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ABSTRACT

Recognizing drug-induced parkinsonian bradykinesia in psychosis patients can be challenging due to overlapping presentation with psychomotor slowing associated
with depression, negative symptoms, or cognitive disturbances. In this study, we apply prior findings on the pathophysiology of bradykinesia in Parkinson's disease to
gain an understanding of motor slowing in psychosis patients. Handwriting movements from 57 healthy participants and 70 psychosis patients were recorded on a
digitizing tablet. Temporal and kinematic features were extracted from handwritten loops and circles. An independent objective measure based on peak velocity for
circles written at maximum speed was used to classify patients as bradykinetic. Using a statistical cut-point derived from normative data, 64% of the patients met
criterion for bradykinesia compared with 46% using a conventional observer-based severity rating scale. Bradykinetic patients produced handwriting movements
with longer stroke durations, smaller amplitudes and lower peak velocities compared with non-bradykinetic patients. Thirty-six percent of the pen strokes produced
by the bradykinetic patients were non-ballistic compare with 20% for the non-bradykinetic patients. The proportion of nonballistic movements observed in hand-
writing was unrelated to current antipsychotic dose, severity of negative psychosis or depression. The ease-of-use and standardization of a tablet-based approach to
quantifying parkinsonian bradykinesia can aid in diagnosing parkinsonian bradykinesia in patients treated with antipsychotics.

1. Introduction

Humans use their upper extremities in a variety of ballistic move-
ments including sports such as tennis and golf, waving, striking, reac-
tions to avoid injury, and handwriting. The term ballistic movement
was initially proposed by Lashley (1917) and Stetson and McDill (1923)
referring to movements that are so short in duration that the initial
electromyographic (EMG) agonist burst dampens before the end of the
movement. Motor control theorists use the term “open-loop movement”
and ballistic movement interchangeably to refer to movements per-
formed without feedback or the possibility of correction
(Flowers, 1976).

In their pivotal paper on the physiological mechanism of bradyki-
nesia in Parkinson's disease (PD), Hallett and Koshbin (1980) found that
the normal reciprocal agonist-antagonist-agonist EMG burst pattern
associated with rapid ballistic elbow movements was replaced by
asynchronous prolonged EMG co-contraction. This led the authors to
hypothesize that bradykinesia “must reflect itself in an abnormality of
ballistic movements...” (p 301). Others consider motor slowness to
stem from an inability of the basal ganglia to sufficiently energize the
motor cortex to reach the threshold required to execute movement at a
desired speed (Berardelli et al., 2001; Hallett, 2011). The result is
prolonged movement time and slow movement speed.

The motor signs associated with drug-induced parkinsonism are

thought to be indistinguishable from idiopathic PD (Hassin-Baer et al.,
2001; Shin and Chung, 2012; Blanchet and Kivenko, 2016), in that the
hallmark signs of rigidity, tremor, and bradykinesia of PD are also
present in drug-induced parkinsonism. While most antipsychotics dis-
rupt dopamine transmission leading to extrapyramidal side effects
(EPS), the motor signs associated with newer antipsychotics tend to be
attenuated and more subtle than with conventional antipsychotics.
Unlike idiopathic PD, differentiating parkinsonian motor slowing from
psychomotor slowing can be difficult in psychosis patients with co-
morbid mood disorders. Recognizing parkinsonian bradykinesia is an
ongoing challenge due to overlapping presentation of psychomotor and
neuromotor slowing in a psychiatric population with comorbid de-
pression, negative symptoms, and cognitive disturbances (Prosser et al.,
1987; Weiden et al., 1987; Rummel-Kluge et al., 2012; Geerts et al.,
2012). The best pharmacologic treatment decisions aimed at managing
medication side effects in such a population depend on a reliable dif-
ferential diagnosis. We reasoned that gaining a deeper understanding of
the nature of motor slowing in patients exposed to antipsychotics may
help elucidate the nature of parkinsonian bradykinesia.

Our approach to this problem is to leverage findings from prior
research on the pathophysiology of bradykinesia in PD (Hallett and
Koshbin, 1980; Berardelli et al., 2001). These showed a fundamental
deficit in the ability to execute ballistic movements in PD. Whereas
ballistic movements are rapid, executed in the absence of on-line
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feedback, and have single peak velocity profiles, non-ballistic move-
ments are generally slower, executed within a time period that allows
adjustments in trajectory or endpoint based on peripheral feedback, and
have velocity profiles containing multiple peaks. Guided movements
where accuracy is important are considered non-ballistic due to the
reliance upon peripheral feedback to achieve accuracy. Given the range
of human motor behaviors wherein endpoint accuracy is replaced by
speed as a performance priority, assessment of handwriting offers ad-
vantages over other motor behaviors. First, kinematic analyses of in-
dividual pen strokes during natural handwriting reveal velocity profiles
consistent with ballistic movements (Plamondon, 1993). Second,
handwriting is a well-learned motor behavior requiring minimal at-
tention or cognitive processing making it suitable for studies of psy-
chiatric populations with potential cognitive disorders.

The goal of the present study was to examine whether impairments
on objective measures of motor slowing schizophrenia patients share
the same features as those observed in idiopathic PD. We hypothesized
that patients with unambiguously defined motor slowing based on an
independent quantitative measure will exhibit a greater prevalence of
non-ballistic pen strokes during handwriting than patients without
motor slowing.

2. Methods
2.1. Subjects

Fifty-seven right-handed healthy participants (20 males and 37 fe-
males) and 70 right-handed psychiatric patients (48 males and 22 fe-
males) meeting DSM-IV criteria for schizophrenia were enrolled into
this study. The mean ages of the healthy subjects (42.47 = 9.36) and
patients (47.40 * 8.89) were not significantly different. The propor-
tion of male subjects in the patient sample was significantly greater
than in the healthy sample (Chi-square = 14.16; p < 0.001). Subjects
were recruited from two sites: San Diego, CA and Minneapolis, MN.
Each participant read and signed institutionally approved informed
consent prior to participating.

2.2. Clinical characteristics

All participants underwent a brief medication and psychiatric his-
tory, administration of the Abnormal Involuntary Movement Scale
(AIMS, Guy, 1976) a modified version of the Simpson-Angus Extra-
pyramidal Signs Scale (SAEPS, Simpson and Angus, 1970), the Barnes
Akathisia Scale (BAS, Barnes, 1989), the Positive and Negative
Symptom Scale (PANSS, Kay et al., 1987) to assess the presence and
severity of psychosis, and the Calgary Depression Scale (CDS,
Addington et al., 1990) to assess severity of depression. Negative
symptoms were also rated using the Marder-5 negative symptom factor
(Marder et al., 2011) from the PANSS. The modified SAEPS consisted of
the standard eight items with the addition of an item to rate bradyki-
nesia by asking the subject to rapidly and repeatedly pronate and su-
pinate each hand separately. The items from the SAEPS (gait, arm drop,
four items for rigidity (neck, shoulder, elbow, and wrist) rapid alter-
nating hand movements, tremor, and salivation) were each scored by
trained raters using a 4-point ordinal scale with “0" representing absent
or normal, “1" mild, “2" moderate, and “3" severe. None of the healthy
subjects demonstrated impairment on any of the examiner-rated motor
or psychiatric assessments.

Of the 70 patients enrolled in the study, 57 were treated with second
generation antipsychotic monotherapy including 13 with aripiprazole,
24 with risperidone, 11 with quetiapine, 7 with olanzapine, and 2 with
ziprasidone. Five patients were treated with low potency conventional
agents and eight were off antipsychotics at the time of the study. Daily
antipsychotic dose was standardized for statistical purposes across the
different antipsychotics by converting to mg/day risperidone equiva-
lents (Kane et al., 2003). Table 1 shows the demographic and clinical
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Table 1
Clinical Characteristics* of the study patients (n = 70).
Mean SD Range

Age 47.40 8.89 26-59
AIMS 3.66 2.85 0-13
SAEPS 4.71 3.56 0-16
BAS-Global 1.26 1.18 0-3
PANSS Total 66.04 16.74 30-109
Marder-5 12.67 4.47 5-23
CDS-Total 4.25 4.16 0-15
APD daily dose 4.35 3.00 0-10

* AIMS = Abnormal Involuntary Movement Scale; SAEPS = Simpson-Angus
EPS Scale; BAS-G = Barnes Akathisia Scale, Global Rating; PANSS = Positive
and Negative Symptom Scale; Marder-5 = 5-item negative symptom factor
from PANSS; CDS = Calgary Depression Scale; APD = Antipsychotic Drug dose
in mg risperidone equivalents/day.

characteristics of the study subjects.

2.3. Handwriting procedures

Upon completion of the clinical assessments, subjects completed the
procedure for quantifying handwriting movements. Pen movements
were recorded using a non-inking pen and Wacom' Intuos UD 9 x 12
digitizing tablet (30cm X 22.5cm, sampling rate 100 samples/
second, RMS accuracy 0.01 cm) attached to a notebook computer run-
ning MovAlyzeR® software.” Our prior studies of handwriting move-
ment in psychiatric patient samples involved a battery of 15 tasks
(Caligiuri et al., 2009; 2010). For the purpose of this study with its focus
on bradykinesia, we report a reanalysis of handwriting kinematics from
five of the original tasks: writing complex loops (“lleellee”), writing
simple loops written from left to right (“11111111”), drawing overlay circles
with the dominant and non-dominant hands at a comfortable speed,
and drawing overlay circles written with the dominant hand at max-
imum speed. Subjects were instructed to write the loops and circles
within a 4 cm vertical boundary marked on the tablet surface. The rapid
overlay circles were produced with 2 cm vertical boundary markers.
The tasks were administered in random order with a fixed block of 5
trials for each condition. Minimal training is required to administer the
handwriting assessment as the procedures involve no decision-making
on the part of the examiner and stimulus delivery is automatic.

Subjects were seated comfortably at a table with the digitizing ta-
blet positioned to allow natural writing for a given subject. Subjects
were free to move the tablet to improve comfort and create a normal
writing environment. Prior to the start of data collection, the subject
was shown a visual copy of the task, given instructions, and provided
with a practice period to ensure familiarity with writing on the tablet
using an inkless stylus. Subjects were instructed to begin writing the
continuous loops or circles until told by the examiner to stop and lift the
pen. Each trial lasted 10 s with a 2-s interval between trials. When the
five trials were completed, the program paused while the examiner is-
sued a new set of instructions for a new condition. This sequence was
repeated for all conditions. Trials with delays in initiating the writing
task or trials where the subject stopped before the writing task was
completed were re-administered. The handwriting procedures required
approximately 10 min. Samples of the loop and circle tasks from a
healthy subject are shown in Fig. 1. The figure shows handwriting
traces from single trials for each of three tasks: drawing repetitive
overlay circles (top), writing continuous left-to-right loops (middle),
and writing complex loops (bottom). Pen movements associated with
each up and down stroke for each trial (14-16 strokes in these ex-
amples) were subjected to kinematic analyses (see below).

L http://wacom.com
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Fig. 1. Sample raw waveforms from a single subject writing repetitive overlay circles (top), continuous left-to-right loops (middle), and complex loops (bottom).
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A D
C F

Fig. 2. Handwriting waveforms for overlay circles written with the non-dominant hand by a healthy subject (A, B and C) and an patient with bradykinesia (D, E, and
F). Shown are the raw vertical (Y-axis) and horizontal (X-axis) amplitude waveforms (A and D), vertical displacement over time (B and E) and the 1st time derivative
of the vertical displacement over time (C and F). Panel F shows multiple peaks in the 1st time derivative indicating non-ballistic pen strokes for the bradykinetic

subject not present for the healthy subject (Panel C).

2.4. Data reduction and analysis

Handwriting samples were subjected to processing and analysis
using Movalyzer software. Handwriting patterns were low-pass filtered
at 12 Hz and time derivatives were estimated. Reduction and analysis of
the handwriting kinematics involved the automatic extraction of mul-
tiple variables from each vertical pen stroke from each trial of each
handwriting pattern. The kinematic variables measured for this study
included: stroke duration (in milliseconds), vertical stroke amplitude or
size (in centimeters), peak vertical velocity (in centimeters/second),
and the percentage of non-ballistic strokes. Non-ballistic pen strokes
were defined as strokes containing more than a single velocity peak
over the movement period from stroke amplitude minima to stroke
maxima. The kinematic features were computed for both upstrokes and
downstrokes and then averaged across all vertical strokes of the trial
and across trials. Fig. 2 shows two examples of overlay circles written
by a healthy subject (left) and a study patient with suspected parkin-
sonism (right). Raw data in X and Y coordinate space are depicted in the
top traces. Shown below the raw waveforms are the vertical
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displacement (middle) and its 1st time derivative (bottom). Multiple
velocity peaks per stroke are evident in the 1st time derivative for the
patient sample (right) compared to the healthy subject. In this example,
the proportion of vertical strokes containing multiple peaks in the ve-
locity waveform indicating non-ballistic movement patterns was 17%
for the healthy subject and 77% for the patient for the trial shown.
Bradykinesia is traditionally evaluated using observer-based rating
scales such as the modified SAEPS. Due to concerns over the reliability,
subjectivity, and insensitivity of observer rating scales to detect mild
forms of parkinsonian bradykinesia in patients with psychosis, we
decided to classify patients as presenting upper extremity bradykinesia
using an independent objective quantitative measure derived from the
circle drawing task performed at maximum speed. This measure was
chosen as simple circles drawn as fast as possible requires minimal
information processing, memory, attention, sequencing or set-changing
and as such would have little mechanistic overlap with psychomotor
slowing. Upper extremity bradykinesia was objectively defined as the
average peak velocity across trials and strokes for the maximum speed
overlay circle task that were below the 95th percent confidence limit
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(i.e. 17.43 cm/s) of the healthy age-comparable subject mean. Scores
from the heathy control subjects on the rapid overlay circle drawing
task were used to establish the 95th percent confidence interval and
cut-point for classifying bradykinesia. As the rapid circle drawing task
was used to identify patient subgroups, velocity scores on this task were
not included among the experimental variables used to test the study's
hypothesis.

2.5. Statistical analyses

We tested the study's hypothesis by performing statistical tests for
differences in handwriting kinematics associated with parkinsonian
bradykinesia in bradykinetic and non-bradykinetic patients. Group
scores were subjected to tests of homogeneity of variance and normal
distribution and found not to satisfy these assumptions for using para-
metric statistics. Thus, for all comparison, we used non-parametric
Mann-Whitney tests. Nonparametric Spearman correlation coefficients
were used to identify potential associations between the putative bra-
dykinesia variables extracted from handwriting movements and non-
motor conditions that could manifest as slow movement such as nega-
tive symptoms of psychosis, depression and other motor side effects
such as tardive dyskinesia (TD) and akathisia that could impact per-
formance on the handwriting measures. P-values from statistical dif-
ference tests were adjusted for multiple comparisons using the
Benjamini-Hochberg (BHp) method for correcting alpha to control the
false discovery rate (Benjamini and Hochberg, 1995). BHp va-
lues < 0.05 were considered significant. Statistical comparisons be-
tween the healthy subjects and psychosis patients were not performed.

3. Results

Forty-five (64%) of the 70 patients produced rapid overlay circles
with mean peak velocity below the lower 95th confidence interval of
peak velocity scores obtained from healthy comparison subjects and
were considered bradykinetic for the purpose of this study. Based on
individual item scores of the modified SAEPS, 32 of the 70 patients
(46%) were rated as having mild-moderate bradykinesia. Significantly
more patients met the instrumental criterion for bradykinesia compared
to SAEPS ratings (Chi-Square = 4.88; p < 0.05). Among the 45 patients
considered bradykinetic based on the instrumental measure, 22 (49%)
were rated has having at least mild bradykinesia on the clinical mea-
sure, indicating that the handwriting measure for classifying bradyki-
nesia (maximum speed circle drawing) and the SAEPS bradykinesia
item are independent. Table 2 shows the clinical characteristics of the

Table 2
Clinical and demographic characteristics* of the bradykinetic and non-brady-
kinetic patients. Shown are mean (sd) scores.

Variable Bradykinetic Non-bradykinetic
patients(n = 45) patients(n = 25)
Age 47.89 (8.12) 46.52 (10.25)
Gender (M:F) 29:16 19:6
AIMS 3.53 (2.65) 3.88 (3.23)
SAEPS 5.02 (3.79) 4.16 (3.10)
BAS-Global 1.31 (1.24) 1.16 (1.10)
PANSS-Total 64.56 (17.40) 68.72 (15.45)
PANSS-Positive 16.04 (5.41) 18.08 (6.51)
PANNS-Negative ~ 17.47 (5.31) 13.42 (3.36)
Marder-5 12.61 (4.38) 12.79 (4.71)
CDS-Total 4.16 (4.57) 4.42 (3.36)
APD Daily Dose 4.36 (2.84) 4.33 (3.12)

* AIMS = Abnormal Involuntary Movement Scale; SAEPS = Simpson-Angus
EPS Scale; BAS-G = Barnes Akathisia Scale, Global Rating; PANSS = Positive
and Negative Symptom Scale; Marder-5 = 5-item negative symptom factor
from PANSS; CDS = Calgary Depression Scale; APD = Antipsychotic Drug dose
in mg risperidone equivalents/day.
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50 bradykinetic and 27 non-bradykinetic patients. None of the group
differences shown in Table 2 reached statistical significance based on
paired t-tests or Chi-Square test (for gender) indicating that the bra-
dykinetic and non-bradykinetic patients are comparable in all other
respects.

Table 3 shows the descriptive statistics for two patient groups on
variables associated with parkinsonian bradykinesia including move-
ment duration, movement amplitude, peak velocity and the proportion
of non-ballistic movements.

Stroke duration. For all tasks, bradykinetic patients produced pen
strokes with significantly longer stroke durations than non-bradykinetic
patients. Mann—-Whitney tests for two independent groups were sig-
nificant for the complex loop (Z = 2.47; p = 0.012; BHp = 0.02); left-
to-right loops (Z = 2.92; p < 0.003; BHp = 0.008); overlay circles with
the dominant hand (Z = 3.77; p < 0.0001; BHp < 0.0005); and overlay
circles with the non-dominant hand (Z=2.34; p = 0.018;
BHp = 0.025).

Vertical stroke amplitude. With the exception of complex loops, bra-
dykinetic patients produced pen strokes with significantly lower stroke
amplitudes than non-bradykinetic patients. Mann-Whitney tests for two
independent groups were nonsignificant for the complex loop
(Z=—1.84; p = 0.06; BHp = 0.06); however, significant for left-to-
right loops (Z= —3.25; p = 0.0009; BHp = 0.004); overlay circles with
the dominant hand (Z = —2.25; p = 0.02; BHp = 0.025); and overlay
circles with the non-dominant hand (Z —2.87; p = 0.003;
BHp = 0.008).

Peak vertical velocity. For all tasks, bradykinetic patients produced
pen strokes with significantly lower stroke velocities than non-brady-
kinetic patients. Mann-Whitney tests for two independent groups were
significant for the complex loop (Z=-3.43; p = 0.0004;
BHp 0.009); left-to-right loops (Z —4.40; p < 0.0001;
BHp < 0.0005); overlay circles with the dominant hand (Z = —4.64;
p < 0.0001; BHp < 0.0005); and overlay circles with the non-dominant
hand (Z = —2.77; p = 0.005; BHp = 0.01).

%Nonballistic movements. With the exception of the complex loop
task, bradykinetic patients produced handwriting movements with
significantly more non-ballistic strokes than non-bradykinetic patients.
Mann-Whitney tests for two independent groups were significant for
the left-to-right loops (Z = 1.97; p < 0.05; BHp < 0.05); overlay circles
with the dominant hand (Z = 3.33; p = 0.0006; BHp = 0.002); and
overlay circles with the non-dominant hand (Z = 2.31; p — 0.019;
BHp = 0.025). When averaged across the four tasks, 36% of the pen
strokes produced by the bradykinetic patients were non-ballistic com-
pare with 20% for the non-bradykinetic patients.

Correlational tests revealed that scores on the handwriting kine-
matic variables were unrelated to severity of negative or positive
symptoms of psychosis (PANSS), depression (CDS and Marder-5), or TD
(AIMS total score). Concern over differences in the gender distribution
between patients and healthy subjects prompted an exploratory ana-
lysis of gender effects on the kinematic measures. Analyses of variance
were performed to test main effects of gender on handwriting stroke
duration, stroke size, peak velocity, and % non-ballistic movements
and, where appropriate, interactions between gender, bradykinesia
group, and handwriting task. None of the main effects of gender
reached statistical significance for any of kinematic measures.

Among patients treated with second generation antipsychotic
monotherapy (n = 57) we found a low but positive relationship be-
tween % non-ballistic movements and average daily dose (in RispEq
mg/d) for the left-to right loop task (r = 0.27 p = 0.02) and overlay
circle drawing with non-dominant hand (r = 0.27; p = 0.02). With the
exception of risperidone-treated patients, sample sizes for patients
treated with the same antipsychotic were insufficient for this analysis.
Among the 24 risperidone-treated patients, we found significant re-
lationships between increase in % of non-ballistic movements and
average daily dose for overlay circle drawing with non-dominant hand
(r = 0.45; p = 0.03) and complex loops (r = 0.58; p = 0.004). No other
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Mean scores (standard deviations) for four handwriting kinematic variables extracted from four handwriting patterns associated with parkinsonian bradykinesia
including movement duration, vertical movement size, peak velocity and the proportion of non-ballistic movements (NBM) for bradykinetic (B) and non-bradykinetic

(N) patients (see text for statistical significance).

Pattern Group N Duration (seconds) Size (cm) Peak Velocity (cm/s) %NBM
Complex Loops N 24* 0.40 (0.16) 2.71 (0.36) 13.96 (4.50) 19.26 (19.45)
B 44+ 0.54 (0.25) 2.53 (0.41) 10.03 (3.00) 31.59 (29.93)
Left-to-Right Loops N 25 0.44 (0.16) 3.82(0.35) 17.85 (5.07) 18.18 (18.37)
B 45 0.60 (0.25) 3.43 (0.55) 12.15 (3.31) 32.62 (29.48)
Overlay Circles with Dominant Hand N 25 0.34 (0.17) 3.64 (0.40) 21.86 (7.32) 10.43 (16.80)
B 45 0.57 (0.31) 3.33 (0.55) 12.82 (4.75) 30.46 (30.28)
Overlay Circles with Non-Dominant Hand N 25 0.53 (0.21) 3.87 (0.34) 15.45 (6.31) 32.52 (28.41)
B 45 0.66 (0.24) 3.52 (0.54) 11.24 (3.42) 48.89 (27.54)

* Complete data not collected from two patients.

relationships between kinematic features of motor slowing and anti-
psychotic dose were observed. There were no differences in the pro-
portion of patients meeting the study's criterion for bradykinesia versus
not among patients treated with risperidone (13 vs 11), quetiapine (6 vs
5), olanzapine (5 vs 2), or among the untreated patients (4 vs 4). Only
among the aripiprazole-treated patients did more meet criterion for
bradykinesia than not (11 vs 2).

4. Discussion

The present study tested the hypothesis that patients with un-
ambiguously defined motor slowing based on an independent quanti-
tative measure will exhibit a greater prevalence of non-ballistic pen
strokes during handwriting than patients without motor slowing.
Deficits in the execution of ballistic movement during handwriting has
been shown in prior research to form the physiologic basis of brady-
kinesia in PD (Hallett and Koshbin, 1980; Berardelli et al., 2001). The
results of the present study show that 36% of the handwritten pen
strokes produced by the bradykinetic patients were non-ballistic in
contrast to 20% for patients not meeting criteria for bradykinesia.

Our criterion for classifying patients as meeting criteria for brady-
kinesia based on a statistical cut-point for hand movement velocity is a
novel component of the present study. Using a normative sample of 57
healthy individuals, we identified the 95% confidence interval around
the mean velocity for rapid circle drawing. Patients producing move-
ment velocities below the 95% cut-point on the same task were defined
as having bradykinesia. Based on this objective measure for bradyki-
nesia, 65% of the study patients exhibited bradykinesia compared to
42% based on observer ratings. The lower prevalence of clinically de-
fined bradykinesia compared with an instrumental approach suggests
that many patients treated with second generation antipsychotics may
exhibit at least mild parkinsonism that can be difficult to assess using
traditional rating scales.

Clinical assessments of extrapyramidal signs in psychiatric patients
generally involve observer severity ratings using multi-item scales such
as the SAEPS to detect the presence and severity of parkinsonian signs.
However, as with all subjective use of such scales in research settings
may introduce problems in reliability and sensitivity due to the varia-
bility in clinical experience and training of the rater in the use of such
scoring systems. This can be particularly problematic in studies of
bradykinesia with this patient population where cognitive, affective,
and/or neurological factors can contribute to slow movement and blur
the distinction between neuromotor and psychomotor slowing.

In the present study, the possibility that psychomotor slowing could
manifest as significantly reduced movement velocity during hand-
writing was examined by comparing bradykinetic with non-bradyki-
netic patients on several clinical scales. We found no significant dif-
ferences between bradykinetic and non-bradykinetic patients in terms
of severity of psychosis or depression. As such, our classification of
patients into bradykinetic or non-bradykinetic subgroups appears to be
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based on a pure motor criterion uninfluenced by psychosis or mood
state. Importantly, the proportion of nonballistic movements in hand-
writing was unrelated to negative psychosis or depression. In practice,
it is difficult to dissociate psychomotor slowing from parkinsonian
bradykinesia as both phenomena can co-exist in schizophrenia patients
treated with antipsychotics who continue to present negative symptoms
or affective psychosis. The present study demonstrated that a dis-
turbance in the execution of ballistic movements reported to underly
bradykinesia in PD (Hallet and Koshbin, 1980) is also a feature in drug-
induced parkinsonism.

The association between average daily antipsychotic dose for ris-
peridone-treated patients and proportion of nonballistic movements
supports the notion that the anti-dopaminergic properties of some an-
tipsychotics may underly the deficits in execution of ballistic hand-
writing movements and subsequently, parkinsonian bradykinesia. The
lack of this relationship among patients treated with agents having
minimal dopamine D, receptor blocking properties (such as quetiapine
or olanzapine) lends further support to this notion. Nonetheless, the
question of whether a given antipsychotic agent is associated with more
or liability for parkinsonian bradykinesia can best be answered by
studying patients before and following their first exposure to an anti-
psychotic.

This study departed from the convention of diagnosing bradykinesia
using an observer rating scale and instead relied upon an instrumental
measure of handwriting speed. Performance on this handwriting speed
measure was unrelated to severity of psychopathology or other co-
morbid movement disorders such as TD and akathisia, supporting the
face validity of the handwriting speed measure. More importantly,
slowness on this measure coincided with other aspects of movement as
predicted by decades of research on the phenomenology of bradyki-
nesia in Parkinson's disease (Hallett and Koshbin,1980; Berardelli et al.,
2001; Hallett, 2011). Thus, a cluster of motor signs consisting of re-
duced movement velocity, increased movement duration, reduced
movement amplitude, and greater proportion of non-ballistic move-
ments characterizing bradykinesia in idiopathic PD is also seen in
drug-induced parkinsonism. Nonetheless, caution should be exercised
in future research aimed at kinematic modeling of parkinsonian bra-
dykinesia due to potential inter-correlations between velocity, duration
and amplitude. The proportional relationship between movement speed
and distance (velocity scaling or isochrony) has been well established in
studies of human motor control (Teulings, 1996) and can be demon-
strated in studies of handwriting in PD (Nackaerts et al., 2017) and
drug-induced parkinsonism (Caligiuri et al., 2006).

Prior research on quantifying bradykinesia in drug-induced brady-
kinesia has relied largely upon measures of upper limb or hand move-
ment speed (Caligiuri et al., 2009; Koning et al., 2011; Mentzel et al.,
2016). These procedures exhibit greater sensitivity to mild early forms
of bradykinesia than observer ratings; however, their specificity in
distinguishing psychomotor retardation from parkinsonism has not
been established because slowness per se can be a manifestation of
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several conditions including depression, negative psychosis, motiva-
tion, advanced age, and drug-induced parkinsonism. As the present
study suggests, with access to minimal technology capable of recording
simple unidirectional movements, clinicians can extract important di-
agnostic information (e.g. the number of velocity peaks present in a
single movement) from these recordings to detect pure neuromotor
abnormalities. While the present findings were based on handwriting
movements, it is possible to extend these observations to other forms of
movement. An optimal test battery for distinguishing neuromotor from
psychomotor abnormality would include tasks with varying cognitive
demands. Efforts are underway to develop applications on mobile de-
vices for recording peak velocities (and the number of velocity peaks)
from stylus-based handwriting and drawing.

In conclusion, the inability to execute rapid movements as a single
ballistic motion may be a core feature in both antipsychotic-induced
bradykinesia and idiopathic Parkinson's disease. Measures of hand-
writing kinematics including pen stroke duration, velocity and disrup-
tion in formation of ballistic movements can improve objectivity and
sensitivity in the clinical assessment of mild antipsychotic-induced
bradykinesia. Nevertheless, additional research is needed to confirm
that kinematic features of handwriting including disturbances in the
execution of ballistic movement are valid indices of parkinsonian bra-
dykinesia and should be relatively spared in neuroleptic-naive patients
with psychomotor retardation secondary to major depressive disorder.
The ease-of-use and standardization of a tablet-based approach to
quantifying parkinsonian bradykinesia can aid in diagnosing parkin-
sonian bradykinesia in patients treated with antipsychotics.
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