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Ongoing monitoring of neuroleptic-induced extrapyramidal side effects (EPS) is important to maximize
treatment outcome, improve medication adherence and reduce re-hospitalization. Traditional approaches for
assessing EPS such as Parkinsonism, tardive akathisia, or dyskinesia rely upon clinical ratings. However, these
observer-based EPS severity ratings can be unreliable and are subject to examiner bias. In contrast,
quantitative instrumental methods are less subject to bias. Most instrumental methods have only limited
clinical utility because of their complexity and costs. This paper describes an easy-to-use instrumental
approach based on handwriting movements for quantifying EPS. Here, we present findings from psychiatric
patients treated with atypical (second generation) antipsychotics. The handwriting task consisted of a
sentence written several times within a 2 cm vertical boundary at a comfortable speed using an inkless pen
and digitizing tablet. Kinematic variables including movement duration, peak vertical velocity and the
number of acceleration peaks, and average normalized jerk (a measure of smoothness) for each up or down
stroke and their submovements were analyzed. Results from 59 psychosis patients and 46 healthy
comparison subjects revealed significant slowing and dysfluency in patients compared to controls. We
observed differences across medications and daily dose. These findings support the ecological validity of
handwriting movement analysis as an objective behavioral biomarker for quantifying the effects of
antipsychotic medication and dose on the motor system.
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1. Introduction

Neuroleptic medications have been the mainstay for treating
psychotic illness for over 50 years. While neuroleptics improve the
lives of schizophrenic patients, the occurrence of neuroleptic-induced
extrapyramidal side effects (EPS) with increasing dosage often
imposes limits on the dosage actually required to treat the disease.
Even after the emergence of second generation antipsychotics, EPS
continue to cause concern (Miller et al., 2008), particularly in
vulnerable populations, such as the elderly (Caligiuri et al., 2000).

Ongoing monitoring of EPS is important to maximize treatment
outcome, improve medication adherence and reduce re-hospitalization.
Effective management of EPS begins with early detection, and even-
tually, prevention. Early detection of EPS requires sensitive and reliable
measurement. Traditional means of assessing EPS rely upon observer
judgments of severity, but these subjective ratings suffer from low
reliability, even after the required extensive training, and are insensitive
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to mild subclinical abnormalities (Lohr and Caligiuri, 1992; Caligiuri,
1997). Different examiners show different average judgments of the
same patients, resulting in examiner bias. To overcome these limitations,
investigators have developed instruments for quantifying EPS (e.g., load
cells, strain gauges, accelerometers, and electromyograms). While these
instruments enjoyed appeal in research settings, they have not been
adopted for routine clinical or bedside use. The main reason is because
these procedures require levels of technical expertise not always
available in clinical settings. Currently, no techniques for the quantitative
and objective measurement of EPS severity are available that can be
easily used by neurologists, psychiatrists, and other practitioners in the
clinical setting.

One such approach to quantifying drug-induced motor side effects
involves the analysis of handwriting movements. Haase (1961) was
the first to demonstrate a relationship between the clinical effective-
ness of neuroleptic mediation and EPS using handwriting analysis.
Haase noted that as neuroleptic dosage increased, patients showed
Parkinsonism; their handwriting slowed (bradykinesia) and
decreased in size, resembling the micrographia observed in Parkin-
son's disease. The use of handwriting movements to assess EPS has
been a focus of research primarily in Europe (Haase, 1978; Gerken
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et al., 1991; Kiinstler et al., 1999, 2000). However, the results have
been mixed. For example, Gerken et al. (1991) used movement size
(expressed by the area encompassed by handwriting) in schizo-
phrenic patients for predicting treatment response. In their small
sample of patients, they observed reductions in handwriting size in
three of the nine treatment responders and in nine of the 12 treatment
non-responders, suggesting that the handwriting movement size was
unable to predict treatment response. Kiinstler et al. (2000) used
single photon emission tomography to examine the relationship
between the handwriting area and the dopamine D, receptor
occupancy in schizophrenic patients before and after treatment with
haloperidol, clozapine, or risperidone. They reported a highly
significant linear relationship between the D, receptor occupancy
and the reduction in handwriting area. In a second study of 10
schizophrenic patients who received medication for the first time,
Regenthal et al. (2005) reported positive correlations between the D,
receptor occupancy, the plasma level of risperidone and its active
metabolite 9-hydroxyrisperidone and the reduction in handwriting
area. While none of the patients exhibited clinically observed EPS,
the authors concluded that the analysis of handwriting movements
might be well suited for evaluating the neurological side effects of
neuroleptic medications because of their sensitivity to D, receptor
occupancy.

The purposes of the present study were to test whether hand-
writing kinematic measures show greater impairments for some
atypical antipsychotic medication than for others and whether the
severity of impairment is related to the daily dose. Additionally, we
aimed to compare the medication and dose effects on handwriting
kinematics with those for traditional observer-based EPS severity
ratings.

2. Methods
2.1. Subjects

This study involved a multi-site parallel group design. Subjects were recruited and
tested at the three sites including: San Diego, CA; Minneapolis, MN; and Indianapolis,
IN. The study was carried out in accordance with the 1964 Declaration of Helsinki and
all subjects signed institution-approved informed consent prior to participating.
Subjects from each site received the same clinical evaluation and a computer-controlled
handwriting motor test in the same order, using the same procedures. The original
cohort consisted of 113 psychosis patients and 46 healthy comparison subjects. Patients
were excluded for the following reasons: treatment with multiple antipsychotics
including conventional agents (n=17); treatment with an anticholinergic medication
(n=18); off antipsychotic at the time of testing (n=11); insufficient clinical or
medication data (n=38). Thus, the final group consisted of 59 psychosis patients with
active psychotic illness.

The mean (S.D.) age of the patient group was 50.55 years (8.72), which was higher
than the mean for the healthy comparison subjects of 42.21 years (9.30) (t=4.70;
P<0.01). We do not assume that the group difference we found could be explained as an
aging effect. For example, Teeken et al. (1996) found that most age-related slowing is
observed in discrete aiming movement tasks, while rapid, reciprocal arm movement
tasks, comparable to continuous handwriting, show no significant slowing across this
age range. The patient group consisted of 43 males and 16 females, whereas the healthy
comparison group comprised 14 males and 32 females. The male: female ratio for the
two subject groups was different (y?>=18.77; P<0.001). Similar to the aging effect,
gender shows mainly an effect on the discrete movements but no effect on the
reciprocal movements, which is comparable to the continuous handwriting (Teeken
et al.,, 1996). In spite of this evidence that the age and gender differences between
groups is expected to have little effect, additional statistical tests were performed to
examine any effects of these demographic variables on the handwriting movements.

2.2. Clinical characteristics of study patients

Patients met the DSM-IV criteria for either schizophrenia (n =45) or schizoaffec-
tive disorder (n=14). The study patients underwent clinical movement disorder
assessment using the Abnormal Involuntary Movement Scale (AIMS; Guy, 1976) for
tardive dyskinesia, the Simpson-Angus EPS scale (SAEPS; Simpson and Angus, 1970) for
drug-induced Parkinsonism, and the Barnes Akathisia Scale (BAS; Barnes, 1989) for
akathisia. The severity of the positive and the negative symptoms of psychosis was
rated using the Positive and Negative Syndrome Scale (PANSS; Kay et al., 1987).

Fifty-one of the 59 patients were treated with a single atypical antipsychotic:
aripiprazole (n=10); risperidone (n=17), quetiapine (n=9), olanzapine (n=10),

Table 1

Patient characteristics (n=>59).

Clinical variable Mean (S.D.)
Positive and Negative Syndrome Scale (PANSS), total score 63.98 (17.49)
Positive symptom score from PANSS 15.75 (5.81)
Negative symptom score from PANSS 16.69 (5.77)
Barnes Akathisia Scale (BAS), global score 1.13 (1.16)
Abnormal Involuntary Movement Scale (AIMS), total score 3.19 (2.92)
Simpson-Angus EPS (SAEPS), total score 4.84 (3.74)
Average daily dose, mg/day risperidone equivalents 4.85 (3.26)

ziprasidone (n=3) or clozapine (n=2). The remaining eight patients were on two
atypical antipsychotics (risperidone in seven of the eight patients plus another atypical
antipsychotic). The antipsychotic dose for each of these medications was converted to
the risperidone equivalent dose based on the conversion table published in a consensus
report (Kane et al., 2003). For cases treated with more than a single antipsychotic, the
equivalent doses for all antipsychotics were summed to yield the net equivalent dosage.
Table 1 shows the statistics of the examiner assessments and the equivalent dosage for
the group of the 59 patients.

2.3. Kinematic variables of handwriting

Handwriting movements were quantified using a commercial digitizing tablet and
MovAlyzeR software (NeuroScript, LLC; Tempe, AZ, USA). We used a non-inking pen
with a Wacom UD 9x 12 digitizing tablet (30 cmx22.5 cm, RMS accuracy 0.01 cm).
Sampling rates were either 100 Hz or 200 Hz due to tablet driver updates in some sites
during the course of the study. Data processing took individual sampling rates into
account so that kinematic features are independent of the sampling rate. The tablet was
attached to an MS Windows laptop computer running MovAlyzeR software.

The data reported herein were collected as part of a larger study of the handwriting
kinematics in psychosis patients. The complete handwriting battery included 15
different writing patterns varying in vertical size and pattern complexity for both
dominant and nondominant hands and normal and high speeds. The full battery of
writing patterns included: 1) cursive loops, 2) continuous circles 3) a complex cursive
loop sequence, and 4) a sentence, “Today is a nice day”. All tasks were repeated 3 times'
each at 1, 2, and 4 cm vertical stroke heights except the sentence and the high-speed
circles which were produced only at the 2-cm vertical stroke size. The subjects
performed all replications of one task before moving to the next task. The sequence of
tasks was random. The duration of the handwriting test was about 20 min. For the
purpose of this study, we report only the results from the sentence task. Subjects
viewed only the tablet and because we used an inkless pen, the handwriting trace was
not visible to the subject. The resultant handwriting traces were visible only to the
examiner. Subjects were prevented from viewing the recorded trace to minimize any
distracting effects of visual feedback on movement speed and smoothness. Data
collection began when the pen tip came in contact with the tablet and ended when the
pen was lifted for more than 3 s.

The X and Y coordinates were low-pass filtered at 8 Hz using a sinusoidal transition
band of from 3.5 to 12.5 Hz (Teulings and Maarse, 1984). Movements were then
segmented into successive up and down strokes using interpolated vertical velocity
zero crossings. The basic unit of movement we are studying is the stroke. Each sentence
produced approximately 60 vertical strokes depending upon the writing style. The
initial down stroke per trial was discarded. Only the first 14 remaining strokes were
adopted in this analysis. These strokes correspond generally to the writing of “Today”
until the middle of the “y”. Therefore, there were no large between-word movements.

The number of strokes per letter varies per writing styles. While some subjects
developed writing styles that require more strokes per letter than others, we do not
assume it will affect the group differences due to the moderately large sample size. It is
possible that differences between the cursive and the handprint writing style could lead
to differences in the kinematic variables such as the stroke duration, the peak velocity
or the writing fluency. However, we assume that the hand printers and the cursive
writers per group are proportionally spread across all subject groups in our large
sample. Therefore, the more frequent pen lifts in handprint and its dysfluencies should
not be confounded with groups.

Pen lifts, during writing a word are considered part of the motor program. Pen lifts
higher than about 1 cm above the tablet will cause the digitizing tablet to loose samples.
This will manifest itself in the raw data as a discontinuity which could jeopardize the
filtering and the stroke-feature estimation. Therefore, we applied a discontinuity-
detection algorithm which fills in an estimated number of samples based on the average
pen speed enabling us to substitute the estimated number of missing samples. These
discontinuities appeared to occur rarely, though, as most participants did not introduce
discontinuities. Therefore, we do not think these discontinuities will affect the groups
differently.

! One of the three study sites administered five trials. As with the sites that
administered only three trials, trials were averaged. We can assume the mean values
were unaffected by the number of trials and that there were no systematic differences
between groups on the number of trials administered.
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We focused on the vertical movement component only as this is the main
movement component in Western cursive handwriting and handprint. For each
segmented stroke the vertical size, the duration (DUR), the absolute peak vertical
velocity (PVV), and the number of vertical acceleration peaks (APK) were calculated
and similarly for the primary submovement (Meyer et al., 1988) DURgyp, PVVyp, and
APKjyp. The primary submovement begins where the stroke begins and ends where the
vertical velocity changes from decelerating to accelerating for the first time after the
velocity peak. The primary submovement is comparable to the initial, ballistic phase of
the up or down stroke. Acceleration peaks in the primary submovement occur thus
before the velocity peak while the total number of acceleration peaks can occur before
or after the velocity peak. In addition, handwriting smoothness was quantified by
calculating the normalized jerk averaged (AN]) per stroke (Teulings et al., 1997).
Normalized jerk is unitless as it is normalized for the stroke duration and the length.
AN] was calculated using the following formula:

| (O.S x 2:(jerk(t))2 x duration® / lengthz)

Longer segment durations, and lower peak velocities are reflective of the slow
movements or bradykinesia whereas higher AN]J scores and increased number of
acceleration peaks per segment are indicative of dysfluent writing movements or
dyskinesia. The estimation of the handwriting kinematic variables was conducted
automatically. The computer program had no knowledge of the subject's medication or
EPS status and ran without intervention by the examiner. Samples of the handwritten
sentence, segmentation markings and velocity derivative are shown in Fig. 1.
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Fig. 1. Handwriting sample of the sentence “Today is a nice day” showing the raw
sample with horizontal (x,cm) and vertical (y,cm) dimensions (A), corresponding
vertical velocity (cm/s) over time (seconds) (B), and corresponding absolute
acceleration (abs(cm/s**2) over time (seconds) (C). Airstrokes where the pen moves
above the digitizer are also recorded and processed are also shown.

2.4. Statistical analyses

2.4.1. Instrument reliability

We examined the consistency of the handwriting kinematic variables using
Cronbach's a (Cronbach, 1951). A reliability coefficient across the three trials was
obtained for each variable from the 46 healthy subjects. High inter-trial coefficients
indicate that the trials are measuring the same underlying construct.

2.4.2. Cross-sectional group analyses

To reduce data, features per stroke or primary submovement and per trial were
averaged across all strokes or primary submovements, respectively, and across all trials
per condition. The primary analyses to test differences between the patient and the
control groups involved one-tailed t-tests with critical significance level a<0.05 as we
had definite expectations about the direction of the differences. The prevalence of
abnormality on the handwriting measures was determined by identifying the
percentage of patients with scores that exceeded the upper 95th percentile for DUR,
AN]J, APK or lower 5th percentile for PVV (and submovements where appropriate) of
the non-patient standard group. Mean stroke size was analyzed to ensure that the
subject groups did not differ in the overall pattern of handwriting and that the groups
performed the task as instructed.

Correlational analyses were performed to examine concurrence with the traditional
EPS severity rating scales, the severity of psychopathology, and the age of the subjects.
Because of the gender disparity between the patients and the healthy comparison
subjects, we examined any gender effects.

2.4.3. Effects of antipsychotic medication and EPS status

Patients were subgrouped based on their primary antipsychotic medication into
four groups: aripiprazole (n=11), risperidone (n=24), quetiapine (n=9), and
olanzapine (n=10). The five patients treated with ziprasidone or clozapine were
excluded from this medication type analysis because of their small sample sizes. Two-
way ANOVAs were performed to test the main effects and the interactions of EPS status
(both based on the handwriting measures and the clinical rating scales) and the
medication group. For EPS status, patients were considered either normal or abnormal
when at least one of the following rules applied: 1) based on the handwriting
movement variables, subjects who exceeded the upper 95th percentile of the normal
mean for DUR, ANJ, and APK or the lower 5th percentile for PVV were classified for the
purpose of this analysis as abnormal; 2) based on the clinical severity scales, patients
who received a global score greater than 1 on the BAS, a total score greater than 3 on the
AIMS, or a total score greater than 3 on the SAEPS were classified for the purpose of this
analysis as abnormal. The decision to use a total score of 3 or greater on the clinical
ratings for operationally defining the presence of TD or EPS was based on the desire in
the present study to include a sufficient number of patients with at least mild TD or EPS
into the analysis. Correlational analyses were performed to evaluate relationships
between the scores on the handwriting kinematic measures and EPS severity with
antipsychotic dose. As the scores for the three clinical severity scales were not normally
distributed, we used non-parametric analyses (Spearman rank order correlation and
Kruskal-Wallis ANOVA).

3. Results
3.1. Instrument reliability

Table 2 shows the results of the instrument reliability testing
where each of the replications is considered an independent test. With
the possible exception of the calculation of the APKg,,, all of the
handwriting kinematic variables exhibited high repeatability (with
Cronbach's « coefficients raging from 0.76 to 0.95). The relatively low
coefficient for the APK,, (0.57) indicates that this variable may be
measuring a multidimensional rather than a unidimensional latent
construct.

Table 2
Reliability estimates across trial replications for the seven handwriting kinematic
variables for 46 healthy subjects.

Handwriting kinematic variables Cronbach's &
Duration/stroke in ms (DUR) 0.81
Duration/primary submovement in ms (DURg,p) 0.85
Absolute peak vertical velocity/stroke in cm/s (PVV) 0.94
Absolute peak vertical velocity/primary submovement in cm/s (PVVy,,) 0.94
Average normalized jerk/stroke (ANJ) 0.77
Number of vertical acceleration peaks/stroke (APK) 0.76

Number of vertical acceleration peaks/primary submovement (APKy,,) 0.57
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3.2. Patient versus control group effects

Table 3 shows the descriptive statistics for each handwriting
kinematic variable for the 46 healthy comparison subjects and 59
medicated psychosis patients. Patients exhibited significantly longer
mean DUR and DUR,, lower PVV, higher AN]J, and greater APK and
APK,,, scores than the controls, but did not differ for the PVVgy,
measure.

Results indicated that the patients treated with atypical anti-
psychotic medications compared with the healthy comparison
subjects exhibited greater DUR (t=4.51; df=103; P<0.0001) and
DURgy, (t=4.56; df=103; P<0.0001), lower PVV (t=—2.76;
df=103; P<0.01), increased AN] (t=3.95; df=103; P<0.005),
increased APK (t=3.42; df=103; P<0.001) and APKsy, (t=3.38;
df=103; P<0.001).

Based on the 5th and 95th percentile scores from the healthy
comparison subjects' mean score, 31 patients (52.5%) scored in the
abnormal range on at least one measure. Of the seven measures, 12
patients (20.3%) had abnormal DUR, 18 (30.5%) had abnormal DURp,
10 (16.9%) had abnormal PVV, 14 (23.7%) had abnormal AN]J scores, 8
(13.6%) had abnormal APK, and 8 (13.6%) had abnormal number of
APKgyp. PVVgy, scores were normal for all patients.

Based on mean stroke size, both groups performed the hand-
writing task similarly, as expected. The mean (S.D.) vertical stroke size
for the 46 healthy subjects was 0.67 cm (0.16 cm) while the mean
stroke size for the 59 patients was 0.68 cm (0.17 cm). These means
were not statistically different (t=0.01; df=103; P>0.10) and
suggest that group differences in other kinematic variables are not
likely due to any difference in the overall vertical stroke size of the
handwriting movements.

3.3. Effects of diagnosis: schizophrenia versus schizoaffective disorder

The possibility exists that differences in treatment between
schizophrenia (SZ) and schizoaffective (SA) patients could contribute
to the subgroup effects on the handwriting task. SZ patients were
treated with significantly higher doses of antipsychotic than the SA
patients with mean (S.D.) risperidone equivalents of 5.34 (3.53) mg/
day versus 3.25 (1.30) mg/day, respectively (t=2.16; df=57;
P<0.05). This difference was consistent with group differences in
the severity of psychosis (based on the PANSS total), with mean (S.D.)
PANSS score of 67.2 (16.3) versus 53.1 (17.7), respectively (t=2.69;
df=57; P<0.01). Interestingly, while the SZ and the SA patients did
not differ on the SAEPS total score, the SZ patients exhibited sig-

Table 3
Group comparisons for the handwriting kinematic variables.

Handwriting Healthy comparison Medicated psychosis Student's t*

kinematic variables subjects (N=46) patients (N=59)

DUR 174 228 —4.51 (P<0.0001)
(49) (68)

DURgup 157 198 —4.56 (P<0.0001)
(34) (53)

PVV 7.55 6.40 2.76 (P<0.01)
(1.91) (2.27)

PVWsup 0.24 0.30 —1.61 (P=ns)
(0.19) (0.19)

AN] 19.73 36.30 —3.95 (P<0.005)
(9.97) (27.03)

APK 1.65 216 —3.42 (P<0.001)
(0.68) (0.48)

APKyp 145 1.82 —3.38 (P<0.001)
(0.48) (0.60)

Key: DUR = duration of pen movement in ms; PVV = peak vertical velocity of pen
movement strokes in cm/s; ANJ= average normalized jerk, a measure of movement
smoothness; APK= the number of acceleration peaks/stroke; Sub = primary submovement.
*For all statistical comparisons, degrees of freedom = 103.

nificantly higher AIMS scores (mean = 3.86; S.D.=2.87) than the SA
patients (mean=0.75; S.D.=148; t=3.61; df=57; P<0.001). The
SA and the SZ patients also differed on two of the seven handwriting
kinematic variables. The SA patients exhibited significantly higher
PVVy,, values (mean=0.40 cm/s; S.D.=0.26) than the SZ patients
(mean=0.27 cm/s; S.D.=0.15; t=2.35; df=57; P<0.05) and lower
APKgy, values (mean=1.52; S.D.=0.43) than the SZ patients
(mean=1.91; S.D.=0.62; t=2.18; df=57; P<0.05).

3.4. Age and gender effects

We evaluated the effects of age and gender on the handwriting
kinematics. As anticipated, the results failed to show a significant
effect of age on any of the kinematic variables in this study. This is not
to say that age may not be an important factor in the study of
handwriting movements; however, given the relatively narrow age
range of our subjects, age was not a measurable factor. Regarding
gender, ANOVA results revealed significant effects of gender for PVVyy,
and AN]J only (with males having higher velocities and less smooth-
ness than females, which is not surprising); however there was no
group x gender interaction indicating that the gender differences were
the same for both groups of subjects.

3.5. Medication effects

Two analyses were performed with the medication data: correla-
tional analyses to evaluate the relationship between daily dose and
performance on the clinical motor and handwriting kinematic
variables and a one-way ANOVA for the medication group factor
(aripiprazole, risperidone, quetiapine, and olanzapine) for each of the
clinical motor variables and the handwriting kinematic variables.
These results are shown in Table 4.

The results indicated that the performance on several handwriting
kinematic variables correlated with the daily equivalent dose and
type of the antipsychotic medication. The dose of aripiprazole was
associated with the slowing and more dysfluencies of the movement
as expressed by an increase in DUR (r=0.70; P<0.05) and an increase
in ANJ (r=0.86; P<0.001); however, the dose of risperidone was
mainly associated with the dysfluency measures such as increased AN]

Table 4
Medication dosage and medication type effects upon clinical scores and handwriting
kinematic variables.

Correlation with daily Main effect of Post-hoc tests?

risperidone equivalent dose ~ medication
Clinical observations
BAS r=0.29 (P<0.05)" ¥2=2.79 (ns)™*
AIMS ns* x2=107 (ns)**
SAEPS  ns* ¥*>=3.28 (ns)™*
Handwriting kinematics
DUR r=0.70 (P<0.05)b F350=3.46 (P<0.05) R>Q (P<0.01)
DURsb, DS F350=2.93 (P<0.05)  R>Q (P<0.01)
PVV ns F=1.00 (ns)
PVVsup ns F=1.46 (ns)
ANJ r=0.86 (P<0.001)® F=1.25 (ns)
r=0.66 (P<0.01)°
r=0.48 (P<0.001)"
APK r=0.35 (P<0.05)¢ F=2.38 (ns)
r=0.55 (P<0.01)°
APKsub r=0.28 (P<0.05)¢ F=1.74 (ns)
r=0.50 (P<0.01)¢

*Spearman rank order correlation coefficient.
**Kruskal-Wallis non-parametric ANOVA.

?R = risperidone, Q = quetiapine, P-value based on LSD tests.
bAripiprazole patients only (n=11).

Risperidone patients only (n=24).

9All medicated patients (n=59).

ns = non-significant (P>0.05).
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(r=0.66; P<0.01) and higher APK (r=0.55; P<0.01) and APKgy,
(r=0.50; P<0.01) scores. Among the three clinical severity scales,
only severity of akathisia (BAS) was associated with the daily
antipsychotic dose (r;=0.29; P<0.05).

Significant differences were observed between the patients treated
with risperidone versus quetiapine for the handwriting kinematic
variable DUR (LSD test; P<0.01) and DURg, (LSD test; P<0.01)
measures only (see Table 4). Risperidone-treated patients had greater
DUR (259 + 84 ms) and greater DUR;, (218 + 62 ms) compared with
the patients treated with quetiapine (183 +24 ms and 162 + 18 ms,
respectively). In contrast, the three clinical severity scales did not
show differences between the patients treated with the four main
atypical antipsychotics.

The analysis of the interaction effects revealed that the patients
with abnormally high ANJ were also the patients who were treated
with higher doses of antipsychotic than those with normal AN] for
aripiprazole and risperidone, but not for quetiapine or olanzapine
(F3.46=4.88; P<0.005). The mean daily risperidone equivalent dose
(with 95% confidence intervals) for patients with normal versus
abnormal AN] scores for each of the four main antipsychotic groups
(aripiprazole, risperidone, quetiapine, and olanzapine) is shown in
Fig. 2. Fig. 3 shows the mean daily risperidone equivalent dose (with
95% confidence intervals) for patients with versus without TD based
on the AIMS. Comparing these figures highlights the greater
sensitivities of the handwriting kinematic measure versus the clinical
dyskinesia measures to detect differences in patients treated with
different antipsychotics.

3.6. Relation between movement abnormalities and psychopathology

Due to the overlap in movement and affective characteristics
observed in schizophrenia and schizoaffective disorder, particularly
with regard to poverty of movement, we examined whether the
performance of the handwriting task could have been influenced by
psychopathology or whether the observer severity ratings could be
influenced by the negative or the positive symptoms of psychosis.
Correlational analyses were performed to examine potential associa-
tions between the three observer-based rating scales (AIMS, SAEPS, and
BAS) and the seven handwriting kinematic variables and three
psychopathology scores (PANSS total score, positive symptom and

p<0.0001
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Fig. 2. Average daily dose in mg risperidone equivalent for the patients with normal
average normalized jerk (AN]) scores (open boxes) and with abnormal AN] scores
(filled boxes) for patients treated with various atypical antipsychotic medications
including: aripiprazole (ARI), risperidone (RIS), quetiapine (QUE), and olanzapine
(OLA). Patients with abnormal AN] are also the patients with higher dosages of
aripiprazole and risperidone. In contrast, patients treated with quetiapine or olanzapine
did not show an association between higher dose and abnormal AN]J. P-values are for
dosage differences between patients with normal versus abnormal ANJ.
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Fig. 3. Average daily dose in mg risperidone equivalent for patients with tardive
dyskinesia (TD)(filled boxes) and non-TD patients (open boxes) treated with various
atypical antipsychotic medications: aripiprazole (ARI), risperidone (RIS), quetiapine
(QUE), and olanzapine (OLA). Dosages for patients with or without TD were
comparable for all medications studied.

negative symptom subscale scores). We found that scores on all three
clinical rating scales were associated with the severity of psychopathol-
ogy. The severity of akathisia (based on the BAS global score) was
associated with the positive symptom severity (r=0.37; P<0.01) and
the total PANSS score (r=0.36; P<0.01). The severity of tardive
dyskinesia (based on the AIMS total score) was associated with negative
symptom severity (r=0.29; P<0.05). Severity of EPS (based on the
SAEPS total score) was associated with negative symptom severity
(r=0.32; P<0.05). Of the seven handwriting kinematic variables, only
the peak vertical velocity was associated with the psychopathology with
coefficients of r=0.31 (P<0.05), r=0.35 (P<0.01), and r=0.39
(P<0.01) for the positive symptom, the negative symptom, and the
total PANSS scores, respectively.

4. Discussion

The present study revealed several novel findings with respect to the
handwriting movement for patients treated with atypical antipsychotics.
First, in contrast to the healthy individuals, the medicated patients
exhibited abnormalities on several kinematic features of handwriting
including movement duration, peak vertical velocity, smoothness, and
number of acceleration peaks. Abnormalities were observed at the level
of the individual stroke as well as submovements within a stroke. Second,
we found that 52.5% of the patients scored in the abnormal range on at
least one handwriting measure.

Third, in contrast to the observer-based severity ratings of
Parkinsonism, tardive dyskinesia or akathisia, we found that the severity
of the handwriting movement abnormality was positively associated
with the daily dose. This observation further strengthens our earlier
observations based on a small sample of risperidone-treated patients
(Caligiuri et al., 2009). The daily dose was associated with the increased
movement duration and dysfluency of the handwriting movement
especially in the aripiprazole and risperidone-treated patients. To our
knowledge, this is the first study to demonstrate that patients treated
with aripiprazole are more impaired than those treated with quetiapine
or olanzapine on measures of motor function. This is also the first study
to demonstrate that the severity of the motor impairment increases with
the dose of aripiprazole. Collectively, the findings of the present study
indicate that the measurement of handwriting kinematics is an objective
behavioral biomarker of the effects of antipsychotic medication on the
motor system.
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When handwriting movements were first considered as a means of
assessing neuroleptic response, they were used to identify the optimal
dose. This was known as the “neuroleptic threshold” (Haase, 1961,
1978) and appeared valid for conventional antipsychotics such as
haloperidol or fluphenazine. As conventional antipsychotics were
gradually replaced by second generation medicines, the concept of a
neuroleptic threshold based on a measure of Parkinsonism became
less useful. With the exception of risperidone (Katz et al., 1999;
Tandon and Jibson, 2002) second generation antipsychotics do not
appear to produce EPS in a dose-dependent manner (Marder et al.,
2003; Weiden, 2007). The present study confirms that risperidone
and aripiprazole show dose-dependent effects on the motor function.
Several of our quantitative handwriting movement measures were
highly correlated with the daily dose, particularly for aripiprazole and
risperidone. In contrast, clinically derived measures of EPS (Parkin-
sonism, tardive dyskinesia, or akathisia) were not associated with the
daily dose across the four atypical antipsychotics studied. This is
consistent with the previous literature. Our findings of a significant
relationship between the dose of aripiprazole and the severity of the
handwriting movement abnormalities underscore the careful assess-
ment in establishing a dose-response relationship for EPS in the
newer atypical antipsychotics. Moreover the present findings suggest
that antipsychotics may impart differences in handwriting move-
ments that extend beyond the conventional versus atypical dichotomy
as suggested by some (Tarsy et al., 2002; Weiden, 2007; Yang et al.,
2007).

The findings of the present study support the notion that atypical
antipsychotics represent a heterogeneous class of medications. For
example, both handwriting measures and clinical severity ratings for
Parkinsonism indicated greater impairment among aripiprazole-treated
patients than patients treated with either olanzapine or risperidone.
This is consistent with a classification of the atypical antipsychotics
based on dopamine D, binding affinity (Arnt, 1998; Kapur and
Remington, 2001). In this classification, aripiprazole and risperidone
are considered to have high dose-related D, binding affinity, quetiapine
low affinity, and olanzapine intermediate affinity. Based on the data
presented in Fig. 2, our measure of pen movement smoothness during
sentence writing may serve as a proxy measure of dopamine D, binding
affinity for atypical antipsychotics.

The present finding that handwriting movements were more
impaired in patients treated with aripiprazole compared to olanzapine
or quetiapine and that the severity of impairment was dose-dependent
were surprising given what is known about this drug's partial D, receptor
agonism. Aripiprazole's lower 5-HT,:D, affinity ratio and higher D,
receptor affinity compared to olanzapine or quetiapine has been used to
argue for minimal EPS liability with aripiprazole (Davies et al., 2004;
Chrzanowski et al,, 2006; Kessler, 2007). However, traditional observer
ratings used to assess EPS in these studies were not likely to be sufficiently
sensitive to detect differences between aripiprazole and other atypical
antipsychotics. Another possible explanation for the paradoxical finding
of impaired handwriting movements with aripiprazole may be that these
patients were being treated with aripiprazole in order to manage pre-
existing EPS and that at the time of the handwriting movement study,
their EPS was unresolved. Nonetheless, the results concerning the higher
incidence of EPS in aripiprazole-treated patients should be cautiously
described as preliminary, as no history is presented of the patients'
medication with typical or atypical antipsychotics before participating in
this study, and no data were available concerning washout periods from
the treatment with typical antipsychotics.

Gallucci et al. (1997) observed an association between the hand-
writing duration consistency and the medication type in their schizo-
phrenia patients. They found that the handwriting movements among
the schizophrenic patients were less efficient, less consistent, and
tended to show larger stroke amplitudes than those of the healthy
subjects. With regard to the effect of medication, the patients on
atypical antipsychotics (n=9) had more consistent movement

durations compared to the conventional antipsychotics (n=5).
While the present study excluded patients on conventional antipsy-
chotics, our finding that movement duration may be an important
component in distinguishing the motor effects of the different
antipsychotics is consistent with the Gallucci et al. finding.

The handwriting kinematic variables such as movement speed,
movement time, and smoothness (or conversely jerkiness) are core
features of Parkinsonism and dyskinesia that characterize drug-
induced EPS. There was no expectation that the handwriting kine-
matic and the observer ratings would show strong concurrent validity
because of the many differences between the two approaches, includ-
ing, but not limited to: 1) continuous versus ordinal data; 2) emphasis
on rigidity (SAEPS) versus bradykinesia (handwriting); 3) observa-
tions of passive involuntary movement (AIMS) versus performance-
based measure (handwriting).

While there were differences in the extent to which the instru-
mental and observer-based assessments were sensitive to the dif-
ferences in the EPS liability among atypical antipsychotics and dose,
these differences do not necessarily suggest that one approach is
better than the other or that the use of the handwriting measures
leads to an over-estimation of the EPS. The handwriting measures
demonstrated that patients treated with risperidone exhibited more
severe impairment than the patients treated with olanzapine on the
handwriting measures. In contrast, the clinical severity ratings did not
reveal such differences between the medications. Moreover, the per-
formance on several handwriting measures (see Table 4) was sig-
nificantly associated with the daily dose; whereas among the three
observer-based rating scales, only the akathisia severity was asso-
ciated with the dose. The insensitivity of the clinical EPS ratings to
detect the differences between the commonly prescribed atypical
antipsychotic medications is likely due to the subjectivity and non-
linearity of these scales. One other possibility is that while the SAEPS
emphasizes clinical signs of rigidity, the handwriting approach is
designed to measure movement speed, timing, and smoothness. It
may be that the differences in the EPS liability among the various atypical
antipsychotic medications may manifest as liability for bradykinesia and
dyskinesia and not rigidity. Nonetheless, both approaches may be
necessary to fully characterize the side effect profiles associated with the
different antipsychotic mechanisms of action. However, when the need
calls for objective quantitative assessment, the instrumental approach
would be most desirable.

The possibility exists that the observed abnormalities on our hand-
writing task could reflect some cognitive-motor disturbance associated
with schizophrenia and not the drug-induced EPS. In our preliminary
study (Caligiuri et al., 2006) we reported that both the schizophrenia
patients with antipsychotic-induced EPS and patients with Parkinson's
Disease (PD) exhibited impaired movement velocities and velocity
scaling on a handwriting task. Furthermore, the schizophrenia patients,
but not the PD patients exhibited abnormalities in movement smooth-
ness. This apparent dissociation between idiopathic PD and antipsycho-
tic-induced EPS in schizophrenia on a single measure of the pen
movement smoothness raised the question whether we were detecting
effects of the diagnosis or the EPS using our quantitative handwriting
procedure. The results of the present study indicated that only peak
vertical velocity (PVV) was associated with the severity of psychopathol-
ogy. The positive association between pen movement speed and severity
of the positive and the negative symptoms of psychosis may be a re-
flection of suboptimal treatment. This notion would be consistent with
the neuroleptic threshold hypothesis (Haase, 1961, 1978). However the
lack of an association between the PVV and the dose argues against this
explanation for the present association between the handwriting
kinematics and the psychosis symptoms. Thus, the putative relationship
between the performance on the handwriting task and psychopathology
remain unclear. Further research will be needed to clarify the complex
relationship between the motor function, the antipsychotic dose, and the
symptoms in patients with psychosis.
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This study has some limitations. The cross-sectional study design
did not permit testing whether a particular antipsychotic or dose
caused the handwriting impairment. At this stage of the research, the
findings are limited to provocative associations between atypical
antipsychotics and handwriting movement impairment. Longitudinal
studies will be needed to address the question of causality more
directly. As noted above, we do not know if prior medication history or
chronic pre-existing EPS contributed to the present findings of specific
medication effects. Furthermore, this study enrolled too few patients
treated with conventional antipsychotics as monotherapy to be able to
form a comparison group. The inclusion of a conventional anti-
psychotic treatment group could help address questions regarding the
EPS liability of atypical antipsychotics when assessed by the hand-
writing movements. While our initial goal was to evaluate whether a
handwriting movement test can provide useful information about the
various antipsychotic medications and dose, additional research will
be necessary to address whether the handwriting movement analyses
carry any predictive information about the risk of EPS or the benefits
of switching antipsychotics. As noted above, we were unable to collect
data on the treatment duration or the treatment history to address
this limitation. However the primary purpose of the research was to
demonstrate the feasibility and sensitivity of the handwriting
kinematic analyses for quantifying EPS in psychosis patients. Larger
systematic studies will be needed to address the question of EPS
liability among the different antipsychotics. The present study only
suggests that the handwriting measures may be more sensitive than
the observer severity ratings in detecting potential differences across
commonly prescribed antipsychotic agents. Nonetheless, the present
study of the handwriting kinematics in patients treated with various
atypical antipsychotics (e.g. risperidone and possibly aripiprazole)
revealed highly robust effects of medication and the dose previously
not reported.
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