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Introduction and outline of thesis

1.1 Background: Antipsychotics and Movement disorders
One of the most significant steps in the management and treatment of psychotic disorders was the advent of chlorpromazine in the 1950s. It was developed by scientists at
Rhone-Poulenc and initial research focused on the sedative characteristics of chlorpromazine. Yet its antipsychotic effects soon became apparent. The first reports of
psychiatric patients treated with chlorpromazine were very promising, within a month
of treatment patients became calmer and less delusional[1].
By the late 1950s the tremendous success of chlorpromazine was evident; its therapeutic effect was established definitively by the US Veterans Administration Collaborative Study Group and it was being used to treat psychiatric inpatients all over the world.
In the following two decades many antipsychotic drugs were developed with different
potency and side effect profiles[1].
By 1954 several acute extrapyramidal symptoms (EPS) of chlorpromazine treatment
had been described, including motor side effects such as parkinsonism, dystonia and
akathisia. This was followed by the first reports of antipsychotic-induced tardive dyskinesia (TD) in 1959. At the time prevalence of EPS in patients treated with antipsychotics
was estimated to be 38.9% and most clinicians and pharmacologists were convinced
that there is a connection between EPS and the effectiveness of antipsychotic drugs.
However, in the 1960s clozapine was developed by scientists at Wander pharmaceuticals. This is an antipsychotic substance with no or minimal association with EPS. Unfortunately, clozapine treatment slightly but significantly increases the risk of lifethreatening agranulocytosis. Yet, the belief that antipsychotic effectiveness and EPS are
related was brought into question by the introduction of clozapine. After its introduction, several safer ‘second generation’ antipsychotics (SGA) were developed, although
none as effective as clozapine[1].
Following up on the idea that EPS and antipsychotic effectiveness are unrelated,
studies investigated the presence of EPS and TD in never medicated patients. Remarkably these studies found that EPS were prevalent in 17% of these patients, and that TD
was prevalent in 9%. This suggests that movement disorders (MD) like EPS may be a
neuromotor component of schizophrenia itself which could either be suppressed or
provoked by certain antipsychotic drugs[2, 3].

1.2 Outline of the thesis
This thesis’ main goal is to describe the current incidence and prevalence of movement
disorders (MDs) in patients with schizophrenia, to investigate potential treatments for
dyskinesia and to review and develop novel instruments for assessing MDs.
In chapter 2 we discuss the most common MDs that burden patients with schizophrenia. This chapter describes the symptoms and signs and the course of parkinson11
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ism, akathisia, dyskinesia and dystonia. Moreover, it gives a brief overview of the clinical
rating scales that are used to assess these MDs.
Chapter 3 reviews a selection of electronic and mechanical instruments developed
to assess the aforementioned MDs. This is followed by an overview of our work with
instruments for the assessment of MDs. The chapter concludes with a summary of the
potential clinical applications and compares the advantages and drawbacks of these
instruments to conventional rating scales.
In chapter 4 we describe the prevalence of MDs in the GROUP cohort. The GROUP
cohort is a large cohort that followed young patients with non-affective psychosis of
which the vast majority of patients was only exposed to antipsychotic treatment for a
few years. We found that the incidence (25%) and prevalence (39%) of MD’s were remarkably high despite the fact that these patients were predominately treated with
second generation antipsychotics. We also confirmed that there is a correlation between MDs, cognitive symptoms and severity of psychopathology.
Chapter 5 reports the results of a meta-analysis in which we studied whether switching to clozapine monotherapy is an effective treatment for tardive dyskinesia. We found
that switching to clozapine significantly reduces the severity of tardive dyskinesia especially in patients that have moderate to severe TD prior to the switch.
In chapter 6 we investigated the possibility to discriminate bradykinetic patients
from healthy controls using data recorded with five wireless sensors. We recorded the
movements of the test subjects while they performed eleven motor tasks. These were
all based on tasks from existing rating scales and previous studies. Seven of these tasks
could significantly discriminate the bradykinetic patients from the healthy controls.
Moreover, we determined that the tasks best suited for instrumental assessment were
walking, rapidly rotating the forearm, rapidly bending and extending the elbow, and
rapidly raising and stomping the foot while seated.
Chapter 7 continues with the validation of the instrument described in chapter 6.
Using the same setup and the tasks we recommended in chapter 6, we determined the
concurrent validity of the instrument with the Unified Parkinson’s Disease scale and the
instrument’s test-retest reliability. We found that our instrumental assessment of bradykinesia is both valid and highly reliable.
Finally, our findings are summarized and discussed. Also, we conclude with some
remarks and directions for future research.
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Movement disorders
In patients with schizophrenia movement disorders (MDs) typically emerge briefly after
the onset of antipsychotic treatment. MDs are a serious issue: they are experienced as
embarrassing and lower patients’ self-esteem, they can cause distress and discomfort,
and patients with movement disorders are more likely to discontinue their maintenance
medication therapy and are therefore more prone to a relapse and rehospitalisation[1].
This chapter provides a brief overview of the most common MDs in schizophrenia (parkinsonism, akathisia, dyskinesia and dystonia) and the clinical rating scales that are used
to assess them.

2.1 Parkinsonism
The incidence of parkinsonism is estimated at approximately 21-22%[2, 3] and the reported prevalence ranges widely from 5 to 66%[2, 4, 5] in patients with schizophrenia. It
is more common among older patients and patients treated with first generation antipsychotics[2, 3, 5]. The three core features of parkinsonism are bradykinesia, rigidity
and tremor. Bradykinesia is the most common and sometimes the only manifestation of
parkinsonism. It entails decreases in movement speed and amplitude which are often
observed as a shuffling gait, a crooked posture, and a mask like facial expression. Rigidity marks itself as a constant (lead pipe rigidity) or jerky (cogwheel rigidity) stiffness
resisting passive movement of the arms and legs, caused by persistent/intermittent
increases in muscle tone. Often the most noticeable manifestation is rest tremors.
These are rhythmic movements typically seen in the hands but can also occur in the
limbs, jaw, neck or trunk.

2.2 Akathisia
The incidence of akathisia is estimated at 4-5%[2, 3] and it is prevalent in 1-41%[2, 6, 7]
of the patients with schizophrenia. Patients with akathisia experience a feeling of inner
restlessness, anxiety and/or pain, which compels them to be in constant motion. Therefore, patients often swing or fidget their legs while seated, march on spot or rock from
one foot to another while standing, and pace around to relieve these feelings of restlessness. In contrast to other movement disorders these are not involuntary movements. Patients often claim that they cannot suppress these movements.

2.3 Dyskinesia
Typically, the onset of dyskinesia is months to years after exposure to antipsychotic
treatment, i.e. it is tardive. The incidence of tardive dyskinesia (TD) is estimated at 1-
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11%[8-11] and its prevalence is 13-40%[4, 12]. Dyskinesia is characterized by hyperkinetic involuntary movements. Most often it affects the orofacial musculature, resulting
in twisting and curling movement of the tongue with in severe cases protruding of the
tongue, chewing and lateral movements of the jaw, pouting, puckering and pursing
movements of the lips, and increased eye blinking. However, it can also cause purposeless choreiform movements, such as writhing of the fingers and/or irregular arm, leg
and trunk movements.

2.4 Dystonia
Of these four MDs, dystonia is the least common with an estimated incidence of 12%[2, 10] and a prevalence of 2-13%[2, 4]. Slow/sustained involuntary muscle contractions characterize dystonia. These contractions display themselves as abnormal postures and repetitive twisting/writhing movements (with the trunk, neck, head and limbs
being typically affected). Dystonia and dyskinesia are often confused, and although
dystonic and dyskinetic movements are similar, dystonic movements are much slower
and more sustained.

2.5 Onset & Course
MDs are also categorized by their onset relative to start of antipsychotic treatment:
spontaneous (before exposure), acute (hours/days after exposure), subacute (weeks
after exposure), and tardive (months/years after exposure). Several studies confirm that
spontaneous parkinsonism and dyskinesia occur in patients with schizophrenia, although they occur less often and are usually less severe than drug-induced
counterparts[13]. Moreover, spontaneous parkinsonism and dyskinesia have also been
found in first degree family members of patients with schizophrenia and in individuals
at an ultra-high risk for developing a psychotic disorder[14, 15]. Generally, akathisia and
dystonia have an acute onset, and parkinsonism a sub-acute onset. A tardive onset is
typical for dyskinesia, however in some cases dystonia and akathisia can also have a
tardive onset. Besides differences in onset, the severity of these MDs can also differ
over time. For example, distracting patients with a complex mental task or stress can
provoke/aggravate dyskinesias and tremors. In some patients, the severity of MDs is
dependent on the time of day and in others severity can fluctuate over longer periods
of time independent of antipsychotic treatment.
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2.6 Rating Scales
Typically, rating scales are utilized for the diagnosis and monitoring of MDs in patients
with schizophrenia. The Extrapyramidal Symptom Rating Scale (ESRS) and the St. Hans
Rating Scale (SHRS) are examples of rating scales with subscales for all four MDs that
are commonly used in clinical practice and research. Other popular rating scales are:
the Simpson Angus Scale (SAS) for parkinsonism, the Abnormal Involuntary Movement
Scale (AIMS) for tardive dyskinesia, and the Barnes Akathisia Rating Scale (BARS) for
akathisia. Achieving reliable results with these scales requires a substantial amount of
training, because some features of these MDs are difficult to recognize and are easily
overlooked. Moreover, distinguishing between mild and moderate or moderate and
severe scores can be difficult and requires that the observing clinician has an adequate
frame of reference. As a result, these rating scales are not well suited for scoring very
subtle sub-clinical forms of MDs or small changes in severity. In addition, monitoring
MDs with these rating scales consumes valuable time that clinicians could spend elsewhere. The need for simple methods of assessing MDs that are more accurate, reliable
and less time consuming for psychiatrists than existing rating scales led to a surge in the
development of mechanical and electronical instruments for the assessment of MDs.
These instruments will be discussed in further detail in the following chapter.
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Instrumental Assessment of Movement Disorders
Interest in investigating antipsychotic-induced and spontaneous MDs grew with the
advent of antipsychotics in the 1950s. Especially, the development of clozapine and
subsequently other atypical antipsychotics in the 1990s triggered interest in MDs as
these compounds were designed to result in fewer and less severe MDs than the typical
antipsychotics. The demand for accurate and reliable methods of assessing subtle
changes in the severity of these MDs inspired the development of mechanical/electronic instruments for this purpose[1]. Conventional rating scales are capable of
reliably distinguishing patients with clinical MDs from those without, but their reliability
decreases with the subtlety of the difference/change in severity of MDs[1, 2].
The first paragraph of this chapter provides an overview of a selection of instruments designed to assess parkinsonism, dyskinesia, akathisia and neurological soft signs
(NSS). In the following paragraph, we present the instruments that our research group
developed as well as some of our unpublished work. The final paragraph of this chapter
discusses the benefits and challenges of using instrumental assessments in routine
clinical practice.

3.1 Overview of Instrumental Assessments of Movement Disorders
The use of electronic and mechanical instruments for the assessment of antipsychoticinduced and spontaneous MDs dates back as far as the 1960s[3]. Table 1 summarizes a
selection of studies that have investigated and/or utilised such instruments. The table
summarizes instruments for assessing MDs such as parkinsonism, dyskinesia, akathisia
and neurological soft signs related to motor behaviour. Considering that the symptoms
of parkinsonism and the motor symptoms of Parkinson’s disease are very similar a few
studies that developed interesting instrumental assessments for Parkinson’s disease
were also included in the table.
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Year

2013

2015

Hossen A [5]

Kostikis N, HristuVarsakelis D,
Arnaoutoglou M &
Kotsavasiloglou C. [6]

Caligiuri MP & Galasko 1992
DR [7]

Parkinsonism – Rigidity

1972

Salzer M [4]

Parkinsonism – Tremor

Clarke S, Hay GA & Vas 1966
CJ [3]

Authors

A three-dimensional piezoelectrical
accelerometer (Bruel and Kjaer, type 4340) was
used to measure acceleration. It was attached
to a screwdriver, which the patients held like a
pen.

The accelerations of patients’ hands were
recorded using a small transducer designed to
be attached to the front or back of their hands,
Figure 1.

Method

Data were recorded from 39 patients with PD and 41 patients with
essential tremor. The artificial neural network could distinguish
essential tremor from parkinsonian tremor with a specificity of 90%
and a sensitivity of 85%.

Tremor was investigated in two subjects. Different conditions were
assessed, forearm resting on support, elbow resting on support and
no support. Authors conclude that all three conditions can be used to
assess the magnitude and frequency of tremor.

In 13 patients with Parkinsonian tremor a 10mL injection of 10mg of
methixene reduced the severity of tremor significantly compared to a
10mL (saline) placebo injection. Respectively an 82% and 12%
reduction in tremor activity compared to the baseline tremor activity
(p < 0.001).

Results

Force
transduction &
Goniometry

Subjects were assessed with an apparatus to
quantify rigidity, Figure 1. The apparatus
measures the fingers resistive force and
rotation while it passively bends and stretches a
finger.

The instrument was validated in 64 patients (18 with PD, 38 with
schizophrenia and 8 with rheumatoid arthritis) and 60 healthy
controls. The measurement was performed under resting condition
and an active condition where a simple motor task was performed
with the other hand. The authors found that patients with
schizophrenia showed a significant increase in stiffness during the
active condition compared to the resting condition, whereas the
patients with PD, with arthritis and controls did not (p < 0.01).

Accelerometry & Subjects held a smartphone which recorded
The app was validated in 25 patients with PD and 20 healthy controls.
gyroscopy
their tremors with its accelerometer and
Their algorithm correctly classified 82% of the patients and 90% of the
gyroscope. Using machine learning algorithms controls based on the data collected by the smartphone.
they optimized an algorithm to classify tremor
based on the data recorded by the smartphone.

Electromyography Activity of flexor and extensor muscles in the
& accelerometry forearm was recorded as well as the
acceleration of the hand. This data was used to
train and validate an artificial neural network to
distinguish essential tremor from parkinsonian
tremor.

Accelerometry

Accelerometry

Technique

Table 1. Overview of instruments developed to assess movement disorders

Chapter 3

Year

Banaskiewicz K,
2009
Rudziñska M,
Bukowczan S, Izworski
A & Szczudlik [13]

Caligiuri MP, Teulings 2009
HL, Dean CE, Niculescu
AB & Lohr JB [12]

Digitizer Tablet

A digitizer tablet registered subjects’ pen
movements while drawing spirals, Figure 1. The
time it took to complete the drawing was
recorded.

54 patients with PD and 39 healthy controls were examined. Patients
performed the task significantly slower than controls (p < 0.01). The
test-retest reliability was also high (p < 0.01) and scores were
correlated with the UPDRS motor examination (r = 0.64)

21 patients with schizophrenia or a related disorder that were treated
with risperidone had significantly worse scores than 6 unmedicated
patients and 47 healthy controls. They showed significantly less
velocity scaling and more jerk than the unmedicated patients and
controls. There was a strong correlation between the dose of
risperidone and the amount of jerk.

10 patients with schizophrenia, 13 with PD and 12 healthy controls
were investigated. All patients wrote significantly slower and showed
less velocity scaling than the controls. The parkinsonism scores
(SAEPS) of the patients with schizophrenia were significantly
correlated with velocity scaling (r=-.65, p<0.05)

2006

The length, velocity, acceleration and jerk
(derivative of acceleration) of upwards and
downwards strokes were measured with a
digitizer tablet. The scaling of velocity was also
measured (i.e. the velocity of a stroke over its
length (cm/s/cm)).

In comparison to 15 healthy elderly controls 13 PD patients showed a
significantly smaller increase in stroke size when asked to copy figures
twice as large.

9 patients with PD wrote significantly slower, paused for a significantly
longer time and their handwriting was significantly more jerky
compared to 9 healthy elderly and 9 healthy young adult controls.

Results

Caligiuri MP, Teulings
HL, Filoteo FL, Song D
& Lohr JB [11]

A digitizer tablet was used to measure several
aspects of handwriting. Subjects were
instructed to write a sentence and the total
duration, pauses in writing, length of the
strokes and jerkiness of movement were
recorded.

Method

7 patients with PD showed a significant decrease in stroke size when
asked to write longer phrases. This was not observed in the 7 healthy
elderly controls

Digitizer tablet

Digitizer tablet

Technique

Gemmert AWA,
2001
Teulings HL & Stelmach
GE [10]

Gemmert AWA,
1999
Teulings HL, ContrerasVidal JL & Stelmach GE
[9]

Gemert AWA, Teulings 1998
HL & Stelmach GE [8]

Parkinsonism - Handwriting

Authors
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Figure 1. Top left: A mechanical apparatus developed by Caligiuri & Galasko (1992) designed to assess the severity of rigidity. Top right: An early force transducer designed
to measure accelerations of the hand in a study by Clarke et al. (1966). Bottom Left: One of the inertial sensors used in the studies of Salarian et al. (2007 & 2010). Bottom
Right: Banaskiewicz et al. (2009) registered spiral drawings using a digitizer tablet, healthy control (B) subjects copied spiral (A) much better than patients with Parkinsons
Disease (C).
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Year

Accelerometry & Subjects wore two small inertial sensors around
Gyroscopy
both wrists, Figure 1. The raw data were
analysed for tremor and bradykinesia. Severity
of bradykinesia was quantified as the velocity
and amplitude for each period of movement.

Accelerometry & Wearing four inertial sensors strapped to the
Gyroscopy
upper and lower arms legs subjects performed
a set of six tasks from the UPDRS used. Machine
learning techniques were employed to obtain
algorithms for detecting tremor, bradykinesia
and dyskinesia.

Goniometry

2007

Salarian A, Russmann
H, Wider C, Burkhard
PR, Vingerhoets FJG &
Aminian K [16]

Patel S, Lorincz K,
2009
Hughes R, Huggins N,
Growdon J, Standaert
D, Akay M, Dy J, Welsh
M & Bonato P [17]

Koning JP, Kahn RS,
2011
Tenback DE, Schelven
LJ & van Harten PN [18]

This study measured bradykinesia using the
method described by Caligiuri et al. (1998),
Table 1.

Subjects alternatively press the ‘s’ and ‘;’ keys as
fast as they can for 60 seconds. The number of
alternate key strokes are recorded, the number
of errors, the rhythmicity between strokes and
the total time of the interruptions between key
presses.

Keyboard

Giovannoni G, van
1999
Schalkwyk J, Fritz VU &
Lees AJ [15]

Forearm rotations were recorded using an
electro-goniometer. These rotations were
displayed on a screen as well as the target
amplitude of the rotation (25 or 45°).
Bradykinesia was quantified as the scaling of
velocity over the small and large rotations
(°/s/°).

Method

Goniometry

Technique

Caligiuri MP, Lohr JB & 1998
Ruck RK [14]

Parkinsonism - Bradykinesia

Authors

Table 1. Continued

This study investigated the possibility of detecting subtle subclinical
forms parkinsonism in 42 healthy siblings of patients with psychosis.
Compared to 38 healthy controls the siblings showed significantly less
velocity scaling (p=0.01).

12 patients with PD were assessed. The explorative machine learning
analyses searched for optimal combinations of features that were
extracted from the raw sensor data: range, root mean square, cross
correlation, frequency and entropy. They demonstrated that with the
algorithms determined via machine learning it could be possible to
assess severity of bradykinesia, dyskinesia and tremor.

10 patients with TD and 10 healthy controls were investigated during
two different conditions; (i) 45 minutes of following a protocol of
typical daily activities and (ii) 45 minutes in which subjects could move
freely. In both conditions high correlations were found between the
velocity of movement measured by the sensors and the UPDRS
bradykinesia subscore.

The 35 patients with PD that were assessed performed significantly
worse than the 27 healthy controls; less keys were pressed during the
60 seconds (p < 0.01) and they pressed them with a more irregular
rhythm (p < 0.01). The number of key strokes of the PD group
correlated significantly with their score UPDRS motor examination
(r = -0.69, p < 0.01)

33 patients with a psychotic disorder, 6 patients with PD and 16
healthy controls participated in the study. The PD group scaled their
velocity significantly less over the small and large forearm rotations
than the control group. In the psychosis group a significantly higher
proportion (60%) of the patients with clinical ratings of bradykinesia
exhibited abnormal velocity scaling opposed to the patients in the
group with normal clinical ratings (33%).

Results
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Touch screen

Lee CY, Kang SJ, Hong 2016
SK, Ma HI, Lee U & Kim
YJ [21]

Bradykinesia was assessed using a tapping app
designed by the researchers. Subjects are given
10 seconds to alternately tap the sides of two
rectangles with their index fingers as often as
they can. The app recorded number of correct
and incorrect taps and the time and distance
between taps. The apps concurrent validity was
determined with by alternatively tapping on
mechanical finger tappers (WW-1597-NP, PAR
Inc. Lutz, USA)

Subjects’ movements were recorded on 11
motor tasks. The validity of the recordings with
a markerless depth camera (Kinect, Microsoft)
were compared to the golden standard for
recording movements, a 3D Optoelectronic
system (Vicon, Vicon Motion Systems, Oxford,
UK). The Vicon system recorded the positions of
42 reflective markers placed on standardized
positions on the subjects’ head, neck, trunk,
arms and legs with 10 infrared cameras.

Depth camera &
3D
Optoelectronic
system

Method

Galna B, Barry G,
2014
Jackson D, Mhiripiri D,
Olivier P & Rochester L
[20]

Technique

Accelerometry & A small sensor attached to the distal end of the
Gyroscopy
index finger recorded movement during six
motor tasks from the UPDRS, Figure 2. Based on
the sensor data severity of bradykinesia and
tremor were determined.

Year

Mera TO, Heldman DA, 2012
Espay AJ, Payne M &
Giuffrida JP [19]

Authors

57 patients with PD and 87 healthy controls performed three trials on
the app and mechanical tapping test. Patients performed significantly
worse than controls on the mechanical tapping test (p < 0.01). On the
app the average number of correct taps and the distance between
taps were significantly lower in the patient group (p < 0.01). The
outcomes of the mechanical tapping test and the app were both
significantly associated with the patients’ total scores on motor
section of the UPDRS and their scores on the bradykinesia items (r =
0.50-0.57, p < 0.01).

The concurrent validity between the movements recorded by the
Kinect and the Vicon systems was investigated and investigated in 9
patients with PD and 10 healthy controls. The Kinect recorded
temporal features of the patients and controls movement with a very
high validity (ICC = 0.92-0.99). However, the Kinect could not
accurately record the spatial features of subjects’ movements,
especially patients (ICC = 0.01-0.55), apart from a few tasks (sit-tostand, walking on the spot, leg agility and forward and sideward steps)
(ICC = 0.78-0.98).

9 patients with PD measured the severity of bradykinesia and tremor
3-6 times per day on 3-6 consecutive days. The compliance for
assessments was high and the majority of the assessments were
performed correctly. This allowed the researchers to investigate the
short-term effect of PD medication on tremor and bradykinesia.
Patients showed significantly less tremor (rest and postural) and
bradykinesia during the first few hours after taking their medication (p
= 0.02).

Results

Chapter 3

Figure 2. Top left: Mera et al. (2012) developed a small inertial sensor
for homebased assessment of Parkinsonian signs. Top right: An
interrupted light photograph of a man with parkinsonism used by
Murray et al. (1978) to analyse subjects’ gait patterns. Bottom left: A
trolley used by Weller et al. (1993) to record step length and velocity
by measuring movement of a ribbon that turns a rotary encoder and
is attached to both ankles (Bowes 1991).
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Year

Technique

Rotary encoder

Weller C, O’Neill CJ,
1993
Charlett A, Bowes SG,
Purkiss A, Nicholson
PW, Dobbs RJ & Dobbs
SM [24]

Accelerometry &
Gyroscopy

Camera

2010

Murray MP, Sepic SB, 1978
Gardner GM & Downs
WJD [23]

Salarian A, Horak FB,
Zampieri C, CarlsonKutha P, Nutt JG &
Aminian K [22]

Parkinsonism - Bradykinesia (Gait)

Authors

Table 1. Continued

A small trolley with a length of string was
attached to a subject’s feet to record their gait
parameters, Figure 2. During walking the string
turns a rotary encoder and pulls the cart
forwards. A step with the right leg turns the
rotary encoder in the opposite direction of a
step with the left leg. Thus, the trolley could
assess the duration, length and velocity of each
step.

Camera’s recorded the movement of reflective
markers placed on the subject’s head and limbs
using interrupted light photography. The
resulting photographs shows the subject gait
pattern from the side and from above, Figure 2.
The researchers investigated these
photographs to study the subjects’ gait patterns
(stride, arm and leg swing, torso rotations and
forward/sideward sway of the upper body).

An instrumental setup similar to that of Salarian
et al. (2007) was used, Table 1. In this study five
additional sensors were strapped around
subjects’ upper and lower legs and waist. These
were used to assess parameters of the subjects’
gait such as; cadence(steps/min), amplitude,
velocity of arm swing and movements of the
trunk.

Method

The effects of two anti-parkinsonian drugs were investigated (Sinemet
CR and Madopar CR) in 9 patients with PD. These drugs contain
levodopa to reduce the severity of parkinsonism and a levodopa
inhibitor to reduce its the unwanted side effects without diminishing
its anti-parkinsonian effects. Gait parameters were assessed as a
measure of the anti-parkinsonian effect. Both drugs were given in
random order and compared to a period without treatment. They
improved gait parameters equally well in comparison to the periods
off treatment (p < 0.01).

44 patients with PD (11 with mild, 18 with moderate and 15 with
severe PD) and 24 healthy controls were investigated. During both
fast and normal walking the stride length and velocity of patients with
PD was significantly reduced compared to controls (p < 0.01). The
researchers also observed less overall movement during gait (arm and
leg swing and upper body sway).

The sensitivity and specificity of the Timed Up and Go (TUG) test and
the parameters recorded by the inertial sensors were studied. 12
patients with early/moderate PD and 12 healthy controls were
compared. While the TUG test could not discriminate patients from
controls the gait parameters determined by the sensors could. Both
patients’ cadence and arm swing velocity were significantly lower (p <
0.01).
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Year

Technique

1975

Caligiuri MP & Lohr JB 1989
[28]

Caligiuri MP, Harris J & 1988
Jeste DV [27]

Denney D & Casey D
[26]

Dyskinesia

Griffiths RI, Kotschet K, 2012
Arfon S, Xu ZM,
Johnson W, Drago J,
Evans A, Kempster P,
Raghav S & Horne MK
[25]

Force transducer

Pneumatic
transducer

Accelerometry

Parkinsonism – Ambulatory assessment

Authors

Subjects tracked a visual target by moving their
tongue, lip, or jaw. Movement of a flexible
cantilever beam activates a strain gauge which
converts these movements into a signal which
can be recorded, Figure 3. This cantilever beam
was attached directly to the lip or jaw to record
their movement, a cup was fastened to the
cantilever beam to measure tongue
protrusions. The error between the target force
and the exerted force was then determined.

A balloon is placed in a subject’s mouth or hand
and inflated slightly. Inside the balloon a
pneumatic transducer records differences in
pressure due to dyskinetic mouth or hand
movements.

A wrist worn accelerometer stored data over 10
days. Data was split in periods of 2 minutes. For
each of these periods the maximum
acceleration and mean spectral power were
defined, as less and slower movements are
expected with increasing severity of
bradykinesia.

Method

This study aimed to investigate which abnormalities in muscle
receptor feedback primarily affect tardive dyskinesia; muscle force or
length receptors. This was studied in 24 patients with schizophrenia,
12 with and 12 without tardive dyskinesia, and 12 healthy control
subjects. Two experiments were performed, in the first experiment
subjects attempted to hold their jaw open at a fixed position. No
significant differences were found between TD patients, non-TD
patients or controls. In the second experiment Jaw closing force was
assessed using a rigid cantilever beam instead of a flexible one.
Patients with TD were unable to produce a steady amount of jaw
closing force, their force varied significantly more than that of non-TD
patients and controls (p < 0.01).

22 patients with schizophrenia (11 with tardive dyskinesia) and 13
healthy control subjects were investigated. Dyskinetic patients had a
significantly higher degree of error while tracking the target than nondyskinetic patients and controls (p < 0.05). The tracking error was
correlated with the AIMS orofacial and single area scores (r = 0.450.62, p < 0.05).

Data of a patient with severe dyskinesia was compared to that of a
healthy control subject. At rest the dyskinetic patient showed
substantially more deviance in pressure than the control, both when
the balloon was placed in the mouth or held in the hand.

34 patients with PD and 10 healthy controls participated in the study.
A subject’s median bradykinesia on all 2 minutes intervals measured
over 10 days correlated significantly with their score on the UPDRS
motor examination (r = 0.64, p < 0.01).
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32

2011

Koning JP, Kahn RS,
Tenback DE, Schelven
LJ & van Harten PN
[18]

Mittal VA, Orr JM,
2013
Turner JA, Pelletier AL,
Dean DJ, LunsfordAvery J & Gupta T [32]

1997

Caligiuri MP, Lohr JB,
Rotrosen J, Adler L,
Lavori P, Edson R &
Tracy K [31]

Force transducer

Caligiuri MP & Lohr JB 1994
[30]

Technique

Force transducer

Year

Vrtunski PB, Alphs LD & 1990
Meltzer HY [29]

Authors

While seated subjects rested their arm on a
table and their index finger on a cantilever
beam. This beam accurately measured the
amount of force exerted by the index finger.
Subjects were given visual feedback on a
display that showed the amount of force they
were currently exerting and a target force (3.5
Newton). Before each trial subjects pressed on
the beam until they approximately exerted the
target force on the beam. The degree of force
variability was determined as the peak of force
in the 1.5 to 3 Hertz range. This was obtained
by applying a Fourier transformation to the
recorded force over a 20 second period.

Force control was assessed with three force
transducers, two buttons placed in the armrests
of a chair and one in a bite plate. These
transducers measured the subject’s ability to
adjust the fine force production of their index
fingers and mouth in response to visual target
indicating the subject’s force production and
the target.

Method

20 patients with non-clinical psychosis showed elevated levels of
force variability compared to healthy controls (p = 0.05). Force
variability correlated significantly with positive (r = 0.26, p < 0.05) and
negative (r = 0.48, p < 0.01) symptom scores measured on the CAPE.

42 healthy siblings of patients with a psychotic disorder and 38
healthy controls performed the force variability assessment. Siblings
showed slightly elevated levels of force variability. Significantly more
siblings scored higher than the control groups 95% percentile, 21% of
the siblings opposed to 5% of the controls (p = 0.05). Conventional
clinical movement disorder assessments (AIMS & UPDRS) could not
distinguish between siblings and controls.

This study investigated the test-retest reliability of the force variability
assessment in the first five patients of each of participating nine VA
Medical Centres. Overall the interrater reliability between the scores
of the study sites’ raters and the independent control rater were high
(ICC = 0.995). The ICC was also higher in the patients’ right hand than
in their left hand. There also appeared to be a subtle learning effect as
ICC’s across all three trials was slightly lower than that across the
second and third trial.

Force variability was investigated in 21 patients with schizophrenia,
not on antipsychotic treatment, were compared to 21 healthy
controls. Patients exhibited significantly more force variability than
controls (p = 0.03) and 52% of patients scored higher than the 95%
percentile of the control group.

Fine force control of psychiatric patients was compared, 21 with
tardive dyskinesia and 25 without. The patients with TD showed a
significantly greater variability in the production of force with the
fingers and mouth (p < 0.01). The amount of force variability of the
dyskinetic patients dominant hand also showed a strong correlation
with the AIMS manual TD rating (r = 0.64, p < 0.01).
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Year

1999

2004

Tuiski K, Lauerma H,
Holi M, Markkula J &
Rimon R [34]

Janno S, Holi MM,
Tuisku K & Wahlbeck
[35]

Akathisia

Nilsson FM, Hansen BL, 1996
Buchel C, Gattaz WF &
Gerlach J [33]

Authors

Actigraphy

Camera

Technique

Small tri-axial actigraphs (PAM3) were fastened
to the subjects’ ankles. Activity was measured
during controlled rest activity, a standardized
interview during which subjects are expected to
sit still, but not required. Activity is expressed as
the total amount of 0.1 second intervals the
actigraph recorded an acceleration greater than
0.1m/s2.

Subjects sat in front of a television in a
darkened room. Five markers were placed on
the subject’s face used to track the movements
of their mouth. One reference marker on the
nose and four around the mouth, Figure 3. A
digital video camera filmed the subject’s during
two five minutes sessions. During these
sessions subjects watched a video, one video
was watched passively and in the other the
subject responded to a cue by pressing on a
button. A computer analysed the movements of
the markers. Because dyskinetic movements
are typically between the 1 to 3 hertz a Fourier
transformation was applied on the data to
obtain the amount of movement between
these frequencies.

Method

The validity of assessing akathisia with the BARS and by means of
actigraphy was investigated in 99 patients with schizophrenia. 31% of
the patients had akathisia according to the DSM-IV criteria. Compared
to the DSM-IV criteria the sensitivity and specificity of the BARS was
better than the actigraphy recordings, because actigraphy was less
capable of distinguishing akathisia from other drug-induced
movement disorders.

In this study the activity of 10 patients with psychosis and akathisia
and 10 healthy controls was recorded throughout the course of a day.
Subjects also wore an extra actigraph around the waist. Patients
showed significantly more activity than controls during the controlled
resting condition (p < 0.01), especially the activity of the ankle.
Surprisingly, the amount of activity measured throughout the rest of
the day did not differ significantly.

40 patients with psychotic disorders participated in the study, 30
patients with orofacial TD and 10 without. The test was performed
twice and the test-retest reliability was very high (Pearson’s r = 0.940.99, p < 0.01). The concurrent validity with the video recordings and
orofacial dyskinesia items of the St. Hans Rating Scale (Spearman’s r =
0.59-0.70, p < 0.01) and AIMS (Spearman’s r = 0.54-0.61, p < 0.01)
were significant.
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34

Digitizer Tablet

Morrens M, Hulstijn W, 2006
van Hecke J, Peuskens J
& Sabbe BGC [37]

Technique

Key

Year

Manschreck TC, Maher 1985
BA, Waller NG, Ames D
& Latham CA [36]

Neurological Soft Signs

Authors

Subjects performed the symbol digit
substitution test and two trail making tests on a
digitizer tablet (Wacom) connected to a
computer. Subjects performed these tasks with
a digitizer pen and the movements of this pen
were recorded by the tablet. Based on this data
the researchers were able to derive additional
information about the subjects’ performances
on these tasks, such as the time while
drawing/writing with the pen (writing time) and
the time it took to find and match the digit with
the corresponding symbol (matching time).

The inability to synchronize movement with an
aural or a visual cue is a neurological soft sign.
The aim of the task in this study was to match
an auditory stimulus at a specific frequency by
pressing on a capacitance sensitive button. The
asynchrony between the stimulus and the
subjects’ responses was investigated, by
determining the average and SD interval
between button presses.

Method

30 patients with schizophrenia and 30 healthy controls performed the
symbol digit substitution test (SDST) and the trail making test on a
digitizer tablet. Patients performed the SDST significantly slower (p <
0.01) and matched less pairs correct than controls (p < 0.01).
Matching time and the number of correct pairs correlated
significantly with the trail making test and other conventional test for
neurological soft signs. Compared to controls patients required more
time to complete the trail making tests.

21 patients with schizophrenia, 8 patients with an affective disorder
and 16 healthy controls participated in the study. Patients with
schizophrenia were too slow to reproduce high frequency auditory
stimuli (300 beats per minute) correctly, their mean interval between
button presses was significantly that of controls and patients with an
affective disorder (p=0.02). Asynchrony between stimulus and
response was more discriminative, especially at low frequencies.
Analysis of variance showed significant group differences at 20
(p=0.01) and 40 (p<0.01) beats per minute. Post hoc analysis
identified that at 40 beats per minute asynchrony in the response of
subjects with schizophrenia was significantly worse than that of
controls and patients with an affective disorder.
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Figure 3. Top left: Schematic view of the instrumental setup
used by Nilsson et al. (1996) to capture and assess dyskinetic
movements of the mouth. Top right and bottom left: Photographs of an instrument used by Caliguiri et al. (1988 &
1989) to assess dyskinetic movements of the tongue. A force
transducer (C) is held in place in front of a subjects’ mouth
with an adjustable head brace. The subjects place their
tongue in a cup (A) that is connected to the force transducer, the data from the force transducer is used assess the
severity of dyskinetic tongue movements.
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3.2 Our research
Expanding on the designs of the instruments described in the first paragraph, our research group developed a series of instrumental assessments. This paragraph starts
with a brief introduction of the instruments we developed for the assessment of
movement disorders. The subsequent paragraphs provide summaries of two unpublished studies that investigated the feasibility of two of these instruments.

3.2.1 Instruments
As a part of this PhD project our research group developed four instruments for the
assessment of movement disorders and neurological soft signs related to motor control,
Figure 4, 5 & 6. (i) A bradykinesia assessment using wireless motion-capture sensors, (ii)
a redesigned instrument for the assessment of force variability in dyskinesia, (iii) an
assessment for orofacial dyskinesia using an infrared depth camera, (iv) and an app
featuring several touch screen based tasks designed to assess neurological soft signs
related to motor coordination.
1. Inspired by studies that used inertial sensors (accelerometers and gyroscopes) to
assess motor symptoms in patients with Parkinson’s Disease[16, 38], our research
group developed a similar instrument for the assessment of parkinsonism. Our instrument uses five wireless inertial sensors (MTw, XSENS, Enschede, The Netherlands) to record the movements of the dominant arm, leg and the trunk, Figure 4.
Parkinsonism is assessed by analysing the movements on four motor tasks, repeatedly (i) bending/stretching the elbow, (ii) rotating the forearm, (iii) lifting/stomping
the foot while seated as fast as possible for 30 seconds, and (iv) walking twenty meters at a normal pace. The recorded data is transmitted to a computer where a
software algorithm converts the recorded data into a score indicating the severity of
parkinsonism, Figure 4. We conducted two studies with this instrument: a pilot study
where we investigated the feasibility and discriminability of different motor tasks in
a group of bradykinetic patients and a group of healthy controls, see chapter 6, and
a large follow-up study in which the validity and reliability of this instrument was
studied, see chapter 7.
2. The first instruments designed to assess force variability in dyskinesia date back to
the early 90s[27, 28, 30]. These instruments are not portable and are costly, which
make them impractical for clinical use. Therefore, our research group developed a
modern, affordable and portable redesign of this instrument. Our instrument uses a
button load cell (LLB130, Futek) connected to a small USB AD converter (USB220,
Futek) and placed in a 3d printed casing, Figure 5[18, 30]. The load cell’s and AD
converter’s sensitivity and range are in line with the sensors described in previous
studies. Force variability is assessed by exerting a constant force of 0.3 Newton on
the button for 25 seconds. We developed simple and user-friendly software to dis-
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play the amount of force exerted on the load cell and a line indicating the target
force of 0.3 Newton on the computer’s screen, Figure 5.
3. The idea to use a camera to automate the assessment of orofacial dyskinesia is not
new[33]. However, thanks to technological advances affordable depth cameras are
now available on the market. With these cameras it is possible to track the movement of facial features such as the mouth, eyebrows, eyelids and jaw, fairly reliably,
without the placement of makers, Figure 5. We experimented with a setup that uses
a depth camera (Kinect v2, Microsoft) to record the movement of these facial features under three distinct conditions. (i) A resting condition in which subjects look
directly at the Kinect and two conditions where a (i) simple and a (ii) complex motor
tasks were performed to distract the subjects. The simple task was to repeatedly
close and open the hands and the complex task was to repeatedly touch both
thumbs to each finger on the same hand in order. The feasibility of this setup was
investigated by determining how well it can discriminate between a group of dyskinetic patients and a group of healthy controls. The findings of this unpublished study
are presented in paragraph 3.2.2.
4. The final instrument we developed is an app designed to assess signs of movement
disorders and neurological soft signs using a tablet or a smartphone, Figure 6. This
app includes a wide range of tasks that use the touch screen to assess things such as
movement speed, accuracy and reaction time. Tasks included in the app are: a digit
symbol substitution test, a trail making test, a velocity scaling test, three reaction
time tests (two with inhibitory conditions), a Corsi block test, and a tracing test. The
sensitivity of a selection of these tasks was studied by comparing a group of healthy
young individuals to a group of healthy adults. The findings of this unpublished study
are presented in paragraph 3.2.2.
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Figure 4. Left: One of the sensors and the wireless
docking station and one of the researchers wearing the full sensor setup. Top: The top left scatter
plot shows the instrument’s concurrent validity
with the Unified Parkinson’s Disease Rating Scale
in 64 patients with drug-induced bradykinesia (r =
0.82, p < 0.01). The top right scatter plot shows
the instrument’s test-retest reliability in 25 patients with drug-induced bradykinesia (ICC = 0.89,
p < 0.01). Bottom right: The software used to
record and assess the severity of bradykinesia. It
renders a 3d model of the sensor data in real-time
and analyses the velocity and amplitude of movement of four motor tasks.
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Figure 5. Left: Pressure sensitive button used that connects to a pc to assess force variability.
The pressure exerted on the indented side of the button is plotted in real-time on the pc and
converted to the respective force variability score.
Right: The Microsoft Kinect depth camera version 2. This camera automatically detects faces
and records the positions of many facial points over time. The movement of these points are
used to assess severity of orofacial dyskinesia.
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Figure 6. Top left: The blue and the red line
indicate the patients’ and controls’ average
orofacial movements (top: mouth opening/closing, bottom: puckering of lips) over their
frequency during three testing conditions (rest
and two distraction tasks) measured with a
depth camera. The light blue and red areas
represent the 95% confidence intervals. Bottom
left: The patients’ and controls’ average dyskinesia scores per facial region recorded using a
depth camera (scores are the sum of the
movements below three hertz recorded during
the three testing conditions, * p < 0.05). Bottom
right: Images from the movement disorder / soft
signs app, from left to right the memory task,
trace task and home screen.
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3.2.2 Unpublished studies
Two unpublished studies investigating the feasibility of instruments for the assessment
of movement disorders and neurological soft signs. The first study used a depth camera
to study orofacial dyskinesia. The second used a tablet to investigate movement disorders and neurological soft signs.
Assessing orofacial dyskinesia with a depth camera
The orofacial signs of dyskinesia are very difficult to assess reliably using conventional
rating scales. Even when assessments are performed by psychiatrists that have extensive experience with the Abnormal Involuntary Movement Scale, interrater reliability
tends to be low to moderate for the items pertaining to the face, lips, jaw and tongue,
and the interrater reliability of inexperienced psychiatrists on these items is even
worse[33, 39]. Nillson et al.[33] demonstrated that it is possible to obtain reliable scores
independent of the examiners’ judgements. This was achieved by capturing the movement of reflective markers that were placed on the patients’ faces, Figure 3. These findings and the advent of affordable markerless motion capture cameras such as the Kinect (Microsoft) inspired us to design an instrument for the assessment of orofacial
dyskinesia without the hassle of placing markers. To determine whether or not the
Kinect camera is sensitive enough to capture the movements associated with orofacial
dyskinesia we conducted a pilot study. We hypothesized that the data recorded by the
Kinect can be used to distinguish dyskinetic patients from healthy controls.
Five inpatients were recruited from the long-stay department of the mental hospital
GGZ Centraal. Patients were eligible for inclusion if: (i) they were diagnosed with schizophrenia or a related disorder (DSM-IV, 295.x), (ii) on antipsychotic treatment, (iii) older
than 18 years, and received a score of two or more on one of the first five items of the
St. Hans rating scale dyskinesia subscale. For the control group, five healthy individuals
were recruited from the hospital staff. Control subjects were excluded if they had any
disorder that could affect movement in the orofacial region. We opted for a small scale
pilot study to investigate the whether or not the Kinect is sensitive enough to substantial differences in orofacial dyskinesia. Based on this study’s findings we can determine
if further research is warranted and not an unnecessary burden on patients. Two groups
of five subjects is enough to significantly (p < 0.05, power 0.8) detect large differences
in severity TD (effect size >= 1.35 (Cohen’s D)).
An infrared 3D depth camera (Kinect version 2, Microsoft) was used to record the
movements of 65 facial landmarks (for example: the corners of the mouth, tip of the
nose, eyebrows, and jawline) in the x, y and z direction, see Figure 5. The selection of
these landmarks was based on the regions in which orofacial typically presents itself
(lips, jaw, and eyelids and brows). An investigation took about five minutes to complete,
during which a participant sat in a chair facing the Kinect. Orofacial movement was
recorded during three experimental conditions: (i) looking at the Kinect for 30 seconds,
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(ii) looking at the Kinect and repeatedly tapping each of their fingers with their thumb
for 45 seconds (performed with both hands and mirroring the movements), (iii) looking
at the Kinect and fully opening and closing both hands for 45 seconds (i.e. extending the
fingers and making a fist). Between each condition subjects were given one minute of
rest.
Matlab (version 2015, Mathworks) was used to extract and process the movements
from the data recorded by the Kinect. 5 facial regions in which TD is common were
analysed; the lips, cheeks, jaw, eyes and eyebrows. In total 30 parameters were recorded, two parameters from each of the five regions for all three conditions. The opening/closing of the mouth (smacking) and the puckering of the lips were determined by
calculating the relative velocity between the top and bottom lip and the corners of the
mouth respectively. Similarly, the squinting of the eyes (right and left) was defined as
the relative velocities between the top and bottom eyelids. The jaw and cheek movements (right and left) were defined as their relative velocities respective of the tip of the
nose. Finally, the movements of the eyebrows (right and left) were defined as their
relative velocities to the inner corner of the eyes. The relative velocities of each of these
facial areas were then interpolated to assure that the Fourier transformation of each
subjects’ recordings returned an equal amount of frequency bins. The Fourier transformation was applied using Welch’s method (the pwelch command in Matlab using the
default settings) to compensate for the measurement errors (noise and drift of the
facial landmarks x, y and z coordinates). The final dyskinesia scores for each recorded
facial area were determined by calculating the average relative velocities of the movements in the 0 to 3 Hertz range. These scores were calculated by adding up all the frequency bins below 3 Hertz for their respective facial areas. To investigate the group
differences between patients and controls, independent t-tests were performed assuming unequal variances. Differences were considered significant for p-values below 0.05.
Three male and two female patients and one male and four female controls were
recruited. The patient and control groups respective ages were 53 SD 10 and 48 SD 12
years. Figure 6 shows the orofacial dyskinesia scores of the patients’ and controls’ facial
regions in rest and during both active conditions. In certain regions measurement errors
were more severe, especially for jaw, cheeks and eyebrows and on the left side of the
face. The Kinect recorded the movements of the lips and eyes more accurately. Differences between patients and controls were most noticeable when they were in rest,
patients showed significantly more smacking of the lips (opening/closing of the mouth)
(p=0.05) and a more pursing of the lips (p=0.07). In the opening closing hands task patients also smacked their lips significantly more than controls (p=0.05). During the finger
tapping test controls showed significantly more squinting eye movements than patients
(p=0.01). Figure 6 also shows the differences in the relative velocities over frequency of
the lip smacking and puckering movements between patients and controls. The difference in relative velocity between patients and controls being most notable in the frequency bins below 0.5 Hertz.
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The results of this pilot show that it is possible to distinguish dyskinetic patients from
healthy controls with a depth camera and without the use of markers. The largest differences we found between dyskinetic patients and controls were in the low frequency
movements (below 0.5 Hertz) of the mouth, Figure 6. These differences could be attributed to dyskinetic movements, however the pattern and frequency of dyskinetic
movements are irregular. Due to their irregularity, dyskinetic movements are difficult to
distinguish from other movements via an automated algorithm. Yet considering our
findings it is feasible that most dyskinetic movements of the mouth occur once every
two seconds. There are also hard- and software limitations to the automated assessment of the severity of orofacial dyskinesia. The accuracy with which landmarks are
tracked by the Kinect and other affordable cameras depends on lighting conditions, skin
tone and distance and angle between the camera and the subject’s face. Although, the
Kinect’s infrared projector and sensor make it less dependent of these conditions than
regular cameras. Our findings suggest that the hardware and the software development
kit’s facial landmark tracking algorithm of the Kinect v2 do not perform well enough to
record subtle dyskinetic orofacial movements. The instrument only discriminated moderately between patients with mild/moderate dyskinesia and healthy controls without
dyskinesia, because the signal to noise ratio of the depth camera is too low for this
purpose. Therefore, we believe that further technical improvements are necessary
before (depth) cameras are accurate and reliable enough to outperform clinicians at
scoring subtle orofacial dyskinetic movements. For example, the implementation of a
facial landmark tracking algorithm that combines the depth and colour data recorded by
the Kinect to reduce noise[40]. In conclusion, we believe that in due time automated
camera based assessment of orofacial dyskinesia will help improve the diagnosis and
management of these symptoms
Tablet based assessment of signs of movement disorders and neurological soft signs
Although neurological soft signs (NSS) cover more than just motor control, several NSS
are strongly related to movement. Considering the correlation between cognitive and
motor symptoms in patients with schizophrenia[41, 42] and the fact that NSS can be
assessed with quite simple tasks, we thought it would be interesting to design an app
that can assess movement disorders and NSS.
Neurological soft signs (NSS) are similar to movement disorder in that they both affect the speed and accuracy of complex movements[43, 44]. Neurological soft signs also
affect the ability to sequence movements, and adapt movements in response to aural
and visual cues[43, 44]. The prevalence of NSS are very high in patients suffering from
mental illness[45], 95-100% compared to 0-8% in healthy peers[44]. NSS are often present well before the onset of the first psychiatric symptoms[46]. Therefore, they can
potentially help identify individuals at risk of developing a psychiatric disorder, which in
turn may help prevent them from developing a psychiatric disorder altogether[47].
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There are several test batteries that have been designed to assess NSS, such as the
Neurological Evaluation Scale. Many of the tasks on these scales lend themselves well
for digitalization, which makes it easier to administer and analyse them accurately.
Digitalization also makes it possible to record more aspects of these tasks than is possible when assessing them using a combination of pen and paper and visual inspection.
We developed and investigated an app that includes six tasks derived from / inspired
by the existing NSS scales, Figure 6. We hypothesized that digitalization of these tasks
improves their sensitivity and discriminability. Therefore, we conducted a pilot study in
which subtle differences in severity of NSS were compared between young and middleaged adults. Studies have demonstrated that there are subtle but significant differences
in reaction time, working memory and visuomotor skills between young adults, middle
aged adults and elderly[48-50].
Subjects were eligible for inclusion in the study when their ability to perform the
tasks was not inhibited by physical or mental disorders or by the use of substances that
affect their cognitive and motor skills. Individuals between 18 and 25 years old were
recruited for the young adult group and individuals that were at least 45 years old were
recruited for the middle-aged group. Subjects conducted all tasks while seated at a desk
with their dominant hand. A total of 9 tasks were administered, of which 6 were the
tasks that we developed for the app and 3 tasks that are used in existing rating
scales/tests for NSS. Table 2 details the 6 tasks in the app; tapping, velocity scaling,
reaction time, memory, trace and trail making.
The three remaining tasks were administered to confirm whether the digital tasks
scores are related to the severity of NSS. Two of the three remaining tasks were motor
tests from the UPDRS and the NES, the finger tapping task (UPDRS, Part III, item 4) and
the finger thumb opposition task (NES , item 16), The third task was a validated digital
version of the Corsi block test[51].
All nine tasks are administered four times. The first attempt is a practice attempt
and its scores are dismissed, the three following attempts are used to investigate their
test-retest reliability. Differences in the average scores of the three tests are compared
between the young and middle-aged adults using t-tests or Mann-Whitney U tests (depending on the distribution of the scores). Test-retest reliability is investigated with a
repeated measure ANOVA (or a Friedman test for the non-normally distributed data).
A total of 16 subjects participated in the study, 6 middle aged participants (56 SD 6.5
years, 50% male) and 10 young participants (21 SD 1 years, 60% male). Young adults
scored significantly better than the middle-aged adults on three of the six tasks in the
app: the reaction time (p=0.02, Cohens D=-1.3), trace (p=0.01, Cohens D=1.5) and Trail
Making (p<0.01, Cohens D=-4.0) tasks. Of the three validated tests, only one differed
significantly; the digital Corsi block test (p<0.01, Cohens D=1.9). The repeated measures
tests showed that none of the three attempts differed significantly from the others for
all but one task. On their third attempt at the trail making task subjects performed significantly better (Friedman’s F(1.4, 20)=3.8, p=0.05).
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Table 2 Overview of tasks in the app
Name

Description

Outcome

Tapping

Repeatedly tapping a finger on the Mean time between taps on screen.
screen as many times as possible
within 10 seconds.

Velocity Scaling

Swiping the finger from one target The average velocity of all the short
to another without releasing the
and long swipes are determined.
finger from the screen. 25 attempts Velocity scaling is calculated as the
are given and targets are randomly velocity of the short swipes over the
placed in one of two positions (short long swipes.
or far apart from each other).

Reaction Time

6 attempts are given to determine The average reaction times are
reaction time. An attempt is started defined for all the successful
by pressing on a large green
attempts as the time between the
rectangle in the centre of the screen.rectangle turning red and the tap on
The rectangle immediately becomes the rectangle.
yellow. The rectangle must be
tapped again as soon as it turns red
(random interval between one and
three seconds). (Tapping on the
yellow rectangle counts as a missed
attempt), Figure 6.

Trace

Three figures appear on screen in a
random order. After tracing the
entire figure with a finger the next
figure will appear until all three
figures have been traced.

Memory

Four rectangles are shown on
A point is awarded for each correct
screen. A sequence is presented as entry and a bonus point is given for a
by lighting any of the four rectangles correct sequence.
in a random order. After the
sequence has been presented it
must be entered by tapping the
rectangles in the same order. This is
repeated four times.

Trail Making

8 circles appear on screen numberedThe score is determined as the time
from 1 to 8. A line must be drawn it takes to complete the trail. Scores
from circle 1 to 8 without releasing are increased by 10% for each circle
the finger from the screen, Figure 6. that is drawn over in the incorrect
order.

Points are awarded for the accuracy
of the traces and the overall score is
determined by dividing the total
points by the time it took to
complete the task.

The trail making task discriminated exceptionally well between young and middle-aged
adults. The reaction time and trace test were also sensitive enough to detect the subtle
differences in psychomotor performance between these groups. Thus, it appears that
these tasks are well suited for assessing subtle differences in severity of Neurological
Soft Signs. On the other hand, the finger tapping, finger thumb and memory tests
showed a clear floor/ceiling effect, with all subjects achieving the minimum or maximum possible scores on the tests. Due to a design error on the velocity scaling task,
some of the subjects cheated by ignoring the distance between the targets, thus, the
scores on this task were not representative. The effect of age we found on the trace
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and trail making tasks are in line with previous studies[50, 52]. An explanation for the
significant differences found between the trail making, trace and Corsi block test tasks
could be that the cognitive ability of navigating and the integrity of the visuomotor
system diminishes with age[50, 53]. It has been demonstrated that reaction times increase significantly after the age of sixty[49]. Our findings show that some forms of
assessing reaction time may be sensitive enough to detect smaller differences in reaction time at earlier ages. Although the findings of this pilot study are promising and
indicate that several tasks on the app are promising for assessing subtle differences in
NSS our findings are at this stage inconclusive, because the power of the study is limited
due to its sample size and because it is not certain how well these findings translate to
patients with psychiatric disorders. Nevertheless, these findings do warrant further
research on the use of an app for the screening of NSS in patients at high risk for psychiatric disorders.

3.4 Summary
A wide range of instruments for assessing MDs have been developed and are being
developed. Numerous studies have demonstrated that these instruments are capable of
reliably assessing MDs and that they have considerable potential. The majority of these
instruments have focused on assessing parkinsonism and dyskinesia. These instruments
can be subdivided in three categories.
(i) Instruments with a high sensitivity[10, 11, 13, 14, 18, 23, 26, 27, 29, 30, 33, 54].
These instruments focus on assessing a certain specific aspect of a MD very accurately and can often reliably detect subclinical MDs.
(ii) Instrumental adaptations of clinical rating scales[19, 20, 38, 55, 56]. These instruments aim to preserve the face validity of the clinical scales on which they are based
on by automating the assessment of the respective scales’ tasks.
(iii) Ambulatory instrumental assessments[6, 25, 34]. These instruments aim to quantitatively assess MDs in patients, over a longer period, during the regular activities of
their daily lives.
The instruments in the first category lend themselves well for use in a laboratory or the
policlinic of a psychiatric hospital. Examples of potential applications are monitoring the
motor side-effects of antipsychotics and other medications or screening for subclinical
MDs in individuals at ultra-high risk of developing psychosis. Their face validity may be
limited as they typically focus on very specific aspects of MDs. Therefore, it is not entirely clear what these instruments are measuring and clinicians must take this into account
when interpreting their results[18, 28, 30]. Nevertheless, these instruments’ scores
have been shown to correlate well with clinical rating scales for MDs, and other factors
related to schizophrenia and antipsychotic treatment[12, 18, 32].
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The second category of instruments can help clinicians with their routine assessments. For these instruments to be practical enough to do so, they should not be too
expensive and the assessments should require minimal preparation. Therefore, it is
reasonable to assume that instruments that require several sensors to be secured to a
patient will not see widespread use by clinicians for their routine assessments. Nevertheless, these instruments do show that quantifying movement instrumentally is a valid
alternative to clinical rating scales and they eliminate the issue of the moderate interrater reliability that most scales have. Of course the issue of interrater reliability can be
solved by training examiners thoroughly and regularly keeping this up, but this is expensive and time consuming. Therefore, the ideal solution would be an instrumental adaptation of a rating scale that requires no extra preparation and makes the assessment
easier, for example by using a tablet fitted with a depth camera that can accurately
quantify a patient’s movements, without the use of markers, and instruct the clinician
and patient how to ideally perform the assessment.
Ambulatory assessment of MDs has the potential to be the most reliable method of
assessing MDs, as it eliminates the observer bias that limit the reliability of the clinical
rating scales as well as the other instrumental assessments. Nowadays many consumers
already use smartphones, smartwatches and activity trackers (actigraphs) to record
their movements. These devices can store tremendous amounts of information that
have a lot of potential to improve the monitoring and assessment of MDs. The biggest
challenge that must be overcome is to reliably analyse this data. Unlike the data from
the instruments in the other categories this data is far from standardized, the amount,
intensity, type, and time of activities performed and recorded varies day by day. Nevertheless, in order to achieve reliable results these instruments must be able to filter out
the aspects related to MDs from all this data. Fortunately, studies have demonstrated
that it is possible to train Artificial Neural Networks (ANN) to detect the features related
to MDs and to classify the severity of a MD from the actigraphy data[57, 58]. With the
increase in computational power and improvements in machine learning techniques,
accurate and reliable ambulatory assessment of MDs is only a matter of time.
The most important roadblock for the implementation of instrumental assessments
in clinical practice are technological advances. This is the driving force behind the large
number of instruments that have been developed, and the instruments that are currently under development. As a result expensive equipment quickly becomes outdated
when new technologies allow for more accurate and reliable means of assessing MDs.
Unfortunately, this makes it difficult for clinicians to decide in which instruments to
invest. There is also considerable risk that the technical support for an instrument will
cease or that no one else invests in the instrument and it is too much of a niche. Compared to clinical rating scales there are a lot more complications to instrumental assessments. Developing instruments for assessing MDs is more expensive than clinical
rating scales as software needs to be updated regularly, for example to fix bugs, when
new drivers are released or to support a new operating system. Furthermore, the lon-
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gevity of an instrument assessment is also dependent on the manufacturers of the
components, after a given period it is inevitable that a new version of an instrument
must be developed due to components no longer being available. Nevertheless, we
believe the market for instrumental assessments will be more than large enough to
warrant the investments of developing and marketing an instrument for assessing MDs.
In conclusion, instruments for assessing MDs have undergone a lot of development
over the last couple of decades. Many studies have demonstrated that they are capable
of reliably assessing MDs. We expect that the practical and economic roadblocks that
are currently preventing the widespread use of instruments for the assessments of MDs
will soon be overcome. Technology is advancing rapidly and a wider variety of accurate
and affordable sensors are being implemented in every day consumer products such as
smart phones and watches every year. We believe that the data collected by these
devices is of great potential for the assessment and monitoring of MDs.
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Abstract
Background: Drug-related movement disorders (DRMDs) reduce quality of life and contribute to medication noncompliance of patients with psychotic disorders. Little is
known about the epidemiology of DRMDs in relatively young patients a few years after
onset of psychosis. This is an important period to study, as the impact of the antipsychotic treatment on the long-term potentiation of the neural pathways associated with
psychotic disorders and DRMDs is still minimal. This study investigated the prevalence,
incidence, persistence, and clinical correlates of DRMDs in patients during their first
years after disease onset.
Methods: The Genetic Risk and Outcome of Psychosis study is a longitudinal study of
1120 relatively young patients with nonaffective psychosis and a mean age and illness
duration of 27 and 4 years, respectively. The following drug-related movement disorders were assessed at baseline and at the 3-year follow-up: parkinsonism, akathisia,
tardive dyskinesia, and tardive dystonia. We determined prevalence, incidence, and
persistence and investigated clinical correlates at and over the baseline and follow-up
assessment.
Results: Patients' mean age and illness duration at baseline were 27.1 and 4.3 years,
respectively. In 4 patients, 1 developed a DRMD over the 3-year study period. Prevalence, incidence, and persistence rates were highest for parkinsonism (32%, 21%, and
53%) followed by akathisia (9%, 5%, and 17%) and tardive dyskinesia (4%, 3%, and 20%).
Significant associations were found between DRMDs and the patients' age, IQ, and
psychopathology.
Conclusions: The prevalence, persistence, and incidence of DRMDs in this sample were
high despite the relatively young age, recent onset of the disorder, and treatment primarily with second-generation antipsychotics. These findings emphasize that screening,
diagnosis, and treatment of DRMDs are still important.
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Introduction
Drug-related movement disorders (DRMDs) are one of the main drawbacks of antipsychotic treatment as they often reduce quality of life[1] and can contribute to medication noncompliance[2]. Drug-related movement disorders are usually divided in earlyand late-onset disorders. Early-onset disorders such as parkinsonism (tremor, rigidity,
and bradykinesia) and akathisia develop after a relatively short period of antipsychotic
treatment, whereas late-onset disorders such as tardive dyskinesia and dystonia develop after months, years, or decades of antipsychotic treatment. With the introduction of
second-generation antipsychotics (SGAs), a substantial drop in the incidence of DRMDs
was expected as they have a lower DRMD risk profile than first-generation antipsychotics (FGAs)[3-5].
Many studies have reported prevalence rates of DRMDs and some incidence rates,
reporting high rates especially for patients treated with FGAs[3,4,6-8]. Typically, these
studies investigated patients on long-term antipsychotic treatment, often with a history
of both FGA and SGA treatment. In comparison, the incidence and prevalence rates of
DRMDs during the first years of antipsychotic treatment are relatively understudied[5],
especially for SGA treatment. The European First-Episode Schizophrenia Trial (EUFEST)
recently studied a large population over their first years of treatment 8,9 (age, 26 ± 6
years; illness duration, <2 years). They reported remarkably high DRMD prevalence
rates, as high as 34% for FGAs and 28% for SGAs[8]. In contrast, in a somewhat smaller
and younger population (age, 20 ± 2; illness duration, 4 ± 2), Gebhardt et al[5] reported
much lower prevalence rates of 1.1% to 5.4%, although subclinical signs of DRMDs were
found in 39.8% of their study population. Therefore, further research is warranted, as in
addition to these conflicting results, neither of these studies investigated DRMD incidence and persistence rates.
The Genetic Risk and Outcome of Psychosis (GROUP) study is a prospective study
following a naturalistic design that investigated a large, relatively young (age, 27 ± 7
years; illness duration, 4 ± 4 years) cohort during 3 years of antipsychotic treatment on
a wide range of clinical outcomes including DRMDs. Therefore, this sample is ideal for
studying the incidence, prevalence, and persistence rates of DRMDs relatively early in
the onset of the psychotic disorder with limited confounding by prior treatment[10] We
hypothesized that the prevalence rates of DRMDs in the GROUP study would lie between the low rates reported by Gebhardt et al and the high rates found in EUFEST by
Kahn et al. Second, to gain a better insight in the risks for developing DRMDs, we performed an explorative analysis of a wide range of potential clinical correlates for
DRMDs.
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Methods
Subjects
The GROUP study is a multicenter cohort study performed in the Netherlands and Belgium. The objective of the GROUP study was to investigate how the variation in expression and course of nonaffective psychotic disorders relates to genetic and nongenetic
factors in patients, their family members, and unrelated controls. Clinicians working in
the participating academic centers and nearby psychosis departments identified eligible
in- and outpatients being treated a nonaffective psychotic disorder and asked them for
their informed consent. The full cohort consisted of 1120 patients with nonaffective
psychotic disorders, their family members (1057 siblings and 919 parents), and 590 unrelated controls.11 Korver et al 10 described the details of the GROUP project extensively.
Among the GROUP study's cohort, this study investigated patients (i) with a Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition (DSM-IV) diagnoses of
schizophrenia and related disorders (DSM-IV 295.x) or other psychotic disorders (DSMIV 297.x/298.x)[11], (ii) on antipsychotic treatment, and (iii) who completed a DRMD
assessment at baseline or follow-up.
Table 1. Socio-demographic and clinical characteristics at baseline of patients having completed a movement
disorder assessment.
Age (years)
Gender (% male)
Ethnicity
Caucasian
Other
DSM-IV
Schizophrenia and related disorders
classification
Other non-affective psychotic disorders
Illness duration (years)
IQ (WAIS-III)
PANSS
General (range 16-112)
Positive (range 7-49)
Negative (range 7-49)
Antipsychotic Dose (DDD)
Generation
FGA
SGA
Both
Depot (% prescribed)
% Concomitant prescriptions of
anticholinergic medication(s)

n
828
828
828

Mean (SD)
27 (7)

Range
15-57

79
78
22
88
12

828
828
794
808
808
803
670
698

698
828

percentage

4 (4)
94 (15)
28 (8)
13 (5)
14 (6)
1.1 (0.7)

0-41
57-140
16-65
7-37
7-38
0.1-4.5
11
87
2
6
6

SD – standard deviation, DSM-IV – Diagnostic and Statistical Manual of Mental Disorders fourth edition, IQ –
intelligence quotient, WAIS-III – Wechsler Adult Intelligence Scale third edition, PANSS – Positive and Negative
Symptom Scale, DDD – World Health Organization’s daily defined dose, FGA/SGA – First/Second Generation
Antipsychotic.
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Measures
The GROUP study is a prospective and naturalistic study of patients' clinical outcomes;
these outcomes were assessed at baseline and at 3-year follow-up. The 3-year interval
is a compromise between the need of a long follow-up to investigate outcome of psychosis and the need of shorter intervals to detect fluctuations in clinical outcomes. To
prevent fatigue, assessments were recorded in 2 separate 2-hour sessions within a
week from each other. Because of the large size of the cohort, many raters were recruited. All raters followed a 3-day workshop and bimonthly follow-up training sessions.
Assessments included general demographics such as age and sex and clinical outcomes
related to DRMDs and psychosis. Psychotic disorders were diagnosed with the Comprehensive Assessment of Symptoms and History[12] and the Schedules for Clinical Assessment for Neuropsychiatry 2.1[13]. Psychopathology was assessed with the Positive
and Negative Symptom Scale (PANSS)[14]. The IQ was assessed with the third edition of
the Wechsler Adult Intelligence Scale (WAIS-III)[15]. These scales were administered at
baseline and at follow-up in addition to the DRMD scales listed below. The patients'
current prescription of antipsychotic medication(s) was registered at baseline and follow-up interviews, that is, type (FGA/SGA/both), method of administration (oral/depot),
and dose. Because patients were prescribed different antipsychotics, their doses could
not be compared directly. Daily defined doses (DDDs) describe the equivalent doses of
many antipsychotics; these equivalents are assigned and reviewed by researchers of the
World Health Organization. Thus, converting the dose(s) of each patient's prescribed
antipsychotic(s) to his or her total DDDs allowed us to investigate the overall effect of
antipsychotic dose on DRMDs. Prescription of anticholinergic medication(s) was also
registered.
Parkinsonism (Rest Tremor, Rigidity, and Bradykinesia)
Parkinsonism was assessed with the Unified Parkinson’s Disease Rating Scale (UPDRS)
Part III.16 This scale consists of 27 items (range, 0-4) and covers the 3 subdomains of
parkinsonism: rest tremor (5 items), rigidity (5 items), and bradykinesia (9 items). Clinical parkinsonism was defined as at least (i) a “mild” score on the tremor or rigidity
items, (ii) a “moderate” score on the other items, or (iii) a “mild” score on 2 or more of
the other items[4]. Clinical rest tremor, rigidity, and bradykinesia were, respectively,
defined as scoring a mild score or more on the rest tremor items, at least a mild score
on the rigidity items, and at least a moderate score or 2 mild scores on the bradykinesia
items.
Akathisia
Akathisia was assessed with the Barnes Akathisia Rating Scale (BARS)[17]. Clinical akathisia was defined as at least a mild score on the “global clinical assessment” item[17]
(range, 0-5).
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Tardive Dyskinesia
Tardive dyskinesia was assessed with the first 7 items of the Abnormal Involuntary
Movement Scale (AIMS)18 (range, 0-4). Clinical tardive dyskinesia was defined with the
Schooler and Kane criteria, that is, at least a moderate score or at least 2 mild scores[7].
Tardive Dystonia
Severity of tardive dystonia was assessed with a single item (range, 0-4) added to the
BARS.10 Clinical tardive dystonia was defined as a mild score or higher[19].
Statistical Analysis
STATA (version 12.1, StataCorp) was used for the statistical analyses. Release number
4.00 of the GROUP data set was investigated. Missing AIMS, UPDRS, and PANSS items
were replaced by mean scores of the nonmissing items when at most 1, 3, and 4 items
were missing, respectively. We opted for this approach over multiple imputation because most of the scores on the DRMD scale items were zero, and we found that multiple imputation was too conservative even in patients with non-zero scores on the other
items.
Prevalence, Incidence, and Persistence
Drug-related movement disorder prevalence, incidence, and persistence rates were
determined and the individual rates for parkinsonism (bradykinesia, rigidity, and tremor), akathisia, tardive dyskinesia, and tardive dystonia. Prevalence rates were determined at baseline and at follow-up, and incidence rates were determined over this 3year period. Persistence rates were defined as the percentage of patients that have a
DRMD at baseline and follow-up of the total patients with a DRMD at baseline that were
assessed at baseline and at follow-up.
Clinical Correlates
Multivariate regression models were used to identify potential correlates of DRMDs at
baseline and at follow-up. Because ranges of scores on the UPDRS, BARS, and AIMS
scales and the dystonia item vary, they were rescaled to a possible range of 0 to 100 to
improve their comparability (eg, C = A/B × 100, where C is the rescaled score, A is the
observed score, and B is the maximum range of the score). These 4 rescaled scores
were regressed on a 4-level factor that distinguishes the 4 DRMD outcomes and a number of additional covariates/predictors, detailed below, and their interactions with the
4-level factor. Because the 4 DRMD scores were clustered within patients, we allowed
residuals within patients to be correlated using an unstructured covariance matrix, also
allowing residual variances to differ across the 4 outcomes. Using a multivariate model
to analyze all 4 outcomes simultaneously allowed us to increase the power of the analysis by keeping the effect of several covariates constant over each DRMD outcome. In
addition, we obtained information on the correlation between the DRMDs themselves
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(after accounting for the influence of any predictors in the model). The covariates set to
interact with the 4-level factor (allowing the model to determine their respective associations with each individual DRMD) were age[3,20], ethnicity (Caucasian/other)[21],
prescribed antipsychotic dosage (DDD)[22-24], PANSS score negative items[3,6], PANSS
score positive items[3,20], and WAIS-III scale IQ score[25]. The covariates and a priori
confounders in the model set to have a constant effect over the DRMDs were
sex[22,25] and the number of prescribed antipsychotics[22], their type(s)
(FGA/SGA/both)[3], and method of administration (oral/depot)[3,22]. The other covariates in the model were incidence and persistence rates, which were not compared
among FGAs and SGAs because of the naturalistic design of the GROUP study and considering the 3-year interval between assessments.
Table 2. Prevalence and incidence of drug-related movement disorders and combinations thereof of all patients and patients on and off antipsychotic treatment.
Prevalence

Persistence1

Incidence

Baseline

Follow-up

n

%

n

%

n

%

n

%

DRMDs

828

39.3

447

36.5

249

24.5

148

54.7

Parkinsonism

813

31.9

440

31.4

268

21.3

117

53.0

Tremor

813

9.0

440

10.7

349

9.5

36

22.2

Rigidity

813

6.3

440

5.2

366

4.6

19

10.5

Bradykinesia

813

13.4

440

16.8

342

14.0

43

44.2

Akathisia

820

11.0

446

7.2

356

5.1

35

17.1

Tardive dyskinesia

821

3.7

446

3.6

383

3.1

10

20.0

Tardive dystonia

13

7.7

813

1.5

447

1.8

384

1.6

Parkinsonism & akathisia 806

5.5

439

3.0

242

1.2

Parkinsonism & tardive
dyskinesia

1.7

439

2.3

260

1.9

806

DRMDs – drug-related movement disorders.
This table only reports the combinations of DRMDs that are relatively prevalent (>1.0%).
1
Persistence was defined as the percentage of patients with a DRMD at both baseline and follow-up of all
patients with a DRMD at baseline whom completed the follow-up assessment, this was only determined when
at least 10 patients with a DRMD at baseline completed the follow-up assessment.

Results
Sociodemographic and clinical characteristics of the patients who met the inclusion
criteria are summarized in Table 1. Of the 1120 patients in the GROUP cohort, 828 patients completed at least 1 DRMD assessment and were eligible for inclusion in the
prevalence, incidence, and persistence analyses. At the follow-up assessment, 447 patients were eligible for analysis. The primary reason for the high attrition rate was patients lost to follow-up. A test of proportion showed that the patients who were lost to
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follow-up after the baseline assessment had significantly more DRMDs (z = -3.4, P <
0.01). Most patients were around the age of 30; 96 (12%) patients were younger than
20 years, 473 (57%) patients were between 20 and 30 years, 199 (24%) patients were
between 30 and 40 years, and 52 (6%) patients were older than 40 years. Table 2 lists
the prevalence, 3-year incidence and persistence rates of DRMDs, and most frequent
combinations thereof. The prevalence and incidence rates were highest for parkinsonism followed by akathisia, and the most prevalent combination of DRMDs was having
both parkinsonism and akathisia. Table 2 also lists the DRMDs persistence rates. Parkinsonism (especially bradykinesia) was the most persistent DRMD. A test of proportion
showed that akathisia was significantly more prevalent in FGAs than SGAs at baseline
(22.4%/9.9%, P < 0.01); there were trends toward akathisia being more prevalent in
FGAs at follow-up (13.5%/5.9%, P = 0.08) and parkinsonism being more prevalent in
FGAs at baseline (39.7%/29.8%, P = 0.08). The prevalence of the other DRMDs did not
differ significantly between patients treated with FGAs and SGAs. We also investigated
the difference between the 2 most frequently prescribed SGAs olanzapine (26%/20% of
patients at baseline/follow-up) and risperidone (20%/13% of patients at baseline/follow-up). There were no significant differences in the prevalence of DRMDs between patients treated with olanzapine or risperidone. Only a trend toward baseline
akathisia being more prevalent in the patients treated with risperidone was observed
(13.1%/7.5%, P = 0.07).
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57-146

IQ (WAIS-III)1

-.08 (-1.09, 0.93)

0.0-5.0

7-29

7-39

65-146

Antipsychotic dose (DDD)

Positive symptoms (PANSS)

Negative symptoms (PANSS)

IQ (WAIS-III)1
.014

.000

.170

.877

.818

.167

.000

.000

.244

.865

.559

.002

.01 (-.04, .06)

.00 (-.01, .02)

.03 (.01, .04)

.02 (-.06, .10)

-.00 (-.18, .17)

.00 (-.01, .01)

-.03 (-.07, .01)

.01 (-.00, .02)

.02 (.00, .03)

-.04 (-.13, .05)

.00 (.15, .15)

-.00 (-.01, .00)

.741

.844

.002

.665

.956

.694

.180

.246

.011

.422

.987

.308

p-val

-.04 (-.15, .06)

.00 (-.03, .04)

.04 (.01, .08)

.15 (-.05, .34)

.12 (-.25, .50)

-.00 (-.03, .02)

-.01 (-.08, .06)

.03 (.01, .05)

-.02 (-.04, .00)

.10 (-.06, .26)

-.14 (-.39, .10)

.00 (-.01, 0.2)

Beta (95% CI)

Tardive dyskinesia
(AIMS (0-28))

.412

.836

.015

.137

.526

.797

.789

.002

.100

.225

.258

.773

p-val

-.00 (-.03, .03)

-.00 (-.01, .01)

.01 (-.00, .02)

.07 (.02, .12)

.04 (-.08, .15)

-.00 (-.01, .1)

-.02 (-.04, .00)

.00 (-.00, .01)

.00 (-.00, .01)

-.01 (-.05, .04)

0.00 (-.07, .07)

.00 (-.00, .01)

Beta (95% CI)

.970

.478

.138

.012

.518

.775

.064

.416

.189

.801

.943

.311

p-val

Tardive dystonia (Dystonia
item (0-4))

DRMDs – Drug-related movement disorders, UPDRS – Unified Parkinson’s Disease Rating Scale, BARS – Barnes Akathisia Rating Scale, AIMS – Abnormal Involuntary Movement Scale, 95% CI – 95% Confidence Intervals, DDD – World Health Organizations Daily Defined Dose equivalent, PANSS – Positive and Negative Symptoms Scale, IQ –
Intelligence Quotient, WAIS-III – Wechsler Adult Intelligence Scale Third Edition.
The beta coefficients and confidence intervals in this table represent changes on the respective DRMD scales (i.e., on average a ten year older patient scores 1.2 point
higher on the UPDRS assuming the patients’ other independent variables are comparable). The reported independent variables were corrected for the a priori confounders
gender and the number of prescribed antipsychotics, their generation (FGA/SGA/Both), and method of administration (oral/depot). We found that prescribing multiple
antipsychotics significantly increased the severity of DRMDs (p=.003), this was found only at the follow-up assessment. Coefficients in bold are considered significant
(p<.010).
1
Average difference in DRMD score per ten IQ points.

-.70 (-1.26, -.14)

.35 (.18, .52)

.14 (-.06, .33)

-.24 (-2.24, 1.77)

.09 (-.04, .21)

-.66 (-1.02, -.31)

.41 (.31, .51)

Ethnicity (not Caucasian)

Age (years)

18-56

7-38

Negative symptoms (PANSS)

Follow-up:

7-37

Positive symptoms (PANSS)

-.06 (-.17, .04)

.07 (-.73, .87)

0.1-4.5

Antipsychotic dose (DDD)

.12 (.04, .19)

Beta (95% CI)

Beta (95% CI)

p-val

Akathisia
(BARS (0-5))

Parkinsonism
(UPDRS (0-108))

-.38 (-1.65, .89)

15-57

Range in
sample

Ethnicity (not Caucasian)

Age (years)

Baseline:

DIMD
(Scale (total range))

Table 3. Multivariate model results: Regression coefficients of the correlates for parkinsonism, akathisia, tardive dyskinesia, and tardive dystonia scores at baseline (n = 630)
and follow-up (n = 301).
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Table 3 presents an overview of the clinical correlates at baseline and follow-up. Patients with a combined antipsychotic World Health Organization defined daily dose
equivalent greater than five (n = 28) affected the mixed-effects model substantially and
were excluded from the analysis, as their antipsychotic dose values were presumably
incorrectly registered during their baseline and/or follow-up interviews. A total of 630
patients completed all required assessments for the regression analyses at baseline and
were investigated in the model, and 301 patients were investigated in the model of the
follow-up data. The association between negative psychopathology symptoms (PANSS
negative score) and parkinsonism (UPDRS score) was the only association significant at
both baseline and follow-up, with patients scoring on average 0.41 [95% confidence
interval (CI), 0.31-0.51] and 0.35 (95% CI, 0.18-0.52) points higher on the UPDRS for
each 1-point increase on the PANSS negative scale. There was also a significant association between cognitive functioning (WAIS-III IQ scores) and parkinsonism: UPDRS scores
were on average 0.66 (95% CI, 0.31-1.02) and 0.70 (95% CI, -0.14 to 1.26) points lower
for every 10 additional IQ points. However, this association was only significant at baseline. Table 4 reports the strengths of the correlations between the DRMDs at baseline
and follow-up. Significant correlations were found between parkinsonism and akathisia,
parkinsonism and tardive dyskinesia, and akathisia and tardive dyskinesia. These correlations remained significant after correcting for the confounding variables in the regression models.
Table 4. Baseline and follow-up Pearson correlation coefficients between drug-related movement disorders
and the respective correlation coefficients adjusted for the independent variables in the regression model.
Parkinsonism

Akathisia

Pearson

Adjusted

baseline

0.22

0.19

follow-up

0.12

0.07

baseline

0.18

follow-up

0.31

baseline
follow-up

Tardive dyskinesia

Pearson

Adjusted

Pearson

Adjusted

0.14

0.11

0.10

0.27

0.20

0.18

0.07

0.03

0.03

0.04

0.02

0.12

0.00

0.02

0.03

0.12

0.11

0.07

Parkinsonism (UPDRS)
baseline
follow-up
Akathisia (BARS)

Tardive dyskinesia (AIMS)

Tardive dystonia

UPDRS – Unified Parkinson’s Disease Rating Scale, BARS – Barnes Akathisia Rating Scale, AIMS – Abnormal
Involuntary Movement Scale. The Pearson correlation coefficients were determined for the same patients
that were included in the regression models. Significant correlations are marked in bold (p<0.01).
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Discussion
This study shows that the prevalence and incidence rates of DRMDs can be high even in
a relatively young population predominately treated with SGAs. This stands in contrast
with the idea that SGAs are associated with low DRMD incidence and prevalence rates.
At baseline and follow-up, the DRMD prevalence rates of the GROUP cohort were 39.3%
and 36.5%, respectively, and the incidence rate was 24.5%. Parkinsonism was the most
common DRMD with an incidence rate of 21.3% and prevalence rates of 31.9% and
31.4% at baseline and follow-up. Parkinsonism was also the most persistent DRMD,
persisting over baseline and follow-up in 53.0% of the patients.

Prevalence Rates
The baseline prevalence rates of DRMDs in the GROUP cohort were remarkably high
(39.3%). This could be of substantial clinical impact as DRMDs are known to cause discomfort in affected individuals[1] and may affect functioning in daily life and contribute
to noncompliance of antipsychotic treatment[2]. The 3-year follow-up data also show
high prevalence rates of DRMDs (36.5%). With a test of proportions, we found that only
the prevalence of akathisia is slightly but significantly lower at the 3-year follow-up. This
study's DRMD prevalence rates are in line with the reports of the EUFEST study, which
investigated patients with similar characteristics[8,9]. However, this study did report a
lower prevalence rate for parkinsonism (11%) compared with our findings (31%-32%).
This discrepancy could be caused by the recruitment of antipsychotic-naive patients in
their baseline sample and the higher prescription rate of anticholinergic medication in
their study. Another recent study reported even lower prevalence rates for parkinsonism (2%) and akathisia (1%) in a population 7 years younger[5]. This is unexpected as
the poor prognosis of individuals with an early onset of schizophrenia[26] might also
suggest an increased risk for DRMDs. Nevertheless, these authors did find high prevalence rates of subclinical parkinsonism (26%) and akathisia (12%)[5]. It could be that the
rating scale they used (Simpson Angus Scale) is less sensitive for detecting parkinsonism
than the rating scale (UPDRS) used in our study[27]. However, this alone cannot account
for the difference in prevalence of parkinsonism with our study. In summary, our findings show that DRMDs prevalence rates are high even in relatively young patients with
relatively brief exposure to predominately SGA treatment.

Incidence
One in 4 patients without a DRMD at baseline had a DRMD at 3-year follow-up, and
together with the high prevalence of DRMDs at baseline, this finding indicates that most
of the patients in the GROUP study have had a DRMD at some point in time. Besides
being the most prevalent DRMD, parkinsonism also had the highest incidence. A few
other studies reported similar DRMD incidence rates for parkinsonism (22%), akathisia
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(4%), and extrapyramidal symptoms (15%-30%)[3,23,28-30]. However, these studies
investigated populations with an increased risk of DRMDs (especially parkinsonism) as
their patients were considerably older on average[23] and predominately treated with
FGAs[3,25]. We therefore expected our sample to have lower DRMD incidence rates but
found that DRMDs incident rates in relatively young patients are remarkably high.
The low incidence of tardive DRMDs in this study was in line with our expectations,
as the risk of developing a tardive DRMD increases with the cumulative exposure to
antipsychotics[31]. The cumulative exposure to antipsychotics was modest in the sample we studied. The clinical implications of developing a tardive DRMD can be substantial, as significant associations between tardive dyskinesia, dopamine supersensitivity
psychosis, and treatment-resistant schizophrenia have been reported[32]. A metaanalysis of 11 studies comparing incidence rates of tardive dyskinesia reported a mean
annual incidence of 2.1%[28], which is similar to our study (3.1%). The incidence of
tardive dystonia was in line with previous reports (0%-0.7%)[23,30]. Overall, the high
incidence rates we found indicate that DRMDs are a considerable problem that most
patients are likely to experience during the first years of their antipsychotic treatment.

Persistence
In this study, persistence was defined as having a DRMD at baseline and at follow-up.
Persistence is a measure to determine the extent of the burden caused by DRMDs. This
study shows that more than half of the patients with parkinsonism at baseline also suffered from parkinsonism at follow-up. Few other studies reported persistence rates.
When reported, persistence rates of extrapyramidal symptoms (81%)[29], parkinsonism
(56%)[33], akathisia (5%-67%)[33], and tardive dyskinesia (28%-80%)[29,33] vary substantially. These studies differ from the current study as they investigated older patients
on long-term antipsychotic treatment and assessed DRMDs more frequently and on
shorter intervals[29,33]. Therefore, it was expected that this study's persistence rates
would be lower, as the chance of a DRMD persisting over this study's 3-year follow-up
period is lower in comparison to the other studies' shorter measurement intervals.
Although the persistence rates for parkinsonism (53%), akathisia (17%), and tardive
dyskinesia (20%) determined in our study are slightly lower than the previously reported
rates, they are still quite high when taken into account that our study sample is significantly younger and was predominately treated with SGAs for a relatively brief period.

Drug-Related Movement Disorder Correlates
The large sample and wide range of outcomes investigated in this study offered us the
opportunity to investigate the associations between DRMDs and potential correlates.
The strongest associations that were found in this study were the interrelationships
between DRMDs. Parkinsonism and tardive dyskinesia, and akathisia and tardive dyskinesia were significantly correlated at baseline and follow-up even when we adjusted for
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the effects of confounders. At baseline there was also a significant correlation between
parkinsonism and akathisia. Previous studies have also reported that extrapyramidal
symptoms[3,21] (akathisia and parkinsonism[20]) and tardive dyskinesia are interrelated. Our model also confirms that parkinsonism is significantly associated with age, IQ,
and negative symptoms[3,6,25]. However, the association that we found between age
and severity of parkinsonism was relatively weak. On average, a 10-year older patient
only scored 1.2 more points on the UPDRS. As the association between parkinsonism
and age is much stronger in older populations[3,23], we believe the risk for parkinsonism increases nonlinearly with age. Interestingly, we found that parkinsonism, IQ, and
negative symptoms were significantly associated with each other and seem to be interrelated. Several other studies have also reported significant correlations between parkinsonism and cognitive deficits[6,25], parkinsonism and negative symptoms[6], and
cognitive deficits and negative symptoms[34]. The interrelationship between motor,
cognitive, and negative symptoms supports the theory that these symptoms are integral
symptoms of schizophrenia and other psychotic disorders, as proposed in the neurodevelopmental hypothesis[35]. This hypothesis is further supported by studies that have
shown that cognitive, motor, and social impairment are common in individuals destined
to develop schizophrenia[35], and other studies reporting that functional outcome and
response to treatment are associated with increased severity of cognitive[36], motor[37], and negative symptoms[38]. Therefore, regularly assessing DRMDs can improve
the accuracy of the diagnosis, which may result in a better prognosis of schizophrenia.
Nevertheless, akathisia and tardive dyskinesia[20] were only weakly associated with
psychopathology in this study, and they were not associated with IQ. This suggests that,
in contrast to parkinsonism, akathisia and tardive dyskinesia are not interrelated with
cognitive functioning and psychopathology, and the conflicting reports by other studies
support this[20,24,39]. Several studies have reported an association between antipsychotic treatment and severity of DRMDs[3,20,23]. We did not find any significant associations between severity of DRMDs and antipsychotic treatment with our model. An
explanation could be that relevant changes in antipsychotic treatment in response to
DRMDs were not recorded by this study. As this study used a naturalistic design and we
only recorded the current antipsychotic treatment at baseline and at 3-year follow-up,
changes in antipsychotic treatments before baseline or between baseline and follow-up
were not recorded. However, when confounders were not controlled for, opposed to
the regression models, we did find that akathisia was significantly more prevalent in
patients treated with FGAs than SGAs. In addition, akathisia was almost significantly
more prevalent in the patients treated with risperidone as opposed to the patients
treated with olanzapine. The low prevalence of akathisia in patients treated with
olanzapine is in accordance with a previous study[8]. Findings of previous studies on the
relation between sex and DRMDs are conflicting[3-5,21,23]. Our model did not find an
association between sex and DRMDs; therefore, we think it is unlikely that the association between sex and DRMDs is strong. Overall, these associations underline the diag-
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nostic and prognostic value of DRMDs, which may have been overlooked, especially
considering that tardive dyskinesia has been associated with dopamine supersensitivity
psychosis and treatment-resistant schizophrenia[32] and that subtle spontaneous
DRMDs are present in individuals at ultrahigh risk for psychosis[40] and family members
of patients with schizophrenia[19].

Strengths and Limitations
This is one of few studies to investigate DRMDs in a large sample of relatively young
patients a few years after onset of psychosis. It enabled us to assess DRMDs with minimal confounding by extended and diverse prior antipsychotic and other treatments.
Furthermore, the large size of the investigated cohort and the use of specific (valid and
reliable) rating scales for each DRMD and the fact that we assessed not only prevalence
but also incidence and persistence of DRMDs are the most important strengths of this
study. These aspects greatly benefit the generalizability of our findings. In addition, they
provided us with enough statistical power to investigate the associations of DRMDs with
a wide range of clinical and sociodemographical factors.
It is likely that the incidence, persistence rates, and the prevalence rates at followup were even higher than the figures we reported, as the DRMD baseline prevalence
rates for the group of patients that were lost to follow-up after the baseline assessment
were significantly higher than those of the patients that also completed the follow-up
assessment.
A limitation of this study was that the time window between baseline and follow-up
(3 years) may have been too broad to detect all relevant fluctuations of DRMDs, antipsychotic treatment, and psychopathology. Considering that the incidence and persistence rates were determined by data from these 2 time points, and not by cumulative
data, we think that the rates we found may even have been an underestimation. Furthermore, the naturalistic design of this study may have also limited the possibility to
investigate associations between treatment and DRMDs, as treatment may have been
altered because of DRMDs.

Conclusions and clinical implications
This study shows that DRMDs occur frequently in relatively young patients predominately on SGA treatment. The high incidence and persistence rates result in many patients having DRMDs merely a couple of years after developing psychosis. This is concerning as DRMDs have a substantial negative impact on the quality of life of these
patients. This underscores the importance of accurate monitoring of DRMDs even in the
early years of treatment of psychotic syndromes. Furthermore, to some extent, DRMDs
may be of prognostic and diagnostic value for schizophrenia and other psychotic disor-
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ders, as they have been related to psychopathology and cognitive functioning, which
has been confirmed by our findings. Furthermore, they also share a similar underlying
neuropathology, and movement disorders occur in antipsychotic-naive patients as well.
Therefore, we recommend future studies to explore the use of movement disorders for
the diagnosis and prognosis of psychotic disorders.
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Abstract
Objective: Tardive dyskinesia (TD) is an antipsychotic-induced movement disorder that
typically occurs after long-term exposure to antipsychotic drugs. There is evidence that
switching to clozapine reduces TD. This meta-analysis reviews the effect of switching to
clozapine on the severity of TD.
Data Sources: The PubMed, PsycINFO, and Embase databases were searched for clozapine, TD and related keywords. The search was restricted to articles written in English
and Dutch and it was last updated on October 13, 2015.
Study Selection: 16 studies were included in the meta-analysis. Inclusion criteria were a
diagnosis of schizophrenia or a related disorder, a switch to clozapine monotherapy and
reports of scores on a TD rating scale before and after the switch to clozapine.
Data Extraction: Two independent investigators extracted the data. Data were converted to standardized mean change scores and analyzed in a random-effects model.
Results: A random-effects model showed that overall effect of switching to clozapine
significantly reduces TD (npatients=1060, d=-0.40, p<0.01). Especially in the four studies
that investigated the severity of TD as a primary outcome (npatients=48, d=-2.56, p=0.02).
Conclusion: The overall results show that clozapine treatment can yield a slight reduction in TD. The severity of TD reduced greatly in patients with moderate to severe TD. In
patients with minimal to mild TD switching to clozapine seldom worsens TD and trends
towards a reduction. These results support that a switch to clozapine should be considered for patients with moderate to severe TD and/or patients that experience substantial discomfort due to TD.
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Introduction
Antipsychotic drugs are used extensively for the treatment of schizophrenia and other
mental illnesses, to control mental symptoms[1], and reduce the risk of relapse in schizophrenia[2]. Unfortunately, many adverse events and side-effects have also been associated with antipsychotic treatment[3].
Tardive dyskinesia (TD) is a long-term side-effect of antipsychotic treatment characterized by repetitive, abnormal, persistent, purposeless, and involuntary movements[4].
Typically it presents itself as twisting tongue-movements (that in severe cases can protrude from the mouth), jaw movements, lip smacking/puckering/pursing, and eye blinking[5]. Several studies have reported that the risk of TD increases with age and preexisting extrapyramidal symptoms[6]. Consequently, TD is quite prevalent in adult and
elderly populations with schizophrenia; reports range from 13% to 40%[7,8]. Secondgeneration antipsychotics have a reduced risk for TD, compared to first-generation antipsychotics. Nevertheless, second-generation antipsychotics also increase the risk for TD;
a meta-analysis reported that average yearly incidence of TD, for adult and elderly patients treated with second-generation antipsychotics, is respectively 0.8% and 5.3%[9].
TD has been linked to poorer quality of life[10] and increased mortality[11], and is
socially stigmatizing for patients. As of 2017, the first two treatments for managing TD
have been approved by the U.S. Food and Drug Administration, the vesicular monoamine transporter-2 (VMAT-2) inhibitors valbenazine and deutetrabenazine[12-14]. Earlier,
the management of TD relied on off-label use of treatments of which many lack hard
evidence. Previous meta-analyses have investigated the effectiveness of adding anticholinergic medication[15], benzodiazepines[16], calcium channel blockers[17], cholinergic
medication[18], gamma-amino butyric acid agonists[19], reduction/cessation of antipsychotic treatment[5], vitamin E supplementation[20], and other miscellaneous treatments[21] for TD. None of these reviews found decisive evidence for the effectiveness
of these treatments. However, switching current antipsychotic treatment to clozapine
monotherapy has been reported as an effective strategy to reduce TD[22-24].
In 2001, a meta-analysis investigated the effectiveness of clozapine as a treatment
for TD in a secondary analysis[22]. The data in this study suggested that clozapine was
associated with a reduction of TD. However, this effect was nonsignificant and most
likely because that analysis only consisted of three small studies. The aim of the present
meta-analysis is to further investigate the effect of a switch to clozapine monotherapy
on the severity of TD. TD has been observed in a variety of neurological and mental
disorders. We elected to narrow our investigation to patients with schizophrenia to
maintain a more homogenous group of patients. Moreover, patients with schizophrenia
are usually on long-term antipsychotic treatment. Our primary hypothesis is that clozapine effectively reduces the severity of TD in patients with clinical levels of TD (moderate
to severe). As studies that report the effect of switching to clozapine in patients with
clinical TD are scarce, we extended our search to studies that investigated a switch to
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clozapine and reported TD as a secondary outcome. However, the majority of the patients in these studies have subclinical levels of TD (mild to none). Therefore, as a secondary hypothesis, we hypothesized that clozapine does not induce nor increase the
severity of TD in patients without or with sub-clinical TD.

Methods
Data Sources
Two systematic searches were conducted using Embase, Medline, and PsychInfo, in
week 41 of 2013 and week 42 of 2015. We searched for the keywords “clozapine” and
“tardive dyskinesia” and all their related keywords (Table 1 lists all keywords used in the
searches). We obtained the related keywords from the databases’ respective thesauruses (Emtree, MeSH, and Thesaurus of Index Terms) and we also included the names
and abbreviations of rating scales used to assess TD. These keywords were added to
prevent the exclusion of studies that have not yet been assigned MeSH/Index terms by
the databases. The reference lists of articles fulfilling all criteria were hand-searched for
other relevant studies. Authors of articles published after 1995 that measured TD but
did not report it were contacted by e-mail. All the authors we contacted were asked if
they had unpublished work relevant to this meta-analysis.
Full-text versions of all potentially relevant papers were obtained. References were
entered into an Endnote database and duplicates were removed. Further data entry,
storage, and management were done by creating appropriate forms using Microsoft
Access.

Study inclusion
Figure 1 details the inclusion of the studies. The selection of articles in the screening
process was restricted to articles written in English or Dutch, without restrictions regarding the year of publication. The inclusion of studies was restricted to studies that
investigated patients (i) diagnosed with schizophrenia, (ii) that switched their medication towards monotherapy with clozapine, (iii) and were assessed for TD on a rating
scale (i.e., the Abnormal Involuntary Movement Scale, Extrapyramidal Symptom Rating
scale, Simpson Dyskinesia Scale, or Drug-Induced Extrapyramidal Symptoms Scale) at
least once prior to switching to clozapine and once after. When studies reported multiple follow-up assessments, the last data point was used to ensure that any effects of
prior antipsychotics had worn off. Case reports and retrospective studies that did not
assess TD at fixed intervals were excluded. To include more studies, the screening was
extended to studies that assessed TD as a secondary outcome, because we expected
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that there would only be a few studies that investigated TD as a primary outcome in
patients with clinical levels of TD.
Table 1. List of the keywords used in the electronic search
Keywords related to clozapine
“Clozapine”, “Clozaril”, “Leponex”, “lapenax”, “wander compound”, “zapen”, “lozapin”, “lozapine”, “sizopin”,
“versacloz”, “zaponex”, “alemoxan”, “azaleptin”, “clopine”, “clopsine”, “clozapin”, “denzapine”, “dorval”,
“dozapine”, “elcrit”, “fazaclo”, “fazaclo odt”, “hf 1854”, “hf1854”
Keywords related to tardive dyskinesia
“Dyskinesia”, “Dyskinesias”, “Drug induced Dyskinesia”, “Drug induced Dyskinesias”, “Medication induced
dyskinesia”, “Medication induced dyskinesias”, “Neuroleptic induced dyskinesia”, “Neuroleptic induced
dyskinesias”, “Antipsychotic induced dyskinesia”, “Antipsychotic induced dyskinesias”, “Neuromuscular
Disorder”, “Neuromuscular Disorders”, “Movement disorder”, “Movement disorders”, “Extrapyramidal
syndrome”, “Extrapyramidal syndromes”, “Extrapyramidal symptom”, “Extrapyramidal symptoms”,
“Extrapyramidal side effect”, “Extrapyramidal side effects”, “Abnormal Movement”, “Abnormal Movements”,
“Involuntary Movement”, “Involuntary Movements”, “motor dysfunction”, “motor dysfunctions” ,
“Hemiballism”, “Hemiballismus”, “Ballismus”, “Asterixis”, “Myoclonus”, “Bradykinesia”, “Hyperkinesia”, “Hans
Rating Scale”, “SHRS”, “Simpson Angus extrapyramidal side effects scale”, “SAS”, “Simpson Angus scale”,
“mSAS”, “Simpson Abbreviated Dyskinesia Rating Scale”, “SADRS”, “Abnormal Involuntary Movement Scale”,
“AIMS”, “mAIMS”, “Extrapyramidal symptom rating scale”, “ESRS”, “Simpson tardive dyskinesia scale”,
“STDS”, “mSTDS”, “Simpson dyskinesia scale”, “SDS”, “mSDS”, “Dyskinesia rating scale”, “DRS”, “ODRS”,
“UDysRS”, “Tardive dyskinesia rating scale”, “TDRS”, “mTDRS”, “Lang Fahn Activities of Daily Living Dyskinesia
scale”, “LFADLDS”, “Abbreviated Dyskinesia Scale”, “ADS”, “Bain dyskinesia scale”, “BDS”, “Abnormal
movement scale”, “CLAMPS”, “Dyskinesia Identification System Condensed User Scale”, “DISCUS”, “Goetz
Dyskinesia Rating Scale”, “GDRS”, “mGDRS”, “Guy's Abnormal Involuntary Movement Scale”, “GAIMS”,
“Modified Webster rating scale”, “mWRS”, “Obeso Dyskinesia rating scale”, “ODRS”, “Parkinson Disease
Dyskinesia Scale”, “PDYS 26”, “Rockland Simpson Dyskinesia Rating Scale”, “RSDRS”, “Rush Dyskinesia Rating
Scale”, “RDRS”, “Clinical Dyskinesia Rating Scale”, “CDRS”, “Barnes Kidger Scale”, “BKS”, “Crane rating scale”,
“CRS”, “Paul Ramsey Hospital Scale”, “StPRHS”, “Smith Tardive Dyskinesia Scale”
Keywords are divided into two categories; keywords related to clozapine and keywords related to tardive
dyskinesia

Two of the authors (TM and RS) independently inspected titles identified from the
search and four of the authors (TM, RS, MO, and RL) independently inspected abstracts
identified in the title screening. Studies passed the title and abstract screening if at least
one of the authors accepted it. The remaining full-text articles were reviewed (TM) after
completion of the screening processes.

Data Extraction
We documented study details of each full-text paper (year of publication, authors, study
duration), TD-scores (mean and SD of pre- and post-switch scores), scales used, demographics (gender, age, illness duration), clozapine treatment (mean and SD of doses,
wash-out period), and baseline pathology (mean and SD of PANSS or BPRS scores). In
case contacted authors provided missing data these were coded as well.
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Meta-Analytic Procedure
Primary Outcome
The primary outcome for TD was the combined score of the TD scale items that specify
the severity of TD in different body regions before and after starting clozapine treatment. TD was assessed on the Abnormal Involuntary Movement Scale (AIMS), the Extrapyramidal Symptoms Rating Scale (ESRS) TD subscale, the Simpson Dyskinesia Scale
(SDS), and the Drug-Induced Extrapyramidal Symptoms Scale (DIEPSS) TD subscale.
Statistical Procedures
Statistical analyses were conducted in R[25] (version 3.2.4, R Core Team) using the
metafor package[26] (version 1.9-8). Based on the pre- and post-switch means and the
pre-switch SD, we computed the standardized mean change using raw score standardization as the effect size measure for the meta-analysis[27]. Negative values indicate a
decrease in TD symptoms after the switch. The corresponding standard errors were
calculated conservatively, accounting for loss to follow-up by using the sample size at
follow-up and assuming a correlation of 0.2 between baseline and follow-up scores, as
this data was not reported in any of the articles and a sensitivity analysis indicated that
the strength of the correlation did not have an influence on the conclusions obtained
from the model.
We opted for a random-effects model as we expected considerable study heterogeneity. Moderators were not investigated formally (e.g., by means of meta-regression
models), considering the limited power due to the low number of studies, the small size
of most studies, and the amount of heterogeneity between studies. Instead, subanalyses were performed to investigate differences across several sub-groups (see be2
low). Study heterogeneity was investigated by means of the I statistic and the Qtest[28]. The presence of publication bias was examined by visual inspection of funnel
plots.

Sub-Group Analyses
To investigate the influence of potential sources of heterogeneity, several sub-analyses
were performed; (i) TD as an inclusion criterion, (ii) the number of days between baseline and follow-up[29,30], (iii) age[6], and (iv) severity of baseline psychopathology[31].
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Results
Description of Studies
The search strategy identified 283 articles, of which seventeen studies met all our inclusion criteria and were investigated in this meta-analysis[29,30,32-46]. More details on
the selection of studies are provided in the flowchart in Figure 1.
Table 2 provides an overview of the data we extracted from the included studies. Of
the seventeen studies, four studies investigated switching to clozapine as a treatment
for patients with clinical levels of TD (i.e., patients with at least one moderate (3) to
severe (4) TD score or at least mild (2) TD scores in two body areas). These studies will
be referred to as the clinical TD group[29,30,37,43]. The other thirteen studies investigated TD as a secondary outcome and the majority of the patients in these studies had
no to mild TD (i.e. patients scoring no (0) to minimal (1) TD). These studies will be referred to as the sub-clinical TD group[32-36,38-42,44-46]. Fourteen of the seventeen
studies assessed the severity of TD with the AIMS. The length of the studies varied considerably (ranging from one and half months to five years) and other potential sources
of study heterogeneity were age and severity of baseline psychopathology.

Effect Size
Figure 2a and 2b detail the outcome of the random-effects models in a forest plot featuring the combined effects of the clinical and the sub-clinical TD groups. Because the
patients in the sample of Toyooka et al.[46] did not show any signs of dyskinesia at
baseline and follow-up, the effect size could not be calculated and therefore the study
was excluded from the analyses. TD decreased significantly in the clinical TD
group[29,30,37,43] (nstudies=4, nsubjects=48, standardized mean change=-2.56, 95% CI=4.85 to 0.28, p=0.02). The sample size of these four studies is limited and their mean
decrease in TD varied considerably, with two studies (Louza[29] and Littrell[37]) reporting large and significant decreases while the two other studies (Spivak[43] and
Moore[30]) reported more modest decreases, one of which was nonsignificant[30]. This
indicates that there is a high degree of heterogeneity between these studies. In order to
rule out that the overall decrease of TD in the clinical group was only due to the studies
of Louza[29] and Littrell]37] another analysis was performed without these two studies.
The studies of Spivak[43] and Moore[30] show a smaller, yet significant, overall decrease in TD (nstudies=2, nsubjects=29, standardized mean change=-0.81, ES 95% CI=-1.32 to
0.31, p<0.01).
In the sub-clinical TD group, the difference in the severity of TD after switching to
clozapine was nonsignificant[33-36,38-42,44] (nstudies=12, nsubjects=1012, standardized
mean change=-0.21, ES 95% CI=-0.44 to 0.01, p=0.06). Three studies (Essock[33], Meltzer[38], and Lieberman[36]) are clear outliers and account for a considerable amount of
the heterogeneity between the sub-clinical TD studies. The overall effect of clozapine
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on TD in the sub-clinical TD group is likely distorted by these studies. To investigate this,
an analysis was performed with just the nine other sub-clinical TD studies[32-36,3942,44,45] (nstudies=9, nsubjects=830, standardized mean change=-0.33, ES 95% CI=-0.42 to
0.24, p<0.01). Altogether, the studies in the analyses showed a significant reduction in
severity of TD (nstudies=16, nsubjects=1060, standardized mean change=-0.40, 95% CI=-0.69
to 0.11, p<0.01).
As the majority of the studies assessed TD using the AIMS, we ran a second model
using raw mean change scores, which are clinically more interpretable for those familiar
with the AIMS, as the amount of change is expressed on the raw scale and not relative
to some measure of variability within the group of patients included in each study. On
average, switching to clozapine monotherapy reduced the sum of the first seven items
of the AIMS by 10.64 points in the clinical TD group[30,37,43] (nstudies=3, nsubjects=41, raw
mean change=-10.64, 95% CI=-16.26 to 5.03, p<0.01), by 0.22 point in the sub-clinical
TD group[32-35,38-42,44,45] (nstudies=11, nsubjects=991, raw mean change=-0.22, 95%
CI=-0.95 to 0.52, p=0.56), and by 3.00 points for all of the studies that reported AIMS
scores (nstudies=14, nsubjects=1032, raw mean change=-3.00, 95% CI=-5.41 to 0.58,
p=0.01).

Sources of Heterogeneity
According to the Q-test for heterogeneity, there is a considerable amount of heteroge2
neity in the random-effect models of the clinical TD group (I =93%; Q=20.95, df=3,
2
p<0.01) and the sub-clinical TD group (I =86%; Q=64.37, df=11, p<0.01). In the clinical
TD group, heterogeneity is primarily due to the larger decrease in TD observed by Louza[29] and Littrell[37] compared to Spivak[43] and Moore[30]. In the sub-clinical TD
group three outliers account for most of the heterogeneity between studies;
Essock[33], Meltzer[38], and Lieberman[36]. As seen in Figure 2a and 2b, the studies in
the clinical group have much larger effect sizes compared to those of the sub-clinical
group.
Other characteristics of the study samples that may have contributed to the heterogeneity of the effect sizes between the studies in our models were age, baseline psychopathology, and the number of days between baseline and follow-up.
Differences in the patients’ age across studies may explain some of the heterogeneity observed in the studies in the clinical TD group. Of the four studies in this group, two
studies investigated a sample with a mean age above 40 and two below 30. In the
younger two samples, switching to clozapine treatment decreased the average severity
of TD more (∆ effect size=4.6). However, age did not appear to have this effect in the
sub-clinical TD group.
To investigate whether baseline psychopathology moderated effect sizes, the PANSS
and BPRS scores were rescaled to percentages of their maximum score on the respective scales. The two studies in the sub-clinical TD group that show an increase in TD
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have a lower baseline psychopathology (2.2 times lower than the other studies in the
sub-clinical TD group). Thus, baseline psychopathology may be a source of study heterogeneity in this meta-analysis.
The time between the pre and post clozapine assessments varied considerably between studies (mean 359±456 days). To account for this, we performed a separate
analysis that was limited to the studies that included reports on the severity of TD between three to six months after the start of clozapine treatment, as most studies reported data in this period and the only studies with data unavailable within this time
period were from the sub-clinical TD group. However, this did not decrease the amount
2
of heterogeneity in the clinical TD group (I =89%, Q=17.08, df=3, p<0.01), sub-clinical TD
2
2
group (I =94%; Q=40.07, df=6, p<0.01), or the model including all studies (I =97%,
Q=72.18, df=11, p<0.01).

Publication Bias
Based on the inspection of the funnel plot of the studies in the clinical TD group (Figure
3a), it is clear that the two less precise studies (Louza[29] and Littrell[37]) report much
larger effect sizes, which might be evidence of publication bias. However, as there were
only four small studies in the TD group, it is not certain whether the difference in effect
sizes was due to publication bias. Figure 3b, the funnel plot of the studies in the subclinical TD group, indicated that there is considerable variance in the size of the effect of
these studies. However, no particular pattern suggestive of publication bias is immediately discernible in the plot. Therefore, publication bias does not appear to be a significant issue, although the analyses are inconclusive due to the limited number of studies.
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Figure 2a and 2b. Forest plots of the effect of switching to clozapine treatment on tardive dyskinesia.
The standardized mean change scores and 95% confidence intervals (CIs) of the random-effects models.
Figure A shows the effect sizes of the studies that investigated subjects with clinical tardive dyskinesia (nstudies=4, nsubjects=48, standardized mean change=-2.56, 95% CI=-4.85;-0.28, p=0.02). Figure B shows the studies
that reported TD as a secondary outcome (nstudies=12, nsubjects=1012, standardized mean change=-0.21, ES 95%
CI=-0.44;0.01, p=0.06). The combined effect of all studies was (nstudies=16, nsubjects=1060, standardized mean
change=-0.40, 95% CI=-0.69;-0.11, p<0.01).
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Figure 3a and 3b Funnel plots of the studies that investigated the effect of switching to clozapine on the
severity of tardive dyskinesia
Figure A shows the funnel plot of the studies that investigated subjects with clinical tardive dyskinesia. Figure
B shows the funnel plot of the studies that reported TD as a secondary outcome.

Discussion
In line with our hypothesis, there was a large and significant reduction in the severity of
TD after switching to clozapine in the four studies that specifically investigated patients
with clinical levels of TD (i.e., moderate to severe). Moreover, when limiting the analysis
to the twelve studies of patients with sub-clinical TD, we found that clozapine seldom
worsens TD and the combined effect even suggests a slight reduction in severity of TD.
Furthermore, the model including all sixteen studies in the analysis reported a significant reduction in severity of TD after the switch to clozapine. Altogether, these findings
indicate that switching to clozapine can reduce the severity of TD in many patients.
The effects of many potential treatments for TD have been studied in meta-analyses
of the Cochrane collaboration[5,15-21]. None of these meta-analyses found decisive
evidence supporting any of these treatments nor did they investigate the effect of
switching to clozapine. Although Vitamin E may prevent further deterioration of TD
symptoms[20]. The outcomes of their analyses were either negative or inconclusive,
partly due to there being too few/small studies. Three recent studies have demonstrated the effectiveness of VMAT-2 inhibitors, valbenazine and deutetrabenazine, for the
treatment of TD[12-14]. Compared to the four studies that investigated the switch to
clozapine in patients with clinical levels of TD the effects of these VMAT-2 inhibitor
studies were smaller. The standardized mean change in severity of TD for switching to
clozapine was -2.56 opposed to -0.88 to -1.10[12], -0.73[13], and -0.90[14] for the

83

Chapter 5
deutetrabenazine and valbenazine studies. The deutetrabenazine and valbenazine studies investigated patients with a wider range of DSM diagnoses than this meta-analysis,
and these studies indicate that a portion of the patients with TD showed little to no
response to VMAT-2 inhibitors. This stresses the clinical importance of our findings and
the need for further investigation of TD treatment options.
The exact underlying pathophysiological mechanisms of TD and how they are affected by clozapine are still unclear[24]. TD is believed to be the result of hypersensitization
of the dopamine system. More specifically, chronic use of antipsychotics is believed to
upregulate the post-synaptic dopamine receptors of the striatum[24,29]. However,
studies have indicated that the upregulation, which occurs gradually, does not coincide
with the course of TD symptoms, which occur and stop more abruptly[24]. Another
theory is that TD is the result of gradual cell damage resulting from increased dopamine
metabolism which subsequently increases the production of free radicals that damage
the cells[24]. Speculating why clozapine is such an effective treatment is difficult. The
broad range of receptor types targeted by clozapine and its low affinity to striatal dopamine D2 receptors may explain why clozapine reduces TD in contrast to other antipsychotics. Clozapine’s low affinity may affect the hypersensitization of the striatal dopamine system. The anti-serotonergic and anticholinergic effect of clozapine could also
be involved in reducing the severity of TD[24]. Furthermore, it is also unclear whether
clozapine treats TD or merely suppresses its symptoms[29].

Limitations
A limitation of this meta-analysis is that only four studies (with a total of 48 patients)
met the inclusion criteria and investigated the switch to clozapine in patients with clinical levels of TD. However, these studies reported such a large effect that it is reasonable
to assume that this effect will be similar for other patients with moderate to severe TD.
Moreover, there are other studies that have investigated how clozapine affects the
severity of TD that did not match our inclusion criteria[23,30,47] (for example case
reports or studies that did not assess TD on a rating scale or report these scores). In line
with our findings, these studies reported significant to complete reductions of TD[30].
To increase the power of the analysis, we also included studies that assessed TD as a
secondary outcome. This substantially increased the number of patients in the analysis,
but the vast majority of the patients in these studies had no or sub-clinical levels of TD
and little to no room for improvement in TD scores. Thus, the inclusion of these studies
decreased the size of the overall effect to a modest and clinically not very relevant improvement in the severity of TD. However, more importantly, with the exception of
Meltzer[38] and Essock[33], these studies demonstrated that clozapine rarely induces
or worsens TD.
This meta-analysis was restricted to patients with schizophrenia and that limited the
number of studies included in the analyses and the power of these analyses. Patients
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with other diagnoses (for example Parkinson’s disease or bipolar disorder) also develop
TD as a side-effect of their medication. However, we opted to limit this meta-analysis to
patients with schizophrenia, because the inclusion of studies investigating patients with
diagnoses other than schizophrenia would add to the study heterogeneity. In turn, the
increase in study heterogeneity would affect the analyses and limit the clinical conclusions that could be drawn from them. The high degree of heterogeneity between studies affected all our analyses. In the clinical group, age and baseline severity of TD could
have accounted for some of the heterogeneity between the studies, as age has been
associated with increased incidence of TD[6]. Louza[29] and Littrell[37] investigated
younger patients than Spivak[43] and Moore[30] (respective mean ages of 29 and 29
years compared to 43 and 40 years) and the severity of TD at baseline was also lower in
Moore[30]. Considering that there are only four small studies and that there may be
publication bias, the overall decrease in TD after switching to clozapine could have been
slightly overestimated in our model. Therefore, we believe that the overall decrease will
be closer to that of the studies of Spivak[43] and Moore[30], especially in older patients.
In the subclinical group, the severity of psychopathology before switching to clozapine
appears to account for some of the heterogeneity between studies. Meltzer[38] and
Essock[33], the two studies that found a slight increase in TD after switching to clozapine, investigated patients that had markedly lower baseline psychopathology scores
than the other sub-clinical studies before switching to clozapine (respectively 22% and
19% of the total possible score on the psychopathology scale opposed to 44% ± 5% on
the 10 other sub-clinical TD studies). Thus, the combined effect of the studies in the
subclinical group may have been slightly underestimated. Nevertheless, we do not expect that the average reduction in TD will exceed a one- or two-point reduction on the
AIMS for patients with minimal to mild symptoms. The heterogeneity in study duration
and scales used to assess the severity of TD did not appear to account for a significant
amount of heterogeneity in TD scores in either group.

Clinical Implications
Currently, recommendations of the guidelines of the National Institute for Health and
Care Excellence (NICE) and American Psychiatric Association state that switching to
clozapine treatment should be considered after a partial or suboptimal response to two
other antipsychotics (at least one being a second generation antipsychotic). As clozapine can reduce TD so effectively, it may be considered as a separate indication for
switching to clozapine. The benefit of switching to TD should nevertheless outweigh the
risks associated with clozapine treatment, and there should be substantial room for
improvement. Therefore, we recommend adding moderate to severe TD, and/or substantial discomfort due to TD as an indication for switching to clozapine to these guidelines.
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Conclusion
This meta-analysis shows that switching to clozapine results in significant and clinically
relevant decreases of TD in patients with at least moderate TD. The evidence could be
strengthened by larger studies that investigate switching to clozapine as a treatment for
TD. Nevertheless, we propose that there is now sufficient evidence that moderate to
severe TD and/or substantial discomfort due to TD may be considered as an indication
for switching antipsychotic to clozapine in clinical guidelines.

Clinical Points
Antipsychotic-induced tardive dyskinesia is a burden for many patients; evidence for
most treatment options is still inconclusive.
For patients with antipsychotic-induced tardive dyskinesia, switching to clozapine is
a viable consideration.
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ABSTRACT
Bradykinesia, a common symptom in psychiatry, is characterized by reduced movement
speed and amplitude. Monitoring for bradykinesia is important, as it has been associated with reductions in quality of life and medication compliance. Subtle forms of bradykinesia have been associated with treatment response in antipsychotic-naïve first episode patients. Therefore, accurate and reliable assessment is of clinical importance.
Several mechanical and electronic instruments have been developed for this purpose.
However, their content validity is limited. This study investigated which tasks, or combinations thereof, are most suitable for assessing bradykinesia instrumentally. Eleven
motor tasks were assessed using inertial sensors. Their capability of distinguishing bradykinetic patients with schizophrenia (n=6) from healthy controls (n=5) was investigated.
Seven tasks significantly discriminated patients from controls. The combination of tasks
considered most feasible for the instrumental assessment of bradykinesia was the gait,
pronation/supination, leg agility and flexion/extension of elbow tasks (effect size=2.9).
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INTRODUCTION
Antipsychotic-induced bradykinesia is associated with physical disability, social stigmatization, lower quality of life and reduced medication compliance[1-4]. Bradykinesia expresses itself as a reduction in speed and amplitude of voluntary movement[5]. Bradykinesia occurs as a symptom of Parkinson’s Disease, drug-induced parkinsonism, depression, negative symptoms of schizophrenia and others. The pathophysiological basis
of bradykinesia lies in a dysregulation of the basal ganglia, specifically the pathways
involved with the scaling of the amplitude and velocity of movement[5]. Dysregulation
of these pathways can be a result of psychotic disorders and/or antipsychotic treatment[6].
In first-episode antipsychotic naïve patients with schizophrenia, bradykinesia is a
predictor of reduced treatment response[7]. Bradykinesia can also debut as a prodrome
for psychosis in antipsychotic-naïve Ultra-High Risk (UHR) groups[8]. Therefore, accurate assessment of bradykinesia is of clinical and scientific importance. Bradykinesia is
typically assessed using observer rated scales, for example the Unified Parkinson’s Disease Rating Scale (UPDRS) and the St. Hans Rating Scale For Extrapyramidal Side-Effects
(SHRS). However, the assessment of movement disorders using observer rated scales is
subjective, has a moderate reliability, and shows a low sensitivity to subtle forms of
movement disorders[9-10]. Consequently, rating scales are less suitable for both the
monitoring of bradykinesia and the detection of subtle prodromal bradykinesia. A logical alternative would be instrumental assessment.
Several objective and reliable instrumental methods of assessing bradykinesia have
been developed[8, 11-18]. However, they are rarely applied in research and clinical
practice, likely due to their cost and ease of use in comparison to rating scales. Nowadays, more affordable and user-friendly motion capture technologies are available[13,
15-17]. To assess the severity of bradykinesia instrumental assessments mechanically or
electronically capture performances on motor tasks[8, 11-18]. These instruments focus
on measuring a specific motor task, for example handwriting or spiral drawing. As a
result, the scope of these instruments does not cover the entire construct of bradykinesia.
Content validity of instrumental assessments can be improved by assessing a broader selection of motor tasks. As a proof of principle discriminability between patients
with bradykinesia and healthy controls was investigated for a wide range of motor tasks.
We hypothesized that a suitable selection of tasks should be able to discriminate between these two groups.
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METHOD
Subjects
Power calculations indicated that in order to significantly discriminate between groups,
n = 5, an effect size of at least 2.0 is required to ensure a p-value of 0.05 with a power
of 0.8. Therefore, we opted to investigate two very distinct populations in order to be
able to achieve meaningful results with a small subject population. We recruited six
DSM-IV schizophrenic inpatients with antipsychotic-induced bradykinesia from Zon &
Schild, a psychiatric hospital in the Netherlands. Criteria for bradykinesia were at least
one moderate or two mild scores on the UPDRS bradykinesia items[19]. Five healthy
controls were recruited from the staff and local community. Criteria for inclusion were
age between forty and sixty and male gender, as age and gender affect bradykinesia[20]. Considering the scale of this study we opted to investigate a homogeneous
population to reduce the risk of a type II error. Exclusion criteria were use of other medication that can induce movement disorders, severe cognitive impairment or mental
retardation and injuries or neurological diseases affecting movement.
All subjects provided informed written consent, and the study was approved by the
local ethics committee.

Instruments
Subjects’ movements were registered using six inertial sensors (MTx, XSENS, Enschede,
the Netherlands). In contrast to inertial sensors used in previous studies[12-14], these
sensors use a proprietary Kalman filter that combines data from the accelerometer,
gyroscope and magnetometer to reduce sensor drift and improve the accuracy of
movement registration[21]. Sensors were attached to the subjects’ dominant upper and
lower arm and leg, ring and middle finger and to their sternum using Velcro straps. The
sensor secured to the ring and middle finger was only attached during the hand movements task. Exact placement of the sensors is illustrated in Fig. 1. Each sensor connected to an XBUS receiver (XSENS, Enschede), worn around the waist, that registered data
and sent it via Bluetooth to a computer running MT software 1.8.1 (XSENS, Enschede,
the Netherlands).

Tasks
Repetitive movements are one of the primary clinical measures of bradykinesia. Velocity
and amplitude are impaired when performing repetitive motor tasks at high movement
rates with large amplitudes[22]. Therefore, the selection of tasks primarily existed of
repetitive motor tasks. Tasks were derived from existing observer rated scales and instrumental assessments. The following tasks were selected: (1) hand movements, (2)
pronation/supination movements of hand, (3) leg agility, (4) arising from chair and (5)
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gait tasks from the UPDRS following previous studies[13, 14-15]. Tasks selected from
other instruments were the (6) Flexion/extension of elbow[19] and small and large (7)
tapping and (8) tracing tasks[17]. On the tapping and tracing tasks subjects were instructed to repeatedly tap on two lines, 30 and 55 cm apart, and trace circles, 17 and 32
cm in diameter. Patel et al. proposed that the instrumental assessment of bradykinesia
could be extended to motor tasks derived from activities of daily living[12]. Therefore,
the following three tasks were also included: (9) pouring water from a plastic jug into
four plastic glasses, (10) repeatedly flipping over a plastic glass and setting it down on
the table, and (11) twisting a peppermill (similar to the pronation/supination movements of hand task of the UPDRS). Subjects were instructed to perform tasks with a
large amplitude as fast as possible for thirty seconds. Except for the gait, arising from
chair and pouring tasks. In these tasks subjects were instructed to walk in their own
pace for twenty meters between two markers on the floor spaced five meters apart,
arise from their chair and sit back down twice, and pour a marked volume of water into
four glasses. Subjects were given thirty seconds to practice each task and two minutes
rest between tasks.

Task Outcomes
For each task mean cycle duration, amplitude and velocity were determined. An exception was made for the arising from chair and pouring glass tasks, because they were
only performed a couple of times. A linked segment model was built using the sensor
output, the sensors absolute orientation as a rotation matrix, in Matlab 2012a (Mathworks), Fig. 1. Segment lengths were corrected for body height[23].
Analysis of hand movements, flexion/extension of elbow, pronation/supination
movements of hand, leg agility, flipping glass and peppermill tasks was based on joint
angles. These angles were defined as the angle between the sensors proximal and distal
to the joint, determined using Euler decomposition and filtered using a low pass bidirectional Butterworth filter. The cut-off frequency was determined by adding 2 Hertz to the
frequency with the highest power in the joint angle signal, calculated using Direct Fourier Transformation. Each tasks’ average cycle duration, amplitude and velocity were
calculated from the joint angle using a peak detection algorithm, where peaks in joint
angle were defined as subsequent minima and maxima that are at least one standard
deviation apart, see Fig. 1.
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Figure 1: Overview of the instrumental setup and data analysis. Left: Placement of the inertial sensors attached to the index and middle fingers, upper and lower arm and leg, and sternum. Sensors connected to a
Bluetooth receiver worn around the waist. Middle: 3D-Model constructed from sensor data. Right: Elbow
angle (degrees) plotted against time (seconds) during the flexion/extension task. Asterisks indicate when the
elbow is fully extended and flexed, and were used to determine the mean duration, amplitude and velocity of
a flexion/extension cycle.

To analyze gait, arising from chair and the small and large tapping and tracing tasks, the
positions of either the ankle, torso or wrist were investigated respectively. The linked
segment model was used to determine the position of the ankle/wrist relative to the
hip/shoulder joint in the transversal plane, the plane parallel to the ground. To analyze
arising from the chair the sternum’s position was used relative to the ankle in the longitudinal plane, perpendicular to the transversal plane. The gait task also required regular
walking to be differentiated from turning, which was defined as a rotation over 160
degrees of the sensor attached to the sternum. Mean cycle/stride durations, amplitudes
and velocities on these tasks were obtained by analyzing the positions of the ankle,
wrist and sternum filtered and analyzed using the same method and algorithm as mentioned above. For the arising from chair task the average durations of standing up and
sitting down were determined as well as their average velocities.
Differences in the execution of the pouring glass task resulted in data not suitable
for automated analysis. Therefore, the average pouring time per glass was determined
by visually inspecting the data.

Statistical Analysis
Statistical analysis was performed using SPSS 17.0 for Windows (IBM). Group means of
task outcomes were determined for patients and controls. To investigate the discriminability of the combined task outcomes (durations, amplitudes and velocities) of selections of tasks, the outcomes were normalized and summed. Differences between
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groups were investigated with two tailed t-tests assuming unequal variances. To achieve
sufficient statistical power to significantly differentiate patients from controls an effect
size above 2.0 was required. Therefore, effect sizes, Cohen’s D, were determined using
the pooled standard deviations of the groups.

RESULTS
Subjects
Age and height of patients and controls were 52.2 ± 6.8 and 52.0 ± 3.9 years, and 1.87 ±
0.10 and 1.80 ± 0.07 meters. One patient used a walking aid, therefore, his scores on
gait, leg agility and arising from chair tasks were excluded from the analysis.

Tasks
Gait, leg agility, elbow flexion/extension, arising from chair, small and large tracing,
small and large tapping, and flipping glass tasks significantly discriminated patients from
controls, Table 1. Differences between patients and controls were largest on the flipping glass task. This was also the only task to significantly discriminate on its duration,
amplitude and velocity, with respective effect sizes of 2.3, 2.8 and 2.8. Thereafter the
flexion/extension of the elbow task was most discriminative, effect sizes for duration
and velocity were 2.1 and 2.7, as seen in figure 2. An interesting finding is that in contrast to standing up, patients sat down significantly slower than controls.

Task Combinations
Combining tasks increased effect sizes by as much as 50%, illustrated in Fig. 2. Table 1
lists the differentiability of the combinations of tasks derived from the Unified Parkinson’s Disease Rating Scale (hand movements, pronation-supination movement of
hands, leg agility and gait tasks), tracing/tapping tasks (small and large tapping and
tracing tasks), the combination of all tasks, except for the arising from chair and pouring
glass tasks. These tasks could not be combined with the other task due to their outcomes being different.
Also included in Table 1 is the recommended selection of tasks (flexion/extension of
elbow, gait, leg agility and pronation/supination movements of hand tasks). Criteria for
the selection of these tasks are described in the discussion. The highest effect size, 4.2,
was reported for the combined durations of all tasks.
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1.3 (0.1)*
1.2 (0.4)
1.1 (0.2)
2.0 (0.7)
3.9 (1.2)
2.8 (0.9)
1.7 (2.5)
2.5 (1.6)
2.1 (2.2)
-7.1 (1.6)

Flexion / Extension of elbow

Tapping small

Tapping large

Tracing large

Flipping

Combined scores of UPDRS● tasks

Combined scores of tapping and tracing tasks

Combined scores of recommended tasks

Combined scores of all tasks

5.9 (4.0)

-2.5 (0.8)

-3.1 (1.9)

-2.0 (0.5)

1.2 (0.4)

1.2 (0.6)

0.8 (0.3)

0.6 (0.2)

0.6 (0.1)

1.2 (< 0.1)

0.6 (0.1)

Control
Mean (SD)

<0.01 (4.2)

<0.01 (2.7)

<0.01 (3.2)

0.01 (2.0)

<0.01 (2.3)

<0.01 (2.7)

<0.01 (2.3)

0.01 (1.9)

<0.01 (2.1)

0.05 (1.7)

0.23 (0.8)

Control
Mean (SD)

-2.5 (3.0)

-0.8 (2.0)

-1.1 (1.6)

-0.7 (2.0)

32.8 (14.4)

0.2 (< 0.1)

0.3 (0.1)

0.1 (< 0.1)

76.8 (22.9)

1.3 (0.1)*

3.0 (2.9)

0.9 (2.4)

1.3 (0.9)

0.8 (1.2)

88.1 (24.8)

0.3 (< 0.1)

0.3 (0.1)

0.2 (< 0.1)

81.4 (23.9)

1.5 (< 0.1)

< 0.1 (< 0.1)* <0.1 (< 0.1)

p-value
Patient
(effect size) Mean (SD)

Amplitude (deg) ▀

0.01 (1.9)

0.25 (0.8)

0.02 (1.7)

0.16 (0.9)

<0.01 (2.8)

0.05 (1.4)

0.28 (0.7)

0.38 (0.5)

0.75 (0.2)

0.03 (1.9)

0.32 (0.7)

1.3 (<0.1)

0.6 (0.1)

Control
Mean (SD)

0.03 (2.1)

0.01 (2.2)

p-value
(effect size)

0.9 (0.4)

0.9 (0.4)

0.6 (0.2)

0.02 (2.5)

0.02 (2.3)

0.02 (2.1)

-5.6 (3.2)

-1.9 (1.5)

-2.5 (0.7)

-1.4 (2.4)

6.7 (4.9)

2.3 (1.4)

3.0 (3.2)

1.7 (1.4)

< 0.01 (3.0)

<0.01 (2.9)

0.02 (2.5)

0.02 (1.5)

24.6 (18.1) 164.3 (71.5) 0.01 (2.8)

0.2 (0.1)

0.3 (0.1)

0.3 (0.1)

138.9 (43.0) 290.0 (68.2) <0.01 (2.7)

1.0 (0.2)*

0.4 (0.1)*

p-value
Patient
(effect size) Mean (SD)

Velocity (deg/s) ▀

List of all the outcomes of the tasks and combinations thereof significantly discriminating patients with bradykinesia (n = 6) from controls (n = 5). The combined scores
consisted of UPDRS● tasks (hand movements, pronation-supination movement of hands, leg agility and gait tasks), of the tapping and drawing tasks (small and large tapping
and tracing tasks), the recommended selection of tasks detailed in the discussion (flexion/extension of elbow, gait, leg agility and pronation-supination movement of hands
tasks) and all tasks (Excluding tasks producing different outcomes, arising from chair and pouring glass task). Significant differences, Cohen’s D > 2.0, are in bold.* n = 5.
▀
For the gait, arising from chair, tapping and tracing tasks amplitude and velocity are expressed in meters and meters per second. ▲The average vertical velocity, in meters
per second, while standing up and sitting down are reported in the amplitude and velocity columns. ● Unified Parkinson’s Disease Rating Scale.

0.7 (0.1)*

Gait

Patient
Mean (SD)

Duration (s)

Arising from chair▲

Task

Table 1: Task outcomes and combinations thereof significantly discriminating patients from controls
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Figure 2: Three sets of boxplots detail differentiability of the outcomes for duration, amplitude and velocity. Data of patients with bradykinesia are grey and data
of controls are white. To aid the visual comparability scores were normalized (including the normalized sum scores of the combinations of task outcomes). Scores
were reported for the flexion/extension of elbow task and the combined scores of the tasks derived from the UPDRS▲ (hand movements, pronation-supination
movement of hands, leg agility, flexion/extension of elbow and gait tasks), of the tapping and drawing tasks (small and large tapping and tracing tasks), the recommended selection, see discussion, of tasks (flexion/extension of elbow, gait, leg agility and pronation-supination movement of hands tasks) and of all tasks
(Excluding tasks producing different outcomes, arising from chair and pouring glass task). This figures illustrates that most differentiability is achieved by combining tasks ● Outliers labelled to indicate which group the subject was in and their respective number in the study. ▲ Unified Parkinson’s Disease Rating Scale. *
Indicates an effect size greater than a Cohen’s D of 2.0. ** Indicates an effect size greater than a Cohen’s D of 3.0.
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Task Outcomes
Mean cycle/stride duration, amplitude and velocity significantly discriminated between
patients and controls in four, one and seven tasks respectively. Velocity discriminated
most in five of the seven tasks. Duration was most discriminative in the other two tasks.
When task outcomes were combined, only duration and velocity achieved significance, and most discrimination was reported for the combined durations.

DISCUSSION
The majority of the tasks are suitable for assessing bradykinesia instrumentally, as seven
of the eleven tasks significantly discriminated patients with bradykinesia from controls.
As expected, combining outcomes of different tasks markedly improved discriminative
potential.
Other studies reported that gait, arising from chair, leg agility, flexion/extension of
the elbow and pro/supination movements of hand tasks are capable of measuring bradykinesia instrumentally[8, 11-18]. This is confirmed by our findings and indicates that
these tasks are suitable for measuring bradykinesia in long term psychiatric patients,
with the exception of the pro/supination task. Granted that the instrument in the study
of Patel et al. measured bradykinesia less accurately than tremor and dyskinesia[12].
In the selection process of tasks for the instrumental assessment of bradykinesia,
practical aspects should also be considered, see Table 2. The flexion/extension and gait
tasks are most feasible, being similar to tasks on validated observer rated scales. Other
tasks are less feasible, because (i) they are less practical due to the requirement of additional standardized materials (leg agility, arising from chair, tapping, tracing, pouring,
flipping and peppermill). (ii) The tasks could not discriminate patients from controls
(hand movements, pronation/supination, pouring and peppermill). (iii) Performance on
the tasks depended on more than the underlying construct of bradykinesia. For example, muscle weakness, rigidity, tremor and required accuracy of movements also affect
movement speed[24-25]. Therefore, confounding could have been an issue in the tapping, tracing, pouring and flipping glass tasks.
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Table 2: Tasks feasibility for assessing bradykinesia
Task

Materials

Content Validity

Discriminability

Hand Movement

++

++

-

Gait

++

++

+

Pronation/Supination Movements of hand

++

++

-/+

Leg Agility

-/+

++

+

Flexion/extension of elbow

++

+

++

Arising from chair

-/+

++

++

Pouring water in glass

--

-

--

Tracing (small and large)

--

-

++

Tapping (small and large)

--

-

++

Flipping glass

-

-

++

Peppermill

-

+

-

Overview of practical aspects tasks must meet to be feasible for use in an instrumental assessment. Tasks are
scored on the extra materials required to perform the tasks, favoring tasks that do not require any. Content
validity indicates to what degree a task measures the underlying construct of bradykinesia. Scores for discriminability were based on the effect sizes found in this study. Scores range from --, -, -/+, + to ++.

Variance in expression of bradykinesia between patients is considerable, partly since
severity can differ per region (head/neck/arms/trunk/legs). Observer rated scales rely
on the analysis of a broad selection of tasks to achieve adequate content validity. Our
results also show that assessing a combination of tasks improves discriminability. Although combining all tasks achieved best discriminability, this is an impractical solution
as an assessment would cost too much time, approximately 30 minutes. Therefore, to
improve the content validity of the instrumental assessment of bradykinesia a combination of tasks investigating different body parts is required and the selection of tasks
should be limited to tasks with a high content validity, adequate discriminability and
that are easy to perform and require few additional materials. Thus, the recommended
selection of tasks for the design of an instrumental assessment for bradykinesia is the
combination of the average cycle/stride velocities on the gait, pronation/supination, leg
agility and flexion/extension of elbow tasks. This selection can be performed in less than
ten minutes and discriminates very well between patients with bradykinesia and controls, Cohen’s D = 2.9.
The external validity of this study could be limited. As this study was limited to male
subjects, aged forty to sixty. Although age and gender affect the severity of bradykinesia, they do not affect in which parts of the body bradykinesia is most prominent. In
addition, the large effect sizes and the fact that performances on the tasks were based
on repeated movements, contribute to a high statistical power. Therefore, this study’s
findings can likely be generalized to other populations. Investigators were not blinded
to the status of the participants, patient or control, or the aim of the study. As patients
were compared to healthy controls it was clear which group they were part of. However, data were collected electronically reducing the possibility of estimator bias. Never-
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theless, it remains possible that minor variations in instructions between groups resulted in a slight bias.
Instrumental assessment of bradykinesia is ideal for research and monitoring patients, because in contrast to rating scales it is easy to achieve sensitive, reliable and
objective measurements without extensive training. An interesting application is instrumentally assessing the Ultra-High Risk (UHR) group for psychosis. There is evidence
that in UHR individuals, subtle forms of movement disorders, such as bradykinesia,
predict conversion to psychosis[9].
If so, instrumental screening of bradykinesia may be of high clinical value as a biomarker to predict conversion to psychosis in UHR populations.

Conclusion
We confirm that instrumental assessment of bradykinesia is feasible and that content
validity can be improved. The selection of tasks considered most feasible for an instrumental assessment was the flexion/extension of elbow, gait, leg agility and pronation/supination tasks. Larger studies are warranted to investigate the validity and reliability of instruments based on these tasks.
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Abstract
Bradykinesia is associated with reduced quality of life and medication non-compliance,
and it may be a prodrome for schizophrenia. Therefore, screening/monitoring for subtle
bradykinesia is of clinical and scientific importance. This study investigated the validity
and reliability of such an instrument.
Included were 70 patients with psychotic disorders. Inertial sensors captured mean
cycle duration, amplitude and velocity of four movement tasks: walking, elbow flexion/extension, forearm pronation/supination and leg agility. The concurrent validity
with the Unified Parkinson's Disease Rating Scale (UPDRS) bradykinesia subscale was
determined using regression analysis. Reliability was investigated with the intra-class
correlation coefficient.
The duration, amplitude and velocities of the four tasks measured by the instrument
explained 67% of the variance on the UPDRS bradykinesia subscale. The instrument
test-retest reliability was high.
The instrument investigated in this study is a valid and reliable alternative to observer-rated scales. It is an ideal tool for monitoring bradykinesia as it requires little training
and experience to achieve reliable results.
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1. Introduction
Movement disorders frequently occur in psychiatric patients, bradykinesia being one of
the most common[1, 2]. Bradykinesia is characterized by a reduction in speed and amplitude of movement[3]. It can be an adverse effect of antipsychotic medication or a
non-mental symptom of a psychiatric disorder such as depression or psychosis[4], and it
has been associated with lower patient self-esteem, reduced quality of life and treatment non-compliance[5, 6]. Accurate and reliable assessment of bradykinesia is important for detecting and monitoring antipsychotic-induced side effects. In addition,
given that bradykinesia is strongly associated with expression of psychopathology, it
should be included in psychiatric diagnosis[7].
Bradykinesia is typically assessed with observer-rated scales, such as the SimpsonAngus Scale (SAS) and the Unified Parkinson’s Disease Rating Scale (UPDRS). A limitation
of observer-rated scales is that they require extensive training and experience to
achieve an adequate inter-rater reliability[8]. Furthermore, observer-rated scales also
lack the sensitivity and resolution to detect the subtle forms of bradykinesia found in
patients with an increased risk of developing psychosis[9].
Instrumental methods for assessing bradykinesia have been shown to be more sensitive, reliable and less prone to observer bias than observer-rated scales[9-14]. These
instruments employ mechanical and/or electronic devices to analyze a subject’s performance on a motor task. Instruments that assess bradykinesia are typically designed
to measure a specific aspect of a motor task as accurately as possible, for example,
fluency of handwriting[12] or forearm pronation/supination movements[9, 11]. Therefore, compared to observer-rater scales, these instruments[9-13] are liable to
over/under estimating severity of bradykinesia, as severity frequently differs per body
region. For this reason, we designed an instrument that assesses bradykinesia using a
diverse selection of motor tasks.
We hypothesized the novel instrument for assessing bradykinesia investigated in this
study is both valid and reliable. This study investigated this instrument’s concurrent
validity with the UPDRS bradykinesia subscale, and its test-retest reliability in patients
with a psychotic disorder.

2. Methods
2.1 Participants
Seventy long-stay inpatients were recruited in a general psychiatric hospital (GGz Centraal Zon & Schild, Amersfoort, the Netherlands). Inclusion criteria were a DSM-IV diagnosis of a psychotic disorder, antipsychotic treatment, good command of the Dutch or
English language and full comprehension of the tasks and the goal of the study. Exclu-
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sion criteria were injuries or pathologies, other than psychotic disorders, affecting gross
motor functioning, or an acute psychotic episode. Each participant provided written
informed consent. The study was approved by the Medical Ethical Committee of the
Clinical Trial Centre Maastricht.

2.2 Clinical Measures
Bradykinesia related demographics, age, gender, height, years admitted, DSM-IV classification, medication affecting bradykinesia, verbal IQ, were acquired from patients’
records. Overall severity of psychotic symptoms was assessed with the Clinical Global
Impression Schizophrenia scale (CGI-S)[15]. Scores on this item range from 1, not ill, to
7, among the most extremely ill patients.
The motor examination (Part III) of the Unified Parkinson’s Disease Rating Scale
(UPDRS)[16], specifically the validated bradykinesia subscale[17], was selected as the
golden standard to assess bradykinesia. As the UPDRS bradykinesia subscale assesses
bradykinesia more thoroughly than the Simpson Angus Rating Scale or Extrapyramidal
Symptom Rating Scale. Although originally designed for Parkinson’s Disease (PD), the
UPDRS is suitable for assessing drug-induced parkinsonism (DIP), as the phenomenological differences between DIP and PD are minimal[2]. The bradykinesia subscale consists
of nine items. On the first eight items subjects were scored twice, for both the left and
right body half, on four motor tasks. These motor tasks are finger tapping, hand movements, pronation/supination movements of the hands and leg agility. The ninth item
scored the global severity of bradykinesia. Items are scored from 0 to 4 depending on
interruptions and/or hesitations, speed and amplitude of movement[16].

2.3 Instrumental Assessment
The instrumental assessment consisted of four motor tasks: (i) walking 20 meters at
normal pace, (ii) elbow flexion/extension, (iii) forearm pronation/supination, and (iv)
seated raising/stomping of foot[18]. Subjects were instructed to perform tasks ii, iii and
iv for 25 seconds, with their dominant arm or leg. The key instructions given to subjects
for tasks ii, iii and iv were to focus on performing the tasks as fast as possible and to try
and perform large movements. After approximately 15 seconds they were motivated to
keep up the tempo and maintain the large movements. For the walking task the key
instructions were to walk at their own normal pace and to turn around and walk back
after passing the marker on the floor. In case of interruptions during the tasks they
were reminded to keep on going. The instrument measured the dominant limbs’ performances on these tasks, as the expression of DIP is generally bilateral and
symmetric[2]. The instrument measured the same aspects of the motor tasks as the
UPDRS, thus ensuring its content validity approaches that of the UPDRS. Subjects’ overall speed and amplitude of movement on the tasks were assessed as their average cy-
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cle/stride duration, amplitude and velocity. Regularity of the rhythm on the tasks was
assessed as the variance of the tasks cycle/stride duration/amplitude and velocity.
The instrumental setup is illustrated in Figure 1. Performances on the four motor
tasks were registered using five wireless inertial sensors (MTw, XSENS, Enschede, the
Netherlands). In contrast to the inertial sensors used in previous studies[14, 19], this
study used inertial sensors that feature an adaptive Kalman filter. This filter greatly
improves the accuracy with which amplitude and velocity of movement are
registered[20]. Therefore, these sensors are well suited for the assessment of a wide
range of tasks. Sensors were attached to the subjects’ dominant upper and lower arm
and leg, and waist using Velcro straps (Figure 1). Sensor data was received and processed using software developed in Matlab 2011b (The MathWorks Inc., Natick, MA,
USA). Sensor output, its absolute orientation over time, was coupled to a virtual 3D
model of the subject (Figure 1), adjusted for body height[21]. These virtual representations of the subjects were used to determine their performances on the four tasks, i.e.
their average and SD cycle/stride duration, amplitude and velocity.

Figure 1. Overview of the instrumental setup and data analysis. (A) Placement of the inertial sensors attached
to upper and lower arm and leg, and waist. The latter not being visible as it is fastened to the back of the
subject’s waist. (B) Virtual representation of a subject, this 3D model was used to assess subjects’ performances on the walking, elbow flexion/extension, forearm pronation/supination and foot raising/stomping
tasks. (C) Elbow joints flexion/extension angle in degrees (y-axis) over time in seconds (x-axis). Circles represent the subsequent minima and maxima of the elbow angle detected by the software. These were used to
determine subjects’ average flexion/extension cycle duration, amplitude and velocity.

Cycle duration, amplitude and velocity of the elbow flexion/extension, forearm pronation/supination and foot raising/stomping tasks were determined using the joint angles
of the subjects’ 3D models. Joint angles were calculated using the dot product between
the vectors of the limbs adjacent to the respective joint, with the exception of the foot
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raising/stomping task in which the dot product was calculated between vector of the
upper leg and its projection in the transversal plane (i.e. parallel to the floor). Then, this
data was filtered using a low pass bidirectional Butterworth filter. To achieve the most
accurate results, cut-off frequencies were determined by adding two Hertz to the highest power frequency found with Direct Fourier Transformation. Finally, the duration,
amplitude and velocity of each cycle was determined with a peak detection algorithm,
by determining subsequent minima and maxima in the angle of the joint over time (Figure 1).
To assess the duration, amplitude and velocity of a stride on the walking task, the
position of the ankle in the transversal plane, the plane parallel to the ground, over time
was determined with the data from the 3D models. The gait task required regular walking to be differentiated from turning. Therefore, periods of turning were defined as
periods in which the sensor attached to the waist rotated over 160 degrees. Subsequently, distances in the transversal plane between the ankle’s position over time and
its average position were determined. The resulting data was filtered and analyzed
using the same methods used for the other tasks. After which the durations, amplitudes
and velocities of the strides were determined.

2.4 Procedures
First, all patients were assessed on the CGI-S and the UPDRS by the same rater (AL),
whom was extensively trained in scoring the UPDRS. The UPDRS and CGI-S were administered first to prevent bias by the instrumental assessment’s results. Next, the sensors
for the instrumental assessment were attached, and the wireless connection was setup
between the sensors and the measurement software. After which, subjects performed
the motor tasks of the instrumental assessment. Between tasks subjects received two
minutes of rest during which they were instructed how to perform the next task. Finally,
the subject’s data was stored and the sensors were detached. Additionally, twenty-five
patients performed the instrumental assessment a second time, 24 hours later.

2.5 Statistical analysis
Concurrent validity between the instrumental assessment and the bradykinesia subscale was investigated; multiple linear regression analysis was used to determine the
amount of variance on the UPDRS bradykinesia subscale that the outcomes of the instrumental assessment could explain. Considering that the instrument determined six
outcomes per task and that these outcomes are likely to be similar for each task, we
opted to combine these outcomes. The combined average cycle/stride durations, amplitudes and velocities were determined by adding up the respective outcome’s normalized average for each task.
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𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
=

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑜𝑜𝑜𝑜 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑜𝑜𝑜𝑜 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 − 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑜𝑜𝑜𝑜 𝑎𝑎𝑎𝑎𝑎𝑎 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑜𝑜𝑜𝑜 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝑆𝑆𝑆𝑆 𝑜𝑜𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑜𝑜𝑜𝑜 𝑎𝑎𝑎𝑎𝑎𝑎 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑜𝑜𝑜𝑜 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

The combined SD cycle/stride durations, amplitudes and velocities were determined by
adding up the respective coefficients of variance.
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑜𝑜𝑜𝑜 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 =

𝑆𝑆𝑆𝑆 𝑜𝑜𝑜𝑜 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑜𝑜𝑜𝑜 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑜𝑜𝑜𝑜 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

The resulting six outcomes were entered into the regression model which was then
tested for heteroscedasticity and multicollinearity. Because the correlation between the
instrument’s outcomes and the UPDRS bradykinesia subscale was expected to be
strong, a sample size of at least 10 subjects per independent variable was presumed to
provide sufficient power[22]. Therefore, 70 patients were recruited. Correlations (Pearson) were investigated between the UPDRS bradykinesia subscale and the twenty-four
outcomes of the four tasks, a subject’s average cycle/stride duration, amplitude and
velocity and their respective cycle/stride variances. The Bonferroni correction was applied to correct for the large number of outcomes that were investigated (p = .050/24 =
.002). Test-retest reliability was investigated using the intra-class correlation coefficient
(ICC) with a two-way mixed effect model for absolute agreement. In order to prevent
unnecessary measurements test-retest reliability was investigated in 25 subjects, as
test-retest reliability was expected to be high. Subjects were excluded from statistical
analyses if they did not complete the instrumental assessment and/or had more than
three missing values on the UPDRS bradykinesia subscale. Missing values on the bradykinesia subscale were replaced with the mean of the non-missing values. All statistical
analyses were performed in STATA 12.1 (StataCorp LP, College Station, TX, USA).

3. Results
3.1 Participants
Measurements on both the UPDRS and Instrumental assessment were completed by 64
subjects, and 25 subjects completed the instrumental assessment a second time to
determine its reliability. Six subjects were excluded from the study, because they elected to stop before their assessment was complete.
The mean (SD, range) UPDRS bradykinesia subscale scores of the subjects included
in the analysis were 10.9 (7.1, 0-29) and total scores on part III were 29.5 (15.9, 2-67).
Table 1 details demographics of the sample related to bradykinesia. The instrumental
assessments outcomes of all four tasks are reported in Table 2; i.e. the mean (SD) of
each subject’s average cycle/stride duration, amplitude and velocity and their cycle/stride variations (SD).
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Table 1 Bradykinesia related demographics of the investigated subjects (n = 64).
n

mean (SD), %

Gender (% male)

64

69%

Age (years)

64

53.0 (10.9)

31 - 72

Height (meters)

64

1.8 (0.1)

1.5 - 1.9

Years admitted

61

9 (18)a

2 - 41

61

85%

DSM-IV

Schizophrenia
Other

range

15%

CGI global score

60

4.8 (1.2)

Verbal IQ

40

76.1 (15.1)

Medication

% prescribed in study

Defined Daily Dose (mean, SD)

Antipsychotic dose

100%

1.5 (1.0)a

- First Generation

36%

0.8 (0.9)a

- Second Generation

80%

1.2 (0.8)a

Anticholinergics

25%

0.5 (0.3)

Antidepressants

39%

1.6 (0.8)

Benzodiapines

41%

1.5 (1.3)

b

1-7
48 - 110

Note: inter quartile range (IQR); Diagnostic and Statistical Manual of Mental Disorders 4th edition (DSM-IV);
clinical global impressions scale (CGI). Defined Daily Dose according to World Health Organization.
a
Median and inter quartile range were reported for non-parametrically distributed data.
b
Biperiden was the only prescribed type of anticholinergic medication.

3.2 Validity & Reliability
The combined outcomes of the instrumental assessment explained 67% of variance on
2
the UPDRS bradykinesia subscale (Adjusted R = 0.64, F (6, 57) = 19.7, p < 0.01) (Figure 2
and Table 3). Neither heteroscedasticity nor multicollinearity was observed. The outcomes explaining the most of the UPDRS bradykinesia subscale’s variance were the
combined average cycle/stride velocities of the four tasks, p < 0.01, and the combined
variance of their cycle/stride velocities, p = 0.05. The test-retest reliability measured
with the ICC was 0.89, p < 0.01 (Figure 2). We also investigated whether the association
of the instrumental assessment was stronger when compared to only the UPDRS brady2
2
kinesia subscale items of the subjects’ dominant limbs (R = 0.66, Adjusted R = 0.62, F
(6, 57) = 18.5, p < 0.01) and the difference in explained variance was negligible. By
themselves the elbow flexion/extension, forearm pronation/supination, foot raising/stomping and walking tasks respectively explained 47%, 53%, 46% and 35% of the
variation in UPDRS bradykinesia subscale scores. However, the combined scores of the
2
2
forearm pronation/supination and foot raising/stomping task (R = 0.64, Adjusted R =
0.60, F (6, 57) = 17.0, p < 0.01) approach the validity of the four tasks combined. Although the reliability (ICC = 0.68, p < 0.01) of this combination is lower than that of the
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four tasks combined. The correlations between the total UPDRS bradykinesia subscale
score and the outcomes of the four tasks are reported in table 2.

Figure 2. Scatter plots illustrating (A) concurrent validity between the instrumental assessment and the UPDRS
bradykinesia subscale and (B) the instrument’s test-retest reliability. Included in the graphs are the trend lines
and their 95% Confidence Interval.
UPDRS, Unified Parkinson’s Disease Rating Scale, ICC, intra-class correlation coefficient.
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Table 2 Instrumental assessment outcomes (duration, amplitude and velocity) scores and their correlations
with the UPDRS bradykinesia subscale.
Task

Cycle

Duration (s)
mean (SD)

a

Walking (n = 65)

Amplitude (deg)
r

mean (SD)

Velocity (deg/s)

r

average

1.2 (0.2)

.35

1.2 (0.3)

-.42

b

mean (SD)

r

1.1 (0.3)

-.52c

variation

0.2 (0.3)

.16

0.2 (0.1)

.09

0.2 (0.1)

-.02

Elbow flexion/extension
(n = 67)

average

1.0 (0.4)

.57c

102 (26.3)

-.34

246 (102)

-.62c

variation

0.1 (0.1)

.34

15.0 (8.2)

.25

37.2 (24.6)

-.02

Forearm pronation/
supination (n = 67)

average

0.7 (0.3)

.65c

91.8 (28.9)

-.08

307 (133)

-.56c

variation

0.2 (0.1)

.46

c

14.2 (7.5)

.01

67.4 (41.9)

-.31

Foot raising/stomping
(n = 66)

average

0.5 (0.2)

.42b

12.1 (8.2)

-.34

46.7 (26.6)

-.53c

variation

0.1 (0.2)

.47c

2.3 (1.2)

-.09

9.3 (3.8)

-.37

The mean (SD) and of the subjects’ performances on the four tasks, i.e. each individual subject’s average
duration, amplitude and velocity of a cycle/stride and the corresponding cycle/stride variations (SD). Note:
Unified Parkinson’s Disease Rating Scale (UPDRS); time in seconds (s); angle in degrees (deg); Pearson’s correlation coefficient (r).
a
stride duration (s), amplitude (meters) and velocity (meters/s).
b
p-value < .05, Bonferroni adjustment applied.
c
p-value <.01, Bonferroni adjustment applied.
Table 3 Concurrent Validity: Regression Modela of Instrumental Assessment’s Outcomes Explaining Largest
Amount of Variance on UPDRS Bradykinesia Subscale.
Beta Coefficient Standard Error

t-statistic

p-value

95% CI

Average Duration

-0.05

0.36

-0.13

0.898

-0.77 - 0.68

Average Amplitude

0.93

0.49

1.89

0.064

-0.05 - 1.92

Average Velocity

-1.92

0.48

-3.99

> 0.001

-2.88 - -0.96

Variance of Duration

-0.80

0.39

-2.06

0.044

-1.58 - -0.02

Variance of Amplitude

0.07

0.62

-0.11

0.915

-1.30 - 1.17

Variance of Velocity

1.71

0.69

2.48

0.016

0.33 - 3.08

Constant

11.14

0.53

20.92

> 0.001

10.07 - 12.02

Coefficients represent the average duration, amplitude and velocity of a cycle/stride on the four tasks assessed by the instrument, normalized and summed to create a single variable. Variance coefficients represent
the respective normalized and summed coefficients of variance measured on the four tasks. Note: Unified
Parkinson’s Disease Rating Scale (UPDRS); 95% confidence interval (95% CI).
a
n = 64, F(6, 57) = 19.69, R2 = 0.67, R2 - adjusted = 0.64, Root Mean Square = 4.25)

4. Discussion
Results confirm the hypothesis, the novel instrument for assessing bradykinesia investigated in this study is valid and highly reliable. To our knowledge, no previous studies
reported the concurrent validity of similar instrumental assessments of bradykinesia in
patients with psychiatric disorders, therefore, our findings were compared to studies
that investigated this in patients with PD[10, 12, 13]. This instrument’s concurrent valid-
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ity is in line with that of the other instruments, ranging from r = 0.64-0.69[10, 12, 13].
The reliability of the novel instrument (ICC = 0.90) also approached that of other instruments, ICC = 0.98[11] and r = 0.95[10], which were[11] investigated in patients with
a psychotic disorder and[10] patients with PD. In line with our previous study[18] we
found that a valid assessment of bradykinesia should be based on more than one task.
The instrumental assessment could be based on less tasks, for example the forearm
pronation/supination and foot raising/stomping task. But this is not recommended,
although the concurrent validity may approach that of the full set of tasks the testretest reliability is markedly lower.
In general, instrumental assessment offers several advantages over observer-rated
scales: instrumental assessment (i) is easy to learn and requires less training to obtain
reliable measurements; (ii) is more sensitive to subtle forms of bradykinesia, and (iii)
can detect smaller fluctuations in severity[9, 23]. Therefore, these instruments are ideal
for research and monitoring bradykinesia in clinical practice. However, there are a few
things to consider when implementing instruments for assessing bradykinesia. First,
opposed to observer-rated scales, instruments[9-13] often assess severity of bradykinesia by extrapolating subjects’ performances on a single motor task, e.g. hand writing[12], spiral drawing[10], or forearm pronation/supination movements[9, 11]. Consequently, these instruments[9-13] are liable to over/underestimating the severity of
bradykinesia, as severity often varies per body region. However, this is unlikely to be a
concern for the instrument investigated in this study, as its assessments are based on a
broad selection of motor tasks. Second, determining a more sensitive cut-off point for
bradykinesia can be difficult, because severity of bradykinesia fluctuates over time[24,
25] and bradykinesia is not necessarily the cause of these differences. Small differences
in movement speed between subjects can also be due to other factors than bradykinesia such as age and physical fitness[2], negative symptoms[26], bradyphrenia and
voluntary slowing in catatonia. Therefore, the added value of instrumentally assessing
bradykinesia is most prevalent when it is used to measure changes within a subject over
time. Moreover, comparing changes in severity of bradykinesia within, and between,
subjects is more meaningful when measured instrumentally, because instrumental
scores are continuous measures. In contrast to observer-rated scales, a 50% increase in
severity is equal to a 50% change in movement speed, whereas an increase from a mild
to a moderate score is more subjective and difficult to interpret. Third, the initial cost of
the instruments required for the assessment can be seen as a limitation. However, in
the long run the opposite could be true, because less training is required to achieve
accurate and reliable measurements. Additionally, as instrumental assessments circumvent the problematic inter-rater reliability of observer-rated scales, accurate routine
instrumental monitoring for bradykinesia can be performed by any trained staff member.
This studies’ strengths are its sample size and the fact that all assessments on the
UPDRS were performed by a single rater extensively trained in rating on the UPDRS.

115

Chapter 7
Compared to the Positive and Negative Symptom Scale (PANSS) the CGI-S is limited in
its ability to capture the severity of psychopathology. Nevertheless, due to practical
considerations we opted to use the CGI-S, because it is a valid and efficient alternative
for the PANSS[15, 27] and assessing the severity of psychopathology was not a primary
goal of this study. External validity might be limited as only long-stay inpatients were
included, this population differs in age, severity of mental symptoms and bradykinesia
from first-episode patients for example. Nevertheless, we expect that our findings can
be generalized, as the entire range of severity of bradykinesia was included in the sample. In fact, being able to determine the instrument’s validity over the entire range of
severity makes long-stay inpatients an ideal sample. Still, further research is required to
determine the validity and reliability of assessing sub-clinical levels of bradykinesia and
in patients with less severe psychopathology.
A potential application of the investigated instrument is monitoring for drug-induced
bradykinesia. It would be particularly interesting to investigate the course of bradykinesia during the period of starting antipsychotic treatment or transitioning to another
antipsychotic. An advantage of monitoring drug-induced bradykinesia instrumentally is
that in contrast to scores on observer-rated scales, instrumental scores are strongly
associated with antipsychotic dose[28]. Therefore, monitoring bradykinesia instrumentally could help in determining a personalized and more optimal antipsychotic dose.
Another application for the instrumental assessment of bradykinesia could be detecting
individuals at ultra-high risk (UHR) of psychosis. Studies have reported that instrumental
assessments can detect slightly elevated levels of movement disorders in ultra-high risk
individuals compared to healthy controls[9, 29]. Several interventions effectively prevent or prolong the transition to psychosis of UHR individuals[30]. Therefore, it would
be of great clinical value if instrumental assessment of bradykinesia increases the positive predictive value of transition to psychosis.
In conclusion, the instrument for assessing of bradykinesia investigated in this study
is a valid and reliable alternative to observer-rated scales. It is an ideal tool for monitoring bradykinesia as it requires little training and experience to achieve reliable results.
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Since the discovery of chlorpromazine in 1950, antipsychotics play a crucial role in the
treatment of psychotic disorders[1]. Since then many new antipsychotics have been
introduced to the market. They are commonly categorized into First-Generation Antipsychotics (FGAs) and Second-Generation Antipsychotics (SGAs). FGAs were developed
in the 1950s and 1960s and the SGAs emerged in the 1980s[1].
Although FGA are very effective in the treatment of psychotic disorders, many patients developed movement disorders as a side effect[2]. However, an exception, already developed in the sixties, was clozapine, a new antipsychotic that induced far less
movement disorders than FGAs. Clozapine was considered as the first of a new generation of antipsychotics[3, 4].
The most common movement disorders observed in patients with psychotic disorders are parkinsonism, akathisia, dyskinesia and dystonia[2, 5]. These movement disorders are a serious burden on patients; they can cause distress (especially feelings of
shame) and (physical) discomfort in patients and often contribute to medication noncompliance[5].
This chapter begins with a summary of our studies on the epidemiology of movement disorders in the GROUP study and the switch to clozapine monotherapy as a
treatment for tardive dyskinesia. The second part of this chapter summarizes our research on the use of digital/electronic instruments to assess and monitor movement
disorders.

Epidemiology of Movement Disorders
The epidemiology of movement disorders in patients on long-term treatment with first
generation antipsychotics has been studied thoroughly[2, 6]. However, less is known
about the incidence and prevalence of movement disorders in patients who just started
treatment with antipsychotics, and especially with second-generation antipsychotics[7].
The first years of treatment are especially interesting to study, as the neural pathways
that are associated with movement disorders are still relatively unaffected by the longterm potentiation effects of antipsychotic treatment. Therefore, we studied the incidence, prevalence, persistence and clinical correlates of parkinsonism, akathisia, dyskinesia and dystonia in a large cohort of relatively young adults, the Genetic Risk and
Outcome of Psychosis (GROUP) study[8]. Surprisingly, we found that although the majority of patients in the cohort were treated exclusively with SGAs as many as 40% developed a movement disorder. The incidence, prevalence and persistence rates of
movement disorders in the GROUP study are lower than the rates reported by studies
that investigated older populations treated with first generation antipsychotics[2, 5, 6,
9, 10] and slightly higher than studies investigating SGAs in similar populations[4, 11].
The severity of parkinsonism was correlated to IQ scores, severity of akathisia, severity
of dyskinesia, and the severity of the negative symptoms of schizophrenia (i.e. reduc-
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tions in emotional responsiveness, motivation and both verbal and physical expression).
This is in line with other studies [6, 12-15]. Correlations were also observed between
the degree of the positive symptoms of schizophrenia (i.e. delusions and hallucinations)
and the severity of akathisia and dyskinesia. Another interesting finding in our study was
the absence of a dose-response relation between antipsychotics and movement disorders. The association between the severity of movement disorders and the type of
antipsychotic medication was also absent. Yet, we did observe that the patients treated
with more than one antipsychotic drug had more severe movement disorders than the
patients treated with a single antipsychotic. Altogether, these findings show that
movement disorders are frequently present in a large, relatively young population that
predominantly used SGAs. Thus movement disorders remain a serious concern as they
negatively impact the quality of life of patients. This underscores the importance of
monitoring for movement disorders in patients with schizophrenia or other psychotic
disorders.

The effect of switching to clozapine treatment on Tardive Dyskinesia
Tardive dyskinesia develops months to years after antipsychotic treatment has been
started and it can persist after discontinuation of treatment[5, 10]. Tardive dyskinesia is
believed to be caused by a long-term effect of antipsychotic treatment on the parts of
the dopamine system involved in regulating movement[16, 17]. Two dominant etiological hypotheses of tardive dyskinesia are a dysregulation of neurons in the basal ganglia
involved with motor control either due to hyper-sensitization or cell damage caused by
the production of free radicals[16, 17]. Several proposed treatments for tardive dyskinesia (i.e. anticholinergics, benzodiazepines, calcium channel blockers and vitamin E
supplementation) lack convincing evidence[18-21]. Switching current antipsychotic
treatment to clozapine monotherapy has also been suggested as a potential treatment
for tardive dyskinesia[16, 22, 23]. However, there are no meta-analyses dedicated to
investigating clozapine as a potential treatment for tardive dyskinesia. Therefore, we
performed a meta-analysis to study the effect of switching to clozapine on the severity
of tardive dyskinesia. We opted to use a broad search strategy that included studies
that investigated the effect of switching to clozapine with tardive dyskinesia as the primary study outcome and studies with tardive dyskinesia as a secondary outcome. The
reason we also included studies with tardive dyskinesia as a secondary outcome was
because we expected to find few studies that investigated the switch to clozapine as a
treatment for tardive dyskinesia and the findings of the studies with tardive dyskinesia
as a secondary outcome could have contradicted the findings of the other studies. This
search returned more than 10.000 hits of which only 17 studies met our inclusion criteria and could be included in our meta-analysis. Only 4 of the 17 studies investigated
tardive dyskinesia as a primary outcome. These four studies showed, convincingly, that
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switching to clozapine can substantially reduce the severity of moderate to severe tardive dyskinesia, and in many cases even alleviate dyskinetic symptoms completely. The
other studies showed that a switch to clozapine monotherapy is not likely to worsen the
severity of tardive dyskinesia in patients with mild to no dyskinetic symptoms. Thus, our
findings make a strong case for switching to clozapine monotherapy to treat tardive
dyskinesia in patients with moderate to severe dyskinetic symptoms.

Instrumental Assessments of Movement disorders
When studying movement disorders it is important to quantify their severity using valid
and reliable methods. The second part of this thesis focuses on using digital/electronic
instruments to assess and monitor movement disorders. A wide range of digital/electronic instruments have already been developed to assess and monitor movement disorders. However, the adoption of these instruments into clinical practice has
been minimal. Therefore, we set out to develop a number of instrumental assessments
suitable for use in a regular clinical setting. We aimed to keep these instruments easy to
use and affordable while being more sensitive and reliable than conventional scales.
Four instruments were developed that utilize the latest technologies: (i) A bradykinesia
assessment that is similar to conventional observer based scales, but uses inertial sensors to assess the severity of bradykinesia. (ii) A redesign of an instrument that
measures variability in force, a sign of dyskinesia. (iii) An instrument that uses a depth
camera to automate the assessment of orofacial dyskinetic signs. (iv) An app that includes several touch based tasks aimed at assessing signs of movement disorders and
other soft motor signs (Neurological Soft Signs). Four studies were conducted with
these instruments, three studies investigated the feasibility of these instruments (i, iii &
iv) and one study determined the validity and reliability of the instrument for assessing
bradykinesia (i).
Recent studies have shown that inertial sensors can reliably capture and assess the
movements of tasks used by conventional rating scales that assess the motor signs of
Parkinson’s Disease[24-26]. Considering that the signs of parkinsonism are very similar
to those of Parkinson’s Disease we investigated the feasibility of an instrument for the
assessment of antipsychotic-induced bradykinesia. Performances on a wide range of
motor tasks were compared between six bradykinetic patients and five healthy controls.
These tasks were derived from common observation based rating scales such as the St.
Hans Rating Scale and the Unified Parkinson’s Disease Rating Scale. The patients performed significantly worse than the controls on seven of the thirteen tasks. The combination of tasks we deem the most feasible includes walking 20 metres, rapidly bending/stretching the elbow, rotating the lower arm and stomping the foot on the ground.
Combining these four tasks distinguished patients from controls very effectively. The
validity and reliability of these four tasks were determined in a subsequent study. To
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investigate the validity of the bradykinesia assessment by our instrument, we determined its concurrent validity with the bradykinesia items of the Unified Parkinson’s
Disease Rating Scale in 64 in-patients with a psychotic disorder and varying degrees of
bradykinesia. Our findings show that the validity of the instrument’s assessments is
high. We also found that the instrument’s test-retest reliability is excellent. This shows
that it is feasible to assess antipsychotic-induced bradykinesia validly and reliably using
our instrument.
Reliable assessment of the orofacial signs of dyskinesia is difficult and requires a
substantial frame of reference. Inspired by a previous study we designed a method to
automate the assessment of dyskinetic movements that occur in the facial
musculature[27]. Instead of using a regular camera we used an infrared depth camera,
as this type of camera can reliably capture facial movement without the need to place
markers. The faces of five dyskinetic patients and five healthy controls were filmed with
a Kinect camera while they rested or performed a motor task to distract them. The data
recorded by the Kinect showed that there was significantly more movement in the lips
of the patients than of the controls. In other regions of the face differences were not
significant, because the Kinect could not detect subtle movements reliably enough in
these regions. Currently, it is not yet feasible to assess orofacial dyskinesia, as not all
signs can be recorded reliably. However, it is likely that this method will soon become
more feasible with improvements to the algorithm that tracks the movement of the
facial regions and increases in the resolution of depth cameras.
The widespread adoption of smartphones and tablets make them ideal for screening
motor signs in large groups. Screening for motor symptoms could help improve the
detection of individuals at risk of developing a psychotic disorder[28]. Several signs
related to movement disorders and neurological soft signs are elevated in these individuals in comparison to their healthy peers[29, 30]. We developed an app that uses
several touchscreen based tasks derived from existing instruments and rating scales.
The feasibility of these tasks was determined by first investigating whether these tasks
are capable of reliably detecting very subtle differences in these motor signs. To determine the discriminability and reliability of these tasks we compared scores on these
tasks between 10 young and 6 middle-aged adults. The results demonstrate that several
of these tasks are capable of detecting very subtle differences in reaction time, movement speed and the planning and accuracy of movement. As the reaction time, the
tracing and the trail making tasks differed significantly between young and middle-aged
adults. The discriminability, reliability, ease of use and low cost of this tablet based
assessment warrants further research; further investigation whether or not these tasks
can be used to screen for subtle motor signs in individuals with an increased risk of
developing a psychotic disorder is recommended.
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General Discussion
This thesis expands the knowledge of movement disorders related to psychosis in epidemiological, treatment and diagnostic areas. First, a large prospective study in a relatively young population using predominantly SGA shows that movement disorders are
frequently present. Second, a meta-analysis of the effect of a switch to clozapine in
patients with tardive dyskinesia shows that this intervention is very effective. Third,
innovative and feasible instruments have been developed to measure parkinsonism and
tardive dyskinesia.

GROUP study
The epidemiological study of movement disorders in the GROUP cohort shows that, in
contrast to what is often suggested, movement disorders are also frequent in young
adults treated with SGAs. A surprising outcome of the investigation of the clinical correlates of movement disorders was that there was no significant association between the
type of antipsychotic treatment, FGA or SGA, and the severity of movement disorders.
An explanation for the lack of the association between antipsychotic treatment and
severity could be that it was overseen due the combination of the relatively long time
(three years) between measurements and the naturalistic design of the GROUP study.
On the other hand, it may be possible that not all movement disorders are directly
caused by antipsychotic treatment but that they are integral symptoms to schizophrenia. This idea is supported by antipsychotic naïve patients with a first episode psychotic
disorder, who also had movement disorders [31]. Moreover, our results show that parkinsonism may be interrelated with the mental and cognitive symptoms of schizophrenia. Both findings support the hypothesis that movement disorders are, at least partially, integral to schizophrenia. Considering that nearly 40% of the patients in the GROUP
cohort had a movement disorder, there is a strong need to regularly monitor movement
disorders in patients with psychotic disorders. Even if the actual prevalence of movement disorders may be somewhat lower than our findings suggest[4, 11] they are still a
frequent and serious burden.

Tardive dyskinesia
Tardive dyskinesia can be a very persistent movement disorder. Several studies have
investigated treatments for managing its symptoms[18-21], but these treatments lack
convincing evidence. The results from our meta-analysis show that switching to clozapine can effectively reduce dyskinetic symptoms. This is remarkable because with the
exception of olanzapine[22] this does not appear to be the case for other antipsychot127

ics. The mechanisms behind the effectivity of clozapine as a treatment for tardive dyskinesia remains unknown. A possible explanation is that clozapine’s unique receptor profile or that its cholinergic effects revert the hypersensitisation or damage of the striatal
neurons involved with movement. However, neither PET nor SPECT imaging studies
clearly support these explanations[32]. Another explanation for the efficacy of clozapine, yet to be explored by PET studies, is that clozapine may regulate presynaptic dopaminergic function differently than other antipsychotics[32]. Clozapine is a very effective
antipsychotic, but a switch to clozapine has some drawbacks. Clozapine may induce or
worsen metabolic problems and requires regular blood tests due to the increased risk of
agranulocytosis[33]. Therefore, clozapine is typically only prescribed when patients do
not respond to, or do not tolerate other antipsychotics. However, there are many cases
in which the burden of TD outweighs the risks of clozapine treatment and in these cases
switching to clozapine could provide considerable relief.

Instrumental assessment of movement disorders
There are some practical inconveniences to regular monitoring of movement disorders.
Monitoring can be time consuming and expensive, as it requires regular training of staff
to achieve valid and reliable results. Fortunately, this can be improved substantially with
the application of instrumental assessments. These instruments can make screening of
movement disorders easier and more efficient and the reliability of these assessments
is far less dependent on the experience and training of the assessor. Thus, monitoring
can be off loaded to other staff members, freeing up the costly time of clinicians. There
are even instruments that are capable of registering signs of movement abnormalities
that are too subtle to be detected by the clinical rating scales. The potential of these
instruments is tremendous as more and more studies show that movement disorders
are more than just a side effect of the antipsychotic medication[31, 34-36]. For druginduced movement disorders detecting subtle signs can help to detect and prevent
movement disorders from developing further by treating them earlier.
Subtle movement disorders that are present in antipsychotic naïve patients of patients at risk for psychosis have prognostic value[37]. In patients at risk of psychosis
subtle movement disorders predict conversion to psychosis and in antipsychotic naïve
patients, parkinsonian symptoms predict worse outcome compared to antipsychotic
naïve patients without parkinsonism[38-42]. The association between movement disorders and the severity of psychosis has also been shown in brain imaging studies, the
presence of subtle movement disorders in the early stages (pre-clinical) of psychotic
disorders has been been linked to structural brain abnormalities related to the severity
of positive and negative symptoms[35].
Another advantage of detecting movement disorders is that they are objective signs
in contrast to most other symptoms in individuals with pre-clinical psychotic disorders
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that are obtained with questionnaires. Screening for movement disorders in these
groups may improve the specificity of a screening process. Nevertheless, clinical adoption of instrumental assessments for movement disorders remains limited. Instruments
intended for routine assessment of movement disorders in a clinical setting must register movement disorders reliably, while they also must be affordable, portable and user
friendly. Not all instruments meet these criteria, but with the introduction of novel
instrumental assessments this is changing rapidly.
We predict that the implementation of devices and instruments will become widespread in clinical practice over the next decade. Our expectations are that using the
next iterations of wearable devices such as smartwatches, fitness trackers and smart
textiles in combination with machine learning algorithms will greatly improve the assessment and monitoring of movement disorders. The ability to assess movement disorders continuously can place them in context with the fluctuations of other symptoms
(mental and cognitive), potential biomarkers (proteins in sweat[43]), and external influences.
This thesis has shown that movement disorders not only occur frequently in elderly
patients on FGAs but also in younger patients on SGAs, that switching to clozapine is an
important consideration for the treatment of tardive dyskinesia, and that instrumental
assessment is an accurate and valid way for monitoring movement disorders. It would
be interesting to see whether improvements in the instrumental assessment of movement disorders may change the outcome of patients with psychotic disorders. Would
early detection prevent the development of drug induced movement disorders or the
conversion to a psychotic disorder or improve the outcome of a first episode?
Another interesting direction for future research would be to gain more insights into
the prognostic potential of monitoring and screening for movement disorders. Future
studies could combine daily assessments of movement disorders with daily assessments
of mental and cognitive symptoms, related biomarkers and changes in the environment
via a combination of wearable sensors and experience sampling. This will lead to greater
understanding of the course of schizophrenia and could establish movement disorders
as an objective non-mental sign with high clinical relevance[42].
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Sinds de ontdekking van chloorpromazine in 1950 spelen antipsychotica een belangrijke
rol in de behandeling van psychiatrische aandoeningen[1]. Intussen zijn er vele verschillende antipsychotica op de markt gebracht. Antipsychotica worden doorgaans onderverdeeld in eerste en tweede generatie antipsychotica (First Generation Antipsychotics
(FGAs) en Second Generation Antipsychotics (SGAs)). De FGAs zijn al in 1950 en 1960
ontwikkeld waar de eerste SGA in 1980 is uitgebracht[1].
FGAs bleken zeer effectieve middelen voor het behandelen van psychiatrische aandoeningen. Veel patiënten ontwikkelden echter bewegingsstoornissen als bijwerking
van deze behandeling[2]. Eén middel, clozapine, was een uitzondering hierop en dit
middel wordt als de eerste van een nieuwe generatie antipsychotica beschouwd. Patienten die behandeld werden met clozapine hadden nauwelijks tot geen last van bewegingsstoornissen[3, 4].
De bewegingsstoornissen die het vaakst als bijwerking van de antipsychotica werden
waargenomen zijn parkinsonisme, acathisie, dyskinesie en dystonie[2, 5]. Deze bewegingsstoornissen zijn een zware last voor patiënten. Ze kunnen zich er ongemakkelijk
door voelen wat een negatief effect heeft op hun sociale leven en daarnaast kunnen
bewegingsstoornissen ook tot fysieke klachten leiden. Dit heeft een nadelig effect op de
therapietrouw van patiënten, voor sommigen is het zelfs een reden om hun medicatie
niet in te nemen[5].
Deze samenvatting beschrijft eerst de epidemiologie van bewegingsstoornissen in
een groot cohort van relatief jong volwassenen, genaamd de GROUP (Genetic Risk and
Outcome of Psychosis) studie en het switchen naar clozapine als behandeling voor tardieve dyskinesie. Daarna worden de voornaamste bevindingen beschreven over het
gebruik van digitale/elektronische meetinstrumenten om de ernst van bewegingsstoornissen vast te leggen.

Epidemiologie van bewegingsstoornissen
Er is uitvoerig onderzoek gedaan naar de epidemiologie van bewegingsstoornissen bij
patiënten die langdurig behandeld worden met FGAs[2, 6]. Daarentegen is er minder
bekend over de incidentie en prevalentie van bewegingsstoornissen bij patiënten die
pas sinds kort met antipsychotica behandeld worden[7]. De eerste jaren van behandeling met antipsychotica zijn interessant om te onderzoeken, omdat de langetermijneffecten van antipsychotica op de hersenen dan nog beperkt zijn. Daarom bestudeerden
wij de incidentie, prevalentie, persistentie en klinische correlaten van parkinsonisme,
acathisie, dyskinesie en dystonie in in een groot cohort van relatief jong volwassenen
(de GROUP studie)[8]. Opmerkelijk genoeg ontwikkelde 40% van de patiënten een bewegingsstoornis, terwijl de meerderheid van de patiënten in het cohort uitsluitend met
SGAs was behandeld. De incidentie, prevalentie en persistentie van bewegingsstoornissen in de GROUP studie zijn lager dan eerder werd gerapporteerd door studies die ou-
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dere populaties behandeld met eerste generatie antipsychotica onderzochten[2, 5, 6, 9,
10] en iets hoger dan studies die gelijksoortige populaties behandeld met SGAs onderzochten[4, 11]. De mate van parkinsonisme correleerde negatief met IQ score en positief met mate van acathisie, mate van dyskinesie en de mate van de negatieve symptomen van schizofrenie (zoals een vermindering van emotionele respons, zowel verbale
als fysieke expressie, en motivatie). Deze bevindingen zijn in overeenstemming met die
van andere studies[6, 12-15]. Verder waren er ook betekenisvolle relaties tussen de
mate van positieve schizofrenie symptomen (zoals wanen en hallucinaties) en de mate
van acathisie en dyskinesie. Een andere interessante bevinding van onze studie was de
afwezigheid van een verband tussen de dosis van antipsychotica en de mate van bewegingsstoornissen. Tevens was er geen verband tussen de mate van bewegingsstoornissen en het type antipsychoticum. Toch zagen we dat de patiënten behandeld met meer
dan één antipsychoticum gemiddeld een hogere mate van bewegingsstoornissen hadden dan patiënten die behandeld werden met een enkel antipsychoticum. Samenvattend laten deze bevindingen zien dat bewegingsstoornissen vaak aanwezig zijn, zelfs in
een relatief jonge populatie die vooral met SGAs was behandeld. Bewegingsstoornissen
blijven daarom een belangrijk aandachtspunt, omdat ze kwaliteit van leven van patiënten negatief beïnvloeden. Dit onderstreept het belang van het monitoren van bewegingsstoornissen bij het bepalen van de behandeling van patiënten met schizofrenie
en/of andere psychotische stoornissen.

Het effect van switchen naar clozapine op tardieve dyskinesie
Tardieve dyskinesie ontwikkelt zich maanden tot jaren nadat de behandeling met antipsychotica is gestart en de klachten kunnen zelfs aanhouden nadat de behandeling met
antipsychotica is gestopt[5, 10]. Vermoedelijk is tardieve dyskinesie het gevolg van een
langetermijneffect van de behandeling met antipsychotica op de hersenen, hierbij kunnen ook de delen van het dopamine systeem zijn betrokken die beweging reguleren[16,
17]. Tardieve dyskinesie is het gevolg van een ontregeling van de neuronen in de basale
ganglia die betrokken zijn bij de motorische functie. Twee dominante etiologische hypotheses over de oorzaak van deze ontregeling zijn; hyper-sensitisatie van de betreffende
neuronen of cel schade veroorzaakt door de productie van vrije radicalen[16, 17]. Er
ontbreekt overtuigend bewijs voor de effectiviteit van verschillende voorgestelde
medicijnen ter behandelingen van tardieve dyskinesie (i.e. anticholinergica,
benzodiazapines, calcium kanaal blokkers en vitamine E supplementen)[18-21]. Het
overstappen van de huidige antipsychotica behandeling naar clozapine monotherapie is
ook gesuggereerd als een potentiele behandeling van tardieve dyskinesie[16, 22, 23]. Er
zijn echter tot op heden geen meta-analyses gepubliceerd die clozapine als mogelijke
behandeling van tardieve dyskinesie onderzochten. Daarom hebben wij middels een
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meta-analyse het effect van het switchen naar clozapine op de mate van tardieve dyskinesie onderzocht.
We hebben hierbij gekozen voor een brede zoekstrategie en includeerden studies
die het effect van het switchen naar clozapine, met tardieve dyskinesie als primaire
studie uitkomst hadden en studies met tardieve dyskinesie als secundaire uitkomst. De
reden dat we ook studies met tardieve dyskinesie als secundaire uitkomstmaat includeerden, was dat we verwachtten slechts enkele studies te vinden die de switch naar
clozapine als behandeling voor tardieve dyskinesie onderzochten. Bovendien zouden de
bevindingen van studies met tardieve dyskinesie als secundaire uitkomst de bevindingen van de studies met tardieve dyskinesie als primaire uitkomst tegen kunnen spreken.
De zoekresultaten omvatten 10.000 artikelen waarvan er uiteindelijk 17 studies overbleven die aan alle criteria voor onze meta-analyse voldeden. Bij slechts vier van deze
17 studies was tardieve dyskinesie de primaire uitkomst van het onderzoek. Deze vier
studies lieten overtuigend zien dat het switchen naar clozapine tot een substantiële
vermindering van de ernst van tardieve dyskinesie kan leiden, en in veel gevallen was er
zelfs sprake van volledig verdwijnen van de tardieve dyskinesie. De overige 13 studies
onderzochten de switch naar clozapine in patiënten waarbij bij aanvang van de studie
de ernst van de dyskinesie beduidend lager was en verbetering hiervan dus ook minder
uitgesproken was. Het overkoepelende resultaat van deze 13 studies liet verder zien dat
een toename van de ernst van de tardieve dyskinesie maar zelden voorkomt door het
switchen naar clozapine. Deze metanalyse pleit ervoor dat het switchen naar clozapine
een serieuze overweging is voor patiënten met matige tot ernstige tardieve dyskinesie.

Instrumentele meting van bewegingsstoornissen
Bij het onderzoek naar bewegingsstoornissen is het belangrijk dat de ernst hiervan valide en betrouwbaar wordt gekwantificeerd. Het tweede deel van deze dissertatie richt
zich op het gebruik van digitale instrumenten om de mate van bewegingsstoornissen te
meten en te monitoren. Er is al een breed scala aan meetinstrumenten ontwikkeld voor
het meten van bewegingsstoornissen. Echter, het gebruik van deze instrumenten in de
kliniek is minimaal. Daarom wilden wij een aantal instrumentele meetmethodes ontwikkelen die geschikt zijn voor regulier gebruik in de kliniek. Ons doel was om deze instrumenten gebruiksvriendelijk en betaalbaar te maken, maar ook gevoeliger en meer betrouwbaar dan de conventionele schalen/methodes/vragenlijsten die worden gebruikt.
Op basis van vier verschillende moderne technologieën ontwikkelden wij vier instrumenten: (i) een bradykinesie assessment die qua inhoud overeenkomt met conventionele schalen gebaseerd op waarnemingen, maar in plaats van waarnemingen de ernst
van bradykinesie meet met behulp van inertiële sensoren, (ii) een herontwerp van een
instrument dat de variabiliteit in kracht meet, een teken van dyskinesie, (iii) een instru-
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ment dat een dieptecamera gebruikt om de mate van orofaciale dyskinesie te meten,
(iv) een app met verschillende taken die subtiele psychomotore kenmerken meet.
Vier studies werden uitgevoerd met deze instrumenten, waarvan drie de haalbaarheid/inzetbaarheid van de instrumenten onderzochten (i, iii & iv), en één studie de
validiteit en betrouwbaarheid van het instrument dat bradykinesie meet onderzocht (i).
Recent onderzoek toonde aan dat inertiële sensoren bij bepaalde motorische taken
de beweging van het lichaam en de afzonderlijke ledematen op een betrouwbare manier kunnen meten. De onderzochte taken worden bij conventionele schalen gebruikt
die de vertraging in het bewegen bij de van de ziekte van Parkinson meten[24-26]. Omdat de symptomen van parkinsonisme (een veel voorkomende bewegingsstoornis) erg
veel lijken op die van de ziekte van Parkinson, onderzochten we de haalbaarheid van
een instrument dat door antipsychotica geïnduceerde vertragingen in het bewegen
(bradykinesie) meet. De uitvoering van een breed scala aan motortaken werd vergeleken tussen zes bradykinetische patiënten en vijf gezonde controles. Deze taken waren
afgeleid van conventionele op waarneming gebaseerde schalen, zoals de St. Hans Rating
Scale en de Unified Parkinson’s Disease Rating Scale. De patiënten scoorden significant
slechter dan de controles op zeven van de dertien taken. De combinatie van taken die
wij het meest haalbaar achtten omvat 20 meter lopen, het snel buigen/strekken van de
elleboog, het draaien van de onderarm, en het stampen met een voet op de grond.
Wanneer deze vier taken werden gecombineerd, konden patiënten met grote zekerheid
(p < 0.01, Effect Size 2.9) van controles worden onderscheiden. De validiteit en betrouwbaarheid van deze vier taken werden onderzocht in een volgende studie. Om de
validiteit van ons instrument te onderzoeken, bepaalden we de overeengestemde (concurrent) validiteit met de bradykinesie items van de Unified Parkinson’s Disease Rating
Scale bij 64 patiënten met een psychotische stoornis en wisselende ernst van bradykinesie. Onze bevindingen laten zien dat de validiteit van de instrumentele metingen
hoog is. We zagen ook dat de test-hertest betrouwbaarheid zeer goed tot excellent is.
Dit toont aan dat antipsychotica geïnduceerde bradykinesie op een betrekkelijke eenvoudige valide en betrouwbaar te meten is met ons instrument.
Het betrouwbaar beoordelen van de mate van orofaciale dyskinesie is lastig en vereist een substantieel referentiekader van de beoordelaar. Geïnspireerd door een eerdere studie hebben we een methode ontwikkeld voor de automatische beoordeling van
dyskinetische bewegingen in het aangezicht[27]. In plaats van een gewone camera
gebruikten we een infrarood diepte camera (Kinect), omdat dit type camera faciale
beweging betrouwbaar kan vastleggen zonder dat er daarvoor markers hoeven te worden geplaatst. De gezichten van vijf patiënten met orofaciale dyskinesie en vijf gezonde
controle personen werden gefilmd met een Kinect camera terwijl ze in rust waren of
motorische taken uitvoerden ter afleiding. De data die werd opgenomen met de Kinect
toonde aan dat er significant meer beweging van de lippen van patiënten dan van controles was. In andere gebieden van het gezicht waren er geen significante verschillen,
omdat de Kinect de subtiele bewegingen in deze gebieden niet betrouwbaar genoeg
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kon meten. Op dit moment is het niet haalbaar om orofaciale dyskinesie te op deze
manier te beoordelen, omdat niet alle dyskinetische bewegingen betrouwbaar kunnen
worden vastgelegd met de camera. Het is echter waarschijnlijk dat de methode snel
haalbaarder wordt door verbetering van het algoritme dat beweging van de gebieden in
het gezicht meet en de toename van resolutie van diepte camera’s.
De wijdverspreide acceptatie van smartphones en tablets maakt ze een ideaal instrument voor het screenen van psychomotore kenmerken gerelateerd aan psychiatrische aandoeningen in grote groepen. Het screenen van psychomotore kenmerken kan
helpen bij het detecteren van mensen met een verhoogd risico om een psychotische
stoornis te ontwikkelen[28]. Bij deze personen zijn verschillende psychomotore kenmerken verhoogd, vergeleken met hun gezonde leeftijdsgenoten[29, 30]. Wij ontwikkelden een app waarbij verschillende taken moeten worden uitgevoerd op een touchscreen, afgeleid van bestaande instrumenten en schalen. De bruikbaarheid van deze
taken werd bepaald door eerst te onderzoeken of deze taken te gebruiken zijn om betrouwbaar subtiele verschillen in psychomotore kenmerken te detecteren. Om de discriminabiliteit en betrouwbaarheid van deze taken te bepalen, vergeleken we de scores
op deze taken tussen 10 jong volwassen en 6 volwassenen van middelbare leeftijd. De
resultaten tonen aan dat verschillende van deze taken in staat zijn zeer subtiele verschillen te detecteren in reactietijd, snelheid van de beweging en planning en nauwkeurigheid van de beweging. De discriminabiliteit, betrouwbaarheid, gebruiksgemak en lage
kosten van deze meting met een tablet vragen om verder onderzoek. Verder onderzoek
is nodig om te zien of deze taken gebruikt kunnen worden voor het screenen van subtiele psychomotore kenmerken bij individuen met een hoger risico op het ontwikkelen
van een psychotische stoornis.
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The primary rationale behind this thesis is to improve the lives of patients with severe
mental illness (SMI) suffering from movement disorders. The following pages offer a
critical review of the practical, economic, and social values of this thesis. This review is
split into two sections. The first section covers what we have learned about prevalence,
incidence, and persistence of movement disorders and the treatment of tardive dyskinesia. In the second section, the potential of assessing movement disorders instrumentally is discussed.

Prevalence of movement disorders in second-generation antipsychotics
In the Netherlands, SMI affect the lives of roughly 280,000 individuals[1]. Quality of life
is hindered in patients with SMI and movement disorders are a predictor for
deterioration of quality of life. Movement disorders can be socially stigmatizing, socially
impairing, and lead to employment difficulties and isolation[2-4]. The socio-economic
cost of SMI is expected to be high, as ongoing psychiatric care is often needed for the
symptoms and side effects of SMI and SMI often lead to prolonged leave of absence
from work or unemployment. It is concerning that movement disorders can motivate
treatment non-adherence in patients[5], because this can result in relapse and psychotic episodes which substantially increases the cost of treatment. Our analysis of the
GROUP study[6] made apparent that movement disorders are prevalent in roughly 40%
of the patients of this cohort and persisted in more than 50% of the cases. The high
prevalence and socio-economic burden of movement disorders stress the importance
of investigating means of preventing and treating movement disorders in patients with
SMI.

Switch to clozapine in patients with tardive dyskinesia
The results of the GROUP study show that movement disorders are still prevalent despite treatment with SGAs being predominant. In search of possible treatment strategies for tardive dyskinesia, we performed a meta-analysis to investigate the effect of
switching of switching to clozapine on tardive dyskinesia. Overall the effect of a switch
to clozapine on tardive dyskinesia was a significant reduction in severity. Especially
promising was that in patients with moderate to severe forms of tardive dyskinesia the
reduction of tardive dyskinesia was substantial. The advice to switch to clozapine in
patients with moderate to severe forms of tardive dyskinesia can be implemented in
clinical guidelines and in clinical routines. This offers a tremendous relief for patients, as
severe cases of orofacial tardive dyskinesia can impair speech, chewing and swallowing,
can motivate medication non-adherence, and it is stigmatizing and often contributes to
social isolation.
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Instrumental measurement of movement disorders
The negative impact of movement disorders on patients’ social and physical wellbeing
and their high prevalence warrant regular screening in order manage their symptoms as
best as possible. We developed two instruments that aid in the simple and reliable
screening of movement disorders. The feasibility and validity of assessing bradykinesia
were demonstrated experimentally. With this instrument, it is much easier to assess
movement disorders than the current solution where a trained psychiatrist performs
the assessment to obtain reliable results. This instrument can save time and money
seeing that this screening can now be offloaded to other clinical staff members. Moreover, preventing movement disorders from burdening patients can prevent a relapse in
their SMI, as it can help prevent medication non-adherence. A logical next step would
be to explore the potential market and determine whether instrumentally assessing
movement disorders is commercially viable. Questions that remain to be answered are;
what the possible economic savings can be for mental hospitals, private clinics and
health insurance companies. What the expected costs would be for developing a commercial product taking into account such things as the cost of the development, production, regulatory approval, marketing and support.
Another potential application for the instrumental assessments is screening for subtle signs of the dysregulation of motor control that cannot be detected via conventional
clinical techniques. For example, by using proven technologies to assess force variability[7-10] or by using smartphones and wearables to continuously monitor for signs of
movement disorders[11, 12]. Subtle motor signs can help differentiate among psychotic
disorders[13] and could potentially even identify individuals at risk of developing psychosis[10, 14, 15]. Further research is still necessary to determine whether these motor
signs actually are a biomarker for psychosis. Moreover, it also remains unclear whether
early interventions are warranted as their effect is still being studied[16]. The portable
and affordable instrument we developed to detect force variability is very useful for
these studies and enables them to study force variability sensitively in large numbers of
patients. If the results of these biomarker/prediction studies are positive this could have
tremendous implications. Preventing psychosis and better management of its symptoms can substantially improve the quality of life of many patients, not to forget the
lives of their friends and relatives, and considering the long length of treatment it can
save a vast amount of money on healthcare.
Altogether, our work on capturing subtle motor abnormalities and movement disorders instrumentally is a step towards the implementation of these techniques in routine
clinical care. The potential for the commercialization of these techniques is growing. We
see a future in which these instruments will improve the quality of life of many patients
and perhaps in some cases even help prevent the onset of psychosis.
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meten, behandelen en voorkomen van bewegingsstoornissen. Uiteraard ben ik de medewerkers van Zon en Schild en het Meander Ziekenhuis heel erg dankbaar voor alle
hulp die ik heb gekregen bij het uitvoeren van mijn onderzoek. In het bijzonder Bé Wolters en Ada Kruyff, door jullie enthousiasme en enorme inzet is alles zo soepel gelopen
en vloog de tijd voorbij. Ik ben ook iedereen betrokken bij het GROUP-project erg dankbaar voor de gigantische hoeveelheid tijd die iedereen erin heeft gestoken. Dit heeft
zich dan ook geuit in een cohort van verbluffende kwaliteit, waarmee ik met veel plezier
onderzoek heb kunnen doen.
De afgelopen vier jaar heb ik fantastische begeleiding gehad van mijn promotoren prof.
Peter van Harten en prof. Hein Daanen. Ik waardeer het enorm dat jullie het vertrouwen in mij hadden en mij deze geweldige kans hebben gegeven. Uiteraard heeft het
geholpen dat Charlotte een goed woordje voor mij heeft gedaan, maar hier kom ik later
nog op terug. Peter en ik hebben vele uren met elkaar doorgebracht. Ik heb veel van
hem geleerd over samenwerking en communicatie. Waar wij in het begin elkaar niet
altijd konden volgen, ging dit naar verloop van tijd stukken beter. Daarom ben ik hem
dan ook het meest dankbaar voor zijn geduld en vertrouwen. Zijn onuitputbare toewijding en enthousiasme voor onderzoek hebben mij enorm gemotiveerd. Peter maakte
altijd tijd om commentaar te geven op teksten zelfs al moest hij daardoor een uurtje
later gaan slapen. Zeker in het begin was ik onwennig in de samenwerking met mensen
uit andere vakgebieden en het was voor mij daarom heel fijn dat Hein als medebewegingswetenschapper mijn tweede promotor wilde zijn. Hein blinkt uit in zijn goede
ideeën en frisse kijk op problemen. Zonder zijn inbreng over de technische aspecten van
de promotie en zijn tips en hulp over hoe deze ideeën aan de rest voor te dragen, zou ik
in het begin van mijn promotie hierop zijn vastgelopen.
Ik wil mijn copromotoren Ritsaert Lieverse en Oswald Bloemen bedanken voor hun
steun en al hun hulp. Naast de talloze uren die Ritsaert mij heeft geholpen met voorbereiden en schrijven van artikelen, heeft hij mij ook onmisbare steun verleend. Hij heeft
mij geholpen de moeilijkste obstakels in mijn promotietraject te trotseren en heeft mij
veel over mijzelf geleerd. Oswald heeft tijdens de laatste twee jaar van mijn promotietraject het stokje overgenomen en dat heeft hij heel goed gedaan. Toen hij begon was
ik al vrij ver gevorderd met mijn laatste twee artikelen en ik ben hem erg dankbaar dat
hij zich zo snel heeft kunnen inlezen. Vrijwel direct heeft hij mij aan goede ideeën voor
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de opzet en uitwerking van deze artikelen geholpen. Dankzij zijn oog voor detail hebben
wij er dan ook hoogwaardige publicaties van kunnen maken.
Dan blijft er nog een “begeleider” over, mijn zus Charlotte. Er zijn teveel dingen waar ik
haar dankbaar voor ben om hier op te noemen. Ik heb met heel veel plezier met haar
samengewerkt en heb goede herinneringen aan de congressen die we samen hebben
bezocht. Met de overige leden van de onderzoeksgroep in Amersfoort, Anne Willems,
Diederik Tenback, Jeroen Deenik, Mushde Shakir en Rob Doornebal-Bakker, heb ik ook
mooie herinneringen, met name aan de congressen in Florence. Ik wil hen graag bedanken voor hun hulp en gezelligheid.
Ik ben ook erg dankbaar voor de fijne tijd die ik in Amersfoort bij Innova heb gehad. In
het bijzonder wil ik Hildegard Brouwer en Yvonne Kraan bedanken. Zij waren altijd bereid om mij te helpen als er wat geregeld moest worden en het was voor mij erg motiverend dat ze altijd interesse toonden in mijn onderzoek. Karolien Sternsdorff wil ik
graag bedanken voor haar hulp bij het regelen van de laatste lootjes van mijn promotie.
Katinka Hellweg en Bartie Hulshof wil ik tenslotte ook nog bedanken voor de enthousiaste en professionele manier waarop zij het onderzoek van Innova hebben gepromoot.
Mijn collega’s bij het Vijverdal in Maastricht ben ik erg dankbaar voor alle hulp bij mijn
onderzoeken. Met name Marjan Drukker en Wolfgang Viechtbauer wil ik graag bedanken voor het organiseren van de meta-analyse meetings. Dit heeft mij ontzettend veel
geholpen bij mijn meta-analyse. Hun hulp en advies over statistiek was ook erg waardevol. Verder wil ik René van der Snoek bedanken voor zijn geweldige inzet bij het screenen van alle artikelen van de meta-analyse. Zonder hem was het nooit gelukt. Ik ben
Margreet Oorschot, Ritsaert Lieverse en Petra Burgisser ook erg dankbaar voor alle uren
die zij in de meta-analyse hebben gestoken.
Ik wil alle studenten bedanken die geholpen hebben met het onderzoek naar de toepassing van nieuwe technische hulpmiddelen bij het meten van bewegingsstoornissen.
Ik heb Amar Levens een half jaar mogen begeleiden. Zijn positieve instelling maakt het
voor iedereen erg prettig om met hem samen te werken en hij ging altijd zeer secuur te
werk. Dit heeft ertoe geleid dat het onderzoek zeer soepel verliep en al zijn werk van
zeer goede kwaliteit was. Gijs Mocking, Levy Usmany, Nilas van Woersem en Unaisi de
Bruijn wil ik graag bedanken voor hun inzet bij en frisse blik op het onderzoek. Ik heb
hen met veel plezier begeleid en hun slimme en creatieve ideeën hebben veel bijgedragen aan het onderzoek.
Als laatste wil ik mijn familie bedanken voor hun interesse in mijn werk en het onderzoek. Ik vind het erg leuk dat het daar niet bij is gebleven, maar dat ze ook actief hebben deelgenomen. Ik had nooit verwacht dat ik samen met mijn broer Stijn en zus Charlotte een artikel zou publiceren waarbij mijn vader één van de controle deelnemers
was. Mijn vrouw Maartje is mij zeer dierbaar en ik wil haar bedanken voor alle steun,
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optimisme en geduld de afgelopen jaren. Samen met onze toekomstige dochter geeft
ze mij de moed en het vertrouwen om door te gaan.
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