OR “measur*”[Title/Abstract])
AND

(“Tremor”’[Mesh] OR “Hypokinesia’[Mesh] OR “Muscle Rigidity”[Mesh] OR
“tremor”[Title/Abstract] OR “bradykine*”[Title/Abstract] OR “rigid*”[Title/Abstract])
AND

(“Accelerometry”’[Mesh] OR “Acceleration”[Mesh] OR “Myography”[Mesh] OR
“reliab*”[Title/Abstract] OR “valid*”[Title/Abstract] OR “mechanic*”[Title/Abstract]
OR “accelero*”[Title/Abstract] OR “velo*”[Title/Abstract] OR “EMG”[Title/Abstract] OR
“gyroscop*”[ Title/Abstract] OR “kinematic*”[Title/Abstract] OR “motion sensor*”[Title/
Abstract])

AND

(“Deep Brain Stimulation”[Mesh] OR “DBS”[Title/Abstract] OR “neurosurg*”[Title/
Abstract] OR “thalamotom*”[Title/Abstract] OR “pallidotom*”[Title/Abstract])

NOT

“animal”[Title/Abstract]
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Abstract

The Movement Disorder Society Unified Parkinson’s Disease Rating Scale part III (MDS-
UPDRS-III) is designed to be applied in the sitting position. However, to evaluate the
clinical effect during stereotactic neurosurgery or to assess bedridden patients with
Parkinson’s Disease (PD), the MDS-UPDRS-III is often used in a supine position. This
explorative study evaluates the agreement of the MDS-UPDRS-III in the sitting and the
supine positions. In 23 PD patients, the MDS-UPDRS-III was applied in both positions
while accelerometric measurements were performed. Video recordings of the assessments
were evaluated by two certified raters. Agreement between the sitting and supine MDS-
UPDRS-III was studied using Cohen’s kappa coefficient. Relationships between the
MDS-UPDRS-III tremor scores and accelerometric amplitudes were calculated for
both positions with linear regression. A fair to substantial agreement was found for
MDS-UPDRS-III scores of individual items in the sitting and supine positions, while
combining all tests resulted in a substantial agreement. The inter-rater reliability was
fair to moderate for both positions. A logarithmic relationship between tremor scores
and accelerometric amplitude was revealed for both the sitting and supine positions.
Nevertheless, these data are insufficient to fully support the supine application of the
MDS-UPDRS-III. Several recommendations are made to address the sensitivity of the
scale to inter-rater variability. In conclusion, although an overall substantial agreement
between sitting and supine MDS-UPDRS-III is confirmed, its application in the supine
position is not endorsed for the whole range of its individual items. Caution is warranted
in interpreting the supine MDS-UPDRS-III, pending additional research.
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1. Introduction

The motor section (part III) of the Movement Disorder Society Unified Parkinson’s
Disease Rating Scale (MDS-UPDRS-III) [1] is designed to be applied in the sitting
position, but it is routinely used in the supine position to assess bedridden patients with
Parkinson’s Disease (PD), and to intraoperatively assess the clinical effect of stereotactic
neurosurgery [2]. For example, deep brain stimulation (DBS) is a well-known and effective
treatment for suppressing debilitating motor symptoms in patients suffering from PD [2].
Correct stereotactic electrode placement is essential for achieving successful treatment
outcomes. The intraoperative improvement of motor symptoms during awake stereotactic
neurosurgery indicates correct electrode placement [2]. Monitoring these motor symptoms
intraoperatively allows for the optimization of electrode position and subsequently the
treatment effect, underlining the importance of accurate intraoperative monitoring.

The MDS-UPDRS-III consists of 18 tests: (1) speech assessment, (2) facial expression,
(3) rigidity, (4) finger tapping, (5) hand movements, (6) pronation-supination movements
of the hands, (7) toe tapping, (8) leg agility, (9) arising from a chair, (10) gait, (11) freezing
of gait, (12) postural stability, (13) posture, (14) global spontaneity of movement (body
bradykinesia), (15) postural tremor of the hands, (16) kinetic tremor of the hands, (17)
rest tremor amplitude, and (18) rest tremor constancy [1]. Test 3 is performed for the
neck, right upper extremities (RUE), left upper extremities (LUE), right lower extremities
(RLE), and left lower extremities (LLE). Tests 4—8 and 15—16 are performed on both the
left and right side, and test 17 is performed for all extremities and the lip/jaw, resulting
in 33 tasks in total [1].

During surgery, MDS-UPDRS-III testing is performed in the supine position, since
patients are situated on the operating table with the head fixated in a stereotactic frame.
Several studies have used the MDS-UPDRS-III in the supine position [2—6], even though
the MDS-UPDRS-III was originally validated in the sitting position [7]. Therefore, the
primary aim of this prospective study is to investigate the agreement between MDS-
UPDRS-III assessments in sitting and supine position, in order to endorse the supine
application of the MDS-UPDRS-III. In addition, this study aims to investigate the
inter-rater reliability and the relation between the MDS-UPDRS-III and accelerometric
measurements in the sitting versus supine positions.

2. Materials and methods
2.1. Participants

Adult PD patients were eligible if they were diagnosed by UK Brain Bank criteria [8] and
were Hoehn and Yahr stage I-IV [9]. Exclusion criteria were any form of musculoskeletal
system disorders, physical disabilities, and recent alcohol/drug abuse. Exemption from
the act on research involving human subjects was granted by the local research ethical
board. This study was conducted in compliance with the Helsinki Declaration for research
on human beings. Written informed consent was obtained from each participant.
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2.2. Materials

Two wired tri-axial accelerometers (MM A8452Q tri-Axis, Freescale Semiconductor,
Inc., Austin, TX, USA) with a +2 g range and a 200 Hz sampling rate were used, as
previously described by Smid et al. [3]. Accelerometry data were recorded with Lab-VIEW
v. 2014 (National Instruments, Austin, TX, USA).

2.3. Measurements

Participants were invited to the outpatient clinic to undergo MDS-UPDRS-III
assessments [1], which took on average 39 min (SD + 16.9) to complete. Participants
were instructed to use their usual Parkinsonian medication; time of last intake was
noted. If applicable, the DBS device was turned off during the measurements. Of the
33 MDS-UPDRS-III tasks, items 1—8 and 14—18 were first performed in sitting position
and subsequently items 1, 2, 4—-6, and 14—18 in supine position. In the latter position,
MDS-UPDRS-III item 3 could not be performed as there was no neurologist available
to perform the rigidity assessment. Items 7 and 8 could not be performed in the supine
position. MDS-UPDRS-III items 9—13 were performed once, as these were not possible
in sitting or supine positions, in order to calculate the total MDS-UPDRS-III score. All
tasks were recorded on video. Accelerometry data (with sensors on both index fingers)
were recorded for upper extremity tremor (items 15 and 17), as described previously [3].

2.4. Video ratings

Two certified raters, blinded for patient characteristics, independently assessed
MDS-UPDRS-III from video recordings. Recordings could be rewatched if necessary.
To prevent bias, scoring of sitting and supine tasks of various participants was random.

2.5. Accelerometry analysis

Signal analysis was performed in MATLAB v. 2021a (MathWorks, Natick, MA, USA).
Pre-processing of tri-axial acceleration data was performed as described by Smid et al.
[3]. Accelerometric data measured during the upper extremity tremor tasks (items 15 and
17) were used to assess postural and rest tremor amplitude. The amplitude was calculated
by determining the mean of all peaks in the twice-integrated absolute displacement
vector, multiplied by two.

2.6. Statistical analysis

Statistical analysis was performed in IBM SPSS v. 28 (International Business
Machines Corporation, New York, NY, USA).
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2.6.1. Primary endpoint

Agreement between sitting and supine MDS-UPDRS-III scores was evaluated with
Cohen’s weighted kappa coefficient (x). MDS-UPDRS-III items 1—2, 4—6, and 14—18 were
used to calculate agreement between both positions. Item scores of both raters were
averaged and rounded before calculating agreement. An agreement of k¥>0.6 between
sitting versus supine was considered acceptable [10,11].

2.6.2. Secondary endpoints

For 28 of 33 MDS-UPDRS-III tasks, Cohen’s weighted kappa coefficient (k) was used
to assess inter-rater reliability between the two MDS-UPDRS-III raters. The five rigidity
tasks were excluded as these were only available in the sitting position.

Contrast coding of MDS-UPDRS-III tremor scores was defined to be orthogonal
polynomial, of which the first contrast coefficient has a linear trend, to assess linearity
between MDS-UPDRS tremor scores and the logarithm (log10) of the accelerometric
tremor amplitude [3,12], assessed separately in sitting and supine positions. MDS-UPDRS
tremor scores of the two raters were averaged and rounded per measurement.

3. Results

Twenty-three patients (four women; 61.5 + 9.1 years) with PD were included. The
average disease duration was 8.0 + 5.4 years. The total MDS-UPDRS-III score was 37
+ 15. The left hemibody was predominantly affected in 12 patients, while in 9 patients
the right side was more affected. All measurements were performed with the patient in
ON state. In 19 patients, the median interval (interquartile range) since last medication
at the start of the measurements was 105 (140) min. In 13 patients, a DBS device was
present. At the time of the assessment, these participants had been treated for 20.6 +
14.4 months on average (+SD).

3.1. MDS-UPDRS-III agreement in sitting and supine positions

Cohen’s k coefficient between sitting and supine MDS-UPDRS-III is shown in Table
1 and Figure 1. Aside from the outliers, a fair to substantial agreement was shown for the
individual items, while combining all tests resulted in a substantial agreement for MDS-
UPDRS-III scores in the sitting and supine positions [10,11]. Overall agreement (all tests
combined) was beyond the acceptance level of 0.6 (k=0.613). However, the agreement
between sitting and supine position was below the 0.6 threshold for several items (Table 1).

Cohen’s k results showed a perfect agreement for lip/jaw tremor and a near-perfect
agreement for kinetic tremor of the right hand. A substantial agreement was shown for
pronation/supination, body bradykinesia, and rest tremor of the left lower extremity, while
a moderate agreement was shown for finger tapping of the left hand, hand movements,
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postural tremor, kinetic tremor of the left hand, rest tremor of the left and right upper
extremities, and constancy of rest tremor. A fair agreement was shown for speech, facial
expression, finger tapping of the right hand, and lower extremity rest tremor [10,11].

Table 1. Cohen’s kappa results: sitting versus supine (averaged rounded MDS-UPDRS scores).

MDS-UPDRS-III Test Site Cohen’s x 95% CI P
3.1 Speech 0.300 —-0.049, 0.649 0.073
3.2 Facial expression 0.369 0.099, 0.639 <0.001
3.4 Finger tapping Left 0.407 0.131, 0.683 <0.001
Right 0.325 0.031, 0.619 0.007
3.5 Hand movements Left 0.561 0.281, 0.841 <0.001
Right 0.566 0.282, 0.850 <0.001
3.6 Pronation/supination Left 0.662 0.399, 0.925 <0.001
Right 0.625 0.370, 0.880 <0.001
3.14 Body bradykinesia 0.674 0.417, 0.931 <0.001
3.15 Postural tremor Left 0.441 0.174, 0.708 <0.001
Right 0.467 0.218, 0.716 <0.001
3.16 Kinetic tremor Left 0.432 0.122, 0.742 <0.001
Right 0.810 0.616, 1.004 <0.001
3.17 Rest tremor amplitude LUE 0.553 0.300, 0.806 <0.001
RUE 0.525 0.278, 0.772 <0.001
LLE 0.782 0.513, 1.051 <0.001
RLE 0.350 0.038, 0.662 0.030
Lip/jaw 1.000 1.000, 1.000 <0.001
3.18 Constancy of rest tremor 0.496 0.257, 0.735 <0.001
All tests combined 0.613 0.556, 0.670 <0.001

Figure 1. Cohen’s kappa for sitting and supine MDS-UPDRS-III scores. L: Left side. R: Right side.
LUE: Left upper extremities. RUE: Right upper extremities. LLE: Left lower extremities. RLE:
Right lower extremities.
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3.2. Secondary endpoints
3.2.1. Inter-rater reliability

The inter-rater reliability for sitting and supine MDS-UPDRS-III was calculated (see
Tables 2 and 3). For the sitting position, the Cohen’s x coefficient ranged from —o0.20
to 1.00, and for the supine position, from —0.14 to 1.00 in. Aside from the outliers, the

inter-rater reliability was fair to moderate in both positions [10,11].

Table 2. Cohen’s kappa results: Inter-rater sitting position rater 1 versus rater 2.

MDS-UPDRS-III Test Site Cohen’s x 95% CI p
3.1 Speech -0.196 —-0.435, 0.043 0.132
3.2 Facial expression 0.228 —-0.021, 0.477 0.029
3.4 Finger tapping Left 0.378 0.119, 0.637 <0.001
Right 0.346 0.091, 0.601 0.002
3.5 Hand movements Left 0.051 —-0.169, 0.271 0.598
Right —0.040 —-0.297, 0.217 0.744
3.6 Pronation-supination Left 0.111 —-0.093, 0.315 0.160
Right 0.122 -0.117, 0.361 0.216
3.7 Toe tapping Left 0.501 0.242, 0.760 <0.001
Right 0.141 —-0.071, 0.353 0.183
3.8 Leg agility Left 0.351 0.084, 0.618 0.002
Right 0.237 -0.004, 0.478 0.024
3.9 Arising from chair 0.704 0.388, 1.020 <0.001
3.10 Gait 0.473 0.154, 0.792 0.005
3.11 Freezing of gait 0.000 0.000, 0.000 <0.001
3.12 Postural stability 0.629 0.384, 0.874 <0.001
3.13 Posture 0.385 0.124, 0.646 <0.001
3.14 Body bradykinesia 0.075 -0.168, 0.318 0.462
3.15 Postural tremor Left 0.550 0.291, 0.809 <0.001
Right 0.786 0.574, 0.998 <0.001
3.16 Kinetic tremor Left 0.398 0.071, 0.725 0.003
Right 0.339 0.092, 0.586 0.009
3.17 Rest tremor amplitude LUE 0.574 0.343, 0.805 <0.001
RUE 0.742 0.526, 0.958 <0.001
LLE 0.429 0.100, 0.758 0.005
RLE -0.045 —-0.112, 0.022 0.766
Lip/jaw 1.000 1.000, 1.000 <0.001
3.18 Constancy of rest tremor 0.468 0.239, 0.697 <0.001

All tests combined 0.431 0.382, 0.480 <0.001
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Table 3. Cohen’s kappa results: Inter-rater supine position rater 1 versus rater 2.

MDS-UPDRS-III Test Site Cohen’s x 95% CI p
3.1 Speech -0.135 -0.284, 0.014 0.104
3.2 Facial expression 0.140 -0.081, 0.361 0.140
3.4 Finger tapping Left 0.371 0.102, 0.640 <0.001
Right 0.303 0.031, 0.575 0.008
3.5 Hand movements Left 0.061 —-0.172, 0.294 0.547
Right 0.168 -0.079, 0.415 0.138
3.6 Pronation-supination Left 0.212 0.000, 0.424 0.011
Right -0.005 —-0.164, 0.154 0.954
3.14 Body bradykinesia 0.250 —-0.013, 0.513 0.033
3.15 Postural tremor Left 0.512 0.242, 0.782 <0.001
Right 0.717 0.462, 0.972 <0.001
3.16 Kinetic tremor Left 0.129 -0.138, 0.396 0.198
Right 0.457 0.218, 0.696 <0.001
3.17 Rest tremor amplitude LUE 0.540 0.268, 0.812 <0.001
RUE 0.509 0.256, 0.762 <0.001
LLE 0.416 0.153, 0.679 0.003
RLE 0.361 0.057, 0.665 0.013
Lip/jaw 1.000 1.000, 1.000 <0.001
3.18 Constancy of rest tremor 0.604 0.392, 0.816 <0.001
All tests combined 0.385 0.326, 0.444 <0.001

3.2.2. The relationship between UPDRS scores and amplitude

In Figure 2, the accelerometric amplitude of resting and postural tremor tests in
the sitting and supine positions are plotted against the given averaged MDS-UPDRS-
ITI tremor scores. An accelerating increase in amplitude with increasing MDS-UPDRS-
III score is noted in all subfigures. Hence, the log-transformed accelerometric tremor
amplitudes of sitting and supine postural and rest tremor were regressed on the
corresponding MDS-UPDRS-III tremor scores. There was strong evidence against the
null hypothesis that the log-transformed amplitude was not linearly related to the MDS-
UPDRS-III scores (p<0.001) for both tremor tests, in both positions. The amplitude
tended to increase as a logarithmic function of MDS-UPDRS-III scores (R2>0.712) for

all tests (Table 4).
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Figure 2. Boxplots of the tremor amplitude of the sitting postural (a), supine postural (b), sitting
rest (¢), and supine rest (d) tremor tests (per MDS-UPDRS score).

Table 4. Regression analysis results.

MDS-UPDRS-III Test Position R R2*  Coefficient ** 95% CI p

Postural tremor Sitting 0.900 0.811 2.662 2.271,3.052 <0.001
Supine 0.862 0.743 2.873 2.360, 3.387 <0.001

Rest tremor Sitting 0.905 0.818 3.604 3.088, 4.121  <0.001
Supine 0.844 0.712 4.213 3.399, 5.027 <0.001

* Coefficient of determination; ** Contrast coefficient testing for linear trend.

4. Discussion

This study revealed a fair to substantial agreement for sitting and supine MDS-
UPDRS-III scores. The inter-rater reliability was fair to moderate in both positions. The
relationship between tremor amplitude and clinical tremor score in sitting position was
shown to be similar to that in the supine position for both rest and postural tremors.
Trends were consistent with the logarithmic relationship between tremor amplitude and
clinical tremor score reported in previous studies [3,12].

In this explorative study, an acceptable overall agreement (all tests combined)
between the sitting and supine position was found. However, several sub-items showed
an agreement below the set acceptance level. Consequently, the supine use of the MDS-
UPDRS-III is discouraged based on these data. Additional research is warranted and
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perhaps an alternative version of the MDS-UPDRS-III should be designed, preferably by
the expert panel of the MDS, for supine assessment of the items for which disagreement
was shown in our study.

When assessing all MDS-UPDRS-III items separately, Cohen’s k coefficient between
the scores in sitting and supine position had a wide range. This is explained by the small
sample size. All MDS-UPDRS-III tests combined produced a substantial agreement with a
relatively narrow 95% confidence interval. It was notable that there was no clear subgroup
of items that consistently showed substantial agreement, or no agreement at all. In some
patients the ratings for speech were higher in supine position than in sitting position.
This could be due to gravitational force, which can influence speaking while reclining
[13]. In the operative setting, decreased oral fluid intake and higher stress level may
cause a dry mouth, worsening speech. The perfect agreement found for lip/jaw tremor
(Tables 1—-3) is explained by the fact that only 1 of the 23 participants had this symptom.
Some of the lower agreements found between the sitting and supine position could also
be accounted for by the relatively low inter-rater reliability found in this study, e.g., for
the speech, hand movements and pronation/supination items. These findings are in line
with those of previous studies, which have shown that the MDS-UPDRS-III within-
patient reliability consists of a substantial amount of error variance, especially for the
bradykinetic items [14—18]. The poor inter-rater reliability found for item 3.1 (Tables 2 and
3) could be explained by the speech criteria being open to interpretation, as it can differ
between raters whether the words or sentences spoken by the patient are easy or poorly
understood by the rater. This might result in different raters giving different ratings (e.g.,
with a difference of one point) to the same speech assessment. The disagreement found
for item 3.11 (Table 2) occurred because none of the participants suffered from freezing,
so the inter-rater reliability could not be properly calculated for that item.

4.1. Limitations

All measurements were initially performed in the sitting position and subsequently
in the supine position. This might have introduced order effects, such as the influence of
medication status and fatigue on the results, although measurements were performed in a
short interval. Rigidity was not assessed in the supine position in this study due to logistic
reasons. Additionally, facial expression could not be assessed properly during supine
assessments, as the camera was positioned at the participant’s feet, making it difficult
to observe whether the lips were parted and explaining the lower agreement found for
this item. Furthermore, the study uses a convenience sample—no formal calculation was
performed as test variability could not be estimated.

4.2. Recommendations

In this study, it was shown that lower extremity tremor assessment can differ in
supine versus sitting position. Since the legs are supported by the bed in supine position,
this might have caused the amplitude of a lower extremity tremor to be suppressed.
Moreover, since the legs are often positioned under blankets during surgery, their tremor
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amplitude may be suppressed even more. Therefore, it is recommended to be aware of
the position of the extremities during supine assessment of tremor.

Some MDS-UPDRS-III items (e.g., rigidity and tremor amplitude) are described
in such a way that inter-rater variability is limited, as its criteria are less subject to
interpretation. These items showed a higher inter-rater reliability in this study. Other
items (e.g., the bradykinetic items) are more susceptible to inter-rater variability, since
criteria as “slight”, “mild”, and “moderate” are open to interpretation. It can also differ
per rater whether “slowing” of the movement during the task is rated, versus general
“slowness” of movement during the whole task. Most importantly, the correct scoring of
these items depends on the instructions given to the patient, which will influence how
the task is performed. Criteria should be defined more clearly to minimize inter-rater
variability.

4.3. Future perspectives

Although many studies already applied the MDS-UPDRS-III supinely [2—6], its
use has not been validated in this position. In this explorative study, the agreement
between MDS-UPDRS-III application in the sitting and supine positions was evaluated,
and demonstrated that sitting and supine assessments may differ. However, in order
to properly validate the supine application of the MDS-UPDRS-III, further research
is indispensable. Additional experiments should be performed to determine the
reproducibility of MDS-UPDRS-III items, in order to test variability between sitting
and supine assessments to be assigned to the position in which measurements were
performed. Rigidity assessments should be performed in the supine position to include
the results of this item in the validation analysis. Additionally, order effects should be
prevented by proper counterbalancing. The use of several video cameras from different
angles could prevent difficulties with properly observing the participant. The sample size
of future studies could be calculated based on the test variability of the current study.
Therefore, a large-scale validation study is proposed, in which reproducibility analysis,
order effects, and supine rigidity items are considered. As such, supine MDS-UPDRS-
IIT application will be properly validated, or, in the case of unconvincing results, an
alternative version of the MDS-UPDRS-III could be designed for supine use.

5. Conclusions

Although an overall substantial agreement between the MDS-UPDRS-III in the sitting
and supine position is confirmed, its application in the supine position is not endorsed
for the whole range of its individual items. In general, the MDS-UPDRS-III is found to
be sensitive to inter-rater variability, for which recommendations are formulated. At
present, in anticipation of additional research, caution is warranted in interpreting the
supine MDS-UPDRS-III. In future studies, the test variability of the current study can
be used to determine the sample size.
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Abstract

Objective

The gold standard for assessing bradykinesia in Parkinson’s Disease (PD) is the
Movement Disorder Society Unified PD Rating Scale (MDS-UPDRS), although it is
limited by inherent subjectivity and reliance on experienced raters. This study focused
on translating the MDS-UPDRS upper limb bradykinesia assessments into an objective
scoring method with 3D accelerometry.

Methods

In this study, 44 patients with PD and 44 healthy controls (matched on sex and age) were
included. Two raters assessed MDS-UPDRS criteria for bradykinesia, while accelerometric
measurements were conducted at the index fingers. Measurements were performed in an
off-medication state. The 3D acceleration data produced quantitative measures, such as
frequency and amplitude of hand movement. The algorithm for calculating accelerometric
scores was based on MDS-UPDRS criteria with thresholds from healthy controls.
Agreement between MDS-UPDRS bradykinesia scores and accelerometric scores was
estimated with Cohen’s kappa coefficient (x).

Results

The accelerometric scores showed moderate agreement (x > 0.548) with MDS-UPDRS
ratings. The inter-rater agreement between the two MDS-UPDRS raters was moderate
for all tests (x > 0.595). Accelerometric test-retest reliability was good to excellent (ICC
> 0.764, p<0.001).

Conclusions
This study introduces an accelerometric algorithm to classify upper extremity
bradykinesia according to MDS-UPDRS criteria, yielding high test-retest reliability.

Significance
Given its consistency, this method can potentially reduce MDS-UPDRS rater-dependency
and improve objective monitoring of upper limb bradykinesia.
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1. Introduction

Parkinson’s Disease (PD) is a neurodegenerative disorder accompanied by debilitating
motor symptoms, with bradykinesia as the core feature [1,2]. Bradykinesia (slowness of
movement) is defined as decline in amplitude or speed during continuous movement
[1-3]. Considering its heterogenic and multifaceted presentation, accurate assessment
of bradykinesia is key for correct diagnosis and treatment evaluation of PD. Several
bradykinetic aspects can influence the assessment: decrease in movement amplitude,
hesitations during the ongoing movement, and slowing of the ongoing movement.

Bradykinesia of the hands is most often assessed with the internationally standardized
Movement Disorder Society Unified PD Rating Scale (MDS-UPDRS). More specifically,
MDS-UPDRS Motor Section (MDS-UPDRS-III) is used: finger tapping (item 3.4), hand
movements (item 3.5), and pronation-supination (item 3.6) [4]. Number of hesitations of
movement, level of slowing, and timing of amplitude decrements are evaluated [4]. Each
item is rated with a single score 0—4, depending on the most bradykinetic expression. The
lowest score corresponds to asymptomatic movement; higher scores indicate more severe
bradykinesia [4]. Although a substantial number of MDS-UPDRS-III criteria have been
defined, most criteria are not quantitative and thus sensitive to inter-rater variability
[5—8]. Therefore, MDS-UPDRS-III assessment is limited by subjectivity and reliance
on expert raters [8—10]. Especially the influence of tapping speed (and the associated
instructions to perform the test with maximal amplitude and as quick as possible)
on the decrement is an important source of variability in outcomes. If the task is not
performed initially with maximal amplitude, proper assessment of amplitude decrement
is not possible. Accurately assessing bradykinesia requires patients being given correct
instructions, which is often linked to the rater’s expertise, underlining the complexity of
achieving standardization of bradykinesia assessment with currently available methods.
Since caregivers with varying experience levels are involved in practice, a reliable and
rater-independent method is warranted [6,7].

One way to overcome the shortcomings of visual ratings is use of objective motor-
measurements, for example electronic motion-capture sensors. Correct signal analysis
of objective data may provide quantitative, reliable outcomes to guide PD therapy.
Unfortunately, such measures currently lack in standard clinical practice [10—12], due
to price, size, and invasiveness of current systems [9]. Tri-axial accelerometers offer a
solution given their accuracy, compactness, light weight, non-invasiveness, and relative
inexpensiveness [5,10,13,14]. They record linear movement-induced accelerations as 3D
timeseries in gravitational units (g) in the device’s reference-frame [15,16]. Accelerometry
allows quantification of relevant bradykinesia parameters (e.g., velocity, amplitude,
rhythm) [17,18]. For example, movement rhythm is analyzed by approximating the
dominant frequency using fast Fourier transformation (FFT) [10]. These measures can
be applied to calculate objective scores based on MDS-UPDRS-III bradykinesia criteria.

Several studies have aimed to quantify bradykinesia, e.g. by predicting or estimating
UPDRS-scores based on movement sensor data [19—22]. Stamatakis et al. used finger
tapping accelerometry to predict UPDRS-scores using ordinal logistic regression [21].
Maldonado-Naranjo et al. investigated the relationship between MDS-UPDRS scores
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and i.a. dwell time [23]. However, direct translation of upper extremity bradykinesia
tests as described in MDS-UPDRS-III into objective accelerometric methodology has not
yet been attempted. Considering the current dependance of PD treatment on subjective
motor assessments, the need for reliable, rater-independent bradykinesia measurement
is undeniable. Therefore, this study aims to translate upper extremity MDS-UPDRS-III
bradykinesia scoring criteria into an objective rating with accelerometry data as input.

2. Materials and methods

This study was performed at the Parkinson Expertise Center of University Medical
Center Groningen (UMCG).

2.1. Participants

PD patients assessed for Deep Brain Stimulation (DBS) surgery and age- and sex-
matched Healthy Controls (HC) were included. PD patients were all diagnosed according
to UK Brain Bank criteria [24] and were Hoehn Yahr stage I-V [25]. Exclusion criteria
were diagnosis of any form of musculoskeletal system disorders or physical disabilities,
recent alcohol/drugs abuse, and psychiatric disorders.

2.2. Materials

Two wired tri-axial accelerometers (MMA8452Q tri-Axis, Freescale Semiconductor,
Inc., Austin, TX, USA) with +2g range and 200 Hz sampling rate were used [10]. The
sensors were attached to the index fingers with adjustable straps (Figure 1).

Figure 1. Accelerometer positioned at the left index fingertip.

Accelerometry data were recorded with LabVIEW v. 2017 (National Instruments,
Austin, TX, USA), as described previously [10]. Signal analysis was performed in
MATLAB v2023a (MathWorks, Natick, MA, USA). Statistical analysis was performed in
IBM SPSS statistics v28 (International Business Machines Corporation, New York, NY,
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USA). MDS-UPDRS-III items 3.4—3.6 were used for clinical assessment of participants
[4]. MDS-UPDRS part II was used to assess motor aspects of daily living in the PD

group [4].
2.3. Measurements

HC were measured to determine normal frequency, velocity, amplitude, and rhythm
of finger tapping (FT), hand movement (HM), and pronation-supination (PS) tests. From
these data, thresholds were calculated in relation to MDS-UPDRS-III upper extremity
bradykinesia items. Accelerometers were placed at the distal phalanx of both index
fingers. All measurements were conducted with the participant in sitting position. Tests
lasted ten seconds each. MDS-UPDRS-III items 3.4—3.6 [4] were performed at both
hands separately to assess FT, HM, and PS, while accelerometry data were simultaneously
recorded. Patients were assessed before DBS surgery. All measurements were performed
in an off-medication state, after a washout period of at least 12h. All tests were performed
twice for each task, with an identical sequence (FT, HM, PS, FT, HM, PS), in order to
determine test-retest reliability of the accelerometric approach. Bradykinesia severity
was assessed for all measurements according to MDS-UPDRS-III by two experienced
MDS-UPDRS certified raters (A. Smid, J.M. ten Kate), who were blinded to the scores of
the other rater and to the accelerometric data.

2.4. Data pre-processing

Pre-processing was performed as described previously [10,13,14]. Calibrated raw
acceleration data were converted from g-units to cm/s2. The norm of the acceleration
vector in all three directions was calculated by taking the root mean square of the
resultant signal of the three axes [23,26]. Non-causal second-order high-pass Butterworth
filters (cut-off frequency 0.5 Hz) were used to remove low-frequency noise. Digital noise,
possible tremor and higher-order harmonics were suppressed using non-causal second-
order low-pass Butterworth filters (4 Hz) [10,23,26], resulting in filtered acceleration
norm (a).

2.5. Accelerometric outcome measures

In order to objectively quantify hand bradykinesia as described in MDS-UPDRS-
III [4], all stated criteria should be objectified. Measures used in MDS-UPDRS-III
bradykinesia items are (a) number of interruptions/arrests, (b) slowing, and (c¢) amplitude
decrements. Thus, main accelerometric measures were (a) inactivity time, (b) mean
increase in time per cycle, and (c) mean decrease in amplitude (Figure 2). Since timing
of decrease in velocity and/or amplitude is important, individual Movement Cycles (MC)
during the task were defined. For FT, a cycle was defined as one opening and closing of
the index finger and thumb. For HM, a cycle was defined as one opening and closing of
the hand. For PS, one cycle was defined as a single turn of the extended arm from palm
up to palm down to palm up.
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(@)

(b)

©

Figure 2. Schematic representation of the MDS-UPDRS-III measures translated to accelerometry
measures for (a) interruptions/arrests, (b) velocity, and (c) amplitude, for FT.
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2.5.1. Rhythm
The dominant frequency of the movement was estimated, in order to approximate
the rhythm of the movement sequence. The FFT of d of each performed test was used to

calculate dominant frequency (f,) from the periodogram Power Spectral Density (PSD)
estimate, using a Hann window [26] (Figure 3). n

@

(b)

©

Figure 3. Example PSD periodogram for FT (a), HM (b) and PS (c), with dominant frequency f,
marked by a red star (*).
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2.5.2. Defining individual movement cycles

Segmentation of filtered acceleration norm d was performed for each performed test
to evaluate bradykinesia characteristics for individual MC. Segmenting individual cycles
was done by determining the point that a shifted from negative to positive. One cycle
was defined as the data between two points where d shifted from negative to positive,
capturing one period of the movement (Figure 4). Minimal distance between these two
points was set at 1/(2 x f,) seconds, with a lower limit of 0.125 seconds (assuming a
maximal movement frequency of 4 Hz). Only the first ten cycles were used for analysis,
following MDS-UPDRS-III criteria [4].

(@ (b)

©
Figure 4. Example acceleration for FT (a), HM (b) and PS (c), given in black. Blue circles mark
points where @ shifted from negative to positive, marking beginning/ending of a movement cycle.
Red circles mark the point when ten cycles were performed. The first ten peaks and valleys of d are
marked by blue and red stars, respectively.
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2.5.3. Interruptions/arrests

Interruptions/arrests (as mentioned in MDS-UPDRS) occur if the continuous
movement sequence halts, resulting in hardly any movement (Figure 2a). In other words,
an interruption was detected when acceleration falls below a certain threshold for a
consecutive period exceeding a specific duration. The measure to determine presence of
interruptions or arrests is called Inactivity Time (IT). IT was calculated from absolute

acceleration (a,.), by computing the total amount of time the value of a_,, was below
ab.

the threshold (p_,), which was a certain percentage of the maximum a_,_ for that
measurement (Figure 5) [23].

abs

@ (b)

©
Figure 5. Example absolute acceleration for FT (a), HM (b) and PS (¢). p,,.-threshold is given in
red. Stars mark when inactivity was detected. Lowest and highest absolute acceleration values were
marked by green and red circles, respectively.
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2.5.4. Slowing

If slowing (Figure 2b) occurs during bradykinesia tests, the time per MC (7t) increases.
Tc was calculated by determining the length of the time interval of each defined MC
(Figure 4). The Tt of the first cycle (Tc,) was used as reference value, as MDS-UPDRS-
III prescribes. Next, increase in Tc between Tc, and the Tt of each consecutive MC was
calculated (%) for the first ten cycles. Mean of these nine values was calculated per
measurement (p,, (%)).

2.5.5. Amplitude decrements

The decrease in amplitude (Figure 2c) per MC compared to the first MC was calculated
from d (cm/s?). The amplitude (peak-to-peak distance) of each cycle was calculated by
summing the d-peak and d-valley of the same cycle (blue and red stars in Figure 4).
The amplitude of the first cycle (amp,) was used as reference value, as MDS-UPDRS-
III prescribes. Next, decrease in amplitude between amp, and the amplitude of each
consecutive MC was calculated (%) for the first ten cycles. Mean of these nine values was
calculated per measurement (p _ (%)).

amp

2.6. Accelerometric scores

The calculated accelerometric outcome measures were used as input for the scoring
algorithm. The output of the algorithm is accelerometric (ACC) scores ranging from
0—4 per task, as MDS-UPDRS-III prescribes, as well as ACC sub-scores per criterion
(interruptions/arrests, slowing, amplitude decrement). Quantitative thresholds based on
MDS-UPDRS-III (e.g. number of interruptions) were used as cut-off values. The findings
of section 2.6.1, 2.6.2, and 2.6.3 create the middle three branches of the algorithm (Figure
6). The highest score given to any of these three components was the final calculated
accelerometric (ACC) score given to that test, as MDS-UPDRS-III prescribes. As such,
MDS-UPDRS-based analysis of bradykinesia task performance, including a 0—4 score
for each task, was provided in this study. All outcome measures were calculated for both
hands for all corresponding tests.
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(@)

(b)

Figure 6. a) block diagram for standard MDS-UPDRS-III rating. b) Block diagram for accelero-
metric score calculation.

If MDS-UPDRS-III was not able to provide quantitative thresholds for particular
measures, natural variations were calculated from the accelerometric HC data. These
natural variations were used to establish thresholds able to distinguish asymptomatic
(MDS-UPDRS-III score = 0) from symptomatic (MDS-UPDRS-III score > 1)
measurements. These thresholds are described in section 2.6.1—2.6.3 and summarized
in Table 1.
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Table 1. Overview of thresholds used for the accelerometric algorithm.

Threshold Criterion Explanation Value

1/(2 xf,)  Defining individual Minimal difference between the start  1/(2 x f,) seconds
movement cycles and end of a defined movement cycle.

DPabs Interruptions/arrests ~ Percentage of the maximum a_,’ of the 3%

first ten cycles.

IT, ;g Interruptions/arrests ~ Minimal number of seconds between 0.1 seconds
two IT-samples to be included in the
same IT-string.

IT,,, Interruptions/arrests ~ Minimal number of IT-samples in 10 (equals
an IT-string for being counted as a 0.05 second)
hesitation.

IT.... Interruptions/arrests Minimal number of IT-samples inan 200 (equals
IT-string for being counted as one 1 second)
freeze.

IT, 000 Interruptions/arrests Minimal number of IT-samples inan 500 (equals
IT-string for being counted as two 2.5 seconds)
freezes.

Drestighy Slowing Percentage of increase in Tc defined as  20%

“slight slowing”.

Premita) Slowing Percentage of increase in Tc defined as  40%
“mild slowing”.

Pregnoderary  SlOWIng Percentage of increase in Tc defined as  60%
“moderate slowing”.

Prevere) Slowing Percentage of increase in Tc defined as  80%
“severe slowing”.

Damp Amplitude decrements  Percentage of maximal amplitude per 50%

cycle to detect amplitude decrement.

Accelerometric HC data was analyzed to calculate natural variation and asymptomatic
thresholds. Kolmogorov-Smirnov test of normality (one-sample K-S test) was used to
determine whether data were normally distributed. According to the empirical rule, about
95% of data is within the population mean () plus two times standard deviation (o) for
normally distributed data. So, threshold (t) was calculated according to:

t=u+20 (Eq. 1)

This rule was used to determine asymptomatic thresholds for inactivity time (IT, _(s)),
percentage of maximal acceleration (p,,, (%)), mean increase in Tc (P, (%)), and
percentage of maximal amplitude (p__ (%)).

amp

2.6.1. Interruptions/arrests-scores

Interruptions and arrests in the first ten MC were detected by finding the IT-samples
(all data points in cg; that are below the p , -threshold) of that test (Figure 5).

The p,, -threshold was calculated from HC data by calculating the maximum of a_,_
(@,,,) and the minimum of a_,, (d,,;,) of the first ten cycles (Figure 5). For each test, it was
calculated what percentage d,,;,, was of @,,,.. Eq 1 was used to calculate the p , -threshold

from these percentages, which resulted in a p , -threshold of 3% based on HC data.

min
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Occurrence of a singular IT-sample (Figure 5) did not immediately result in the
algorithm detecting an interruption. I7-samples had to be semi-consecutive, meaning
that an IT-sample was at most 0.1 seconds (IT,, ), apart from the next IT-sample. As
such, IT-strings were calculated per measurement, where each string consisted of the
IT-samples that were at most 0.1 seconds apart from each other. As soon as an IT-sample
was more than 0.1 seconds removed from the next IT-sample, a new string was started.
The length of each IT-string determined whether an interruption or arrest was detected.

Three thresholds were set for the length of the IT-string. The IT,, -threshold was
calculated by determining the total amount of I7T-samples in each control test. This
resulted in a IT, -threshold of ten data points. If an IT-string consisted of ten or more
IT-samples, one interruption was counted. So, minimal duration of an interruption was
0.05 second. If an IT-string consisted of 200 (IT,, ) or more data points, one arrest was
counted. So, minimal “arrest” duration was 1.0 second. If an IT-string consisted of more
than 500 (I Tﬁ.eem) IT-samples, two arrests were counted.

The scoring criteria for number of interruptions/arrests described in MDS-UPDRS-
I1I were maintained for the accelerometric scoring. In addition, scores of 4 were given
in case of >10 interruptions or >1 arrest.

2.6.2. Slowing-scores

Level of slowing during the first ten MC was determined based on p, -thresholds
(Table 1). The first p, -threshold (to discriminate between score 0 and 1) was calculated
based on the p, of HC data, according to Eq 1. This p, -threshold was calculated to be
20%.

To calculate a total score for slowing, separate analyses were done for each of the nine
cycles following the reference cycle. If p, of that cycle was below 20%, it was counted
as score 0 (“no problems”). If p, was above 20%, 40%, 60% or 80%, it was counted
as score 1 (“slight slowing”), 2 (“mild slowing”), 3 (“moderate slowing”), or 4 (“severe
slowing”), respectively. The thresholds of 40%, 60%, and 80% were estimates based
on MDS-UPDRS-III descriptions and expert opinion. The most frequently occurring
score of the nine individual scores determined the final slowing-score. If multiple scores
occurred equally often, the highest of these most frequent scores was taken as the final
slowing-score.

2.6.3. Amplitude-decrement-scores

The amplitude per MC was calculated as in section 2.5.5 (Figure 4). Amplitude
(s) of the first MC was used as reference value, as MDS-UPDRS-III prescribes. The
Domp-threshold was calculated from HC data by computing decrease in amplitude
compared to the reference in %. Mean difference in amplitude per cycle was calculated
(% per test). With these percentages, the p, -threshold was calculated using Eq 1. A
D op-threshold of 50% was calculated from HC. If the amplitude of a cycle decreased
below 50% of s, that cycle was counted as an amplitude decrement. The cycle during
which amplitude decremented first determined the score.
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2.7. Statistical analysis
2.7.1. Primary endpoint

Level of agreement between accelerometric scores and averaged MDS-UPDRS-III
scores of each test was evaluated by calculating concordance and Cohen’s weighted kappa
coefficient (k) [27,28]. Mean absolute error (MAE) and root mean square error (RMSE)
were calculated to determine the difference between accelerometric scores and averaged
MDS-UPDRS-III scores.

2.7.2. Secondary endpoints

As first secondary endpoint, Cohen’s weighted kappa coefficient (x¥) was used
to assess inter-rater reliability between the two MDS-UPDRS-III raters. Second,
Spearman’s correlation coefficient was used to assess correlation between accelerometric
outcome measures (f,, IT, p,, and pamp) and MDS-UPDRS-III scores. Last, ICC (two-
way mixed-effects model, single measurement, absolute agreement) of f,, IT, p,, Py
and accelerometric scores was calculated for the repeated tests to determine test-retest
reliability of the accelerometric approach [29]. The two-way mixed-effects model with
a single measurement approach was chosen, as the selected measurements are the only
measurements of interest, and the protocol was based on a single measurement rather

than on the mean of multiple measurements [29].

3. Results

Forty-four PD patients (selected for DBS procedures) were included in this study (25
men, 19 women; age (mean + SD): 62.6 + 9.3 years). Forty-four matched HC were included
in this study (25 men, 19 women; age (mean + SD): 62.9 + 8.9 years). In both the PD and
HC group, 176 FT, 176 HM, and 176 PS-tests were performed (twice left-handed, and twice
right-handed). All participants were right-handed. Median motor impairment in daily
living in the PD group was an MDS-UPDRS part II score of 16 (range: 4—36) out of 52.
Median total MDS-UPDRS-III score was 36 (range: 11—72) out of 132 in the PD group, and
o (range: 0—0) in the HC group. Median MDS-UPDRS-III upper limb bradykinesia score
was 10.5 (range: 3—23) out of 24 in the PD group, and o (range: 0—0) in the HC group.
Median score of Montreal Cognitive Assessment (MOCA) in the PD group was 25 (range:
20-30) out of 30. The total daily levodopa equivalent dose (LED) is stated in Table 2.
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Table 2. Demographics.

n (%) or mean (+SD) or Not Applicable (N/A)

Variable

PD, n=44 HC, n=44
Gender (male) 25 (56.8%) 25(56.8%)
Age (years) 62.6 (£9.3) 62.9 (£8.9)
Disease duration (years) 9.3 (24.6) N/A
LED (mg) 1783.0 (+720.9) N/A
Hoehn Yahr stage (0—5) 2.5 (+0.8) N/A
MOCA (0—30) 25.3 (£2.3) N/A

3.1. Clinical MDS-UPDRS-III measurements

Cohen’s weighted kappa coefficient between the two MDS-UPDRS-III raters showed
moderate to substantial inter-rater reliability for all tests (x > 0.595) [27]. For FT, x was
0.622 (95% CI: 0.538, 0.706; p<0.001). For HM, a x of 0.595 (95% CI: 0.509, 0.681;
p<0.001) was found. For PS, k was 0.617 (95% CI: 0.533, 0.701; p<0.001). Finally, x for
all tests combined was 0.612 (95% CI: 0.563, 0.661; p<0.001).

3.2. Accelerometric outcome measures

The main outcomes were f,, IT, p,., and Py In Figure 7, these quantitative outcomes
are plotted against averaged clinical ratings per test. An increase in IT, p,,, and p,,
with increasing MDS-UPDRS-III scores was observed for all tests. A decrease in f, with
increasing MDS-UPDRS-III scores was observed for all tests.
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Figure 7. Boxplots of f, of FT (a), HM (b), and PS (c), and of IT of FT (d), HM (e), and PS (f) in
HC and PD group, per MDS-UPDRS-III score. Outliers are marked with red crosses (+). For every
boxplot, each group contains 176 samples.
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Figure 7. Boxplots of p,, of FT (g), HM (h), and PS (i), and of Pamp of FT (j), HM (k), and PS (1) in
HC and PD group, per MDS-UPDRS-III score. Outliers are marked with red crosses (+). For every
boxplot, each group contains 176 samples.
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Correlations between accelerometric outcomes and MDS-UPDRS-III scores are
given in Table 3. Weak to moderate negative correlations were found for f, in all tasks
(p<0.001). Correlation between IT and MDS-UPDRS-III scores was moderate in all tests
(p<o.001). p,, . correlated moderately with MDS-UPDRS-III scores for FT (p<0.001).
Weak correlations were found in the remaining outcomes.

Table 3. Spearman’s correlation between accelerometric outcome measures and MDS-UPDRS-IIT
scores in the patient population.

MDS-UPDRS-III g‘;:lcs‘:l‘;‘: Spearman’sp R*  95% CI p

3.4 Finger tapping £, -0.343 0.118  -0.470,-0.201 <0.001
IT 0.468 0.219  0.340, 0.579 <0.001
Py 0.132 0.017  —0.021, 0.279 0.081
Py 0.386 0.149  0.248,0.508 <0.001

3.5 Hand movements £, -0.506 0.256 —0.611, -0.384 <0.001
IT 0.503 0.253 0.380, 0.609 <0.001
Pp 0.264 0.070 0.116, 0.400 <0.001
Pomp 0.258 0.067 0.110, 0.395 <0.001

3.6 Pronation-supination f, —0.405 0.164 -0.524,-0.269 <0.001

movements IT 0.622 0.387 0.509, 0.707 <0.001
Py 0.163 0.027 0.011, 0.308 0.030
Py 0.155 0.024 0.003, 0.301 0.039

3.3. Accelerometric scores

No deviation from normality was detected by K-S tests for all HC data required for
threshold calculation. Contingency tables of ACC-scores and averaged MDS-UPDRS-
III scores in the PD group for all types of bradykinesia tests are given in heatmaps in
Figure 8.
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Figure 8. Contingency tables of averaged MDS-UPDRS-III scores and accelerometry (ACC) (sub-)
scores of FT (a, b, ¢, d), HM (e, f, g, h), and PS (i, j, k, 1) in the PD group. Clinical MDS-UPDRS-III
scores are given on the y-axis, and ACC-scores are given on the x-axis. Matching scores are given
in dark green, and outliers are given in the lightest shades.

Concordance and Cohen’s k-coefficient of agreement between ACC-scores and
averaged MDS-UPDRS-III ratings per type of test, as well as mean error (MAE and
RMSE) are given in Table 4. Concordance between MDS-UPDRS-III ratings and
ACC-scores was substantial for all tests (264.2%). Cohen’s k results showed moderate
agreement for all tests [27,28]. On average, ACC-scores differed less than half a point
from averaged MDS-UPDRS-III scores, as indicated by MAE.

Table 4. Agreement results.

MDS-UPDRS-III Concordance Cohen’s x 95% CI RMSE MAE
3.4 FT 68.2% 0.596 0.510, 0.682 0.674 0.364
3.5 HM 64.2% 0.548 0.460, 0.637 0.750 0.426
3.6 PS 65.9% 0.560 0.473, 0.646 0.723 0.398
All tests 66.1% 0.569 0.518, 0.620 0.716 0.396
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3.4. Accelerometric reliability

In Table 5, test-retest reliability of the accelerometric method is given for f,, IT, p,,,
andp,, ,and accelerometric scores of the repeated tests. Reliability was excellent for both
f, and ACC-score of PS, and the remaining ICCs showed good test-retest reliability [29].

Table 5. Test-retest reliability of accelerometric approach (ICC: two-way mixed-effects model,
single measurement, absolute agreement).

MDS-UPDRS-III Outcome measure ICC 95% CI P

3.4 Finger tapping £, 0.844 0.825,0.858 <0.001
IT 0.777 0.655, 0.884 <0.001
P 0.857 0.842, 0.868 <0.001
Damp 0.825 0.801, 0.844 <0.001
ACC-score 0.865 0.823, 0.898 <0.001

3.5 Hand movements £, 0.895 0.861, 0.921 <0.001
IT 0.764 0.695, 0.819 <0.001
P 0.832 0.810, 0.849 <0.001
Pamp 0.841 0.791, 0.879 <0.001
ACC-score 0.833 0.781, 0.873 <0.001

3.6 Pronation-supination £, 0.908 0.878, 0.931 <0.001

movements IT 0.852  0.835,0.865 <0.001
P 0.863 0.820, 0.897 <0.001
Pamp 0.871 0.831, 0.903 <0.001
ACC-score 0.904 0.845, 0.950 <0.001

4. Discussion

This study translated MDS-UPDRS-III hand bradykinesia assessments to an objective
method with accelerometry. The relationship between clinical MDS-UPDRS-III scores
and accelerometric data was studied, as well as agreement between clinical ratings
and objective ACC-scores. An accelerometric scoring algorithm for MDS-UPDRS-III
items 3.4—3.6 based on MDS-UPDRS-III criteria was proposed, incorporating the key
bradykinesia characteristics: arrests, slowing and amplitude decrement.

Accelerometric measurements proved feasible for quantifying MDS-UPDRS-III
hand bradykinesia tests, although the algorithm requires optimization for more reliable
results. Discrepancies were observed between accelerometric outcomes and clinical
scores, for example p, not correlating with clinical scores. These discrepancies can be
explained partially by the methodology for scoring MDS-UPDRS-III items, since high
MDS-UPDRS-III scores do not automatically represent poor performance in all three
components (interruptions/arrests, slowing, amplitude decrements). For example,
while hesitations are often accompanied by a certain amount of slowing and amplitude
decrement detected by the accelerometer, the severity of each of these three components
will probably not be the same. The amount of hesitations might result in an MDS-UPDRS-
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I1I score of 3, while the level of slowing and amplitude decrement might correspond with
the criteria defined for MDS-UPDRS-III score 1 or 2. On the other hand, slowing might
occur without any hesitation or amplitude decrement, possibly resulting in slowing-score
3, while hesitations and amplitude decrements were scored o.

The study’s main contribution is translating clinical MDS-UPDRS-III hand
bradykinesia measurements to an objective scoring algorithm, with accelerometric data
as input. HC were included to calculate natural variation of accelerometric measures, and
to provide baseline thresholds for the objective scoring algorithm. The results provided
by the algorithm are easy to interpret, as they are based on the same MDS-UPDRS-III
criteria as PD caregivers are used to.

A key limitation is that no data was gathered on the separate components of each
MDS-UPDRS-III bradykinesia rating according to clinical raters, preventing full
evaluation of the algorithm’s ability to isolate and measure specific motor deficits. It
was not investigated which feature—hesitation, slowing, or amplitude decrement—
contributed to the final score. Tasks with identical MDS-UPDRS-III scores were grouped
to investigate the relationship between accelerometric outcomes and MDS-UPDRS-
11T scores. So, a patient with MDS-UPDRS-III score 2 might exhibit slowing without
amplitude decrement, leading to low correlation between MDS-UPDRS-III score and
amplitude decrement measure (pmp), as the amplitude decrement here was sub-score 0.
This means that current MDS-UPDRS-III scores are multi-interpretable, complicating
the objectification of MDS-UPDRS-III assessments. As a result, assumptions had to
be made for thresholds I Tmmg, IT, I Tfmm, T Tﬁ woree A0 p,. . However, adjusting these
thresholds yielded similar or worse correlations, indicating that the proposed thresholds
might be close to optimal.

Other limitations include the lack of early-stage PD patients and on-medication
assessments for the validation of this method. Also, the order of performing tasks was
not randomized, which could have led to potential fatigue or learning effects. However,
randomization of the tasks would have influenced the calculation of test-retest reliability,
which has to be counterbalanced with the possible learning effects. Also, a single sensor
position was chosen for all tasks (considering i.a. test-retest analysis), although the range
of motion for PS might be larger at e.g. the hand palm or thumb. In future research, the
application of multiple sensors might be considered to determine the optimal sensor
position per task. Lastly, this study assumes that MDS-UPDRS-III scores are the real
clinical truth. However, deviations caused by inter-rater variability have influenced
the correlations and agreement between MDS-UPDRS-III and accelerometric outcome
measures significantly. This suggests that the correlations would very likely improve if
the MDS-UPDRS-III items would include the clinical sub-scores on hesitations, slowing
and amplitude decrements.

4.1. Clinical MDS-UPDRS-III measurements

Inter-rater reliability of MDS-UPDRS-III scores was moderate to substantial in this
study. Other studies have reported similar values, underlining the need to reduce rater-
dependency of MDS-UPDRS-III measurements [6,8].
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4.2. Accelerometric outcome measures
4.2.1. Interruptions/arrests

Although an increase in IT with increasing MDS-UPDRS-III scores can be observed
in Figures 7d, 7e and 7f, these boxplots do not fully correspond with the expected
outcome based on MDS-UPDRS-III criteria. IT stays below 1.0 second in all tasks. It is
possible that the algorithm is too lenient in detecting hesitations, caused by suboptimal
thresholds chosen for IT, , ITfmm, and/or I T freczea* If this is the case, thresholds for
detecting hesitations should be adjusted in the algorithm, preferably based on clinical
MDS-UPDRS-III sub-scores for interruptions/arrests. Another explanation could be that
hardly any hesitation and no freezes occurred in the PD group, resulting in no freezes
being detected by the algorithm. The smaller range of hesitations in MDS-UPDRS-III
score group 4 in Figure 7d might be due to MDS-UPDRS-III scoring based on another
criterion, i.e., slowing or amplitude decrement.

4.2.2. Slowing

In Figures 7g, 7h, and 7i, the boxplots of p, -values overlap for most UPDRS groups in
all tasks. This could be explained by Figure 7 showing mean p, -values of each test, and
not the nine separate p,, values of each test. Multiple p, -values were negative, meaning
that participants moved faster with each cycle. This might be explained by a hesitant
first MC. Another explanation could be that participants did not continue moving with
the largest possible amplitude, leading to shorter cycles over time.

4.2.3. Amplitude decrements

The boxplots in Figures 7j, 7k and 71 overlap for most score groups in all tasks, which
could be explained by Figure 7 showing meanp, _values of each test, and not the moment
that amplitude decrement occurs, being part of the MDS-UPDRS-III criterion. These
boxplots also show that in some tests amplitude increased after the first MC, since all
groups show some negative Pmp values. This could be explained by the first cycle not
being a reliable reference, as the task might start hesitantly, resulting in relatively small
amplitude of the first MC. Assuming the first MC has smaller (submaximal) amplitude,
and subsequent cycles are normal, amplitude decrement later on in the sequence might
not be detected by the algorithm. This would result in ACC-scores misrepresenting the
actual motor performance. Alternatively, the median amplitude or the maximal amplitude
of the first ten MC could be used for calculating amplitude decrement, although these are
not the literal rating instructions of the MDS-UPDRS-III. This underlines the importance
of uniform instructions to the participant and the participants’ adherence thereto, and
correct timing of the accelerometric measurement.
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4.3. Accelerometric scores

It was noted from Table 4 and Figures 8a, 8e and 8i that agreement between MDS-
UPDRS-IIT and ACC-scores was only moderate in all tests [27,28]. Some studies have
already shown that recorded accelerometric data and visual evaluations do not correlate
very well, especially because minor changes in movement are hard to estimate visually
[18,30].

4.3.1. Interruptions/arrests-scores

Figures 8b, 8f and 8j show that the algorithm provides the same ACC sub-score for
hesitations in MDS-UPDRS-III o group in 97.7% of cases, demonstrating its ability to
correctly detect absence of interruptions. On the other hand, the algorithm consistently
provided lower ACC sub-scores than the corresponding MDS-UPDRS-III scores that were
given for that task in the higher MDS-UPDRS-III groups. As no accelerometric sub-scores
2, 3 and 4 were given for the interruptions/arrests criterion, and no clinical sub-scores
were available, it cannot be checked whether the algorithm was correct for these scores.

4.3.2. Slowing-scores

A broad range of ACC sub-scores per MDS-UPDRS-III group is seen in Figures 8c, 8g
and 8k. Success rate of the algorithm for MDS-UPDRS-III score 0 is 94.6%. For MDS-
UPDRS-III scores 1—4, provided ACC sub-scores often did not correspond with clinical
ratings. Whether this was due to suboptimal chosen p, -thresholds, or absence of slowing
in (most of) these cases, remains unclear.

4.3.3. Amplitude-decrement-scores

Most final ACC-scores resulted from the ACC sub-score for amplitude decrements.
Total success rate for amplitude decrements was 53.8% in all tests combined. Still, a
broad range of ACC sub-scores per MDS-UPDRS-III group can be seen in Figures 8d,
8h and 8l. Again, absence of clinical MDS-UPDRS-III sub-scores disallows proper
analysis of sub-score heatmaps. Consequently, it cannot be determined from Figure 8
whether the algorithm correctly scored amplitude decrements. Since signal noise could
have influenced the results (for e.g. amplitude decrement), smoothing filters could be
considered in future research to reduce possible noise in parameter estimation.

4.4. Accelerometric reliability

Reliability of the proposed accelerometric approach was good to excellent for all
outcome measures and the final ACC-scores. Similar reliabilities were found in other
studies [13]. It stood out that the accelerometric method achieved higher test-retest
reliabilities than the inter-rater reliability for MDS-UPDRS-III in this study, underlining
its potential for more objective monitoring of hand bradykinesia.
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4.5. Future perspectives

Instead of comparing final MDS-UPDRS-III scores to ACC (sub-)scores, it is
recommended to clinically score each criterion of MDS-UPDRS-III on the related sub-
scores for interruptions/arrests, slowing, and amplitude decrements for each performed
task. Future research should pay more attention to these separate components. For
instance, the modified Bradykinesia Rating Scale (mBRS) [31] could be employed by
clinical raters to separately score speed, amplitude, and rhythm, allowing more granular
comparison with objective metrics in future research. The current overall scoring of
these items does not allow for accurate comparisons with accelerometric outcomes,
or any objective method. The addition of MDS-UPDRS-III sub-scores would allow
for optimization of thresholds for each criterion in the accelerometric algorithm. For
example, this would allow determination of average length of a hesitation and average
length of a freeze. Also, thresholds for slight, mild, moderate, and severe slowing could be
optimized based on clinical MDS-UPDRS-III sub-scores. This is essential for creating an
algorithm that detects all bradykinetic features accurately and equally, not overlooking
significant fluctuations in specific features.

The thresholds proposed in this study were based on asymptomatic outcome measures
derived from healthy participants, which might not account for the observed variability in
bradykinesia, especially in early PD. Figure 8 suggests good performance of the HC-based
thresholds (e.g. discrimination between slowing-score 0 and 1). So, at least for slowing
this seems to correspond well to clinically relevant changes in the patient population.
However, this correspondence is more difficult to determine for the other components.
Therefore, to better align the proposed algorithm with real-world situations, validation
against several levels of PD severity is recommended. Also, on-medication assessments
should be included in the future to evaluate the influence of e.g. medication-induced
dyskinesias on accelerometric results. This will improve the sensitivity and specificity
of the algorithm in distinguishing subtle bradykinetic changes, especially when clinical
sub-scores are available. The threshold selection process could have been strengthened
by ROC-based analysis comparing objective features against expert-labeled sub-scores,
which unfortunately are not part of the MDS-UPDRS-III scores on bradykinesia, as used
in this study.

Considering its compactness and relatively low data load, the proposed technique
allows for implementation in wearable devices combined with telemedicine, resulting
in more assessment options for remote clinical check-ups and improving the insight
on disease progression for physicians and patients. Previous work investigating PD
monitoring in free-living conditions showed significant correlations between the results
of bradykinesia detecting algorithms and clinical assessments [32—-35]. Sica et al. showed
that accelerometers allow continuous data collection and can potentially facilitate PD
monitoring, providing relevant information about the patient’s motor status [36]. Remote
PD monitoring could also allow analyses on prediction of therapy response, optimizing
medication dosages, and fine-tuning DBS settings, especially when this technique is
deemed feasible for unsupervised use in home settings. This could not only help optimize
PD therapies, but also improve patient self-management.
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5. Conclusion

In conclusion, this study shows that MDS-UPDRS-III upper limb bradykinesia tests
can be translated to objective accelerometric measurements, although further research
is needed to optimize the algorithm, for which recommendations were made. Moderate
agreement was found between MDS-UPDRS-III ratings and accelerometry scores in
advanced PD patients, offering performances comparable to human raters. However,
accelerometric test-retest reliability was good to excellent. Therefore, this accelerometric
technology has the potential to reduce rater-dependency of MDS-UPDRS-III upper
extremity measurements, providing objective monitoring of bradykinesia, being the
core feature of PD.
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Appendix 1

Appendix Figure 1. Block diagram for accelerometric score calculation.
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Abstract

The most frequently used method for evaluating tremor in Parkinson’s Disease (PD)
is currently the internationally standardized Movement Disorder Society Unified PD
Rating Scale (MDS-UPDRS). However, the MDS-UPDRS is associated with limitations,
such as its inherent subjectivity and reliance on experienced raters. Objective motor
measurements using accelerometry may overcome the shortcomings of visually scored
scales. Therefore, the current study focuses on translating the MDS-UPDRS tremor
tests into an objective scoring method using 3D accelerometry. An algorithm to measure
and classify tremor according to MDS-UPDRS criteria is proposed. For this study, 28
PD patients undergoing neurosurgical treatment and 26 healthy control subjects were
included. Both groups underwent MDS-UPDRS tests to rate tremor severity, while
accelerometric measurements were performed at the index fingers. All measurements
were performed in an off-medication state. Quantitative measures were calculated from
the 3D acceleration data, such as tremor amplitude and area-under-the-curve of power
in the 4—6 Hz range. Agreement between MDS-UPDRS tremor scores and objective
accelerometric scores was investigated. The trends were consistent with the logarithmic
relationship between tremor amplitude and MDS-UPDRS score reported in previous
studies. The accelerometric scores showed a substantial concordance (>69.6%) with the
MDS-UPDRS ratings. However, accelerometric kinetic tremor measures poorly associated
with the given MDS-UPDRS scores (R2<0.3), mainly due to the noise between 4 and 6
Hz found in the healthy controls. This study shows that MDS-UPDRS tremor tests can
be translated to objective accelerometric measurements. However, discrepancies were
found between accelerometric kinetic tremor measures and MDS-UPDRS ratings. This
technology has the potential to reduce rater dependency of MDS-UPDRS measurements
and allow more objective intraoperative monitoring of tremor.
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1. Introduction

Parkinson’s Disease (PD) is the fastest growing neurodegenerative disorder globally
and is accompanied by debilitating motor symptoms, such as tremor [1—4]. A Parkinsonian
tremor is generally observed in the extremities and is dominant in the 4 Hz to 6 Hz
frequency range [4—7]. Considering the heterogenic presentation of PD and the broad
range of possible and ever-evolving therapies, accurate assessment of tremor is key for
the correct treatment of PD [6,8].

The most frequently used and best validated method for evaluating PD symptoms is
the internationally standardized Movement Disorder Society Unified PD Rating Scale
part III (MDS-UPDRS-III) [2,9—12]. Tremor at the hands is assessed using a total of three
tremor tests: the postural tremor test, the kinetic tremor test (finger-to-nose maneuver),
and the rest tremor test. During these tests, the amplitude (in centimeters) of tremor is
assessed by eye. The constancy of rest tremor is assessed as the (estimated) percentage
of time that rest tremor is present during the measurement. As the MDS-UPDRS-III is
currently the best validated tool available for scoring tremor, the MDS-UPDRS-III is
used to evaluate disease progression and therapy effect on tremor symptoms [9,10,13].

An established therapy in advanced PD patients is Deep Brain Stimulation (DBS)
of the subthalamic nucleus (STN). During this neurosurgical treatment, leads are
surgically implanted in the STN to electrically suppress motor symptoms [14,15].
Another neurosurgical option for treating tremor symptoms is a thalamotomy, where a
unilateral ablation is made in the thalamus [16]. During awake thalamotomy and STN-
DBS surgery, MDS-UPDRS-III measurements are performed to examine the clinical
effect of stimulation and to optimize the lead position [17,18].

Unfortunately, the MDS-UPDRS is associated with limitations, such as its inherent
subjectivity and reliance on experienced raters [19—22]. Thus, PD treatment decisions,
e.g., permanent lead position in neurosurgery, currently depend, in part, on subjective
motor assessments. Several caretakers with different levels of expertise in the MDS-
UPDRS are involved with the patient throughout the caretaking process, underlining the
need for a reliable and rater-independent measurement method [19,20,22].

Objective motor measurements might overcome the shortcomings, such as substantial
inter- and intra-rater variability, of visually scored scales. However, objective measures
to evaluate the clinical effect of PD therapies on motor symptoms are currently lacking
in clinical practice, including the intraoperative setting, as most research is performed
in laboratories [22—25].

Research on quantifying tremor in PD patients has been performed mainly with the use
of transducers [13,26—30]. Tri-axial accelerometry is a subcategory of transducers that in
the past decade has proven to be accurate, cost-effective, and widely available [19,20,31,32].
Accelerometers are particularly well suited for the assessment of tremor, as most relevant
parameters can be calculated from the measured acceleration signal [19,31,32]. Moreover,
these non-invasive sensors can easily be integrated into standard clinical tests [32].

The main outcome measures analyzed from accelerometric data are the dominant
frequency and the amplitude of the tremor [17,29,33]. As tremor is generally a distinct
sinusoidal movement, its dominant frequency can be approximated using the fast
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Fourier transform [33]. The frequency spectra and power spectral density (PSD) can be
estimated using the Burg method, by fitting an autoregressive model to the signal through
minimizing the forward and backward prediction errors [34]. These accelerometric
outcome measures might be applicable to calculate objective scores based on the tremor
criteria stated in the MDS-UPDRS-III.

As the clinical care for patients with PD currently depends on subjective evaluations
of tremor, there is a need for a reliable and rater-independent measurement method
for monitoring these symptoms in PD. Therefore, this study focuses on translating the
MDS-UPDRS-III tremor tests to an objective method to rate tremor severity using
accelerometry. This study also aims to show that these measurements can be performed
in an intraoperative setting, allowing direct objective input for clinical decision-making.
As a first step in the process of creating a more reliable and rater-independent method,
the agreement between accelerometry-based tremor amplitude scores and MDS-UPDRS-
III scores are examined in this pilot study. This technology could reduce rater dependency
of MDS-UPDRS-III measurements and allow more objective intraoperative monitoring
of tremor.

2. Materials and methods

This pilot study was performed at the neurosurgical department of the University
Medical Center Groningen (UMCG). Exemption from the act on research involving
human subjects was granted by the local medical ethics review committee (METc UMC
Groningen). This study was conducted in compliance with the Helsinki Declaration for
research on human beings.

2.1. Subjects

Patients with PD undergoing unilateral thalamotomy or bilateral STN-DBS surgery
and healthy controls were included. The participants were screened by the researcher
(A.S.) and were given oral information and a participant information letter. Written
informed consent was obtained for each participant. All participants were adults, and
able and willing to adhere to the study. All patient participants were diagnosed with PD
according to UK Brain Bank criteria [35]. None of the healthy controls had a current
diagnosis of PD or any neurological disease. Exclusion criteria were diagnosis of any
form of musculoskeletal system disorders or physical disabilities, recent alcohol or drugs
abuse, and psychosis or current depression. None of the participants were treated with
tremor-inducing drugs during the study.

2.2. Materials
Two wired tri-axial accelerometers (MMA8452Q tri-Axis, Freescale Semiconductor,

Inc., Austin, TX, USA) with a range of +2 g and a sampling rate of 200 Hz were used.
The accelerometers were secured in in-house developed, non-conductive plastic cases
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and were attached to the index fingers with adjustable silicon straps (see Figure 1). The
choice for plastic cases and silicon straps was made so that the sensors could be cleaned
easily. Wired sensors were used to minimize interference with other equipment in the
operating room.

Figure 1. Accelerometer positioned at the base of the right index finger.

The accelerometers were connected to a Windows 7 laptop via a USB port.
Accelerometry data were recorded using a measurement program built in-house in Lab-
VIEW v. 2017 (National Instruments, Austin, TX, USA). Signal analysis was performed in
MATLAB v. 2021a (MathWorks, Natick, MA, USA) and statistical analysis was performed
in IBM SPSS statistics v. 25 (International Business Machines Corporation, New York,
NY, USA). MDS-UPDRS-III items 3.15—3.18 were used for the clinical assessment of the
participants [12].

2.3. Measurements

Healthy participants were measured to determine the natural variation of noise in
the 4—6 Hz frequency range and to calculate thresholds from the accelerometric data.
Patients were measured while undergoing a neurosurgical procedure. All measurements
were performed in an off-medication state, after a washout period of at least 12h.

The sensors were placed at the base of the index finger of each hand during all
measurements. All accelerometry measurements were performed in a supine position
while the participant was awake. Accelerometry data were recorded (A.S.) while a PD
expert neurologist (T.v.L.) scored the motor skill tests for both hands according to the
MDS-UPDRS-III criteria. MDS-UPDRS-III tests 3.15—3.18 [12] were performed to
assess postural, kinetic, and rest tremor amplitude, and constancy of rest tremor (CRT),
respectively. Tests lasted ten seconds each.

In the patient population, the set of tests described above were performed before and
after lead insertion. These intraoperative tests were part of the standard clinical care
given at the UMCG and did, therefore, not prolong the surgeries.
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2.4. Data pre-processing

Raw acceleration data were converted from g-units to cm/s?. The norm of the
acceleration vector in all three directions was used for all analyses, by taking the root
mean square of the resultant signal of the three axes [13,29]. A non-causal second-order
high-pass Butterworth filter with a cutoff frequency of 0.5 Hz was used to remove low-
frequency noise and gravitational acceleration effects. To suppress digital noise and
higher-order harmonics, a non-causal second-order low-pass Butterworth filter of 20 Hz
was applied. These filter settings were chosen with the underlying aim to not alter outcome
measures or calculations, following recommendations from previous research [13,17,29].

The approximate cumulative numerical integral of the filtered acceleration vector
was computed via the trapezoidal method over a time of ten seconds (2000 samples)
to calculate the velocity (cm/s) per test. The calculated velocity vector was centered in
order to correct for the constant that is added to the vector due to integration. Next, the
corrected velocity was integrated numerically to the displacement (cm) of the sensor
per test via the same integration method as described above. The displacement vector
was filtered using a non-causal second-order high-pass Butterworth filter with a cutoff
frequency of 1.2 Hz to suppress low-frequency trends caused by integration. For the
kinetic tremor tests, a cut-off frequency of 3 Hz was maintained for this high-pass filter,
to suppress the amplitude of low frequent arm movements that occurred during this
type of test.

2.5. Accelerometry measures

To assess postural, kinetic, and rest tremor, the area under the curve (AUC) of tremor
power within the 4—6 Hz tremor frequency band, and the amplitude were calculated
from the accelerometry data. The periodogram PSD estimate was calculated to find the
power of the acceleration norm (cm/s?) [29]. Next, the AUC of the power in the 4 Hz
and 6 Hz frequency band (PAUC, __ : (cm/s?)?) was calculated from this periodogram
via trapezoidal numerical integration. For the assessment of constancy of tremor, the
PAUC was calculated for each second of the rest tremor test, resulting in ten values

tremor
of PAUC per test. The percentage of time that tremor was present (T, : %) was

tremor
calculated by summing the number of seconds where the PAUC, __was above the CRT
threshold calculated from the healthy group (see Section 2.6). The amplitude of the
performed test was calculated by determining the mean of all peaks in the absolute

displacement vector, and multiplying this mean by two.
2.6. Objective MDS-UPDRS-III scores

Following the calculation of accelerometric outcome measures, objective scores were
calculated from the accelerometric data based on the criteria stated in the MDS-UPDRS-
IT1. The descriptive evaluations of the MDS-UPDRS-III items 3.15—3.18 were applied for
determining the score of the acceleration measurements via a scoring algorithm written
in MATLAB.
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First, thresholds were calculated to distinguish healthy and asymptomatic
measurements (MDS-UPDRS-III score 0) from symptomatic measurements (MDS-
UPDRS-III score > 1). As the only criteria given for an MDS-UPDRS-III score of 0 was “no
tremor”, PAUC___ of each test was calculated from the accelerometric data of the healthy
control group to determine the natural variation of noise between 4 and 6 Hz. These
natural variations were used to determine thresholds that distinguish measurements
of MDS-UPDRS-III score o from those of MDS-UPDRS-III score > 1. The Kolmogorov—
Smirnov test of normality (one-sample K-S test) was used to determine whether the data
were normally distributed. In normally distributed data, about 95% of the values are
expected to fall within two standard deviations from the population mean. This rule was
used to determine the thresholds for PAUC of all tremor tests of the healthy controls.

tremor

2.6.1. Postural, kinetic and rest tremor amplitude

If the PAUC, of the test was below the calculated threshold, a score of 0 (“no
tremor”) was given. Otherwise, a score of 1 or higher was given, based on the amplitude
that was measured during that test. The same amplitude limits used in the MDS-UPDRS-
11T item 3.15 were applied for determining the score of the postural tremor tests measured
using accelerometry, as described in Table 1. The same method was used for the kinetic and
rest tremor tests. Table 1 shows the limits from the MDS-UPDRS-III items 3.16 and 3.17.

Table 1. Description of MDS-UPDRS-III scoring criteria [12].

Scoring Criteria MDS-UPDRS-III Scoring Criteria MDS-UPDRS-III

Score Score

Items 3.15—17 Item 3.18
(o} No tremor [} No tremor
1 <1 cm in maximal amplitude 1 Tremor is present <25% of the time
2 >1 ¢cm but <3 cm in maximal amplitude 2 Tremor is present 26—50% of the time
3 3-10 cm in maximal amplitude 3 Tremor is present 51-75% of the time
4 >10 cm in maximal amplitude 4 Tremor is present >75% of the time

2.6.2. Constancy of rest tremor

If the PAUC,__  of the test was below the threshold of the rest tremor test (MDS-
UPDRS-III item 3.17), a CRT-score of 0 (“no tremor”) was given. Otherwise, the CRT-
score was based on the calculated PAUC,___  per second. This variable was calculated
for all healthy measurements to determine the CRT threshold. Next, it was determined
if tremor was present during each second of the test in the patient population. A tremor
was detected if PAUC,__  per second was above the CRT threshold. Each second that
tremor was present was summed up, resulting in a total number of seconds that tremor
was present (T, ). This value was used to calculate the percentage of the total time
that tremor was present. The limits from the MDS-UPDRS-III item 3.18 were used, as

described in Table 1.
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2.7. Statistical analysis

The association between the clinically scored MDS-UPDRS-III scores and
accelerometric outcome measures was analyzed using linear regression. Contrast coding
of the MDS-UPDRS-III scores was defined to be orthogonal polynomial, of which the
first contrast coefficient is linear trend, to assess whether there was a linear relationship
between MDS-UPDRS-III scores and the logarithm (log10) of the accelerometry outcome
measures, as found in previous studies [31,36]. Concordance and Cohen’s weighted kappa
coefficient (k) were calculated to measure the agreement between MDS-UPDRS-III and
accelerometry scores [37,38]. The root mean square error (RMSE) and the mean absolute
error (MAE) were computed to determine how far the accelerometry scores deviated from
the clinically scored MDS-UPDRS-III ratings.

3. Results

Twenty-eight patients with PD undergoing thalamotomy or STN-DBS procedures
were included in this study (16 men, 12 women; age (mean + SD): 63 + 6.9 years). For the
healthy group, 26 healthy participants were included in this study (14 men, 12 women; age
(mean £ SD): 63 + 7.3 years). In the healthy group, 156 measurements were performed.
Intraoperatively, 197 measurements were performed in 28 patients. No complications
occurred during the performed neurosurgical procedures.

3.1. Accelerometry measures

The main outcome measures were the PAUC,_ and amplitude of the postural,
kinetic, and rest tremor tests, and PAUC per second and T, of the constancy
of rest tremor tests. All of these parameters were log-transformed for the regression
analysis, except for T, __ , as this outcome measure contained values of zero. The log-
transformed accelerometric measures and T, = were regressed on the MDS-UPDRS-III
scores. There was strong evidence against the null hypothesis that the log-transformed
outcome measures were not linearly related to the MDS-UPDRS-III scores (p<0.001)
for postural tremor, rest tremor, and constancy of rest tremor, see Table 2. PAUC,___
and PAUC__  per second tended to increase as a logarithmic function of MDS-UPDRS
scores (R2>0.735) for these tests, respectively. Conversely, no strong evidence was found
against the null hypothesis that the log-transformed kinetic tremor outcome measures

were not linearly related to the MDS-UPDRS-III scores.

tremor
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Table 2. Regression analysis results.

MDS-UPDRS-ITI Outcome Measure R R2* Coefficient ** 95% CI P

Test
3.15 Postural tremor Log(PAUC, ) 0.869 0.755 3.171 2.737,3.605 <0.001
Log(Amplitude) 0.805 0.648 1.312 1.079, 1.544 <0.001
3.16 Kinetic tremor LOg(PAUCnemor) 0.379 0.144 1.749 0.584,2.914 0.004
Log(Amplitude) 0.513 0.264 1.030 0.560, 1.499 <0.001
3.17 Rest tremor Log(PAUC, ) 0.904 0.818 4.256 3.769, 3.769 <0.001
amplitude Log(Amplitude) 0.912 0.832 2.032 1.811,2.253 <0.001
3.18 Rest tremor Log(PAUC,  /s) 0.857 0.735 2.322 1.985, 2.660 <0.001
constancy T, mor 0.974 0.949 7.180 6.779, 7.581 <0.001

* Coefficient of determination; ** Contrast coefficient testing for linear trend.

In Figures 2 and 3, the quantitative outcome measures of each tremor test are plotted
against the given MDS-UPDRS-III scores. An increase in both PAUC,___ and amplitude
with increasing MDS-UPDRS-III score can be seen for the postural tremor (Figures
2a and 3a) and rest tremor amplitude (Figures 2c and 3c¢) tests. This is also the case
for the PAUC,___ _per second of the constancy of rest tremor tests (Figure 2d). These
relationships seem to be logarithmic. For kinetic tremor, 73% of PAUC,_ and 73% of
amplitude values of the MDS-UPDRS-III groups fell within the range of the healthy
group (Figures 2b and 3b).
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Figure 2. Boxplots of the PAUC __ between 4-6 Hz of the postural (a), kinetic (b), and rest tremor
(c) tests in the healthy group and the patient population (per MDS-UPDRS-III score). The PAUC
between 4—6 Hz per second of the rest tremor test in all groups is given in boxplot (d).

tremor
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Figure 3. Boxplots of the total amplitude of the postural (a), kinetic (b), and rest tremor (c) tests,
and ofthe T of the constancy of rest tremor test (d) in the healthy group and the patient popu-
lation (per MDS-UPDRS-III score).
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3.2. Objective MDS-UPDRS-III scores

The results of the one-sample K-S test showed that all required data of the healthy
group were normally distributed for the threshold determination. APAUC,___ threshold
of 271 (cm/s?)? was calculated from the healthy population for the postural tremor tests.
This threshold was calculated to be 6237 (cm/s?)? and 55 (cm/s?)? for the kinetic and rest
tremor test, respectively. For the constancy of rest tremor test, a PAUC,___per second
threshold of 54 (cm/s?)? was calculated from the healthy population. The contingency
tables of the MDS-UPDRS-III scores and the accelerometry scores (ACC) in the patient

population for all tremor tests are given in heatmaps in Figure 4.

Figure 4. Contingency tables of the given MDS-UPDRS-III scores and calculated accelerometry
(ACC) scores of the tremor tests in the patient population.

Concordance and Cohen’s k coefficient between the MDS-UPDRS-III and ACC-
scores per type of test, and the average error (RMSE and MAE) are given in Table 3.
Concordance between the MDS-UPDRS-III scores and the objective scores was strong
for all four tremor tests. Cohen’s k results showed a substantial agreement for rest tremor
amplitude and constancy, and postural tremor and a fair agreement for kinetic tremor
tests [37,38]. As indicated by the MAE, accelerometry scores deviated on average less
than half a point from the MDS-UPDRS-III scores.

Table 3. Agreement results.

MDS-UPDRS-III Test Concordance Cohen’sx 95% CI RMSE MAE
3.15 Postural tremor 76.1% 0.614 0.563,0.665 0.569 0.268
3.16 Kinetic tremor 69.6% 0.239 0.137, 0.341 0.641 0.339
3.17 Rest tremor amplitude  77.1% 0.620 0.597,0.643  0.521 0.243
3.18 Rest tremor constancy  84.3% 0.726 0.628,0.824 0.493 0.186
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4. Discussion

In this pilot study, MDS-UPDRS-III tremor assessments were translated to an
objective method using accelerometry measurements. The relationship between clinical
MDS-UPDRS-III scores and the quantitative measures calculated from accelerometry
data was investigated, as well as the agreement between clinically scored MDS-UPDRS-III
ratings and objective scores calculated from accelerometric data. A quantitative scoring
algorithm for MDS-UPDRS-III tests 3.15—3.18 based on accelerometry measurements
was proposed.

This study showed that accelerometric measurements are a feasible option for
quantifying the MDS-UPDRS-III tremor tests. The trends were consistent with the
logarithmic relationship between tremor amplitude and MDS-UPDRS-III score
reported in previous studies [13,31,36]. This study also showed discrepancies between
accelerometric outcome measures and clinically scored MDS-UPDRS-III ratings, mainly
in the kinetic tremor tests.

4.1. Contributions

The main contribution of this study is translating MDS-UPDRS-III tremor
measurements to an objective scoring algorithm based on accelerometry. Healthy controls
were included in this research to calculate natural variation of PAUC,__ between 4
and 6 Hz, and to provide baseline thresholds for the objective scoring algorithm.
As PD treatment decisions during awake thalamotomy and STN-DBS surgery, e.g.,
permanent lead position, currently depend, in part, on subjective MDS-UPDRS-III
tremor assessments, this study focused on neurosurgical PD patients. In this study, the
quantification of tremor measurements was investigated in the intraoperative setting,
providing direct objective input for clinical decision-making during neurosurgery. The
results provided by the algorithm are clinically meaningful and easy to interpret, as they
are based on the same MDS-UPDRS-III criteria PD caregivers are used to working with.

4.2. Accelerometry measures

The results of the intraoperative use of our accelerometry-based scoring algorithm
were presented. The PAUC, _ and amplitude outcomes of the tremor measurements in
both the healthy and the patient group were consistent with previous research, namely a
logarithmic relationship with the given MDS-UPDRS-III tremor scores [13,31,36].

Another main finding was the relatively large variation in PAUC,__  during the
kinetic tremor tests in the healthy group. This led to a large overlap between this outcome
measure of patients with PD and healthy subjects (Figure 2c). The power in the frequency
band of 4—6 Hz is possibly influenced by the higher harmonics of the intentional kinetic
arm movement made during these tests. Furthermore, when participants move their arm
too fast, the frequency of the arm movement can overlap with that of the tremor frequency
band, resulting in a higher measured amplitude and PAUC between 4 Hz and 6 Hz.

tremor
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Overall, it stood out that relatively few patients were included that scored 2, 3, or 4
on the MDS-UPDRS-III scale. This was most likely caused by the clinical effect of the
surgery, as only the measurements performed before lead placement received high MDS-
UPDRS-III scores. More than half of all tests were performed after lead insertion, and
were influenced by the microlesion effect, resulting in lower MDS-UPDRS-III scores for
post insertion measurements [18].

In this study, the constancy of rest tremor was calculated over the time that the rest
tremor test was performed. As a next step, rest tremor constancy should be assessed
during the whole examination.

4.3. Objective MDS-UPDRS-III scores

Strong concordance was found between the clinically scored MDS-UPDRS-III ratings
and accelerometry-based scores, whereas Cohen’s k was considerably lower. This could
be explained by the large number of scores of zero (meaning no tremor was observed)
in this study population. The effect of the outliers in this dataset can be seen in the high
value of RMSE, indicating an error of 0.5 to 0.7 point between MDS-UPDRS-IIT and
accelerometric scores. From Figure 4 one could argue that the accelerometric approach
underestimates the amplitude of tremor, or that the clinical assessment overestimates
it. Some studies have already shown that recorded accelerometric data and visual
evaluations according to clinical scales do not correlate very well, mainly because minor
changes in tremor are hard to assess by eye [17]. This is especially the case when the
amplitude at baseline is small; whereas accelerometers can detect these small changes
[17]. An explanation for the imperfect agreement with clinical assessments found in other
studies might be that objective measurements outperform clinical scales at the level of the
individual patient [23]. After all, movement sensors are able to capture subtle changes in
PD symptoms as the disease progresses that cannot be captured using discrete scoring
schemes, such as the MDS-UPDRS-III [39].

The large differences between the three calculated PAUC, _ thresholds (Section
3.2) can be explained by the hand positions during tremor tests. Due to muscle tension
that emerges when stretching the arms out in front of the body, the threshold of the
PAUC, __  is higher for postural tremor than for rest tremor, during which there is low
muscle tension present in healthy persons. The kinetic tremor threshold is even higher
due to increased muscle tension and arm movement. The large variation in PAUC,___
in kinetic tremor tests possibly led to a threshold that could not sufficiently distinguish
between healthy and symptomatic measurements.

Lastly, the discrepancies between Figures 3 and 4 can be explained by how the scoring
algorithm first analyses whether the PAUC, _between 4 and 6 Hz of a test is above the
threshold. If this is not the case, a score of 0 (“no tremor”) is given. Although the total
amplitude or T, for that test might have been substantial, these values were not taken
into account for the scoring if the PAUC, = wasbelow the threshold. This approach was
chosen, as the total amplitude could also be caused by movements outside the 4—6 Hz
frequency range.
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4.4. Inconsistencies

One of the largest limitations in this research was insufficient measurements
in patients with PD that scored above 2 on the MDS-UPDRS-III scale. This led to an
underrepresentation of more severely affected PD patients.

Secondly, although the scoring neurologist (T.v.L.) in this study is a PD expert, there
was only one rater. To increase the reliability of the MDS-UPDRS-III ratings, the scores
of several experienced neurologists rating the same patient should be included in future
research. This will also allow for the comparison of the MDS-UPDRS-III inter-rater
variability and that of the accelerometry scoring algorithm.

MDS-UPDRS-III tests do not call for the use of instrumental aids, such as rulers,
but instead rely on the naked eye. This might have caused discrepancies between the
outcomes of the accelerometric measurements and the clinically scored MDS-UPDRS-
III ratings. Previous studies have shown that the distances measured using objective
techniques often do not agree with the distances that were visually estimated by the
MDS-UPDRS-III rater [31,40].

In contrast to the PD group, the healthy group was not assessed in an intraoperative
setting. This might have affected the calculated thresholds, and, therefore, possibly
influenced the results of the algorithm in the PD group. The environmental effects and
stress that patients undergoing surgery may experience were not simulated for the healthy
controls, which might have influenced the occurrence of tremor in the healthy group. In
this study, the PAUC, __ values of healthy persons were used to correct for activity in the
4—6 Hz frequency band that is present when a person does not suffer from any range of
Parkinsonian tremor. Still, it cannot be assumed that all power in the 4—6 Hz frequency
range is caused by tremor. Objective criteria for assessing whether a spectral peak is
present are essential for determining if the observed movement is tremor [7,29,36]. A
dominant spectral peak between 4 Hz and 6 Hz that could be identified upon visual or
automatic inspection of the periodogram should also result in a substantially higher value
of PAUC,___ . This will be investigated further in our ongoing research.

Considering the large natural variation found in this pilot study, it is recommended to
perform future studies with more healthy participants that are age-matched to the patient
population. It is also recommended to include more participants with PD, especially
patients that score higher than a score of 1 according to the MDS-UPDRS-III tremor
criteria.

4.5. Future perspectives

Research on techniques for PD motor quantification and defining objective outcome
measures is currently on the rise [23]. It is expected that, over time, the use of objective
measurement tools will be preferred by physicians as an addition to the internationally
standardized clinical scales that are currently used to assess the course of PD symptoms
[41]. As stated by Elble and Ondo, transducers, such as accelerometers, can complement
clinical assessment to quantify tremor severity [42]. The clinical importance of this
objective method lies in the reduction of inter- and intra-rater variability, allowing
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clinicians to rate patients more uniformly. This will be further investigated in our ongoing
research following this pilot study, where the variability and reproducibility of both the
MDS-UPDRS tests and the accelerometry-based method are examined and compared.
Reduced inter- and intra-rater variability in monitoring tremor will contribute to
tracking the disease progression and treatment effect more precisely. To aid clinicians in
optimizing patient outcomes, it is critical to present these complex quantitative data in a
quickly interpretable manner, for example using scores according to the MDS-UPDRS-III.
The proposed technique might also form a solution to the clinical problem that physicians
are faced with when visually scoring dystonic and Essential Tremor. The frequency range
and settings used in current scoring algorithm could be customized to standardized
dystonic and Essential Tremor rating scale criteria with few adjustments [7,43,44].

Another promising line of research involves machine learning methods, such as neural
networks or support vector machine classification of PD and healthy subjects based on
accelerometry measures. Besides efficiently handling vast amounts of high-dimensional
data, machine learning methods hold promise not just in early disease detection and
(differential) diagnosis, but also in estimating tremor severity [30,31,39,45,46].

Future steps to take in the development of the techniques proposed in this article are
data collection in “free-living” conditions, relevant to the patient’s functioning, and using
this data for generating individualized feedback to clinicians, caregivers, and patients
[23]. This will aid in tailoring treatments to the individual patient and increasing patient
self-management.

5. Conclusions

This study showed that the MDS-UPDRS-III tremor tests can be quantified using
accelerometric measurements. Substantial agreement was found between the clinically
scored MDS-UPDRS-III ratings and accelerometry-based scores. The postural tremor,
rest tremor, and constancy of rest tremor data were consistent with a logarithmic
relationship reported in previous studies. Discrepancies were found between objective
outcome measures and the MDS-UPDRS-III ratings of the kinetic tremor test, mainly
due to the natural variation found in the healthy group. Future research should focus
on investigating the variability and reproducibility of MDS-UPDRS-III measures and
accelerometric outcome measures, especially for kinetic tremor. This technology could
reduce rater dependency of MDS-UPDRS-III measurements and allow more objective
intraoperative monitoring of tremor.
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Abstract

Disease status, progression and treatment effect of Essential Tremor (ET) patients are
currently assessed with clinical scores, like the Fahn-Tolosa-Marin Clinical Rating
Scale for Tremor (FTM). Use of objective and rater-independent monitoring of tremor
may improve clinical care for patients with ET. Therefore, the focus of this study is to
develop an objective accelerometry-based method to quantify ET, based on FTM-criteria.
Thirteen patients with ET and 13 matched healthy participants underwent FTM-tests
to rate tremor severity, paired with tri-axial accelerometric measurements at the index
fingers. Analogue FTM assessments were performed by four independent raters based
on video recordings. Quantitative measures were derived from the accelerometric data,
e.g. area under the curve of power in the 4—8 Hz range (AUCP) and maximal tremor
amplitude. As such, accelerometric tremor scores were computed, using thresholds based
on healthy measurements and FTM-criteria. Agreement between accelerometric and
clinical FTM-scores was analyzed with Cohen’s kappa coefficient. It was assessed whether
there was a relationship between mean FTM-scores and the natural logarithm (In) of
the accelerometric outcome measures using linear regression. The agreement between
accelerometric and FTM-scores was substantial for resting and intention tremor tests
(=72.7%). However, the agreement between accelerometric postural tremor data and
clinical FTM-ratings (k=0.459) was low, although their logarithmic (In) relationship
was substantial (R220.724). Accelerometric test-retest reliability was good to excellent
(ICC=0.753). This pilot study shows that tremor can be quantified with accelerometry,
using healthy thresholds and FTM-criteria. The test-retest reliability of the accelerometric
tremor scoring-algorithm indicates that our low-cost accelerometry-based approach is a
promising one. The proposed easy-to-use technology could diminish rater-dependency
of FTM-scores and enable physicians to monitor ET patients more objectively in clinical,
intraoperative and home settings.



A novel accelerometry method to perioperatively quantify ET based on FTM-criteria

1. Introduction

Essential Tremor (ET) is a common movement disorder, with typically a stable tremor
frequency between 4 Hz and 8 Hz [1—-3]. In clinical practice, qualitative rating of tremor
is used to guide therapy. On one hand, patient-rated scales like the Quality of Life in
Essential Tremor Questionnaire (QUEST) and Visual Analog Scale (VAS) are used to
assess quality of life and patient satisfaction [4—7]. On the other hand, tremor rating
scales like the Fahn-Tolosa-Marin Clinical Rating Scale for Tremor (FTM) are also used by
clinicians to assess disease severity, progression and treatment effect [8,9]. During awake
stereotactic neurosurgery aiming to alleviate tremor, the FTM-scale is used to score
tremor severity. Although the FTM is not a purely objective [10] scale, with assessments
that may vary between raters, its results are directly applied in patient management
[11,12]. As such, there is a clear need for measurements that allow precise and objective
monitoring of ET, providing reliable outcomes [13,14].

Nowadays, hospitals are equipped with transducers to perform quantitative tremor
measurements, but these can be complex, costly, and time-consuming. Prior studies
have shown that transducer-based methods can complement clinical and intraoperative
assessments [15—18]. Still, regular and rater-independent assessment of tremor often
lacks in clinical practice [13].

A promising and inexpensive technique to objectively quantify tremor is tri-axial
accelerometry (purchase costs 10US$~30US$). Outcome measures such as peak frequency
and tremor amplitude can be calculated from accelerometric data, which could be used to
translate clinical scales, such as the FTM, to a rater-independent method [18—20].

Previous research has mainly focused on determining objective measures that
correlate well with clinical outcome measures, instead of attempting to literally translate
a rating scale to a sensor-based method [12,13,15,21,22]. Therefore, using standardized
FTM-criteria, our new approach is to develop an objective accelerometry-based scoring-
algorithm. Since most of the FTM-criteria focus on the tremor amplitude in centimeters,
the same amplitude thresholds are applied to our novel accelerometry-based scoring-
algorithm. The use of scoring thresholds based on accelerometric measurements in
healthy volunteers will aid in differentiating physiological tremor from symptomatic
measurements [18]. This way, we will develop a novel transducer-based method to
contribute to the clinical assessment of tremor [16].

The focus of this study is to translate FTM (part A) into an objective accelerometry-
based tremor rating algorithm. In this pilot study, the agreement between accelerometric
and clinical FTM-scores is evaluated. The proposed technology could diminish rater-
dependency of FTM tremor measurements and enable physicians to monitor patients
with ET more objectively.

2. Materials and methods

This research project was performed in a tertiary referral center for movement
disorders. The study was granted exemption from requiring ethics approval by the local
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medical ethics review committee, as the protocol was not deemed clinical research
with human subjects as meant in the Dutch Act on Medical Research Involving Human
Subjects. The study was conducted in compliance with the Helsinki Declaration for
human research. The same materials as previously described by Smid et al. were used [18].

2.1. Study participants

Between September 2020 and December 2021, patients with ET visiting the
neurosurgical outpatient clinic (as part of the standard workup for stereotactic surgery)
were included and matched with healthy participants (HP) for gender and age. All
participants were adult and provided written informed consent for participation. ET
patients had undergone a video-assisted surface-EMG accelerometric tremor registration
to confirm the diagnosis [2]. None of the HP had a current diagnosis of ET or any
neurological disease.

2.2. Clinical FTM measurements

All tremor measurements were performed at the outpatient clinic. The participant was
sitting in a chair with armrests during all measurements. Tremor severity was assessed
using a total of three FTM-tests: postural (wing-beating), intention (finger-to-nose) and
at rest (arms on the armrest, hands free from the armrest). These tests were performed
once for each hand.

Video recordings of the hands were made during the patient measurements, to assess
tremor severity according to the FTM-scale by four experienced raters (A.S., RW.J.P,,
C.S.J.E. and A.M.M.v.d.S.). The raters were blinded for the accelerometric data.

2.3. Accelerometry measurements
Accelerometric data were recorded at the same time the clinical FTM tremor tests

were performed for both hands. The sensors were placed at the proximal phalanx of both
index fingers (Figure 1).

Figure 1. Accelerometer positioned at the left index finger.
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Accelerometry measurements in healthy participants were performed to determine
the natural variation of noise in the 4—8 Hz frequency range and to calculate thresholds
of the accelerometric data for the scoring-algorithm. Accelerometric data were recorded
for ten seconds per test. Both hands performed the instructed posture (resting and
postural) simultaneously, resulting in two (repeated) recordings per hand for each test.
The intention tremor test was performed separately for each hand, so only data from the
ipsilateral sensor were recorded during that test.

2.4. Accelerometric outcome measures

Data pre-processing was performed as described by Smid et al. [18]. Raw acceleration
data were converted from g-units to cm/s2. The root mean square of the resultant vector
of the three axes was calculated in order to determine the acceleration norm [18]. To
remove low-frequency noise, a non-causal second-order 0.5 Hz high-pass Butterworth
filter was applied. A non-causal second-order 20 Hz low-pass Butterworth filter was
used to suppress digital noise and higher-order harmonics [18,22]. To calculate the
velocity (cm/s) per test, the approximate cumulative numerical integral of the filtered
acceleration vector was computed over a time of ten seconds (2000 samples) via the
trapezoidal method. The mean of the calculated velocity was subtracted from this vector
to correct for the constant added during the integration step. Next, the corrected velocity
was integrated numerically to the amplitude (cm). The amplitude vector was filtered using
anon-causal second-order 1 Hz high-pass Butterworth filter to suppress the drift caused
by integration. For the intention tremor tests, a cut-off frequency of 3 Hz was maintained
here, to suppress the amplitude of low frequent arm movements [22].

To assess resting, postural and intention tremor, two main outcome measures were
calculated from the accelerometry data per respective test: (1) the area under the curve
(AUC) of power within the 4—8 Hz tremor frequency band, and (2) the maximal amplitude.

From the periodogram power spectral density (PSD) estimate, the AUC of the power
in the 4—8 Hz frequency band (AUCP: (cm/s?)?) was calculated via trapezoidal numerical
integration (Figure 2) [18,22].

Figure 2. Example PSD periodogram, with the AUCP (4—8 Hz) given in blue.
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The maximal amplitude of the performed test was calculated by multiplying the
maximum value of the absolute amplitude vector by two, since tremor is a sinusoid-like
movement with equably negative and positive peaks.

2.5. Accelerometry-based scores

Objective scores were calculated from the accelerometric data, based on the
standardized scoring criteria stated in the FTM-scale (part A) [8]. The descriptive
evaluations of the FTM were applied to calculate an accelerometry-based score via a
custom scoring-algorithm written in MATLAB. Like the FTM, the output of the scoring-
algorithm was a tremor score ranging from o to 4.

First, AUCP thresholds were calculated to differentiate healthy or asymptomatic
measurements (FTM-score 0) from symptomatic measurements (FTM-score > 1). As
the only criteria given for an FTM-score of 0 is “none”, AUCP of each test was calculated
from the accelerometric HP data to determine the natural variation of noise between
4—8 Hz. These natural variations were used to determine thresholds that distinguish
measurements of FTM-score 0 from those of FTM-score > 1. The Kolmogorov-Smirnov
test of normality (one-sample K-S test) was used to determine whether the data were
normally distributed. The thresholds for AUCP of the three different tremor conditions
were defined as more than two standard deviations above the mean of the HP tremor
tests.

Next, amplitude thresholds were calculated to distinguish between slight (FTM-
score 1) and more severe (FTM-score > 2) tremor. Maximal amplitude of each test was
calculated from the accelerometric HP data. Again, the thresholds were defined as more
than two standard deviations above the mean amplitude of the HP tremor tests. These
amplitude thresholds were calculated separately for the resting, postural and intention
tremor tests.

If the AUCP of the test was below the calculated threshold, an accelerometric (ACC)
score of 0 was given (Figure 3). Otherwise, a score of 1 or higher was given, based on
the maximal amplitude measured during that test. If the maximal amplitude of the test
was below the calculated amplitude threshold, a score of 1 was given. For the higher
scores, the same amplitude limits described in the FTM-scale were applied to calculate
accelerometric scores (Figure 3).

Figure 3. Flowchart of the accelerometry-based scoring-algorithm, based on HP thresholds calcu-
lated from healthy participant (HP) and standardized FTM scoring criteria. Following the flowchart,
the “No” pathways are given in blue and the “Yes” pathways are given in orange.
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2.6. Statistical analysis

The ICC (two-way random effects model, mean of k raters, absolute agreement) of the
four different raters was calculated to determine the inter-rater variability of the clinical
FTM assessment [23]. The two-way random effects model, mean of k raters approach was
chosen here, as the inter-rater variability results are to be generalized to any raters who
possess the same characteristics as the selected raters, and there was more than one rater.

Linear regression was used to analyze the relationship between the video-rated FTM-
scores and the two accelerometry outcome measures. For each test, the FTM-scores
provided by the four raters were averaged. The averaged FTM-scores were used as the
predictor and the outcome was the accelerometric outcome measure. Elble et al. described
how the Weber-Fechner law of psychophysics postulates a logarithmic relationship
between tremor ratings and tremor amplitude [24]. Therefore, it was assessed whether
there was a linear relationship between mean FTM-scores and the natural logarithm (In)
of the accelerometric outcome measures, as found in previous studies [15,17,18,24]. To this
end, contrast coding of the mean FTM-ratings was defined to be orthogonal polynomial,
of which the first contrast coefficient is linear trend [18].

Concordance and Cohen’s weighted kappa coefficient (k) were calculated to measure
the agreement between the mean FTM-score and accelerometric score of each test [25,26].
The root mean square error (RMSE) and the mean absolute error (MAE) were computed
to indicate how much the accelerometric scores differed from the mean FTM-scores.

Lastly, the ICC (two-way mixed effects model, single measurement, absolute
agreement) of AUCP, maximal amplitude and accelerometric scores was calculated
for the repeated resting and postural tremor tests in order to determine the test-retest
reliability of the accelerometric approach [23]. The two-way mixed effects model, single
measurement approach was chosen here, as the selected measurements are the only
measurements of interest, and the protocol was based on a single measurement and not
on the mean of multiple measurements [23].

3. Results

Thirteen patients with ET (9 men, 4 women; age (mean + SD): 73 + 5 years) and 13
healthy participants (9 men, 4 women; age (mean + SD): 73 + 8 years) were included in
this study. In the patient population, 44 resting, 44 postural and 44 intention tremor
tests were performed. A total of 78 measurements were performed in the healthy group.
Median tremor severity in the patient population was an FTM (part A) score of 10 (range:
2-19) out of 24.

3.1. Clinical FTM measurements
The ICC-index between the four FTM-raters showed a good to excellent inter-rater

reliability for all tremor tests (ICC>0.893) [23]. The ICC for the resting tremor test was
0.935 (95% CI: 0.855, 0.970; p<0.001). For the postural tremor test, an ICC of 0.953 (95%
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CI: 0.918, 0.975; p<0.001) was found. The ICC for the intention tremor test was 0.893
(95% CI: 0.813, 0.944; p<0.001). Lastly, the ICC for all tremor tests combined was 0.959
(95% CI: 0.941, 0.972; p<0.001).

3.2. Accelerometric outcome measures

The main outcome measures were the AUCP and maximal amplitude of the resting,
postural, and intention tremor tests. In Figure 4, the quantitative outcome measures of
each tremor test are plotted against the averaged clinical FTM-ratings. An increase in
both AUCP and amplitude with increasing FTM-score can be seen for all tremor tests.
These relationships tend to be logarithmic.

(@ (b)
© @
© ®

Figure 4. Boxplots of the AUCP between 4 Hz and 8 Hz of the resting (a), postural (c), and intention
(e) tremor tests, and of the amplitude of the resting (b), postural (d), and intention (f) tremor tests
in the healthy group and the patient population (per FTM-score).
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The main outcome measures were the AUCP and maximal amplitude of the resting,
postural, and intention tremor tests. These accelerometric measures were natural log
(In) transformed and regressed on the averaged FTM-scores. There was strong evidence
against the null hypothesis that the In-transformed outcome measures were not linearly
related to the mean FTM-ratings (p<0.001) for all tremor tests (Table 1). In short, there
was evidence for a logarithmic (In) relationship between these variables.

AUCP tended to increase as a logarithmic function of FTM-scores (R2>0.714) for the
postural and intention tests. This relationship was less strong for the resting tremor
tests (R2=0.642).

The accelerometric amplitude also tended to increase as a logarithmic function of
FTM-scores (R2>0.729) for the postural and intention tests. Again, this relationship was
less strong for the resting tremor tests (R2=0.408).

Table 1. Regression analysis results.

FTM-test Outcome Measure R R2*  Coefficient ** 95% CI P
Resting tremor  Ln(AUCP) 0.801 0.642 8.042 5.716,10.368 <0.001
Ln(Amplitude) 0.639 0.408 2.887 1.541, 4.233 <0.001
Postural tremor Ln(AUCP) 0.851 0.724 7.765 2.908, 9.622 <0.001
Ln(Amplitude) 0.857 0.735 2.784 1.779,3.790  <0.001
Intention tremor Ln(AUCP) 0.845 0.714 5.884 4.444,7.325 <0.001
Ln(Amplitude) 0.854 0.729 2.463 1.882,3.044 <0.001

* Coefficient of determination; ** Contrast coefficient testing for linear trend.

3.3. Accelerometry-based scores

No deviation from normality was detected by K-S tests for all HP data required for
the threshold calculation. The AUCP threshold was used to differentiate FTM-scores 0
from FTM-scores > 1. An AUCP threshold of 123 (cm/s?)*was calculated from the healthy
population for the resting tremor test. This threshold was calculated to be 141 (cm/s?)?
and 2552 (cm/s?)? for the postural and intention tremor test, respectively. The amplitude
thresholds were used to differentiate FTM-scores 1 from FTM-scores > 2. The amplitude
thresholds were calculated to be 0.32 cm, 0.78 ¢cm and 1.24 cm for the resting, postural
and intention tremor test, respectively. The contingency tables of the averaged FTM-
scores and the ACC-scores in the patient population for all tremor tests are given in
heatmaps in Figure 5.
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Figure 5. Contingency tables of the mean FTM-scores and calculated accelerometry (ACC) scores
of the resting (a), postural (b) and intention (c) tremor tests in the patient population.

Concordance and Cohen’s k coefficient of agreement between the averaged FTM-
scores and the ACC-scores per type of test, and the mean error (RMSE and MAE)
are given in Table 2. Concordance between the FTM-scores and the objective scores
was strong for resting and intention tremor tests (>72.7%). Cohen’s k results showed a
moderate agreement for resting and postural tremor and a substantial agreement for
intention tremor tests [25,26]. On average, the accelerometric scores differed less than
half a point from the mean FTM-ratings, as indicated by the MAE.

Table 2. Agreement results.

FTM-test Concordance Cohen’s x 95% CI RMSE MAE
Resting tremor 75.0% 0.581 0.470, 0.692 0.77 0.36
Postural tremor 59.1% 0.459 0.334, 0.584 0.74 0.45
Intention tremor 72.7% 0.632 0.516, 0.748 0.52 0.27

In table 3, the test-retest reliability of the accelerometer-based method is given for
the AUCP and amplitude outcome measures, and the calculated accelerometry scores
of the repeated resting and postural tremor test. Reliability was excellent for the AUCP
and amplitude of the postural tremor test, and the remaining ICCs showed a good test-
retest reliability [23].

Table 3. Test-retest reliability of accelerometric approach (ICC: two-way mixed-effects-model,
single measurement, absolute agreement).

FTM-test Outcome Measure ICC 95% CI P

Resting tremor AUCP 0.887 0.793, 0.938 <0.001
Amplitude 0.772 0.583, 0.875 <0.001
ACC-score 0.753 0.512, 0.856 <0.001

Postural tremor AUCP 0.954 0.915, 0.975 <0.001
Amplitude 0.936 0.875, 0.966 <0.001
ACC-score 0.890 0.799, 0.940 <0.001
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4. Discussion

This pilot study focused on translating FTM tremor evaluations to objective
accelerometry measurements. A scoring-algorithm written in MATLAB to quantify
tremor using tri-axial accelerometry measurements, based on FTM-criteria and HP
thresholds was proposed. This study showed that tri-axial accelerometry is a promising
technology for translating FTM-tests. The association between tremor amplitude and
FTM-score were consistent with the logarithmic (In) relationship shown in previous
research [15,17,24].

The main contribution of this study is translating FTM measurements to an objective
method, allowing clinicians to rate patients more uniformly. Although the inter-rater
reliabilities found in this study were high, the validity of the FTM depends on the
experience of the rater, underlining the need for an objective method [9,11-13,18].

Patients from the stereotactic surgery trajectory were selected in order to ensure
the inclusion of high FTM tremor severity scores. Four experienced FTM-raters were
employed in order to provide reliable input for the comparison between clinical FTM-
scores and ACC-scores. The FTM inter-rater variabilities found in this research were
similar to the reliabilities of the FTM (part A) reported in previous studies [9,27].

The complex data gathering in our objective approach is presented in a way that is
easy to interpret by physicians, as the ACC-scores are based on the FTM-criteria used in
clinical practice. This research contributes to creating quantitative outcome measures
in ET research and enabling physicians and other personnel to monitor patients with
ET more objectively. Considering the few materials needed to perform the proposed
accelerometric measurements, this technique is also suitable for monitoring tremor
during awake neurosurgical procedures (e.g. Deep Brain Stimulation surgery, MRI guided
Focused Ultrasound and radioactive Gamma knife thalamotomy) [18,28—31]. As a future
perspective, sensor-based measurement methods like the one described in this article
may allow patients to perform smartphone-assisted measurements at home, increasing
patient self-management.

The trends between the clinical FTM-scores and the AUCP, and between the clinical
FTM-scores and the maximal amplitude of the three different tremor measurements were
in line with the findings of other studies [15,17,18,24]. This relationship was strongest
for postural and intention tremor tests. Unsurprisingly, it was less strong for the resting
tremor tests, considering the low number of resting tremor measurements with an FTM-
score above 2. This is to be expected in patients with a diagnosis of ET, as it is a phenotype
that by definition is dominated by action tremor. This made the linear regression analysis
more susceptible to the effects of outliers.

The unweighted agreement between accelerometric scores and FTM-ratings was
strong for resting and intention tremor tests (>72.7%) [25]. However, a low agreement
(59.1%) between accelerometric postural tremor data and clinical FTM-ratings was found,
although the linear relationship between In-transformed accelerometric postural tremor
amplitude and clinical FTM-ratings was substantial (R?>0.724). These discrepancies
could be explained by objective measurements capturing small changes in amplitude
that are difficult to evaluate visually. Continuous data is by definition capable of finer
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grained distinctions than the discrete ordinal scale employed by the FTM, which is an
advantage in monitoring disease progression [13,28]. However, the discrepancies could
also be explained by the visual rating capturing aspects of the tremor that could not be
measured at the position of the placed accelerometer, e.g. isolated tremor in the thumb.

The accelerometric test-retest reliability was good to excellent (ICC>0.753) [23]. In
both resting tremor and postural tremor test, the test-retest reliability was highest for
AUCP outcome measure (ICC=0.887). This is explained by the large scale of AUCP values,
in contrast to the 5-point scale of accelerometric scores. The test-retest reliability was
lowest for the accelerometric score outcome in both resting and postural tremor. This
is explained by AUCP and/or amplitude values being close to the calculated threshold,
which makes the scoring-algorithm sensitive for providing different scores to similar
performances.

There are a number of limitations to this study. First, this study is a pilot study (proof
of concept) with a relatively small sample size. In future research, this approach should
be tested in a larger population in order to properly validate the proposed accelerometry-
based approach. Future studies should also include out-of-sample validations in unseen
data to avoid overfitting of the approach. Also, to determine the test-retest reliability,
there was only data available of the resting and postural tremor tests. So, the reliability
of the accelerometric approach was not assessed for the intention tremor tests. Also,
the test-retest reliability was calculated based on two consecutive tests. It would be
desirable to use three or more repetitions, preferably separated in time. As the test-retest
reliability in clinicians was not investigated, a direct comparison between reliability of
the accelerometric approach and the FTM assessment was not possible.

In this study, the FTM-scale was used as the gold standard for assessing ET severity.
As this method relies on measurement by eye, this could explain the imperfect agreement
found between accelerometric scores and clinical FTM-ratings. Previous studies showed
that visually estimated distances often do not agree with the distances measured
objectively [21,24,32,33]. On the other hand, it is argued that the with-in-subject random
variability of tremor from moment to moment makes it hard to lower the test-retest
reliability of clinical assessments using transducers [16].

Third, the proximal phalanx of the index finger was chosen to measure hand tremor.
If clinical raters primarily observe tremor in the more distal region of the index finger, or
in a different part of the hand altogether, this will cause discrepancies in the agreement
between the FTM and the accelerometric approach. Also, the amplitude of tremor
can differ between proximal and distal positions of the hand [1,2,34]. Therefore, it is
important to carefully consider possible sensor positions in future research.

Last, when clinicians rate according to the FTM, it is considered whether the tremor
is intermittent: mild to moderate tremor may be intermittent (FTM-scores 1 and 2).
The tremor intermittency was not incorporated in the accelerometric scoring-algorithm.
Together with possible difference in observed tremor amplitude, these aspects might
complicate the comparison between sensor-based and clinical assessments. These issues
have to be taken into account when further validating this technique, with the goal to
monitor tremor more objectively, both in the clinic and in the home setting.
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5. Conclusions

This pilot study showed that tremor can be accelerometrically quantified based
on healthy thresholds and clinical FTM-criteria. Agreement between clinical FTM-
scores and accelerometric scores was substantial. The logarithmic relationship
between accelerometric data and FTM-ratings was in line with previous findings. The
reported test-retest reliability of the ACC tremor scoring-algorithm indicates that our
accelerometry-based approach is a promising one. The proposed technology could be
developed further in order to diminish rater-dependency of FTM tremor measurements
and enable physicians to monitor patients with ET more objectively, both in various
clinical settings, such as intraoperative monitoring, and in the home environment.
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Abstract

Thalamotomy alleviates medication-refractory tremor in patients with movement
disorders such as Parkinson’s Disease (PD), Essential Tremor (ET) and Holmes tremor
(HT). However, limited data is available on tremor intensity during different thalamotomy
stages. Also, the predictive value of intraoperative tremor status for treatment outcome
remains unclear. Therefore, we aimed to quantify tremor status during thalamotomy,
and postoperatively. Data were gathered between January 2020 and June 2023 during
consecutive unilateral thalamotomy procedures in patients with PD (n=13), ET (n=8) and
HT (n=3). Movement Disorder Society Unified PD Rating Scale part IIT (MDS-UPDRS-III)
scores and tri-axial accelerometry data were obtained during rest, postural, and intention
tremor tests. Measurements were performed intraoperatively (1) before lesioning-
probe insertion, (2) directly after lesioning-probe insertion, (3) during coagulation, (4)
directly after coagulation, and (5) 4—6 months post-surgery. Accelerometric data were
recorded continuously during the coagulation process. Outcome measures included
MDS-UPDRS-III tremor scores and accelerometric parameters (peak frequency, tremor
amplitude, and area under the curve of power (AUCP)). Tremor intensity was assessed
for the insertion effect (1-2), during coagulation (3), post-coagulation effect (1-4), and
postoperative effect (1-5). Following insertion and coagulation, tremor intensity improved
significantly compared to baseline (p<0.001). The insertion effect clearly correlated
with the postoperative effect (p=0.863, p<0.001). Both tremor amplitude and AUCP
declined gradually during coagulation. Peak frequency did not change significantly
intraoperatively. In conclusion, the study data show that both the intraoperative insertion
effect and the post-coagulation effect are good predictors for thalamotomy outcome.
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1. Introduction

The most common movement disorders with disabling tremor are Parkinson’s Disease
(PD), Essential Tremor (ET) and Holmes Tremor (HT) [1,2]. Tremor in PD is generally
observed in the extremities at rest (4—7 Hz) [3—6]. ET is a monosymptomatic disease,
predominated by bilateral action tremor (4—7 Hz) [2,6,7]. Patients with HT suffer from
rest, postural, and intention tremor due to low-frequency proximal and distal muscle
contraction (<5 Hz) [2,8].

If disabling tremor cannot be suppressed with medication, then a thalamotomy,
involving radiofrequency (RF) ablation of the thalamic ventral intermediate nucleus
(VIM), is an effective treatment option [9—21]. Thalamotomies are generally performed
unilaterally, since bilateral procedures have increased risk of speech and balance
impairments [22,23]. Surgery is generally performed under local anesthesia in awake
conditions, in order to judge the intraoperative tremor improvement and to minimize
side effects. The ever-changing environment in which newer methods of lesioning or
ablating the VIM are performed, such as Magnetic Resonance Guided Focused Ultra-
sound (MRgFUS) [24,25] and Gamma Knife thalamotomy [26], also poses a challenge
for the intraoperative monitoring of tremor. Although there are few thalamotomy-related
reports on the relevance of intraoperative tremor measurements, the effects measured
intraoperatively are hypothesized to predict thalamotomy outcome.

After insertion of a RF-lesioning probe in the target area and before heating or
stimulation of the tip, immediate tremor alleviation can be observed during surgery: the
insertion effect or microlesion effect [27]. In this article, the term ‘insertion effect’ (IE)
is maintained. It is postulated that occurrence of the IE indicates accurate placement
of the RF-lesioning probe within the VIM, underlining the need to adequately monitor
tremor intensity intraoperatively [27,28]. As soon as a permanent lesion is inflicted, tremor
suppression is immediately observed [21]. This is called the ‘post-coagulation effect’ (PCE).

There are several methods to monitor tremor intensity [27—29]. Clinical scales (e.g.,
Movement Disorder Society Unified PD Rating Scale part IIT [MDS-UPDRS-III]) are
often used to assess surgical results [30,31]. However, although the MDS-UPDRS-
III is a standardized scoring system, results can vary based on the experience of the
rater [31—35]. Sensor-based measurements, like tri-axial accelerometry, allow for
objective and continuous quantification of tremor intensity [34,36,37]. Several studies
have demonstrated that accelerometry can complement clinical assessment during
neurosurgery, aiding clinicians in uniformly assessing tremor [38—41].

Although studies have focused on clinical results and side effects of thalamotomy,
there is little data available on the neurophysiological aspects [21,22,42]. Also, there is
no consensus on how the IE and PCE relate to the postoperative effect (PE) of unilateral
thalamotomy. Therefore, this study focuses on accelerometry measurements during
all surgical stages of RF-thalamotomy, including tremor severity in the postoperative
phase. The novelty of this work lies in the quantification of tremor intensity during all
surgical stages of thalamotomy, based on clinical assessment and accelerometry. The
aim of this study is to quantify the clinical changes in tremor during the different stages
of thalamotomy using both the MDS-UPDRS-III and tri-axial accelerometry. Secondly,
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we aim to investigate the relationship between intraoperative findings and clinical
outcome. Lastly, our aim is to investigate the correlation between clinical assessments
and accelerometric outcome measures.

2. Materials and methods

This observational study was conducted at the neurosurgical department of the
University Medical Center Groningen (UMCG), The Netherlands. The local medical
ethics review committee judged that the study does not fall within the remit of the Dutch
‘Research involving human subjects Act’. The study was performed in compliance with
the Helsinki Declaration for research on human beings. All participants provided written
informed consent for the use of their data.

2.1. Study participants

Data were gathered between January 2020 and June 2023 from consecutive patients
with an indication for unilateral RF-thalamotomy. In patients with PD, diagnosis was
established according to the UK Brain Bank criteria [43]. For those with ET and HT,
the diagnosis was made by movement disorders neurologists, confirmed with a video-
assisted surface-EMG accelerometric tremor registration [6]. The treatment plan was
discussed and established in a multidisciplinary meeting before inclusion of the study
for all participants.

2.2. Surgical procedure

Participants were withheld tremor-suppressing medication for at least 12 hours
prior to the thalamotomy. Anesthesia administration, frame placement, and target
identification were performed as described by Lange and Kremer et al. [28]. In short,
the VIM was accessed by penetrating the brain using a bipolar RF probe (TCBo13 RF TC
Brain Electrode 2x2mm, Inomed Medizintechnik GmbH, Emmendingen, Germany) via
a cranial burr hole. Prior to inserting the bipolar RF electrode, baseline tremor intensity
of the contralateral arm (relative to the hemisphere being treated) was evaluated (see
section 2.4). Directly after insertion of the electrode in the target, the same evaluations
were performed to assess the IE. When an acceptable position was found, the electrode
tip was heated to 90°C for 60 seconds by an Inomed Neuro N50 lesion generator. Directly
after coagulation, the tremor evaluations were performed once more. Until improvement
in tremor was deemed satisfactory, the electrode was repositioned, and the subsequent
steps were repeated.

2.3. Materials

A tri-axial accelerometer (MMA8452Q tri-Axis, Freescale Semiconductor, Inc.) with
a sampling rate of 200 Hz and range of +2g was used. The sensor was secured in a
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custom-built non-conductive plastic case, and attached to the proximal phalanx of the
contralateral index finger (relative to the treated hemisphere) with an adjustable silicon
strap (Figure 1) [38].

Figure 1. Accelerometer positioned at the left index finger.

Accelerometric data were recorded in LabVIEW v. 2017 (National Instruments,
Texas, USA) [38]. Signal analysis was performed in MATLAB v. 2022b (MathWorks,
Massachusetts, USA). Statistical analysis was performed in IBM SPSS statistics v. 26
(International Business Machines Corporation, New York, USA). MDS-UPDRS-III items
3.15—3.17 were used for assessment of participants [44].

2.4. Measurements

All measurements were performed with the participant awake and in supine position
[38]. Tremor severity was assessed with three tremor tests: postural (arm stretched
out), intention (finger-to-nose maneuver) and at rest. Accelerometric data were recorded
during these tremor tests, while a movement disorders neurologist simultaneously
assessed MDS-UPDRS-III scores.

Measurements were performed: (1) before lesioning probe insertion, (2) after lesioning
probe insertion, (3) during coagulation, (4) after coagulation, and (5) at 4—6 months
follow-up (Figure 2). The three tremor tests were performed at step 1, 2, 4 and 5. Step 1
to 4 were repeated until improvement in tremor was deemed satisfactory. Accelerometric
data were recorded continuously during coagulation (Figure 2).

Figure 2. Tremor severity was measured at five time points to assess the IE, the PCE and the PE:
1) pre-insertion and 2) post-insertion of the lesioning probe, 3) during coagulation, 4) directly after
coagulation during surgery, and 5) 4—6 months follow-up.

135



136

Chapter 7

For each outcome measure, the sum of the values of the three tremor tests at that
measurement moment was used for analysis. The three different effects that were
calculated for each type of summed outcome measure (SOM) were defined as follows.
The insertion effect (IE) was defined as the SOM just prior to insertion of the lesioning
probe (1) minus the SOM immediately post-insertion (2). The post-coagulation effect
(PCE) was defined as the pre-insertion SOM (1) minus the SOM directly after coagulation
(4). The postoperative effect (PE) was defined as the pre-insertion SOM (1) minus the
SOM at follow-up (5), see Figure 2.

It is hypothesized that both IE and PCE correlate with PE, for both MDS-UPDRS-III
and accelerometric SOM. Secondary, it is hypothesized that MDS-UPDRS-III tremor
scores correlate with accelerometric outcome measures.

2.5. Accelerometric measures

Accelerometric data pre-processing was performed as described previously [38]. To
assess postural, intention, and rest tremor, three outcome measures were calculated
from the accelerometry data per respective test: (1) dominant frequency; (2) maximal
amplitude; (3) area under the curve of power within the tremor frequency band (AUCP)
[38]. The tremor frequency band was defined as 4—7 Hz for PD and ET, and 2—5 Hz for
HT, based on the frequencies found during preoperative recordings.

To determine the power of the acceleration norm (cm/s?), the periodogram power
spectral density (PSD) estimate was calculated [45]. Via trapezoidal numerical
integration, the AUCP in the 2—5 Hz and 4—7 Hz frequency band was calculated from
this periodogram. The dominant or peak frequency was defined as the frequency with
the highest power value. For the calculation of the mean tremor amplitude, the mean of
all peaks in the absolute amplitude vector were determined. This mean was multiplied
by two in order to calculate the mean tremor amplitude [38].

2.6. Statistical analysis

The main outcome measures used for the statistical analyses were MDS-UPDRS-III
tremor sum-score, summed amplitude, and summed AUCP. Based on visual inspection of
the histograms of the outcome variables, nonparametric tests were used for all analyses.
The alpha level was determined to be 5%. Wilcoxon signed-rank test was used to analyze
the IE, PCE and PE (Figure 2). Spearman’s rank correlation coefficient (Spearman’s p)
was used to calculate the strength of association between the IE and PE, and between
the PCE and PE. Spearman’s p was also applied to calculate the correlation between the
MDS-UPDRS-III scores and accelerometric amplitude, and between the MDS-UPDRS-
III scores and AUCP of each tremor test.
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3. Results

A group of 22 patients (15 men, 7 women; age (69.9 + 11.3 years) were included. Data
were gathered from 13 surgeries in 13 patients with PD, eight surgeries in seven patients
with ET (one re-operation after 11 months) and three surgeries in two patients with
HT (one re-operation after 14 months). In 17 out of 24 procedures, a single coagulation
attempt was sufficient for a satisfactory effect on tremor severity (Table 1).

Table 1. Demographics.

Demographic Total . PD ET HT
population
Gender (percentage) Male: Male: Male: Male:
15 (68.2%) 9 (69.2%) 4 (57.1%) 2 (100.0%)
Female: Female: Female: Female:
7(31.8%) 4 (30.8%) 3 (42.9%) 0 (0.0%)
Mean (SD) age (years) 69.9 (11.3) 70.8 (8.4) 76.0 (5.2) 49.0 (10.4)
Mean (SD) disease duration 8.4 (5.0) 7.9 (4.1) 11.4 (6.4) 4.4 (0.7)
(years)
Mean (SD) follow-up (months) 5.4 (1.1) 5.5(0.9) 4.9 (1.1) 6.4 (1.2)
Treated hemisphere Right: Right: Right: Right:
(percentage) 10 (45.5%) 5(38.5%) 3 (42.9%) 2 (100.0%)
Left: Left: Left: Left:
12 (54.5%) 8 (61.5%) 4 (57.1%) 0 (0.0%)
Number of coagulation 1.4 (0.7) 1.1 (0.3) 1.6 (0.9) 2.3 (0.6)
attempts (SD)

3.1. Quantification of changes during thalamotomy stages

Post-insertion MDS-UPDRS-III tremor sum-scores were significantly lower when
compared to pre-insertion: 5 (1—11) vs. 2 (0—8) [p<0.001]. The pre-insertion MDS-
UPDRS-III sum-scores were significantly higher than the post-coagulation sum-scores,
from 5 (1—11) to 0 (0—6) [p<0.001]. A significant decrease was found in the postoperative
MDS-UPDRS-III sum-scores compared to the pre-insertion sum-scores, from 5 (1—11)
to 0 (0-6) [p<0.001] (Figure 3a).

The summed tremor amplitude at pre-insertion was significantly higher when
compared to post-insertion: 5 (0—61) cm vs. 1 (0—58) ¢cm [p<0.001]. The pre-insertion
summed amplitude was also significantly higher than at post-coagulation, from 5 (0—61)
cm to 0 (0—30) cm [p<0.001]. A significant decrease was found in the postoperative
summed amplitude compared to pre-insertion, from 5 (0—61) cm to 1 (0—9) cm [p<0.001]
(Figure 3b).
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Figure 3. Boxplots with median and interquartile range for (a) MDS-UPDRS-III tremor sum-
scores and (b) summed tremor amplitude, at pre-insertion, post-insertion, post-coagulation and
follow-up for all participants.

The MDS-UPDRS-III tremor sum-score data per measurement moment of Figure 3a
are given separately for each patient group in figure 4a.

For the PD group, post-insertion MDS-UPDRS-III sum-scores were significantly
lower when compared to pre-insertion: 6 (1—10) vs. 0 (0—2) [p<0.001]. The pre-insertion
MDS-UPDRS-III sum-scores of the PD group were significantly higher than the post-
coagulation sum-scores, from 6 (1—10) to 0 (0—1) [p<0.001]. A significant decrease was
found in the postoperative MDS-UPDRS-III sum-scores compared to the pre-insertion
sum-scores of the PD group, from 6 (1—10) to 0 (0—3) [p<0.001] (Figure 4a).

In the ET group, MDS-UPDRS-III sum-scores significantly decreased from 3 (2—11)
pre-insertion to 2 (0—7) post-insertion [p=0.018]. The pre-insertion MDS-UPDRS-III
sum-scores of the ET group were also significantly higher than the post-coagulation
sum-scores, from 3 (2—11) to 0 (0—4) [p=0.003]. The pre-insertion summed amplitude of
the ET group decreased from 3 (2—11) to 0 (0—6) postoperatively, although this decrease
was not significant [p=0.387] (Figure 4a).

The post-insertion MDS-UPDRS-III sum-scores of the HT group were lower than at
pre-insertion: 6 (2—11) vs. 6 (2—8) [p=0.109]. The pre-insertion MDS-UPDRS-III sum-
scores decreased significantly from 6 (2—11) to 4 (0—6) [p=0.024] post-coagulation.
The decrease in MDS-UPDRS-III sum-scores at pre-insertion from 6 (2—11) to 5 (5—6)
[p=0.288] postoperatively was not significant (Figure 4a).
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(b)
Figure 4. Boxplots with median and interquartile range for (a) MDS-UPDRS-III tremor sum-scores
and (b) summed tremor amplitude at pre-insertion, post-insertion, post-coagulation and follow-up
for each group (PD group in black, ET group in red, HT group in blue).

In Figure 4b, the summed tremor amplitude data per measurement moment of Figure
3b are given separately for each patient group.

The summed tremor amplitude of the PD group at pre-insertion was significantly
higher when compared to post-insertion: 6 (0—-28) cm vs. 0 (0—2) cm [p<0.001]. The
pre-insertion summed amplitude was also significantly higher than at post-coagulation,
from 6 (0—28) cm to 0 (0—1) cm [p<0.001]. A significant decrease was found in the
postoperative summed amplitude compared to pre-insertion, from 6 (0—28) cm to o
(0—1) cm [p<o0.001] (Figure 4b).

In the ET group, the summed amplitude significantly decreased from 3 (0—33) cm pre-
insertion to 1 (0—23) cm post-insertion [p=0.002]. The pre-insertion summed amplitude
of the ET group was also significantly higher than the post-coagulation amplitude, from
3 (0—33) cm to 1 (0—4) cm [p=0.002]. The pre-insertion summed amplitude of the ET
group decreased from 3 (0—33) cm to 1 (0—5) cm postoperatively, although this decrease
was not significant [p=0.209] (Figure 4b).

The summed tremor amplitude of the HT group at pre-insertion was higher than at
post-insertion: 11 (1—61) cm vs. 8 (1—58) cm [p=0.075]. The post-coagulation summed
amplitude of the HT group was significantly lower than that at pre-insertion: 11 (1-61)
cm vs. 2 (0—30) cm [p=0.018]. The decrease in summed amplitude from 11 (1-61) cm
at pre-insertion to 8 (2—9) cm postoperative was not significant [p=0.237] (Figure 4b).
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3.1.1. During coagulation

Tremor amplitude and AUCP declined gradually during coagulation in all patients
(Figure 5). The amplitudes at t=10s were significantly higher compared to t=60s, from 2
(0—-13) cm to 0 (0—6) cm [p<0.001]. AUCP at t=60s decreased significantly compared to
AUCP at t=10s, from 5182 (cm/s?)? (55—484986) to 173 (cm/s?)? (10—30474) [p<0.001].
Peak frequency did not change significantly during the coagulation process, from 3 (1—6)
Hzto 3 (1-7) Hz [p>0.05].

@ (b)
© @
© ®

Figure 5. The mean amplitude per 10 seconds (a, ¢, €) and AUCP per 10 seconds (b, d, f) during the
60-second coagulation process, given for the PD group (a, b), ET group (¢, d) and HT group (e, f).

For the PD group, the amplitudes at t=10s were significantly higher compared to
t=60s, from 1 (0—2) cm to 0 (0—0) cm [p<0.001]. AUCP at t=60s decreased significantly
compared to AUCP at t=10s in the PD group, from 705 (cm/s?)? (55—6719) to 51 (cm/s?)?
(10-173) [p<o0.001].

The amplitudes in the ET group at t=10s were significantly higher compared to t=60s,
from 2 (0—11) em to 0 (0—4) ¢cm [p<0.001]. AUCP of the ET group at t=60s decreased
significantly compared to AUCP at t=10s, from 11382 (cm/s?)? (329—484986) to 295 (cm/
s2)? (101-9513) [p<o0.001].
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For the HT group, the amplitudes at t=10s were significantly higher compared to
t=60s, from 5 (2—13) cm to 0 (0—2) cm [p<0.001]. AUCP at t=60s decreased significantly
compared to AUCP at t=10s in the HT group, from 33360 (cm/s?)? (867—-263567) to 772
(cm/s?)? (172—5301) [p<0.001].

3.2. Relation between intraoperative findings and outcome

The IE was found to be significantly associated with PE for all outcome measures
[Spearman’s p>0.690; p<0.001] (Table 2). This was also the case for correlation
between the PCE and PE [Spearman’s p>0.918; p<0.001] (Table 3). The MDS-UPDRS-
III tremor sum-scores and summed amplitude of the IE and PE were plotted per
patient group and number of the coagulation attempts in Figure 6. The MDS-UPDRS-
III sum-scores and summed amplitude of the PCE and PE per patient group and
number of the coagulation attempts are shown in Figure 7.

Table 2. Spearman’s correlation between Insertion Effect and Postoperative Effect.

ggz%::;:tlon Outcome measure Spearman’sp R?2 95% CI P
Only first MDS-UPDRS-III sum-scores 0.863 0.745 0.693,0.942 <0.001
attempts Summed AUCP 0.975 0.951 0.940,0.990 <0.001
Summed Amplitude 0.690 0.476 0.377,0.861 <0.001
Only final MDS-UPDRS-III sum-scores 0.967 0.934 0.920,0.986 <0.001
attempts Summed AUCP 0.898 0.807 0.766,0.957 <0.001
Summed Amplitude 0.783 0.612 0.538,0.906 <0.001

Table 3. Spearman’s correlation between Post-Coagulation Effect and Postoperative Effect.

g&z%:ll;i‘tmn Outcome measure Spearman’sp R? 95% CI P
Only first MDS-UPDRS-III sum-scores 0.950 0.903 0.882,0.980 <0.001
attempts Summed AUCP 0.936 0.876 0.849,0.973 <0.001
Summed Amplitude 0.982 0.965 0.957,0.993 <0.001
Only final MDS-UPDRS-III sum-scores 0.934 0.873 0.846,0.973 <0.001
attempts Summed AUCP 0.955 0.911  0.892,0.981 <0.001
Summed Amplitude 0.918 0.843 0.809,0.966 <0.001
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Table 4. Spearman’s correlation between the MDS-UPDRS-III scores and the accelerometric
outcome measures for each type of tremor test.

Outcome

measure Tremor condition Spearman’sp R?2 95% CI P

Mean Rest tremor 0.706 0.498 0.605, 0.784 <0.001

amplitude Postural tremor 0.867 0751  0.815,0.905 <0.001
Intention tremor 0.811 0.657 0.740,0.863 <0.001
All combined 0.815 0.664 0.775,0.848 <0.001

AUCP Rest tremor 0.714 0.510 0.616,0.791 <0.001
Postural tremor 0.903 0.815 0.864, 0.931 <0.001
Intention tremor 0.731 0.535 0.638,0.804 <0.001
All combined 0.812 0.659 0.772,0.845 <0.001

@ (b)

Figure 6. The correlation between Insertion Effect and Postoperative Effect for the MDS-UPDRS-
IIT tremor sum-scores (a) and summed tremor amplitude (b), given for each group (PD group in
black, ET group in red, HT group in blue).

(@) (b)

Figure 7. The correlation between Post-Coagulation Effect and Postoperative Effect for the MDS-
UPDRS-III tremor sum-scores (a) and summed tremor amplitude (b), given for each group (PD
group in black, ET group in red, HT group in blue).
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3.3. Correlation between clinical and accelerometric measures

The MDS-UPDRS-III tremor scores of the individual tremor tests correlated
significantly with accelerometric amplitude [Spearman’s p>0.706; p<0.001]. These results
were also significant for the correlation between MDS-UPDRS-III scores and AUCP for
the individual tremor tests [Spearman’s p>0.714; p<0.001] (Table 4).

4. Discussion

In this study, accelerometric and clinical tremor assessments were performed
during various stages of unilateral RF-thalamotomy in patients with PD, ET and HT.
Postoperative tremor intensity after unilateral thalamotomy was also studied. The aim of
this research was to quantify changes in tremor intensity during surgery, and to evaluate
the relationship between intraoperative findings and clinical outcome.

This study shows that tri-axial accelerometry can objectively quantify intraoperative
treatment effects during RF-thalamotomy. Tri-axial accelerometry showed that tremor
amplitude and AUCP declined gradually during the coagulation process and that peak
frequency did not change significantly during the surgical procedure. Also, IE and PCE
significantly correlated with the PE at follow-up, as shown by both MDS-UPDRS-III
ratings and accelerometric assessment. The main contribution of this study is that
accelerometric measurements can provide standardized and objective input for clinical
decision-making during thalamotomy. Moreover, accelerometry can be performed real-
time during the coagulation process to show the change in tremor intensity.

Both tremor amplitude and AUCP declined gradually during the coagulation process,
but peak frequency did not change significantly. These findings suggest that the activity of
the fundamental tremor generator changes with lesioning, and probably not the generator
itself. Previously, Earhart et al. reported that tremor frequency did not change with
changes in Deep Brain Stimulation (DBS) of the VIM [46]. Other studies have shown that
neuronal firing is inhibited during VIM-DBS [47,48], which might explain why tremor
amplitude and not tremor frequency is reduced.

The IE and PCE evaluated in this study were consistent with previously reported
findings [10—12,27,28,38,39,49]. It is generally thought that IE can predict outcome
of stereotactic surgery [27,28,50,51]. The results of this study suggest that a strong IE
predicts successful tremor suppression postoperatively. Concurrently, these data indicate
that the absence of both the IE and PCE predicts no change in tremor intensity after
surgery. Therefore, these results suggest that the IE and PCE should be taken into account
during intraoperative clinical decision-making for replacement of the lesioning probe.

The high correlation between the IE and the PE in this study can be explained by
the use of accelerometry-based outcome measures. For example, a Spearman’s p up to
0.975 was found in the AUCP outcome measure. Accelerometric measurements allow
for continuous outcome measures, in contrast to discrete ordinal scales like the MDS-
UPDRS-III. Another explanation for differences in correlation between IE and PE might
be that earlier research was performed in patients undergoing DBS [27,28,50,51].
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The strength of the correlations between IE and PE, and between PCE and PE differed
amongst the three patient groups and the number of coagulation attempt, as can be
seen in Figures 6 and 7. The relationship between IE and PE, and between PCE and PE
seemed to be stronger for the PD group, compared to the ET group and HT group, as can
be seen in Figures 6 and 7. No conclusions can be based on these findings as the study
was not designed or powered to investigate these differences, and the small sizes of the
subgroups precluded further testing of the statistical significance of these differences.

The results of this study suggest that RF-thalamotomy is an effective treatment in
patients with unilateral tremor. At the same time, the medical field is evolving with
alternative procedures like MRgFUS [24,25] and Gamma Knife thalamotomy [26].
These new interventions require an operative setting (e.g., MRI-scanner, radioactive
environment) that does not allow real-time intraoperative clinical assessment by a
neurologist. Accelerometry offers a solution, providing reliable and objective measures
for clinical decision-making during surgery [38,39,52]. This is supported by Baek et al.,
who found that accelerometry can be used for determining the location and number of
MRgFUS targets to achieve optimal tremor reduction [53].

Apart from the fact that accelerometry provides rater-independent measurements,
standardized accelerometric measures can settle the current uncertainty on the outcome
of tremor treatment. Other benefits of this technique are that it is widely available and
inexpensive (purchase costs 10US$~30US$), and analysis is easy and straightforward
[37,38,52,54]. Also, this low-power technology does not involve disposable parts and
has an estimated lifespan of at least ten years, making it a sustainable measurement
method [55,56].

4.1. Limitations

Due to the surgical setting with restricted freedom of movement for the patient, it was
not possible to perform a full MDS-UPDRS-III assessment. Instead, only tremor items
that the treatment aimed to improve were used for the measurements. Also, the results
of the intraoperative measurements could have been influenced by stress, fatigue, or
sedative medication effects during the surgery.

Second, all consecutive patients undergoing thalamotomy between January 2020
and June 2023 were included, even patients in whom multiple lesions were made. This
might have caused discrepancies in our results, as the IE of the first attempt may have
influenced the effect of the subsequent attempt. For this reason, outcomes of the first and
final attempt have been reported separately. This provides insight into how both results
relate to the clinical outcome.
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5. Conclusions

This study shows that tremor amplitude and AUCP both declined gradually during
the coagulation process and that peak frequency did not change significantly during the
procedures. It was also shown that both the insertion effect and the post-coagulation
effect are good predictors for thalamotomy outcome. The MDS-UPDRS-III scores of
the individual tremor tests correlated significantly with the accelerometric outcome
measures. Accelerometric monitoring of tremor allows the objective quantification of
these intraoperative parameters, reducing the dependency on experienced raters for
reliable clinical assessments.

145




146

Chapter 7

References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

(8]

)

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Jankovic J, Fahn S. Physiologic and Pathologic Tremors - Diagnosis, mechanism, and
management. Ann Intern Med 1980;93:460-5. https://doi.org/10.7326/0003-4819-93-3-460.

Bhatia KP, Bain P, Bajaj N, Elble RJ, Hallett M, Louis ED, et al. Consensus Statement on the
classification of tremors. from the task force on tremor of the International Parkinson and
Movement Disorder Society. Movement Disorders 2018;33:75—87. https://doi.org/10.1002/
mds.27121.

Jankovic J. Parkinson’s Disease: Clinical features and diagnosis. J Neurol Neurosurg
Psychiatry 2008;79:368—76. https://doi.org/10.1136/jnnp.2007.131045.

Vaillancourt DE, Newell KM. The dynamics of resting and postural tremor in Parkinson’s
Disease. Clinical Neurophysiology 2000;111:2046—56.

Kalia L, Lang AE. Parkinson’s Disease. The Lancet 2015;386:896—912. https://doi.org/10.1016/
S0140-6736(14)61393-3.

van der Stouwe AMM, Elting JW, van der Hoeven JH, van Laar T, Leenders KL, Maurits
NM, et al. How typical are ‘typical” tremor characteristics? Sensitivity and specificity of five
tremor phenomena. Parkinsonism Relat Disord 2016;30:23-8. https://doi.org/10.1016/j.
parkreldis.2016.06.008.

van de Wardt J, van der Stouwe AMM, Dirkx M, Elting JWJ, Post B, Tijssen MAJ, et al.
Systematic clinical approach for diagnosing upper limb tremor. J Neurol Neurosurg Psychiatry
2020;91:822-30. https://doi.org/10.1136/jnnp-2019-322676.

Kim MC, Son BCW, Miyagi Y, Kang JK. Vim thalamotomy for Holmes’ tremor secondary to
midbrain tumour. J Neurol Neurosurg Psychiatry 2002;73:453—5. https://doi.org/10.1136/
jnnp.73.4.453.

Pauwels RWJ, Oterdoom DLM, Drost G, van Laar T, van Dijk JMC. Long-Term Patient-
Reported Outcome of Radiofrequency Thalamotomy for Tremor. Stereotact Funct Neurosurg
2020;98:187-92. https://doi.org/10.1159/000506999.

Jankovic J, Cardoso F, Grossman RG, Hamilton WJ. Outcome after Stereotactic Thalamotomy
for Parkinsonian, Essential, and Other Types of Tremor. Neurosurgery 1995;37:680—7. https://
doi.org/10.1227/00006123-199510000-00011.

Fox MW, Ahlskog JE, Kelly PJ. Stereotactic ventrolateralis thalamotomy for medically
refractory tremor in post-levodopa era Parkinson’s Disease patients. J Neurosurg 1991;75:723—
30. https://doi.org/10.3171/jns.1991.75.5.0723.

Akbostanci MC, Slavin K V., Burchiel KJ. Stereotactic Ventral Intermedial Thalamotomy for the
Treatment of Essential Tremor:Results of a Series of 37 Patients. Stereotact Funct Neurosurg
1999;72:174—7. https://doi.org/10.1159/000029722.

Hassler R, Riechert T. Indikationen und lokalisationsmethode der gezielten hiernoperationen.
Nervenarzt 1954;25:441-7.

Tripathi M, Mehta S, Singla R, Ahuja CK, Tandalya N, Tuleasca C, et al. Vim stereotactic
radiosurgical thalamotomy for drug-resistant idiopathic Holmes tremor: a case report. Acta
Neurochir (Wien) 2021;163:1867—71. https://doi.org/10.1007/s00701-020-04489-1.
Hopfner F, Deuschl G. Managing Essential Tremor. Neurotherapeutics 2020;17:1603—21.
https://doi.org/10.1007/513311-020-00899-2.

Ferreira JJ, Mestre TA, Lyons KE, Benito-Leo6n J, Tan EK, Abbruzzese G, et al. MDS evidence-
based review of treatments for Essential Tremor. Movement Disorders 2019;34:950—8. https://
doi.org/10.1002/mds.27700.

Martinez-Moreno NE, Sahgal A, De Salles A, Hayashi M, Levivier M, Ma L, et al. Stereotactic
radiosurgery for tremor: Systematic review. J Neurosurg 2019;130:589—600. https://doi.
org/10.3171/2017.8.JNS17749.



The relevance of intraoperative clinical and accelerometric measurements for thalamotomy outcome

[18] Espay AJ, Mandybur GT, Revilla FJ. Surgical Treatment of Movement Disorders. Clin Geriatr
Med 2006;22:813—25. https://doi.org/10.1016/j.cger.2006.06.002.

[19] Shahzadi S, Tasker RR, Lozano A. Thalamotomy for Essential and Cerebellar Tremor.
Stereotact Funct Neurosurg 1995;65:11—7. https://doi.org/10.1159/000098890.

[20] Schuurman PR, Bosch DA, Bossuyt PMM, Bonsel GJ, van Someren EJW, de Bie RMA, et al.
A Comparison of Continuous Thalamic Stimulation and Thalamotomy for Suppression of
Severe Tremor. New England Journal of Medicine 2000;342:461-8. https://doi.org/10.1056/
NEJM200002173420703.

[21] Dallapiazza RF, Lee DJ, De Vloo P, Fomenko A, Hamani C, Hodaie M, et al. Outcomes from
stereotactic surgery for Essential Tremor. J Neurol Neurosurg Psychiatry 2019;90:474—82.
https://doi.org/10.1136/jnnp-2018-318240.

[22] Bruce BB, Foote KD, Rosenbek J, Sapienza C, Romrell J, Crucian G, et al. Aphasia and
thalamotomy: Important issues. Stereotact Funct Neurosurg 2004;82:186—90. https://doi.
0rg/10.1159/000082207.

[23] Alshaikh J, Fishman PS. Revisiting bilateral thalamotomy for tremor. Clin Neurol Neurosurg
2017;158:103-7.

[24] Pooja NA, Pahuja SK, Veer K. Significance of MRI Guided Focused Ultrasound Thalamotomy
for Parkinson’s Disease: A Review. Current Medical Imaging Formerly Current Medical
Imaging Reviews 2021;17:714—9. https://doi.org/10.2174/1573405616666201223142505.

[25] Elias WJ, Lipsman N, Ondo WG, Ghanouni P, Kim YG, Lee W, et al. A Randomized Trial of
Focused Ultrasound Thalamotomy for Essential Tremor. New England Journal of Medicine
2016;375:730—9. https://doi.org/10.1056/NEJMo0a1600159.

[26] Ohye C, Shibazaki T, Sato S. Gamma knife thalamotomy for movement disorders: evaluation
of the thalamic lesion and clinical results. J Neurosurg 2005;102:234—40. https://doi.
org/10.3171/jns.2005.102.s_supplement.0234.

[27] Tykocki T, Nauman P, Koziara H, Mandat T. Microlesion Effect as a Predictor of the
Effectiveness of Subthalamic Deep Brain Stimulation for Parkinson’s Disease. Stereotact Funct
Neurosurg 2013;91:12—7. https://doi.org/10.1159/000342161.

[28] Lange SF, Kremer NI, van Laar T, Lange F, Steendam-Oldekamp TE, Oterdoom DLM, et al. The
Intraoperative Microlesion Effect Positively Correlates With the Short-Term Clinical Effect of
Deep Brain Stimulation in Parkinson’s Disease. Neuromodulation: Technology at the Neural
Interface 2021:ner.13523. https://doi.org/10.1111/ner.13523.

[29] Cersosimo MG, Raina GB, Benarroch EE, Piedimonte F, Aleman GG, Micheli FE. Micro lesion
effect of the globus pallidus internus and outcome with deep brain stimulation in patients
with Parkinson’s Disease and dystonia. Movement Disorders 2009;24:1488-93. https://doi.
org/10.1002/mds.22641.

[30] Goetz CG, Tilley BC, Shaftman SR, Stebbins GT, Fahn S, Martinez-Martin P, et al. Movement
Disorder Society-Sponsored Revision of the Unified Parkinson’s Disease Rating Scale
(MDS-UPDRS): Scale presentation and clinimetric testing results. Movement Disorders
2008;23:2129—70. https://doi.org/10.1002/mds.22340.

[31] Kremer NI, Smid A, Lange SF, Mateus Marcal I, Tamasi K, van Dijk JMC, et al. Supine MDS-
UPDRS-III Assessment: An Explorative Study. J Clin Med 2023;12. https://doi.org/10.3390/
jem12093108.

[32] Post B, Merkus MP, de Bie RMA, de Haan RJ, Speelman JD. Unified Parkinson’s Disease
Rating Scale motor examination: Are ratings of nurses, residents in neurology, and movement
disorders specialists interchangeable? Movement Disorders 2005;20:1577—84. https://doi.
org/10.1002/mds.20640.

[33] Evers LJW, Krijthe JH, Meinders MJ, Bloem BR, Heskes TM. Measuring Parkinson’s Disease
over time: The real-world within-subject reliability of the MDS-UPDRS. Movement Disorders
2019;34:1480-7. https://doi.org/10.1002/mds.27790.

147



148

Chapter 7

[34] Luksys D, Jonaitis G, Griskevi¢ius J. Quantitative Analysis of Parkinsonian Tremor in a
Clinical Setting Using Inertial Measurement Units. Parkinsons Dis 2018;2018. https://doi.
org/10.1155/2018/1683831.

[35] Rodriguez-Molinero A, Sama A, Pérez-Lopez C, Rodriguez-Martin D, Alcaine S, Mestre
B, et al. Analysis of correlation between an accelerometer-based algorithm for Detecting
Parkinsonian gait and UPDRS subscales. Front Neurol 2017;8:1—6. https://doi.org/10.3389/
fneur.2017.00431.

[36] Espay AJ, Bonato P, Nahab FB, Maetzler W, Dean JM, Klucken J, et al. Technology in
Parkinson’s Disease: Challenges and opportunities. Movement Disorders 2016;31:1272—82.
https://doi.org/10.1002/mds.26642.

[37] Lieber B, Taylor BES, Appelboom G, Mckhann G, Connolly ES. Motion Sensors to Assess
and Monitor Medical and Surgical Management of Parkinson Disease. World Neurosurg
2015;84:561—6. https://doi.org/10.1016/j.wneu.2015.03.024.

[38] Smid A, Elting JWJ, van Dijk JMC, Otten B, Oterdoom DLM, Tamasi K, et al. Intraoperative
Quantification of MDS-UPDRS Tremor Measurements Using 3D Accelerometry: A Pilot Study.
J Clin Med 2022;11:2275. https://doi.org/10.3390/jcm11092275.

[39] Shah A, Coste J, Lemaire JJ, Taub E, Schiipbach WMM, Pollo C, et al. Intraoperative
acceleration measurements to quantify improvement in tremor during deep brain stimulation
surgery. Med Biol Eng Comput 2017;55:845—58. https://doi.org/10.1007/s11517-016-1559-9.

[40] Papapetropoulos S, Gallo B V., Guevara A, Singer C, Mitsi G, Lyssikatos C, et al. Objective
tremor registration during DBS surgery for Essential Tremor. Clin Neurol Neurosurg
2009;111:376—9. https://doi.org/10.1016/j.clineuro.2008.10.017.

[41] Smid A, Elting JWJ, van Dijk JMC, Otten B, Oterdoom DLM, Tamasi K, et al. Intraoperative
quantification of MDS-UPDRS tremor measurements using 3D accelerometry (abstract 394).
Movement Disorders 2022;37:S206. https://doi.org/10.1002/mds.29223.

[42] Iacono RP, Henderson JM, Lonser RR. Combined stereotactic thalamotomy and posteroventral
pallidotomy for Parkinson’s Disease. J Image Guid Surg 1995;1:133—40. https://doi.
org/10.1002/(SICI)1522-712X(1995)1:3<133::AID-1GS2>3.0.CO;2-B.

[43] Hughes AJ, Daniel SE, Kilford L, Lees AJ. Accuracy of clinical diagnosis of idiopathic
Parkinson’s Disease: A clinico-pathological study of 100 cases. J Neurol Neurosurg Psychiatry
1992;55:181—4. https://doi.org/10.1136/jnnp.55.3.181.

[44] Goetz CG, Fahn S, Martinez-Martin P, Poewe W, Sampaio C, Stebbins GT, et al. The MDS-
sponsored Revision of the Unified Parkinson’s Disease Rating Scale. MDS_UPDRS_ Updated_
August2019 2019:1-34. www.movementdisorders.org (accessed September 26, 2022).

[45] Salarian A, Russmann H, Wider C, Burkhard PR, Vingerhoets FJG, Aminian K. Quantification
of tremor and bradykinesia in Parkinson’s Disease using a novel ambulatory monitoring system.
IEEE Trans Biomed Eng 2007;54:313—22. https://doi.org/10.1109/TBME.2006.886670.

[46] Earhart GM, Hong M, Tabbal SD, Perlmutter JS. Effects of Thalamic Stimulation Frequency
on Intention and Postural Tremor. Exp Neurol 2007;208:257-63.

[47] Milosevic L, Kalia SK, Hodaie M, Lozano AM, Popovic MR, Hutchison WD. Physiological
mechanisms of thalamic ventral intermediate nucleus stimulation for tremor suppression.
Brain 2018;141:2142—55. https://doi.org/10.1093/brain/awy139.

[48] Elble RJ. Mechanisms of deep brain stimulation for Essential Tremor. Brain 2014;137:4—6.
https://doi.org/10.1093/brain/awt347.

[49] NagasekiY, Shibazaki T, Hirai T, Kawashima Y, Wada H, Ohye C. Long-term follow-up results
of selective VIM-thalamotomy. J Neurosurg 1986;65:296—302.

[50] Maltéte D, Derrey S, Chastan N, Debono B, Gérardin E, Fréger P, et al. Microsubthalamotomy:
An immediate predictor of long-term subthalamic stimulation efficacy in Parkinson disease.
Movement Disorders 2008;23:1047—50. https://doi.org/10.1002/mds.22054.



The relevance of intraoperative clinical and accelerometric measurements for thalamotomy outcome

[51] Mann JM, Foote KD, Garvan CW, Fernandez HH, Jacobson IV CE, Rodriguez RL, et al. Brain
penetration effects of microelectrodes and DBS leads in STN or GPi. J Neurol Neurosurg
Psychiatry 2009;80:794—7. https://doi.org/10.1136/jnnp.2008.159558.

[52] Smid A, Pauwels RWJ, Elting JWJ, Everlo CSJ, van Dijk JMC, Oterdoom DLM, et al. A Novel
Accelerometry Method to Perioperatively Quantify Essential Tremor Based on Fahn-Tolosa-
Marin Criteria. J Clin Med 2023 2023;12:4235. https://doi.org/10.3390/jcm12134235.

[53] Baek H, Chen J, Lockwood D, Obusez E, Poturalski M, Nagel SJ, et al. Feasibility of
Magnetic Resonance—Compatible Accelerometers to Monitor Tremor Fluctuations During
Magnetic Resonance—Guided Focused Ultrasound Thalamotomy: Technical Note. Operative
Neurosurgery 2023. https://doi.org/10.1227/0ns.0000000000000638.

[54] Sievanen H, Kujala UM. Accelerometry—Simple, but challenging. Scand J Med Sci Sports
2017;27:574—8. https://doi.org/10.1111/sms.12887.

[55] Bazu M, Galateanu L, Ilian V, Loicq J, Habraken S, Collette J-P. Quantitative Accelerated Life
Testing of MEMS Accelerometers. Sensors 2007;7:2846—59. https://doi.org/10.3390/s7112846.

[56] Semiconductor F. Data Sheet: Technical Data Xtrinsic MMA8452Q 3-Axis, 12-bit/8-bit Digital
Accelerometer. 2010.

149









152

Chapter 8

Abstract

Background

Tremor in patients with Parkinson’s Disease (PD) is usually evaluated using the
Movement Disorder Society Unified PD Rating Scale (MDS-UPDRS). Limitations of the
MDS-UPDRS include subjectivity and rater-dependency, which may be overcome by
accelerometry.

Aim

This study focused on relating the MDS-UPDRS hand tremor scores to an objective
scoring method with 3D accelerometry. An accelerometric algorithm to measure and
classify tremor of the hands according to MDS-UPDRS criteria is proposed.

Methods: Sixty-four patients with PD and 64 healthy controls (matched on sex and age)
were included. Two raters assessed MDS-UPDRS criteria for tremor, while accelerometry
was performed at the index finger. Measurements were executed in an off-medication
state, after a washout period of at least 12h. The 3D acceleration data included amplitude
and area-under-the-curve of power in the 4—7 Hz range. Agreement between MDS-
UPDRS and accelerometric scores was analyzed with Cohen’s kappa coefficient (k).

Results

The trends between tremor amplitude and MDS-UPDRS score were consistent with the
logarithmic relationship reported in previous studies. Overall, the accelerometric scores
showed a substantial agreement (>80.2%, k>0.732) with the tremor amplitude according
to MDS-UPDRS ratings. Accelerometric constancy of rest tremor (CRT) measures
correlated less with MDS-UPDRS scores (R2<0.469, p<0.001) than the other tasks,
which could be explained by CRT being calculated only for the time window where RT
was performed. Accelerometric test-retest reliability was good to excellent (ICC=0.789,
P<0.001).

Conclusions

MDS-UPDRS tremor tests can be reliably translated to objective accelerometric
measurements. However, discrepancies were found between accelerometric CRT-
measures and MDS-UPDRS ratings. Accelerometry could complement visual evaluations
of tremor, aiming to reduce rater-variability of MDS-UPDRS measurements and allow
for more objective monitoring of tremor in the clinical setting.
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1. Introduction

Tremor is a potentially disabling motor symptom of Parkinson’s Disease (PD) [1—5].
It is characterized by involuntary, rhythmic and oscillatory movement [1]. In PD, tremor
is dominant in the 4—7 Hz frequency range and is generally observed unilaterally in the
extremities [6—8]. PD tremor is most prominent at rest, decreases in amplitude during
voluntary movement of the affected body part, and increases during mental tasks or when
voluntarily moving other body parts [5,6]. Accurate tremor evaluations can significantly
benefit PD management, considering the diverse manifestations of PD and continuously
evolving treatment options.

PD tremor of the hands is most often assessed using the Movement Disorder Society
Unified PD Rating Scale part III (MDS-UPDRS-III): postural tremor (3.15), kinetic
tremor (3.16), rest tremor (3.17), and constancy of rest tremor (3.18) [9]. Tremor severity
is rated based on the observed maximal amplitude (3.15—3.17) and presence (3.18) of
tremor during the examination period [9].

Although a substantial number of criteria is defined for the rating, not all criteria
are quantitative [10—15]. Therefore, it might be difficult to estimate the amplitude in
centimeters or to detect minor changes in tremor by eye [14—18]. Consequently, these
visual evaluations are prone to vary across raters [10—15]. Throughout the clinical
caretaking process, multiple caregivers with varying levels of experience with the MDS-
UPDRS-III are involved, highlighting the necessity for consistent evaluation tools [10—12].

The addition of movement sensors during tremor assessment may overcome
the shortcomings of visual evaluations. Proper data analysis may result in reliable
quantitative outcome measures to guide PD therapy. Unfortunately, few systems have
made their way from the laboratory setting to the outpatient clinic, possibly due to their
cost, size or invasiveness [17,19—21].

Tri-axial accelerometers are precise, noninvasive and relatively low-cost movement
sensors that measure linear accelerations relative to the Earth’s gravitational field
[15,17,22—24]. Their output is a 3D timeseries of accelerations expressed in gravitational
units (g) in the frame of reference of the sensor [25,26]. Accelerometers allow
quantification of parameters that are relevant for assessing tremor (e.g., amplitude,
frequency) [27,28]. These accelerometric measures could be applied to calculate objective
tremor scores based on MDS-UPDRS-III criteria [17,18,22].

Previous studies have mainly focused on quantifying tremor by merely predicting
or estimating UPDRS-scores using movement sensor data, without literal translation of
MDS-UPDRS-III scoring criteria to accelerometric measures [16,29—32]. For example,
Schifino et al. used acceleration power spectral density (PSD) to detect tremors in PD and
correlated these data with MDS-UPDRS-III scores [33]. Still, direct translation of the
upper extremity MDS-UPDRS-III tremor items to an objective accelerometric method
has not yet been described. Therefore, this study directly relates the upper extremity
MDS-UPDRS-III tremor ratings to an objective method measuring tremor severity using
accelerometry in a clinical setting.
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2. Methods

This prospective study was performed at the Parkinson Expertise Center (Punt
voor Parkinson) of the University Medical Center Groningen (UMCG), the Netherlands.
Exemption from the act on research involving human subjects was granted by the local
medical ethics review committee (METc UMC Groningen). This study was conducted in
full compliance with the Helsinki Declaration for research on human beings.

2.1. Participants

Between July 2021 and July 2023, consecutive patients with PD in the trajectory for
Deep Brain Stimulation (DBS) surgery, and age- and sex-matched healthy controls (HC)
were included. Screening of the participants was performed by the primary researcher
(A.S.). All participants received oral information and a participant information letter.
Written informed consent was obtained from each participant. All PD patients were
diagnosed according to UK Brain Bank criteria [34] and were Hoehn and Yahr stage I-V
[35]. None of the HC had a current diagnosis of PD or any neurological disease. Exclusion
criteria were musculoskeletal system disorders or physical disabilities, recent alcohol/
drugs abuse, and psychosis or current depression. None of the participants were treated
with tremor-inducing drugs during the study.

2.2. Materials

Two wired tri-axial accelerometers (MMA8452Q tri-Axis, Freescale Semiconductor,
Inc., Austin, TX, USA) with a range of +2g and a sampling rate of 200 Hz were used
[17,22,23]. The accelerometers were secured in in-house developed, non-conductive
plastic cases [17,22,23]. The sensors were attached to the index fingers with adjustable
silicon straps (see Figure 1).

Figure 1. Accelerometer positioned at the tip of the left index finger.

Accelerometry data were recorded with LabVIEW v. 2017 (National Instruments,
Austin, TX, USA), as described previously by Smid et al. [17,22,23]. Signal analysis
was performed in MATLAB v. 2023a (MathWorks, Natick, MA, USA) and statistical
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analysis was performed in IBM SPSS statistics v. 28 (International Business Machines
Corporation, New York, NY, USA). The assessment of the participants included MDS-
UPDRS-III items 3.15—3.18 [9]. MDS-UPDRS part II was used to evaluate the motor
aspects of experiences of daily living in the PD group [9].

2.3. Measurements

Healthy controls (HC) were included to determine the natural variation of the 4—7
Hz frequency range of postural tremor (PT), kinetic tremor (KT), rest tremor (RT) and
constancy of rest tremor (CRT) tests. Also, HC data were used to calculate thresholds from
the accelerometric data that were not quantitatively described in MDS-UPDRS-III 3.15—
3.18. All measurements were conducted in an off-medication state, with a washout period
of at least 12h. If applicable, DBS devices were turned off during the measurements (at
least 12h) before testing. The accelerometers were placed at the distal phalanx of the index
finger of each hand during all measurements. All accelerometry measurements were
performed with the participant in a sitting position. Tests lasted ten seconds each. MDS-
UPDRS-III tasks 3.15—3.17 [9] were performed at both hands separately to assess PT,
KT, RT, and CRT, respectively, while accelerometric data were recorded simultaneously.
All tests were performed twice for each task, in order to determine the accelerometric
test-retest reliability. Tremor severity was assessed by two MDS-UPDRS-III raters who
were blinded to the accelerometric data.

2.4. Data pre-processing

Pre-processing was performed in part as described previously [17,22,23]. Calibrated
raw acceleration data (g) were converted to cm/s? The norm of the acceleration vector
in all three directions was calculated from the root mean square of the resultant signal
of the three axes [36,37]. Non-causal second-order high-pass (0.5 Hz) and low-pass (20
Hz) Butterworth filters were used to remove digital noise and higher-order harmonics
[17,36,37], resulting in the filtered acceleration norm (a).

Velocity (cm/s) was calculated from d by computing the approximate cumulative
numerical integral of @ over a ten-second period (2000 samples) using the trapezoidal
method. In order to correct for the constant that is added to the vector due to integration,
this vector was centered to compute the corrected velocity (D).

Displacement (cm) was calculated from ¥ via the same numerical integration method
as described above. This vector was filtered using a non-causal second-order high-pass 1.2
Hz Butterworth filter to suppress low-frequency trends caused by integration, producing
displacement vector 3. For KT, this high-pass filter applied a cut-off frequency of 3 Hz to
suppress the amplitude of low frequent arm movements [17,37].

2.5. Accelerometric outcome measures

Two main outcome measures were calculated to assess RT, PT, and KT: 1) the area
under the curve of power within the 4—7 Hz [22] tremor frequency band (AUCP) and 2)
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the maximal amplitude (8,,, ). The AUCP ((cm/s>)?) was calculated from the periodogram
PSD estimate via trapezoidal numerical integration (Figure 2a). The s, (peak-to-peak
distance) of each performed task was calculated by determining all peaks in the absolute
displacement (s;; (cm)), given in black stars (*) in Figure 2b. The mean of all computed
peaks was multiplied by factor 2 to produce s, .

To assess CRT, the AUCP was calculated for each second of RT, resulting in ten AUCP/s
values per test. The Percentage of Time that Tremor was Present (PTTP) was calculated
from the number of seconds that AUCP was above the CRT-threshold calculated from

the healthy group (Section 2.6).

P

sa bs

(@) (b)

Figure 2. Example PSD periodogram for determination of AUCP (4—7 Hz), given in blue (a) and
schematic determination of maximal amplitude based on all displacement peaks of the test. A red
and blue arrow mark two displacement peaks. Peak-to-peak distance is given in black lines.

2.6. Accelerometric scores

The calculated accelerometric outcome measures (AUCP, S, ., and PTTP) are used
as input for the scoring algorithm. The output of the algorithm is accelerometric (ACC)
scores ranging from o—4 per task, as MDS-UPDRS-III prescribes. The quantitative
thresholds (in cm and %) provided by the MDS-UPDRS-III were used as cut-off values
in the algorithm (Table 1). Other necessary thresholds were derived from accelerometric
data of the HC (Table 2), according to the empirical rule [17,22,38]. This rule states that,
for normally distributed data, about 95% of the data within the population is within
the population mean (u) plus two times the population standard deviation (o). So, the
threshold (¢) is calculated according to:

t=u+20 (Eq. 1)

This rule was used to determine the asymptomatic thresholds for the AUCP, and
thresholds for AUCP per second to determine PTTP (Table 2). The distribution of the
data was determined using Kolmogorov-Smirnov test of normality (one sample K-S test).
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Table 1. Description of MDS-UPDRS-III 3.15—3.18 scoring criteria [9].

Score  Severity MDS-UPDRS-III 3.15-3.17  MDS-UPDRS-III 3.18

0 Normal No tremor. No tremor.

1 Slight Tremor is present but less Tremor at rest is present < 25%
than 1 cm in amplitude. of the entire examination period.

2 Mild Tremor is at least 1 but less Tremor at rest is present 26—-50%
than 3 cm in amplitude. of the entire examination period.

3 Moderate Tremor is at least 3 but less Tremor at rest is present 51-75%
than 10 em in amplitude. of the entire examination period.

4 Severe Tremor is at least 10 cm Tremor at rest is present > 75%
in amplitude. of the entire examination period.

Table 2. Overview of thresholds based on HC data used for the accelerometric algorithm.

Threshold Task Explanation Value

PT-threshold PT Minimal value of AUCP for a PT-test to be scored >1. 396* (cm/s?)?

KT-threshold KT Minimal value of AUCP for a KT-test to be scored >1. 4441* (cm/s?)?

RT-threshold RT,CRT Minimal value of AUCP for an RT or CRT-test 152* (cm/s?)?
to be scored >1.

CRT-threshold CRT Minimal value of AUCP per second for that 70% (cm/s?)?

second to be labelled as “tremor present”.

* See Section 3.2.

The first step of the algorithm for all tasks is to determine whether tremor is present
[17,22]. Since the MDS-UPDRS-III solely states the criterium for score 0 is “no tremor”,
the AUCP of each test was calculated from the accelerometric data of the HC group to
determine the natural variation of noise between 4—7 Hz. Since healthy persons can
exhibit activity in the 4—7 Hz frequency range (e.g. due to physiological tremor), AUCP-
thresholding can aid in preventing physiological movements being rated as Parkinsonian
tremor. An AUCP-threshold was calculated for each task (PT, KT, RT) using HC data
and the empirical rule (Table 2). In the PD group, an ACC-score of 0 (“no tremor”) was
given by the algorithm if the AUCP was below the calculated PT-, KT-, or RT-threshold
(resp.). Otherwise, a score of 1 or higher was given, based on the amplitude (s,,,) that
was measured during that test. No thresholds for s, were calculated based on HC data,
since these quantitative thresholds were provided in MDS-UPDRS-III.

For item 3.18, a CRT-score of 0 (“no tremor”) was given if the AUCP of the test was
below the RT-threshold. Otherwise, the ACC-score for CRT was based on the calculated
PTTP. The CRT-threshold was calculated from HC data based on the ten values of AUCP
per second. In the PD group, a tremor was detected if AUCP per second was above the
CRT-threshold. Each second that tremor was present was summed up and used to
calculate the PTTP (%). The quantitative thresholds described in MDS-UPDRS-III were
applied in %.
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As aresult, an MDS-UPDRS-based analysis of tremor, including an ACC-score (0—4)
for each task, is provided (Figure 3). All outcome measures were calculated for both the
right- and the left-hand sensor for all corresponding tests.

Figure 3. Flowchart for accelerometric score calculation, based on thresholds calculated from
healthy controls and standardized MDS-UPDRS-III criteria. The pathways for PT, KT and RT are
given in dark grey, while CRT is given in light grey. “No” pathways are given in blue. “Yes” pathways
are given in orange.

2.7. Statistical analysis
2.7.1. Primary endpoint

For each test performed, the MDS-UPDRS-III scores provided by two raters
were averaged. The level of agreement between the mean MDS-UPDRS-III score and
accelerometric score of each test was evaluated by computing concordance and Cohen’s
weighted kappa coefficient (k) [39,40]. As co-primary endpoint, the mean absolute error
(MAE) and the root mean square error (RMSE) were calculated to determine the level of
deviation of accelerometric scores from the MDS-UPDRS-III scores.

2.7.2. Secondary endpoints

As first secondary endpoint, the inter-rater reliability between the two MDS-UPDRS-
III raters was analyzed using Cohen’s weighted kappa coefficient (k).

Second, the association between accelerometric outcome measures and mean
MDS-UPDRS-III scores was studied with linear regression. The mean MDS-UPDRS-
III scores were used as the predictor. Contrast coding of MDS-UPDRS-III scores was
defined to be orthogonal polynomial, of which the first contrast coefficient is linear
trend. Consequently, analyses were performed on whether there was a linear relationship
between MDS-UPDRS-III scores and the natural logarithm (In) of the accelerometry
outcome measures, as previously described [17,22,41,42].

Third, the correlation between accelerometric outcome measures (AUCP, §, .,
PTTP) and mean MDS-UPDRS-III scores was evaluated using Spearman’s correlation
coefficient (p).

Last, the test-retest reliability of the accelerometric approach was assessed based on
the ICC (two-way mixed effects model, single measurement, absolute agreement) of the
AUCP,s__, PTTP and accelerometric scores for the repeated tasks [22,38,43].

max’?
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3. Results

Sixty-four PD patients were included in this study (32 men, 32 women; age (mean
+ SD): 61.8 + 8.6 years) versus 64 HCs (32 men, 32 women; age (mean + SD): 60.9 +
8.9 years). Median motor impairment of PD patients was an MDS-UPDRS-II rating of
15 (range: 3—36) out of 52. In 23 patients, a DBS device was present. At the time of the
assessment, these participants had been treated for 10.1 + 4.3 months on average (+SD).
In all PD patients and HC, 256 PT-, 256 KT-, and 256 RT-tests were performed (twice
left-handed, and twice right-handed).

3.1. Clinical MDS-UPDRS-III ratings

Cohen’s k coefficient showed moderate to substantial inter-rater reliability of the two
MDS-UPDRS-III raters for all tests (k = 0.444) [39]. k was 0.560 (95% CI: 0.468, 0.652;
p<0.001) for PT. x was 0.444 (95% CI:0.350, 0.538; p<0.001 for KT. x was 0.558 (95%
CI: 0.478, 0.638; p<0.001) for RT. k was 0.489 (95% CI: 0.379, 0.599; p<0.001) for CRT.
Lastly, k was 0.512 (95% CI: 0.435, 0.589; p<0.001) for all tasks combined.

3.2. Accelerometric outcome measures

The main accelerometric outcomes were AUCP, 5, , PTTP, which were plotted
against the averaged MDS-UPDRS-III ratings per task in Figure 4. With increasing
MDS-UPDRS-III scores, an increase in AUCP and tremor amplitude can be observed
for all tremor amplitude tasks. AUCP per second and PTTP also increased with increasing
MDS-UPDRS-III scores for CRT. Figure 4g shows a prominent number of outliers for
AUCP per second.
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Figure 4. Boxplots of the AUCP of PT (a), KT (c), and RT (e), and of the S, of PT (b), KT (d), and
RT (f), and of the AUCP per second of CRT (g), and of the PTTP of CRT (h) in the HC and the patient
group, per MDS-UPDRS-III score. Outliers are marked with red crosses (+).
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All accelerometric outcomes were natural log (In) transformed for regression analysis,
except for PTTP, as this outcome measure contained values of zero. The In-transformed
measures and PTTP were regressed on the mean MDS-UPDRS-III scores. There was
strong evidence against the null hypothesis that the log-transformed outcome measures
were not linearly related to the MDS-UPDRS-III scores (p<0.001) for all tasks, see Table
3. AUCP and AUCP per second tended to increase as an In-function of MDS-UPDRS-III
(R2>0.518).

Table 3. Regression analysis results.

Task Measure R R2* Coefficient** 95% CI P

PT In(AUCP) 0.833 0.693 9.343 8.571,10.114 <0.001
In(s,,.) 0.778 0.606 3.140 2.826, 3.454 <0.001

KT In(AUCP) 0.773 0.598 5.376 4.829, 5.923 <0.001
In(s,,.) 0.739 0.546 2.213 1.962, 2.463 <0.001

RT In(AUCP) 0.871 0.759 11.855 11.025, 12.685 <0.001
lnG,nax) 0.839 0.705 5.443 5.006, 5.880 <0.001

CRT In(AUCP/s) 0.720 0.518 4.228 3.473, 4.984 <0.001
PTTP 0.766 0.587 5.733 5.137, 6.330 <0.001

* Coefficient of determination; ** Contrast coefficient testing for linear trend.

Table 4 shows the correlations between accelerometric outcome measures (AUCP,
8,00 PTTP) and MDS-UPDRS-III scores. A good correlation was found for s, in all
tasks (p<0.001). All correlations between AUCP and MDS-UPDRS-III scores were good
(p<0.001). The remaining measures showed moderate correlation with MDS-UPDRS-III
scores (p<0.001) [43].

Table 4. Spearman’s correlation between accelerometric outcome measures and MDS-UPDRS-III
scores in the patient population.

Task Measure Spearman’s p R® 95% CI P

PT AUCP 0.810 0.656 0.762, 0.850 <0.001
S e 0.786 0.618 0.713, 0.848 <0.001

KT AUCP 0.830 0.689 0.765, 0.884 <0.001
. 0.759 0.576 0.681, 0.825 <0.001

RT AUCP 0.845 0.714 0.805, 0.878 <0.001
. 0.802 0.643 0.751, 0.843 <0.001

CRT AUCP/s 0.685 0.469 0.611, 0.747 <0.001
PTTP 0.715 0.511 0.647, 0.772 <0.001
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3.3. Accelerometric scores

All HC data required for threshold calculation were normally distributed according
to K-S test results (p<0.001). Table 2 shows the values of thresholds calculated from HC
data. The contingency tables of mean MDS-UPDRS-III scores and ACC-scores in the
patient population are given in heatmaps in Figure 5 for all tasks.

@ (b) © @

Figure 5. Contingency tables of the mean MDS-UPDRS-III (UPDRS) scores and calculated ac-
celerometry (ACC) scores of the PT (a), KT (b), RT (c) and CRT (d) in the patient group. The clinical
UPDRS scores are given on the y-axis, and the ACC-scores calculated by the algorithm are given
on the x-axis. Matching scores are given in the dark green diagonal, neighboring scores are given
in light green, and discrepant pairs are given in the lightest shades.

Table 5 shows concordance and Cohen’s k coefficient of agreement between the mean
MDS-UPDRS-III ratings and the accelerometric scores per task, as well as the mean
error (MAE and RMSE). Concordance between the MDS-UPDRS-III ratings and the
ACC-scores was substantial for all tasks (=63.3%). Cohen’s k results showed a moderate
to substantial agreement for all tasks [39,40,43]. The MAE (range 0.129—0.188) indicates
that the ACC-scores differed less than a quarter point from the mean MDS-UPDRS-III
ratings on average for PT, KT and RT.

Table 5. Agreement between MDS-UPDRS-IIT and ACC-scores for MDS-UPDRS-IIT items 3.15—3.18.

Task Concordance Cohen’sxk 95% CI P RMSE MAE
3.15 PT 88.7% 0.830 0.773, 0.887 <0.001 0.400 0.129
3.16 KT 86.7% 0.805 0.744, 0.866 <0.001 0.410 0.145
3.17 RT 82.0% 0.744 0.679, 0.809 <0.001 0.451 0.188
3.18 CRT 63.3% 0.468 0.394, 0.542 <0.001 1.204 0.652
All tasks 80.2% 0.732 0.701, 0.763 <0.001 0.704 0.278

3.4. Accelerometric reliability

In Table 6, the test-retest reliability of both the MDS-UPDRS and the accelerometric
method is given for the accelerometric outcome measures and the calculated ACC-scores of
the repeated tasks. Accelerometric reliability was excellent for both the s, and ACC-score

of RT, and the remaining ICCs showed good test-retest reliability. The clinical approach
(MDS-UPDRS-III score) showed moderate to good test-retest reliability (ICC) [43].
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Table 6. Test-retest reliability (ICC: two-way mixed effects model, single measurement, absolute
agreement).

MDS-UPDRS-III task Outcome measure ICC 95% CI p
3.15 Postural tremor of the hands AUCP 0.800 0.729,0.871 <0.001
S e 0.815 0.745,0.867 <0.001
ACC-score 0.815 0.744,0.867 <0.001
MDS-UPDRS score  0.696 0.578, 0.814 <0.001
3.16 Kinetic tremor of the hands AUCP 0.789 0.694, 0.879 <0.001
S e 0.889 0.844,0.921 <0.001
ACC-score 0.866 0.813,0.904 <0.001
MDS-UPDRS score  0.766 0.719, 0.813 <0.001
3.17 Rest tremor amplitude of the hands ~ AUCP 0.870 0.819,0.907 <0.001
S e 0.928 0.898,0.949 <0.001
ACC-score 0.920 0.887,0.943 <0.001
MDS-UPDRS score  0.829 0.741,0.917 <0.001
3.18 Constancy of rest tremor of the hands AUCP/s 0.869 0.818, 0.907 <0.001
PTTP 0.868 0.811,0.907 <0.001
ACC-score 0.869 0.817,0.907 <0.001
MDS-UPDRS score  0.664 0.593, 0.735 <0.001
Tasks 3.15-3.17 combined AUCP 0.891 0.849,0.927 <0.001
S 0.909 0.888,0.927 <0.001
ACC-score 0.917 0.901,0.931 <0.001
MDS-UPDRS score  0.831 0.778,0.884 <0.001
All tasks combined ACC-score 0.899 0.879,0.916 <0.001

MDS-UPDRS score 0.736 0.687,0.785 <0.001

4. Discussion

This study describes the relation of MDS-UPDRS-III hand tremor assessments to
an objective accelerometric method based on the MDS-UPDRS-III using thresholds
calculated from healthy participant data. This study proposes a quantitative scoring
algorithm for MDS-UPDRS-III tests 3.15—3.18 using accelerometry. The agreement
between clinically scored MDS-UPDRS-III ratings and objective scores calculated
from accelerometric data was studied, showing that MDS-UPDRS-III hand tremor
tests can be accurately quantified with accelerometry, although the algorithm still
needs to be optimized in order to provide better agreement. Trends were consistent
with the logarithmic relationship between tremor amplitude and MDS-UPDRS-III
scores described in previous studies, for both amplitude and AUCP as measured by
the accelerometer [15,17,22,42,44,45]. However, this study also showed discrepancies
between accelerometric CRT-measures and clinically scored MDS-UPDRS-III ratings,
particularly in the agreement between ACC- and clinical scores.

The primary contribution of this study is relating MDS-UPDRS-III hand tremor
measurements to an objective scoring algorithm using accelerometry in a clinical setting,
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using the gold standard as a basis. In addition, HC were included to determine the natural
variation of the accelerometric outcome measures and to provide the thresholds needed
for the algorithm that were not stated in the MDS-UPDRS-III. The HC group was matched
for age and sex with the PD group, and two certified MDS-UPDRS raters assessed all
participants in order to correct for the effects of inter-rater variability. The ACC-scores
generated by the algorithm are straightforward to understand, as they are based on the
same MDS-UPDRS-III criteria that PD caregivers are already familiar with.

The main limitation of this study is that the gold standard used in this study is flawed
to a certain extent. Even though the MDS-UPDRS-III is the most standardized and
most used method for measuring upper extremity Parkinsonian tremor, amplitudes are
difficult to assess visually. Two experienced raters were employed for this study, and still
inter-rater reliability was not perfect, which is in line with previous studies [15—-17,27].
This implies that rating the same patient at the same moment in the same condition will
result in different assessments per rater, which complicates using the MDS-UPDRS-III
as the gold standard.

4.1. Clinical MDS-UPDRS-III ratings

This study shows a moderate to substantial inter-rater reliability of the MDS-UPDRS-
III ratings. Comparable values have been observed in other studies, highlighting the
importance of a more uniform approach to perform MDS-UPDRS-III assessments
[10,13,17,28].

4.2. Accelerometric outcome measures

Figure 4 and Table 3 illustrate that the trends between tremor amplitude and MDS-
UPDRS-III scores were consistent with the logarithmic relationship reported in previous
studies [15,17,22,42,44,45]. Overall, good correlations were found between accelerometric
outcome measures and MDS-UPDRS-III scores, indicating that the algorithm comes
to similar conclusions as the MDS-UPDRS-III raters. However, the accelerometric
constancy of rest tremor (CRT) measures showed only moderate correlation with MDS-
UPDRS scores (R2<0.469, p<0.001), likely due to the calculation of CRT in the 10-
second time window when RT was performed, instead of continuously during the whole
examination. The choice to only use accelerometric data that was certainly performed in
the RT position to calculate CRT was made to ensure correct calculation of CRT-scores
based on accelerometric data captured in a controlled setting. However, this might have
led to a discrepancy between the input for the MDS-UPDRS-III scores and the input for
the accelerometer. To improve the real-life application of the accelerometric algorithm,
its agreement with MDS-UPDRS-III results should be compared to ACC-results based
on continuous data in RT position as input for the algorithm. An explanation for the
outliers shown in Figure 4g is the grouping of continuous accelerometric data (AUCP per
second) according to ordinal MDS-UPDRS-III, where all ten values per test are grouped
under a single rating. For example, MDS-UPDRS-III CRT-score 1 indicates that tremor is
absent 51—75% of the time, meaning that at least 25% of accelerometric values of that test
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are above the threshold, probably resulting in outliers. With increasing tremor severity
and constancy, AUCP per second values tend to increase as well. Although investigating
CRT over a longer period of time might not directly solve this issue, it will allow a more
granular analysis of the time that tremor was present.

4.3. Accelerometric scores

Table 5 and Figure 5 show substantial agreement between MDS-UPDRS-III ratings
and ACC-scores for PT, KT, and RT [39,40]. The lower agreement between MDS-UPDRS-
IIT and ACC-scores for CRT can be explained by the provided MDS-UPDRS-III scores
being mainly dichotomous, as there was a high density of CRT-scores 0 and 4, inherent
to CRT-ratings. The MDS-UPDRS-IIT CRT-score automatically defaults to 0 when no
rest tremor is observed, either by the raters or the algorithm. In this dataset, there were
several instances where the mean MDS-UPDRS-III score was 1—3 and the ACC-score
was 4 for CRT. This could be explained by the accelerometer detecting minor tremors
not visible for the naked eye. Previous studies have noted that suboptimal correlations
between accelerometry and clinical evaluations can arise from subtle movement changes
being challenging to estimate visually [17,22,27,46].

Also, the threshold of 70 (cm/s?)? for determining CRT might be suboptimal, despite
being based on data of healthy subjects. Considering the ceiling effect that is displayed in
Figure 5d, it would be reasonable to investigate higher CRT-thresholds in future research.

Figure 5a shows an overestimation of MDS-UPDRS-III PT-score 0 being rated as
score 1 by the accelerometer. This phenomenon is less strong for KT. This might be
explained by KT-date undergoing 3 Hz high-pass filtering to suppress the amplitude
of low frequent arm movements, while this cut-off was set at 1.2 Hz for PT. High-pass
filtering with e.g. 2 Hz cut-off might suppress movements caused by muscle contraction
while holding the arms in position during the PT task.

4.4. Accelerometric reliability

The test-retest reliability of the accelerometric method was good to excellent for all
outcome measures and ACC-scores, underlining its potential to allow objective monitoring
of hand tremor. Comparable levels of reliability have been reported in previous studies
[22,38]. Overall, it stood out that MDS-UPDRS-III test-retest reliability was consistently
lower than accelerometric reliability for all tasks.

4.5. Future perspectives

The field of quantifying PD motor skills using movement sensors is evolving [47,48].
The notion that inter- and intra-rater variability of the MDS-UPDRS should be reduced,
and assessments should be performed uniformly, is shared among PD experts worldwide
[19,49,50]. Minimizing variability in tremor assessment will enhance the accuracy of
evaluating disease progression and treatment effects. The algorithm proposed in this
paper could also address a clinical challenge faced by physicians when visually scoring
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other tremor syndromes (e.g. Essential Tremor). With relatively minor adjustments, the
frequency range and parameters used in the current scoring algorithm could be tailored to
align with standardized rating scale criteria for other tremor types, e.g. the Fahn-Tolosa-
Marin Clinical Rating Scale for Tremor and The ET Rating Assessment Scale [51,52].

To support clinicians in improving patient outcomes, it is essential to present these
complex quantitative data in a format that is easy to interpret. Addressing big data
problems will become increasingly manageable with the rise of machine learning and
artificial intelligence. Examples include neural networks and support vector machines,
which allow effective management of large volumes of multidimensional data [41,47,53—
56]. However, the internal workings of these tools might not be transparent due to black
box algorithms. Therefore, the method proposed in this manuscript is a form of non-
black box programming, where each analysis step and threshold to produce the output
is known. This way, there is transparency on how the algorithm arrives at its outcome
measures, and the output can be validated. Future research should focus on optimizing
the accelerometric thresholds of the proposed algorithm. Further investigating the
variability of MDS-UPDRS-III measures and accelerometric outcome measures is
recommended to optimize this technique.

Future development of the method presented in this paper should also focus on
quantifying the clinical evaluation of PD therapies, and continuous data collection in
real-life environments that reflect the patient’s daily functioning. These data could be
used to generate personalized feedback for clinicians, caregivers, and patients, which will
support individualized treatment approaches and enhance self-management of the patient.

5. Conclusion

This study showed that the MDS-UPDRS-III tremor tests can be quantified using
accelerometry with high reliability, providing clinically meaningful outcomes. The
accelerometric data were consistent with the logarithmic relationship reported in
previous studies. Agreement between the clinically scored MDS-UPDRS-III ratings and
accelerometric scores was substantial. Discrepancies in the constancy of rest tremor
were found, for which recommendations were formulated. The proposed method has the
potential to reduce rater dependency of MDS-UPDRS-III measurements and to allow for
more uniform assessment of hand tremor in PD.
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Summary

Bradykinesia and tremor are common motor symptoms associated with Parkinson’s
Disease (PD) and Essential Tremor (ET). Bradykinesia is a prerequisite for diagnosis of
PD, and tremor is the dominant symptom in ET [1—4]. The focus of this thesis is on the
accelerometric quantification of bradykinesia and tremor of the upper extremities in PD
and ET. Criteria from existing, well-validated, and internationally accepted clinical rating
scales were objectively quantified using accelerometry, aiming to improve consistency
and reliability in perioperative assessments.

Chapter 1 discusses the characteristics of tremor and bradykinesia and their
neurosurgical options. Accurate perioperative assessment of both bradykinesia and
tremor is essential for accomplishing optimal symptom suppression [5]. Contemporary
clinical motor assessments are hampered by inter-rater variability, underlining
the demand for an objective tool to perioperatively assess bradykinesia and tremor
[6—9]. Accelerometry holds the promise of accurate and cost-effective quantification
of bradykinesia and tremor, which allows for more consistent outcome measures and
potentially may improve patients outcomes [10,11].

Traditionally, clinicians rely on clinical rating scales for evaluation of these motor
symptoms during awake stereotactic neurosurgery. However, these scales have a high
inter-rater variability and rely on experienced raters. Therefore, objective registration
using movement sensors is a promising extension for intraoperative assessment of
motor symptoms. Hence, chapter 2 provides a structured overview of objective
electronic measurements of motor symptoms during awake stereotactic neurosurgery.
Intraoperative quantification of motor symptoms is still limited by variable signal
analysis techniques and lacking standardized measurement protocols. Nevertheless,
electronic motor measurements can complement visual evaluations and thus provide
objective confirmation of accurate placement of the DBS electrode and/or lesion.

Currently, the most commonly used clinical scale to assess Parkinsonian motor
symptoms is the internationally standardized Movement Disorder Society Unified PD
Rating Scale part IIT (MDS-UPDRS-IIT). MDS-UPDRS-III is designed and validated
for the sitting position. However, MDS-UPDRS-III is applied in a supine position in
the operating theatre. Therefore, in chapter 3, the agreement between MDS-UPDRS-
III scores in the sitting and supine positions was studied. Clinical evaluation by two
independent MDS-UPDRS raters and accelerometric measurements were performed in
both positions. The agreement between individual MDS-UPDRS-III items in the sitting
and supine positions varied from fair to substantial. The inter-rater reliability was fair
to moderate for both positions. Although overall substantial agreement between sitting
and supine MDS-UPDRS-III was confirmed, its application in the supine position is
not endorsed for the whole range of individual items, especially for resting tremor and
finger tapping. Several recommendations are made to address the sensitivity of the MDS-
UPDRS-III to inter-rater variability. Caution is warranted in interpreting the supine
MDS-UPDRS-III, pending additional research.

Despite its drawbacks, MDS-UPDRS-III remains the gold standard for assessing
tremor and bradykinesia in PD. During perioperative motor evaluations aiming to
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optimize the clinical outcome of stereotactic neurosurgery, objective measurements
using accelerometry may overcome the shortcomings of visually scored scales. Therefore,
chapter 4 focused on transforming MDS-UPDRS-III upper limb bradykinesia
assessments into an objective scoring method, using 3D accelerometry in a perioperative
setting to produce an algorithm for calculating accelerometric bradykinesia scores.
This algorithm was based on MDS-UPDRS-III criteria with thresholds calculated
from healthy controls. Given its consistency, this method can reduce MDS-UPDRS-III
rater-dependency and improve objective monitoring of upper limb bradykinesia. Given
the heterogeneous features of upper limb bradykinesia, this chapter underlines the
complexity of quantifying bradykinesia with MDS-UPDRS-III.

Since MDS-UPDRS-III is less suitable for intraoperative tremor evaluation, the
aim of chapter 5 was to transform intraoperative MDS-UPDRS-III tremor tests into
an objective algorithm with 3D accelerometry. Thresholds were derived from healthy
controls. The area-under-the-curve of power in the 4—6 Hz frequency range was revealed
as a new accelerometric outcome measure to detect the presence of Parkinsonian tremor.
This outcome measure showed a substantial concordance between accelerometric scores
and MDS-UPDRS-III ratings. Discrepancies were found in the results of the kinetic
tremor test, mainly due to the noise between 4 and 6 Hz found in healthy controls, for
which recommendations were formulated. This chapter took the first step in translating
MDS-UPDRS-III tremor tests to an objective accelerometric method, aiming to reduce
rater-dependency and allow for more consistent intraoperative monitoring of tremor.

Nowadays, the disease status, progression, and treatment effects of ET are assessed
with clinical scores, such as the Fahn-Tolosa-Marin Clinical Rating Scale for Tremor
(FTM). Since the use of rater-independent monitoring of tremor may improve clinical
care and may reduce variability in perioperative evaluations, chapter 6 focused on
the development of an objective accelerometry-based method to quantify ET, based on
FTM-criteria. Four independent raters performed FTM assessments, while quantitative
measures were derived from accelerometric data (e.g., the area under the curve of power
in the 4—8 Hz frequency band and maximal tremor amplitude). This chapter shows that
tremors can be quantified with accelerometry in a perioperative setting, using FTM-
criteria and thresholds based on healthy controls. The test-retest reliability of the
accelerometric tremor scoring algorithm indicated that our low-cost accelerometry-based
approach is a promising one. The proposed easy-to-use technology can diminish FTM-
rater dependency and enable physicians to consistently monitor ET patients.

Thalamotomy is well-known to alleviate medication-refractory tremor, e.g. in patients
with movement disorders such as PD, ET, and Holmes tremor (HT). However, limited data
is available on the course of tremor intensity during thalamotomy. Also, the predictive
value of the intraoperative tremor status for postoperative treatment outcomes remains
unclear. Therefore, in chapter 7, MDS-UPDRS-III scores and tri-axial accelerometry
data were obtained during rest, postural, and intention tremor tests intraoperatively.
Measurements were performed in PD, ET and HT patients: (1) before lesioning-probe
insertion, (2) directly after lesioning-probe insertion, (3) during coagulation, (4) directly
after coagulation, and (5) 4—6 months post-surgery. Continuous accelerometric data were
recorded during the coagulation process. Tremor intensity was evaluated for the insertion

175




176

Chapter 9

effect (1—2), during coagulation (3), post-coagulation effect (1—4), and postoperative effect
(1-5). This chapter showed that both the intraoperative insertion effect and the post-
coagulation effect are good predictors for longer-term thalamotomy outcome, underlining
the value of quantitative intraoperative measurements.

Chapter 8 describes the development of the previously described accelerometric
algorithm to measure and classify tremor of the hands, according to MDS-UPDRS-III
criteria. The MDS-UPDRS-III hand tremor scores of 64 PD patients were related to our
objective scoring method with 3D accelerometry. Two raters assessed MDS-UPDRS-
III criteria for tremor severity, while accelerometry was performed at the index finger.
The accelerometric area-under-the-curve of power in the 4—7 Hz range was applied
to determine tremor presence, using thresholds based on data from healthy controls.
The trends between tremor amplitude and MDS-UPDRS score were consistent with the
logarithmic relationship reported in previous studies. Overall, the accelerometric scores
showed a substantial agreement (>80.2%, k>0.732) with the tremor amplitude according
to MDS-UPDRS-III ratings. Discrepancies were found between accelerometric constancy
of rest tremor (CRT) measures and MDS-UPDRS-III ratings, which are explained by
CRT being calculated only for the time window that rest tremor test was measured.
Considering the good to excellent accelerometric test-retest reliability in this study,
chapter 8 demonstrates that MDS-UPDRS-III tremor measurements can be reliably
translated to objective accelerometric scores. As such, accelerometry can complement
visual evaluations of tremor, aiming to reduce rater-variability and allow for objective
monitoring.

Discussion and future perspectives
Hypotheses and main outcomes

The aim of this thesis was to investigate the perioperative application of accelerometry,
in order to objectively quantify bradykinesia and tremor.

First, it was hypothesized that measurement of bradykinesia and tremor using
accelerometry would be a useful method to objectively quantify existing clinical motor
scales in PD and ET. Although moderate agreement was found between standard clinical
assessments for hand bradykinesia and accelerometric scores, the correlation between
MDS-UPDRS-III and accelerometric outcome measures overall was weak (chapter 4).
This can be explained partially by the set-up of the MDS-UPDRS-III item on bradykinesia,
using a composite score of three components that play a role in bradykinesia (slowing,
hesitations, amplitude decrement), while each accelerometric outcome measure was
based on just a single component. The heterogeneous presentation of bradykinesia and
the fact that the composite score is determined by the most affected component, can
explain the poor correlations found in this study. Therefore, research in this field should
shift the focus to investigating each component of bradykinesia, to allow comparison with
objective metrics. Without clinical sub-scores of the separate components of bradykinesia,
further optimization of this accelerometric approach is expected to falter.
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The study which tried to quantify PD tremor showed an overall substantial agreement
between the MDS-UPDRS-III and accelerometric scores (chapter 5 and 8). The data
showed a moderate to good correlation between MDS-UPDRS-III and accelerometric
outcome measures, although some discrepancies were found in the results of the kinetic
tremor tests (chapter 5) and the constancy of the resting tremor tests (chapter 8).
Resting tremor and postural tremor can be reliably quantified using accelerometry with
the proposed algorithm. Optimizations in filter settings and thresholding, and validation
against several levels of PD severity is recommended to improve the algorithm in future
research.

The agreement between FTM and accelerometric scores was substantial for resting
and intention tremor tests in the ET population (chapter 6). The agreement between
accelerometric postural tremor scores and FTM-ratings (k=0.459) was low, although
their logarithmic relationship was substantial (R®>0.724). Recommendations include
validating the accelerometric algorithm in a larger cohort of ET patients and to reconsider
the sensor positions in future research. In this study, the proximal phalanx of the
index finger was chosen to measure hand tremor. If clinical raters primarily observe
tremor in the more distal region of the index finger, or in a different part of the hand
altogether, this will cause discrepancies in the agreement between the FTM and the
accelerometric approach. Moreover, tremor amplitude will differ between proximal and
distal positions of the hand. Also, tremor intermittency should be incorporated during
further optimization of the algorithm, since intermittency is part of the composite score
for tremor severity as defined in the FTM-scale.

Second, it was hypothesized that the objective measurement of bradykinesia and
tremor would have added value in monitoring patients with PD and ET peri- and
intraoperatively. This thesis indeed shows that the benefit of using accelerometry peri-
and intraoperatively in patients with PD and ET mainly consists of a more uniform
rating, which is a big advantage, because many different raters are involved in the overall
neurosurgical trajectory, creating a lot of interindividual variance. PD patients showed a
good to excellent test-retest reliability for both tremor (chapter 5 and 8) and bradykinesia
(chapter 4). This range of accelerometric reliability was also found for ET (chapter 6).
So, algorithms using accelerometric data are able to provide ratings rather similar to FTM
and MDS-UPDRS-III assessments of tremor and bradykinesia. These algorithms are also
suitable to produce continuous outcome measures on frequency, amplitude, velocity,
and power, within certain frequency bands. Therefore, future research should test these
measures to optimize DBS candidate selection, to guide optimal lead placement, and to
evaluate the overall treatment effects.

The effect of DBS surgery, measured by accelerometry as well as clinical assessments,
was not taken into account in this thesis, although these data are available from our center.

The relevance of perioperative motor quantification
The accelerometric method described in chapter 5 and 77 can be applied in an

intraoperative setting. Application of the same sensors at the outpatient clinic is a
relatively small step, as shown in chapter 3, 4, 6 and 8. Monitoring and measuring
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treatment effects is particularly crucial when resources and personnel are scarce. Motion
sensors can be applied preoperatively to optimize the selection of surgical candidates,
as well as postoperatively to objectively monitor symptom improvement at follow-up
[12]. These studies underline the added value of quantifying bradykinesia and tremor in
different stages of the perioperative setting.

From a physiological perspective, it would be nice to get more insight in the
specific mechanisms and effects of DBS, for instance on individual components of
tremor (amplitude, frequency, or constancy) and on bradykinesia (speed, amplitude, or
hesitation). Previous data showed already how motion sensors can aid in optimizing DBS
settings [13]. This will be even more promising with the implementation of “closed loop”
or adaptive DBS [14,15] allowing for the development of solid biomarkers [16—19]. Motion
sensors that provide input for aDBS [19,20] allow for stimulation on demand, may aid in
personalized DBS settings and can save battery life [15,17].

Furthermore, there is great potential in applying sensor-based monitoring at home,
to support clinicians in the optimal management of their patients in between outpatient
clinic appointments [21,22]. As shown in this thesis, and confirmed by others, these
quantitative measurements can complement clinical motor assessments in determining
symptom severity and evaluating the efficacy of neurosurgical treatment [23].

The accuracy of current neuronavigation techniques allows DBS to be performed
under general anesthesia in the majority of cases, with good results, which has limited
the role of perioperative monitoring on tremor and bradykinesia [24—27]. However, from
the perspective of patient comfort and surgical workflow, stereotactic neurosurgery
performed under general anesthesia has considerable advantages [28]. The current
practice shows that some procedures are still performed under local anesthesia, for
instance in tremor-dominant and complex patients, to allow for adjustment of the
electrode position, based on the magnitude of the micro-lesion effect, the side-effects and
the motor effect [5,29—35]. Radiofrequency (RF) thalamotomy is also often performed
awake with intraoperative monitoring. Even though RF lesioning is performed since the
1950s, it remains a relevant and cost-effective treatment option for patients suffering
from tremor [36—38].

For target confirmation, intraoperative monitoring is especially relevant in surgery
targeting the VIM, as the size and relative hypocellularity of this structure make it less
discernible from the adjacent thalamic nuclei on MRI [30,39]. The immediate suppression
of tremor with high frequent (>100 Hz) stimulation of the VIM allows for quick target
confirmation and can simplify DBS programming by identifying the relevant contacts
[28,30].

Accelerometry is also a feasible method to detect changes in tremor during MR-guided
focused ultrasound (MRgFUS) [40]. After each sonication, real-time accelerometric
recordings offered objective quantification of changes in tremor, consistent with the
clinical assessment. Recent techniques in intraoperative monitoring use intraoperative
local field recording or MER to optimize targeting, which may limit the value of
accelerometry, as studied in this thesis [41]. Boéx et al. showed that (-oscillations
computed from local field potentials (LFP) are useful to confirm STN location and to
predict motor improvement [42]. On the other hand, the use of MER is associated with a
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slightly higher rate of severe complications (e.g. hematoma and mortality) [43]. Shah et
al. described how “stimulation maps” using MER and electric field simulation data can
assist in identifying optimal DBS lead placement [44].

Although DBS is increasingly being performed under general anesthesia [45], it is
expected that awake neurosurgery and intraoperative motor measurements remain
effective strategies for optimal symptom reduction for PD and ET patients, especially
in complex situations where the reliability offered by IONM is essential in achieving
optimal lead positioning.

Accelerometric data analysis

A number of assumptions and choices were made to realize the accelerometric
algorithms described in chapter 4—6 and 8. The thresholds used in these algorithms
can be optimized by using data from patients with a wide range of symptom severity, as
described in chapter 4 and 5. Choices made in the pre-processing stage also played a
role in reaching optimal thresholds, for example by fine-tuning filter settings. The lower
limit for the high-pass filter in chapter 5, 6 and 8 was based on the type of exercise,
like suppressing signals with frequencies below 3 Hz for kinetic tremor tests to remove
low-frequent arm movements inherent to this exercise. In chapter 4, associated tremor
was suppressed using a 4 Hz low-pass filter during bradykinesia assessments, although
this might have suppressed relevant high-frequent tapping movements as well. Also,
the frequency range applied to determine tremor power varied per chapter, from 4—6
Hz (chapter 5) and 4—8 Hz (chapter 6) to 4—7 Hz (chapter 8). Other groups have
applied various other thresholds, all with promising results. Linden et al. used a wider
frequency range (3—12 Hz) for the calculation of tremor power [46]. Shah et al. found a
dominant tremor frequency in the range of 3—6 Hz in their ET and PD population [47].
These considerations, combined with the options for threshold adjustment, filter settings,
and parameter selection may lead to a variety of algorithms as described in this thesis.
Given the many options to fine-tune such algorithms, there is need for an effective way
to check all possibilities and to come to an optimal version. Optimization and broad
validation of the proposed algorithms are a prerequisite for application without clinical
supervision, for example to monitor the course of motor symptoms at home, in order to
give the patient feedback about their therapy.

The data-driven approach described in the previous section allows for collection of
interesting data and parameters, which can offer valuable information for movement
disorder diagnosis, progression, and treatment evaluation. On the other hand, the
practical application of these approaches is often accompanied by complex hardware and
software [48,49]. Most of these techniques rely on precise sensor calibration. Moreover,
data pre-processing can be intricate and time-consuming. Therefore, in-house technical
expertise of modalities and data analysis is essential in achieving clinically useful
information. Since objective measurements result in complex quantitative data, advanced
data analysis is required to rapidly evaluate large amounts of data and to make the data
interpretable for clinicians. A large part of such techniques is covered by machine learning
algorithms, but other mathematical procedures, like principal component analysis, can
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also be considered. Examples of machine learning algorithms range from relatively simple
linear and logistic models to complex deep neural networks. These techniques could also
be employed to facilitate the fine tuning of algorithm thresholds, as described in the first
paragraph of this section.

Previous work described several techniques, ranging from machine learning to
non-black-box analysis, to classify symptoms or to find relevant parameters to explain
abnormal motor performance. The algorithms in this thesis are the result of non-black-
box programming, in which each modification of the data is programmed separately.
In other research groups, deep learning techniques were employed to estimate motor
symptom presence and severity in PD from accelerometry at the wrist [50]. Haring et
al. successfully validated a machine learning approach based on accelerometry at the
hands to differentiate ET from PD [51]. Bradykinetic gait severity was quantified by
Sama et al. using tri-axial accelerometry at the waist and a machine learning method
based on a support vector machines classifier [52]. Habets et al. proposed an open-source
tool for the automated prediction of finger tapping scores based on machine learning
classification models and accelerometry at the index fingers [53]. The systematic review
from Fu et al. concludes that machine learning is a conducive method to classify motor
performance of the hands, and that future research focused on processing collected
smartphone data are especially interesting [54]. Still, these techniques call for further
investigations, since accuracies vary per movement disorder [55]. High accuracies were
achieved for PD, but machine learning achieved moderate to poor accuracy for ET and
dystonic tremor, underscoring the difficulty of using artificial intelligence to classify
specific tremor syndromes due to lack of specificity in clinical and neuropathological
features [55].

Future perspectives

In this thesis, accelerometry was shown to be a feasible method to quantify tremor
and bradykinesia severity in PD and ET. The studies described in chapter 3-5 and
8 exclusively included patients with PD, while chapter 2, 6, and 77 described the
application of objective motor measurements in ET patients. Future research may focus
on the role of accelerometry in severity assessment of dystonic tremor, Holmes tremor,
and cerebellar tremor [56]. For example, Jabarkheel et al. already applied accelerometers
to ascertain tremor characteristics in focal and segmental dystonia patients [57]. As for
bradykinesia, chapter 4 underlines that the quantification of bradykinesia requires the
separation of all three components (slowing, hesitations, amplitude decrement) in future
research, since composite scores prevent precise analysis between clinical ratings and
objective outcome measures.

It is recommended to further develop the accelerometric method proposed in this
thesis to improve severity assessments. However, this technology can also be applied as
a diagnostic tool [51,58], and for treatment evaluation [46,59—62]. Barrantes et al. used
accelerometry to distinguish healthy volunteers, ET patients, and PD patients, aiding in
establishing a correct diagnosis in patients with tremor of undecided origin [63].
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This thesis did not explicitly show that the inter- and/or intra-rater variability of FTM
or MDS-UPDRS-III decreases with the use of accelerometry. To strengthen the argument
that accelerometry can aid in reducing scoring variability and rater dependency, I would
recommend to perform a randomized controlled trial on the influence of accelerometry
on clinical assessments for both tremor and bradykinesia. Also, the test-retest reliability
(ICC) of clinical versus accelerometric scores should be formally compared, using
bootstrapping [64].

Apart from accelerometry, also other transducers could be good candidates for the
purposes described in this thesis. For example, gyroscopes can measure angular velocity
within the frame of reference of the device, and magnetometers can record the course of
the motion sensor relative to Earth’s magnetic field [65]. To quantify motor symptoms,
previous studies have employed a combination of accelerometers, gyroscopes, and/or
magnetometers, often called an inertial measurement unit (IMU). For example, Tsipouras
et al. used a combination of gyroscopes and accelerometers to distinguish between the
ON and OFF state in PD patients [66]. Keba et al. showed that various accelerometric
and gyroscope signal features perform well in characterizing rest tremor at the wrist in
PD [67]. Finally, the rotating motion of the typical Parkinsonian “pill-rolling” tremor of
the hands can be captured using a gyroscope.

Overall, an accurate and objective sensor, like an accelerometer, can measure the
presence, severity, and fluctuations of motor symptoms like tremor and bradykinesia
more precisely than the naked eye. However, it is difficult to determine which approach
yields better results with the currently available resources. Given that the practical use of
the current formal gold standards (like MDS-UPDRS-III or FTM) would be limited (e.g.
due to a limited number of trained staff), what would be the significance of a substantial
agreement between accelerometric outcome measures and these clinical scales in that
case? Martinez-Garcia-Pefia et al. underlined the challenge of objectively evaluating
movement disorders, since clinical assessments often rely on the experience of the rater,
which complicates validation of objective methods [68]. A new gold standard might be
developed in future research by employing new technologies, like 3D video analysis using
trajectory reconstruction. Accelerometry can be integrated into video analysis, allowing
tailoring to case complexity [68]. As video may suffer from loss of fine detail during
rapid movements, the combination of video analysis with accelerometry would benefit
from the mutual strengths [68]. Mason et al. used a combination of video analysis and
accelerometry to quantify motor improvement in a dystonia patient during DBS-VIM
surgery [69]. An important prerequisite for combining modalities is consistent data across
all modalities. The downsides of multi-model approaches are complicated data collection
and increased development complexity compared to single-modality systems [68]. Still,
the application of other modalities, or a combination thereof, remains promising to
create a “new gold standard”, and to achieve goals such as classification of tremor and
bradykinesia, without clinical supervision, and to monitor symptoms at home.

As pointed out in chapter 2, most sensor-based approaches described in previous
research lack standardized protocols [48]. International consensus on clinical or IONM
protocols (including signal analysis techniques) during stereotactic neurosurgery
is lacking. Moreover, outcome measures to quantify treatment effects of stereotactic
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neurosurgery vary per study, awaiting solid validation in the perioperative setting.
Conditions and limitations of executing motor measurements during IONM were
previously described by Journée et al. [70]. To improve patient comfort, measurements
should last 10 seconds at most, require minimal patient effort, using very few and small
transducers. It is important to simplify measurement characteristics from body-worn
sensors, while maintaining performance in symptom detection [71]. Careful consideration
of sensor position is recommended, to allow measurement of the optimal range of motion
(chapter 6). These aspects are essential for setting up a sensor-based approach in the
perioperative setting. Standardized protocols with validated outcome measures have to
be developed, that aid in predicting (long-term) outcomes.

Chapter 3 has shown that MDS-UPDRS-III is subject to inter-rater variability, for
which recommendations were formulated. Certain MDS-UPDRS-III items (e.g., finger
tapping) were found to be more susceptible to inter-rater variability, possibly due to
criteria formulated as “slight”, “mild”, and “moderate”, which leaves interpretation open
to the rater. Moreover, terms like “slowing” of the movement during the task can also
be interpreted by the rater as general “slowness of movement” during the whole task. In
practice, it depends on the rater how these criteria are applied. Therefore, international
consensus is recommended, and MDS-UPDRS-III criteria and instructions should be
sharpened to minimize inter-rater variability, and to allow optimization of bradykinesia
and tremor assessments. For the time-being, clinical scales (e.g., MDS-UPDRS-III and
FTM) are the best available standardized methods for assessing tremor and bradykinesia.
Although clinical outcome measures might be difficult to reproduce, they most accurately
reflect the actual clinical reality.

Translation of the clinical reality to an objective measurement method remains
challenging. In chapter 4, accelerometric features that related to MDS-UPDRS-III
bradykinesia criteria were selected. However, these features were often not the precise
parameters described in the MDS-UPDRS-III, neither were they the exact MDS-UPDRS-
III rating instructions followed in the algorithm. Further validation of these features is
needed to ensure the use of reliable outcome measures in research and clinical settings.
The current MDS-UPDRS-III bradykinesia scores are composite scores, reducing three
different components (slowing, hesitations, and amplitude decrement) to a single score,
instead of using sub-scores to show how a patient performs per component separately.
This complicates comparison between MDS-UPDRS-III bradykinesia scores and
objective outcome measures. Extracting features from objective measurement methods
that correspond well to the clinical scoring of bradykinesia requires a more delicate
assessment of bradykinesia than the MDS-UPDRS-III currently can offer. For future
research, a viable option would be employing the modified Bradykinesia Rating Scale
(mBRS) [72], which separately scores velocity, rhythm, and amplitude, allowing for a
more granular comparison with objective metrics.

It is important to note that even though measurement methods described in this thesis
present objective measures, their use will still be prone to subjectivity, since decision
making is based on the interpretation of (objective) measures by the clinician. Therefore,
it is not expected that objective methods to measure motor symptoms will replace clinical
assessment. Nevertheless, the proposed methods can complement the current approach,
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allowing objective input to be gathered for clinical decision making. This may improve
the application of existing clinical scales by providing objective feedback on the outcome
measures that are being scored, reducing variability among raters and allowing more
uniform ratings of motor performance, despite several caretakers being involved with
the patient.

Conclusions

This dissertation shows that the principle of quantifying existing clinical motor
scales in PD and ET, using a specific accelerometric algorithm to objectively measure
bradykinesia and tremor, is feasible. Overall, moderate to substantial agreement was
found between the clinical ratings and accelerometric scores, showing that accelerometry
offers performances comparable with human raters. However, this algorithm should be
finetuned to yield more reliable results, and should be validated on a wider set of clinical
(sub-)scores.

Second, this thesis shows that the objective measurement of bradykinesia and tremor
has added value in monitoring patients with PD and ET peri- and intraoperatively.
Test-retest reliability of the proposed accelerometric methods in perioperative settings
ranged from good to excellent, indicating that our objective approach certainly has added
value. Future research should determine the exact influence of accelerometry on clinical
assessments for both tremor and bradykinesia.
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Perioperatieve accelerometrie voor bradykinesie en tremor

Bradykinesie en tremor zijn veelvoorkomende bewegingssymptomen die geassocieerd
worden met de ziekte van Parkinson (ZvP) en Essenti€le Tremor (ET). Bradykinesie wordt
gekarakteriseerd door een afnemende amplitude van repetitieve stereotype bewegingen,
traagheid van vrijwillige bewegingen en gebrek aan algemene motorische activiteit [1—4].
De aanwezigheid van bradykinesie is een voorwaarde voor het stellen van de diagnose
ZvP [1,3,4]. Tremor, een ritmische en oscillerende onvrijwillige beweging, vormt het
voornaamste symptoom bij ET tijdens het innemen van een positie of bij het naderen
van een doelwit [2—5]. Momenteel worden meerdere beoordelingsschalen gebruikt om
bewegingssymptomen zoals tremor en bradykinesie te evalueren bij de ZvP en ET, zowel
binnen als buiten de chirurgische context [6,7]. Deze klinische beoordelingen van tremor
en bradykinesie door clinici zijn echter subjectief en blijven, ondanks internationale
standaardisatie door deskundige neurologen, gevoelig voor variabiliteit [8]. De resultaten
zijn namelijk afhankelijk van de ervaring van de beoordelaar en het tijdstip van de
meting, wat tot bias kan leiden [9—13]. Hoewel de beoordelingsschalen waardevolle
inzichten verschaffen, vereist de toepassing een zorgvuldige overweging van potenti€le
vertekeningen en variabiliteit in klinische beoordelingen [9—15].

Aangezien er momenteel geen curatieve behandelopties zijn voor de ZvP en ET, is de
behandeling gericht op het verminderen van bewegingssymptomen zoals bradykinesie en
tremor. Diepe Brein Stimulatie (DBS) en letselchirurgie (bijv. thalamotomie) behoren tot
de neurochirurgische opties hiervoor [16—19]. Tijdens een DBS-operatie worden één of
twee electroden uiterst nauwkeurig in het doelgebied in de hersenen geplaatst, unilateraal
of bilateraal, om zo middels lokale stimulatie de invaliderende bewegingssymptomen
te onderdrukken [20—23]. Tijdens thalamotomie wordt een thermische laesie (ablatie)
aangebracht door een electrode in de thalamus te positioneren ter reductie van
de bewegingssymptomen [24]. Nauwkeurige plaatsing van de DBS-electroden en/
of de laesie blijkt cruciaal voor het behandelsucces [25—-33]. Omdat een dergelijke
positionering deels is gebaseerd op de perioperatieve bevindingen door de neuroloog,
is het van essentieel belang dat de bewegingssymptomen tijdens de operatie correct en
consistent worden gemeten om zo maximale symptoomreductie zonder bijwerkingen
te realiseren [24,34,35]. Objectieve metingen met bewegingssensoren kunnen hieraan
bijdragen, bijvoorbeeld met behulp van accelerometrie [36,37]. Accelerometers zijn non-
invasieve sensoren die lineaire versnellingen meten relatief aan het gravitatieveld van
de Aarde, veelal tri-axiaal langs drie loodrechte assen (X-Y-Z) [37]. De specificaties,
eigenschappen en kosteneffectiviteit van commercieel beschikbare accelerometers maken
deze bewegingssensoren uiterst geschikt voor het detecteren van tremor en bradykinesie,
zoals reeds in eerder onderzoek is aangetoond [38—51]. Er is echter nog geen onderzoek
verricht naar het vertalen van de klinische metingen naar een objectieve meetmethode.

Dit proefschrift richt zich op het perioperatief toepassen van accelerometrie voor
het objectief kwantificeren van bradykinesie en tremor van de handen bij ZvP en ET.
Bestaande, gevalideerde en internationaal geaccepteerde klinische beoordelingsschalen
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zijn objectief gekwantificeerd met accelerometrie, met als doel de consistentie en
betrouwbaarheid van beoordelingen te verbeteren.

Hoofdstuk 1 beschrijft de kenmerken van tremor en bradykinesie en hun
neurochirurgische behandelopties. Een nauwkeurige perioperatieve beoordeling van
zowel bradykinesie als tremor is essentieel om optimale symptoomonderdrukking te
bereiken [34]. Klinische beoordelingen worden gehinderd door variabiliteit tussen
beoordelaars, wat de noodzaak voor een objectieve methode voor de perioperatieve
evaluatie van bradykinesie en tremor benadrukt [8,9,11,52]. Accelerometrie biedt de
mogelijkheid om bradykinesie en tremor nauwkeurig en kosteneffectief te kwantificeren,
waardoor metingen consistenter worden en patiéntuitkomsten potentieel verbeteren
[12,36].

Clinici gebruiken doorgaans voornamelijk subjectieve beoordelingsschalen voor de
evaluatie van bewegingssymptomen tijdens wakkere stereotactische neurochirurgie. Deze
schalen vertonen echter een hoge variabiliteit tussen beoordelaars en zijn afhankelijk van
hun expertise. Daarom vormt objectieve registratie met behulp van bewegingssensoren
een veelbelovende uitbreiding voor de beoordeling van bewegingssymptomen.
Hoofdstuk 2 biedt een gestructureerd overzicht van objectieve metingen van tremor
en bradykinesie tijdens een stereotactische hersenoperatie. Het intra-operatief
kwantificeren van bewegingssymptomen wordt nog steeds beperkt door uiteenlopende
signaalanalysetechnieken en het ontbreken van gestandaardiseerde meetprotocollen.
Desalniettemin kunnen elektronische metingen de visuele evaluaties aanvullen en zo
een objectieve bevestiging bieden van de nauwkeurige plaatsing van de DBS-electrode
en/of laesie.

Momenteel is de internationaal gestandaardiseerde “Movement Disorder Society
Unified Parkinson’s Disease Rating Scale” deel III (MDS-UPDRS-III) de meest gebruikte
klinische schaal voor het beoordelen van bewegingssymptomen bij patiénten met ZvP.
De MDS-UPDRS-III is ontworpen en gevalideerd voor de situatie waarin de patiént zich
in de zittende positie bevindt. In de operatiekamer wordt de schaal echter toegepast
met de patiént in rugligging. Daarom beschrijft hoofdstuk 3 het onderzoek naar de
overeenstemming tussen MDS-UPDRS-III scores in een zittende en liggende positie.
In beide posities werden zowel klinische evaluaties door twee onafhankelijke MDS-
UPDRS beoordelaars als accelerometrie-metingen uitgevoerd. De overeenstemming
tussen afzonderlijke MDS-UPDRS-III onderdelen in de zittende en liggende positie
varieerde van matig tot aanzienlijk. Ook de betrouwbaarheid tussen beoordelaars was
in beide posities matig tot redelijk. Alhoewel er gemiddeld genomen een substanti€le
overeenstemming tussen zittende en liggende MDS-UPDRS-III werd gevonden, wordt
toepassing van MDS-UPDRS-III in rugligging niet aanbevolen voor het volledige
spectrum van individuele items, in het bijzonder niet voor rusttremor en vinger-tikken.
Er worden verschillende aanbevelingen gedaan om de gevoeligheid van de MDS-UPDRS-
111 voor variabiliteit tussen beoordelaars te verminderen. Al met al is voorzichtigheid
geboden bij de interpretatie van de MDS-UPDRS-III in rugligging, in afwachting van
aanvullend onderzoek.

De MDS-UPDRS-III blijft ondanks zijn beperkingen de gouden standaard voor het
beoordelen van tremor en bradykinesie bij ZvP. Zo ook tijdens perioperatieve evaluaties
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van bewegingssymptomen, die zijn gericht op het optimaliseren van de klinische uitkomst
van stereotactische neurochirurgie. Objectieve metingen met behulp van accelerometrie
zouden mogelijk de tekortkomingen van deze evaluaties met klinische schalen kunnen
compenseren. Hoofdstuk 4 richt zich daarom op het vertalen van de MDS-UPDRS-III
score van bradykinesie van de handen naar een objectieve meetmethode, door gebruik
te maken van 3D-accelerometrie in een perioperatieve setting. Zo werd een algoritme
ontwikkeld voor het berekenen van bradykinesie-scores met behulp van accelerometrie.
Dit algoritme was gebaseerd op MDS-UPDRS-III criteria, met drempelwaarden berekend
uit de data van gezonde controles. Deze consistente methode kan de afhankelijkheid
van beoordelaars bij MDS-UPDRS-III verminderen en de objectieve monitoring
van bradykinesie van de handen verbeteren. Gezien de heterogene kenmerken van
bradykinesie benadrukt dit hoofdstuk de complexiteit van het kwantificeren van
bradykinesie met de MDS-UPDRS-III. Voor toekomstig onderzoek wordt aangeraden
om de drie verschillende componenten van bradykinesie (vertraging, aarzeling in de
bewegingen en amplitudevermindering) separaat te beoordelen, in plaats van ze alle drie
te reduceren tot één samengestelde klinische score, zoals in de huidige MDS-UPDRS-III
beschreven staat.

Aangezien de MDS-UPDRS-III minder geschikt is voor intra-operatieve evaluatie
van tremor, is het doel van hoofdstuk 5 om intra-operatieve MDS-UPDRS-III
tremortesten te vertalen naar een objectief algoritme met behulp van 3D-accelerometrie.
Drempelwaarden werden afgeleid van gezonde controles. Het oppervlak onder de curve
van de vermogensspectra in het frequentiebereik van 4—6 Hz werd geidentificeerd als een
nieuwe uitkomstmaat voor het detecteren van de aanwezigheid van tremor bij patiénten
met ZvP. Deze uitkomstmaat vertoonde een substanti€le overeenstemming tussen
accelerometrie-scores en MDS-UPDRS-III beoordelingen. Er werden discrepanties
gevonden in de resultaten van de kinetische tremortest, vooral veroorzaakt door ruis
in het bereik van 4—6 Hz data van gezonde controles, waarvoor aanbevelingen zijn
geformuleerd. Dit hoofdstuk zet de eerste stap in het vertalen van MDS-UPDRS-III
tremortesten naar een objectieve accelerometrie-methode, met als doel de afhankelijkheid
van beoordelaars te verminderen en een meer consistente intra-operatieve monitoring
van tremor mogelijk te maken.

Tegenwoordig worden de ziektestatus, progressie en behandelingseffecten van ET
beoordeeld met klinische scores, zoals de “Fahn-Tolosa-Marin Clinical Rating Scale for
Tremor” (FTM). Aangezien het gebruik van beoordelaar-onafhankelijke monitoring van
tremor de klinische zorg kan verbeteren en de variabiliteit in perioperatieve evaluaties
kan verminderen, richt hoofdstuk 6 zich op de ontwikkeling van een objectieve
accelerometrie-methode om ET te kwantificeren, gebaseerd op FTM-criteria. Vier
onafhankelijke beoordelaars voerden FTM-beoordelingen uit, terwijl tegelijkertijd
kwantitatieve maten werden afgeleid uit accelerometrie-data (bijvoorbeeld het
oppervlak onder de curve van het vermogen in de frequentieband van 4—8 Hz, en de
maximale tremoramplitude). Dit hoofdstuk toont aan dat tremor in een perioperatieve
setting gekwantificeerd kan worden met accelerometrie, gebruikmakend van FTM-
criteria en drempelwaarden gebaseerd op gezonde controles. De betrouwbaarheid van
herhaaldelijke testen van het tremorscore-algoritme wijst erop dat deze kosteneffectieve,
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op accelerometrie gebaseerde benadering veelbelovend is. De voorgestelde,
gebruiksvriendelijke technologie kan de beoordelaarsafthankelijkheid verminderen en
zorgverleners in staat stellen patiénten met ET consistenter te monitoren.

Thalamotomie is een ingreep om medicatieresistente tremor te verbeteren,
bijvoorbeeld bij patiénten met ZvP, ET en Holmes tremor (HT). Er zijn echter
slechts beperkte data beschikbaar over het verloop van de tremorintensiteit tijdens
thalamotomie. Ook blijft de voorspellende waarde van de intra-operatieve tremorstatus
voor postoperatieve behandeluitkomsten onduidelijk. Daarom beschrijft hoofdstuk 77
het onderzoek waarin MDS-UPDRS-III scores en accelerometrie-data werden verzameld
tijdens intra-operatieve rust-, houdings- en intentietremortesten. Metingen werden
uitgevoerd bij ZvP-, ET- en HT-patiénten: (1) voor het inbrengen van de laesie-electrode,
(2) direct na het inbrengen van de laesie-electrode, (3) tijdens coagulatie, (4) direct na
coagulatie, en (5) 4—6 maanden na de operatie. Tijdens het coagulatieproces werden
continue accelerometrie-data geregistreerd. Tremorintensiteit werd geévalueerd voor
het insertie-effect (1—2), tijdens coagulatie (3), het post-coagulatie-effect (1—4), en het
postoperatieve effect (1—5). Dit hoofdstuk laat zien dat zowel het intra-operatieve insertie-
effect als het post-coagulatie-effect goede voorspellers zijn voor de lange-termijn uitkomst
van thalamotomie, waarmee de toegevoegde waarde van objectieve kwantitatieve intra-
operatieve metingen wordt benadrukt.

Hoofdstuk 8 beschrijft de ontwikkeling van het eerder beschreven tremorscore-
algoritme om handtremor te meten met accelerometrie en te classificeren volgens de
MDS-UPDRS-III criteria. De MDS-UPDRS-III tremorscores van 64 patiénten met ZvP
werden vergeleken met de objectieve scoringsmethode met 3D-accelerometrie. Twee
beoordelaars evalueerden de tremorernst o.b.v. MDS-UPDRS-III, terwijl accelerometrie
werd gemeten aan de wijsvinger. Het oppervlak onder de curve van het vermogen in het
frequentiebereik van 4—7 Hz werd toegepast om de aanwezigheid van tremor te bepalen,
gebruikmakend van drempelwaarden gebaseerd op data van gezonde controles. De trends
tussen tremoramplitude en MDS-UPDRS-III score waren consistent met de logaritmische
relatie die in eerdere onderzoeken werd gerapporteerd. Al met al vertoonden de
accelerometrie-scores een substanti€éle overeenstemming (>80,2%, x¥>0,732) met de
tremoramplitude volgens de MDS-UPDRS-III beoordelingen. Er werden discrepanties
gevonden tussen accelerometrie-metingen van de consistentie van rusttremor (CRT) en
MDS-UPDRS-III, wat kan worden verklaard doordat CRT uitsluitend werd berekend
voor het tijdsvenster waarin de rusttremor taak werd uitgevoerd. Gezien de goede
tot uitstekende betrouwbaarheid van herhaalde accelerometrie in dit onderzoek, is
hiermee aangetoond dat MDS-UPDRS-III tremormetingen betrouwbaar kunnen
worden vertaald naar objectieve accelerometrie-scores. Accelerometrie kan derhalve
klinische beoordelingen van tremor complementeren, met als doel de variabiliteit tussen
beoordelaars te verminderen en objectieve monitoring mogelijk te maken.
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Conclusie

Dit proefschrift toont aan dat het haalbaar is om middels accelerometrie
gestandaardiseerde klinische beoordelingen van bradykinesie en tremor bij ZvP en ET
te objectiveren en te kwantificeren. Er werd een matige tot substanti€le overeenstemming
gevonden tussen de klinische beoordelingen en de accelerometrie-scores, wat aantoont dat
accelerometrie data levert die vergelijkbaar zijn met die van klinische beoordelaars. Het
accelerometrie-algoritme dient echter verder verfijnd te worden om de betrouwbaarheid
van deze resultaten te verbeteren, en dient gevalideerd te worden binnen een bredere
set van klinische (sub-)scores. Daarnaast laat dit proefschrift zien dat de objectieve
meting van bradykinesie en tremor een duidelijke meerwaarde heeft bij het monitoren
van patiénten met ZvP en ET, zowel voor, tijdens als na de operatie. De betrouwbaarheid
van de voorgestelde accelerometrie-methoden in de perioperatieve omgeving varieerde
van goed tot uitstekend, wat aangeeft dat deze objectieve benadering zeker toegevoegde
waarde heeft. Toekomstig onderzoek dient de precieze rol van accelerometrie bij het
beoordelen zowel tremor als bradykinesie in de klinische setting nader vast te stellen.
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