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Effects of Second-Generation Antipsychotic
Medication on Smooth Pursuit Performance
in Antipsychotic-Naive Schizophrenia
Rebekka Lencer, MD; Andreas Sprenger, MA; Margret S. H. Harris, MA;
James L. Reilly, PhD; Matcheri S. Keshavan, MD; John A. Sweeney, PhD
Context: Analyses of smooth pursuit eye movement parameters in patients with schizophrenia provide information about the integrity of neural networks mediating motion perception, sensorimotor transformation, and
cognitive processes such as prediction. Although pursuit eye tracking deficits have been widely reported in
schizophrenia, the integrity of discrete components of pursuit responses and the effect of second-generation antipsychotic medication on them are not well established.
Objective: To examine different components of smooth

pursuit performance in antipsychotic-naive patients with
schizophrenia before and after treatment with secondgeneration antipsychotic medication.
Design, Setting, and Participants: Thirty-three
antipsychotic-naive patients with schizophrenia performed
3 different smooth pursuit paradigms designed to evaluate specific components of the pursuit response. All of the
patients were retested after 6 weeks of treatment with risperidone or olanzapine. Testing was also performed with
39 matched healthy individuals. Thirteen patients and 21
healthy participants were retested after 26 and 52 weeks.
Main Outcome Measures: Pursuit initiation, maintenance gain (ratio of eye velocity over target veloc-

ity), and frequency of catch-up saccades during pursuit maintenance.
Results: Prior to treatment, pursuit gain when tracking
less predictable ramp targets tended to be reduced, latency of pursuit initiation was speeded, and catch-up saccade frequency was increased during predictive pursuit.
After antipsychotic treatment initiation, pursuit gain decreased with ramp targets, indicating treatmentemergent impairments in sensorimotor processing. No
changes were observed for predictive pursuit. Exploratory analyses in the subgroup with follow-up to 1 year
revealed that these effects continued through long-term
follow-up with some partial normalization at 1 year. Deficits were unrelated to drug dosage and clinical ratings.
Conclusions: Impaired sensorimotor function was observed after initiation of second-generation antipsychotic
medications, which may be explained by their serotonergic antagonism of brainstem sensorimotor systems. Predictive mechanisms supported by frontostriatalcerebellar circuitry were not affected by treatment initiation
and appear able to compensate for treatment-emergent sensorimotor impairments during predictive tracking.
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MOOTH PURSUIT EYE MOVEments enable us to focus our
eyes on moving objects by
using well-established sensorimotor and cognitive mechanisms. Pursuit deficits in schizophrenia
were first reported in 1908, making them
perhaps the oldest biological marker for
a major mental illness.1 Genetic linkage
studies indicate that pursuit deficits may
represent a useful intermediate phenotype for schizophrenia.2,3 Further, novel
quantitative smooth pursuit measurements provide information about disturbances of distinct neurocognitive processes, including visual motion processing,
sensorimotor transformation, and the use
of predictive mechanisms.4-7
The maintenance of smooth pursuit is
driven by a combination of the prediction of target velocity and visual feed-
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back about performance quality, with their
loadings depending on the extent of experience with the pattern of target motion and the predictability of the stimulus.7-9 Small position errors due to slow
pursuit velocity are corrected by catch-up
saccades (CUS). Different pursuit tasks can
isolate distinct components of the pursuit response (Figure 1), such as visual
motion processing during pursuit initiation after saccades (step ramps), pursuit
latency and maintenance when tracking
unpredictable target ramps (pure ramps),
and pursuit maintenance when tracking
predictable target patterns (oscillating targets). Pursuit maintenance in unpredictable ramp tasks relies heavily on immediate visual feedback rather than prediction
because of the unpredictability and brevity of target movement. In contrast, maintenance velocity when tracking regularly
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oscillating targets depends primarily on prediction derived from learning a repetitive pattern.
Functional brain imaging and neurophysiological studies have defined the neural mechanisms subserving different components of smooth pursuit in humans.8,10-15 Extrastriatal area V5 is crucial for motion perception and
processing, and the frontal eye fields generate oculomotor commands and contribute to predictive pursuit.16-18
The V5 lesions have especially pronounced effects on motion processing during pursuit initiation,19,20 whereas frontal eye field lesions slow pursuit initiation and impair
maintenance but leave motion processing unimpaired.18,21 Other areas mediate sensorimotor, cognitive, and motor processes, including supplementary and
parietal eye fields, anterior cingulate, dorsolateral prefrontal cortex, cerebellum, and basal ganglia.8,12,22,23 These
areas directly or indirectly project to the dorsolateral pontine nuclei and the nucleus reticularis tegmenti pontis
in the brainstem and then to the cerebellum.24
The quantitative evaluation of pursuit performance on
different pursuit tasks in antipsychotic-naive patients with
schizophrenia can help unravel the complex sensorimotor and cognitive system deficits associated with the disorder, independent from potential medication confounds. Further, assessing the effect of antipsychotic
medication on pursuit systems in previously untreated
patients may be informative about drug effects on
multiple brain systems subserving smooth pursuit. Previous comparisons of antipsychotic-naive or treatmentwithdrawn patients and patients treated with mostly firstgeneration antipsychotics revealed few consistent differences
in global eye tracking measures, maintenance velocity, or
CUS frequency.25-32 Longitudinal studies found pursuit performance to be relatively unaffected by first-generation antipsychotic medication.6,33,34 Some studies with patients receiving first-generation antipsychotics reported greater
deficits in treated than untreated chronically ill patients,
but selection bias rather than drug effects may have accounted for those observations.35-38
Investigations of saccadic eye movements indicate that
oculomotor responses may be more affected by secondgeneration than first-generation antipsychotics, 39-42
but the effects on pursuit have not been systematically
studied. Some evidence indicates that clozapine impairs
pursuit, but studies included only small sample sizes
and examined only pursuit maintenance.28,30 Effects of
second-generation antipsychotics on serotonergic as
well as dopaminergic systems might account for this
difference.43
The aims of our study were to use several pursuit paradigms to assess sensorimotor and cognitive mechanisms involved in pursuit control in antipsychoticnaive patients with schizophrenia and to examine the
differential effects of second-generation antipsychotic
treatment on pursuit performance.
METHODS

PARTICIPANTS
Thirty-three antipsychotic-naive patients (24 men, 9 women;
mean [SD] age, 25.0 [7.0] years; mean [SD] premorbid IQ, 97.3
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Figure 1. Paradigms used to evaluate smooth pursuit performance: target
and eye position data for the oscillating (A), pure ramp (B), and foveofugal
step ramp (C) tasks. a indicates corrective catch-up saccades; b, period
when pursuit maintenance was assessed; c, pursuit initiation in the pure
ramp task; d, pursuit initiation latency; e, latency of the initial catch-up
saccade; f, saccade error of the initial catch-up saccade; and g, pursuit
initiation in the step ramp task.

[8.1]) from inpatient and outpatient services met DSM-IV criteria for schizophrenia (n = 30), schizoaffective disorder, depressed subtype (n=2), or schizophreniform disorder (n=1).
Diagnoses were confirmed at consensus conferences using all
of the available clinical data, including responses on the Structured Clinical Interview for DSM-III-R.44 Time since the first
psychotic symptom until testing was on average 1 year (median, 12.2 months). Thirty-nine healthy control participants
(24 men, 15 women; mean [SD] age, 23.5 [4.3] years; mean
[SD] premorbid IQ, 99.0 [6.3]) without any history of Axis I
disorders (according to the Structured Clinical Interview for
DSM-III-R) and without any known history of psychotic or mood
disorder with psychotic features in their first-degree relatives
(participant’s report) were recruited from the surrounding community via advertisements. Groups were matched on age
(t70 =−1.13; P=.27) and premorbid IQ (t70 =1.02; P=.31) estimated by vocabulary test performance.45 Inclusion criteria for
both groups included the following: (1) age between 16 and
45 years; (2) premorbid IQ greater than 80; (3) no known systemic or neurological disease; (4) no history of head trauma
with loss of consciousness for more than 10 minutes; (5) no
lifetime history of substance dependence and no substance abuse
for at least 3 months; (6) no alcohol (24 hours), coffee, tea, or
cigarettes (1 hour) prior to testing according to self-report and
clinical observation; (7) no lifetime exposure to lithium carbonate, lithium citrate, mood stabilizers, stimulants, or anticholinergics; and (8) no benzodiazepines or antidepressants
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Table. Clinical Ratings and Antipsychotic Medication
for Patients With Schizophrenia at Baseline
and 6-, 26-, and 52-Week Follow-up a

sachusetts). Fixation targets were presented for 5 seconds at
0°, ±3°, ±6°, ±9°, ±12°, and ±15° before or after each task to calibrate the eye movement data.

ANALYSIS OF EYE MOVEMENTS

Mean (SD)
Scale and
Medication

Baseline
(n=33)

6 wk
(n=33)

26 wk
(n=13)

52 wk
(n = 13)

Scale score
BPRS
SANS
SAPS
EPS
Risperidone
Dose, mg
Olanzapine
Dose, mg

49.0 (8.6)
14.2 (3.1)
9.1 (3.4)
NA
NA
NA
NA
NA

41.5 (8.1) b
13.0 (2.2) b
5.5 (3.2) b
3.0 (3.2)
(n=29)
3.9 (2.1)
(n=4)
11.25 (6.3)

38.4 (9.9)
13.0 (3.2)
4.4 (3.5)
3.0 (3.2)
(n=11)
3.2 (1.1)
(n=2)
15.00 (7.1)

34.1 (9.4)
11.8 (3.1)
3.9 (3.2)
3.1 (2.9)
(n = 11)
3.2 (1.7)
(n = 2)
15.00 (7.1)

Abbreviations: BPRS, Brief Psychiatric Rating Scale; EPS, Extrapyramidal
Side-Effects Scale; NA, not applicable; SANS, Schedule for the Assessment
of Negative Symptoms; SAPS, Schedule for the Assessment of Positive
Symptoms.
a Comparisons of change in clinical scores and medication dosages from
6 to 52 weeks yielded no significant changes.
b Comparisons of baseline to 6 weeks (paired t tests): t =5.07, P ⬍ .001
30
for the BPRS; t32 = 3.49, P=.001 for the SANS; and t32 =5.34, P ⬍.001 for
the SAPS.

(5 half-lives) before testing (as an exception, 1 patient was
tested after 4 days [3.5 half-lives] of withdrawal from 50 mg of
sertraline hydrochloride). Follow-up studies were conducted
6 weeks after baseline testing for all of the participants. Additionally, 13 patients and 21 control participants were retested
after 26 and 52 weeks. The study was approved by the University of Pittsburgh Institutional Review Board, and all of the participants provided informed consent.
Clinical ratings were obtained for patients at each time of
testing (Table): (1) the Brief Psychiatric Rating Scale46; (2) the
Schedule for the Assessment of Negative Symptoms47; (3) the
Schedule for the Assessment of Positive Symptoms47; and (4) the
Extrapyramidal Side-Effects Scale.48 Medication assignment was
not randomized as treatment choice was guided by standard
clinical practice. Medication dosages were stable in the week
prior to each testing.
A significant reduction of psychopathological symptoms was
observed after introduction of antipsychotic medication, and
this persisted at 26 and 52 weeks (Table).

Eye movement data were digitized at 500 Hz with a 14-bit A/D
converter. Signals were smoothed and filtered with a nonlinear transition band between 20 and 65 Hz for eye velocity and
between 30 and 65 Hz for acceleration data. Data from each
trial were visually inspected to eliminate blinks and artifacts.
Saccade onset was defined as the point when eye acceleration
exceeded 1000°/s2, and saccade end points were identified at
25% of peak deceleration. Measurement resolution allowed detection of saccades with amplitudes on the order of 0.20° to
0.25°. All types of saccades were excluded from data before calculating smooth pursuit gain, which reflects the ratio of eye
velocity to target velocity. Additionally, a 10-millisecond interval following the end point of saccades was excluded when
calculating pursuit gain. All of the eye movement data were
scored blinded to group membership.

OSCILLATING TASK
The oscillating task assessed sustained smooth pursuit of predictable target motion (Figure 1A). The paradigm was similar
to an oscillating sinusoidal waveform except that across the center of the display screen the target moved at a constant speed.
This was done for 2 reasons. First, it facilitated measurement
of maintenance gain by allowing comparison of average pursuit velocity with a constant stimulus velocity. Second, it eliminated demands during the constant velocity epochs for ongoing dynamic adjustment of pursuit velocity as is required when
tracking sinusoidal target motion. We presented predictable oscillating targets moving back and forth across the display arc
covering ±17° in total. Beyond the positions of ±12°, target speed
gradually decelerated to reverse its direction at ±17°, at which
point it immediately accelerated again until it reached a constant speed at ±12°. One trial consisted of 1 full sweep of the
target from ±17° to the opposing 17°. Blocks of target oscillation with a particular constant target speed (8°/s, 16°/s, 24°/s,
or 32°/s) between ±12° included 13, 15, 23, and 31 trials, respectively. The primary parameter of interest was maintenance gain between ±10° of target sweeps (b in Figure 1A). We
further determined the frequency of CUS and mean CUS amplitudes during this epoch (a in Figure 1A).

STIMULUS PRESENTATION AND ASSESSMENT
OF EYE MOVEMENTS
Visual acuity testing assured a minimum of 20/40 far acuity,
and visual acuity was corrected to that threshold if necessary.
Eye movement studies were performed in a darkened black
room. Subjects were seated at the center of a circular black arc
(1-m radius) with their head immobilized by a chin rest and
forehead and occipital restraints. The visual stimulus was a laser spot (3 mm) projected by a mirror and mounted on a rotary stage platform that moved the target across the display arc
under computer control (New England Affiliated Technologies, Lawrence, Massachusetts). Subjects were instructed via
intercom to always follow the moving target with their eyes as
precisely as possible. Eye movement data were inspected online during testing, and re-alerting instructions were given if
subjects became inattentive. Eye movement recording was performed using infrared sensors mounted on spectacle frames
(model 210; Applied Science Laboratories, Inc, Bedford, Mas-

PURE RAMP TASK
In the pure ramp task, subjects tracked targets that moved at an
unpredictable time, direction, and speed from center fixation to
assess pursuit initiation latency and tracking of less predictable
targets (Figure 1B). Each trial started with an initial central fixation for 2 to 4 seconds before targets moved at a constant speed
to either the left or the right at 1 of 5 target speeds (4°/s, 8°/s, 16°/s,
24°/s, or 32°/s). The target was extinguished after reaching ±15°
and reappeared at the central fixation position after a 1-second
delay to begin the next trial. Target conditions were presented in
a randomized order with each condition presented 4 times, resulting in a total of 40 trials (4 repetitions⫻5 speeds⫻2 directions). Whenever subjects reduced pursuit velocity near the end
of ramps, such data were removed from analyses before calculating gain. Parameters of interest were maintenance gain (b in
Figure 1B) and latency of pursuit initiation (time for pursuit velocity to reach 2°/s forⱖ20 milliseconds if that preceded the first
CUS) (d in Figure 1B).
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Figure 3. Frequency of catch-up saccades per second in the oscillating task
at different target speeds measured in 33 patients with schizophrenia and
39 control participants at baseline and 6-week follow-up. The 26- and
52-week follow-up data are from 13 patients and 21 control participants
from the original group who were available for long-term follow-up testing.
Values represent group means and standard errors.
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Figure 2. Mean smooth pursuit maintenance gain with the oscillating (A),
pure ramp (B), and foveofugal step ramp (C) tasks at different target speeds
measured in 33 patients with schizophrenia and 39 control participants at
baseline and 6-week follow-up. The 26- and 52-week follow-up data are from
13 patients and 21 control participants from the original group who were
available for long-term follow-up testing. Values represent group means and
standard errors.

FOVEOFUGAL STEP RAMP TASK
The foveofugal step ramp task was similar to the pure ramp task
except that after initial central fixation for 2 to 4 seconds, the
target stepped 3° to the left or right before continuing in that
direction at 4°/s, 8°/s, 16°/s, or 24°/s (Figure 1C). This task assessed the use of visual motion information in the “open-loop
period” before visual feedback could influence performance.
As in the pure ramp task, each ramp moved 15° from central
fixation. The task consisted of 32 trials (4 repetitions ⫻ 4
speeds⫻2 directions) presented in a fixed pseudorandom order. Parameters of interest were the position error of the initial CUS (f in Figure 1C) and pursuit initiation gain during the
first 100 milliseconds after the initial CUS (g in Figure 1C).
These parameters together provide data regarding how the pursuit movement uses visual motion information.19 Maintenance gain in the remaining interval after the 100-millisecond
“open-loop period” (b in Figure 1C) and the latency of the initial CUS following the target step (e in Figure 1C) were also
measured.

Measures of parameters of interest were averaged across identical trials. Because we did not find evidence for an interaction
of target direction with group using 4-way repeated-measures
analyses of variance (target direction⫻target speed⫻time of
testing ⫻ group), leftward and rightward tracking performance was combined in all of the analyses. Two-way mixed
analyses of variance (target speed⫻group) were computed using
baseline data to test for group differences before treatment. In
the full sample of 33 patients and 39 control participants, a 3-way
repeated-measures analysis of variance (target speed⫻time of
testing ⫻ group) was performed to identify treatmentemergent effects during the 6-week short-term follow-up. Exploratory analyses of the long-term follow-up data using 3-way
mixed repeated-measures analyses of variance were conducted to determine persistence or normalization of treatmentemergent effects, with data from 6-, 26-, and 52-week follow-up included in the analyses. Subjects in this subgroup did
not differ from the original sample in sociodemographic or clinical ratings or in baseline eye movement performance. The robust effects of target speed on tracking performance are not presented in detail except when interactions with group or time
of testing effects were significant. Means and standard deviations of all of the parameters for each task are presented in
eTables 1, 2, 3, and 4 (http://www.archgenpsychiatry.com).
RESULTS

OSCILLATING TASK
Baseline
Maintenance gain in the oscillating task did not differ between antipsychotic-naive patients and control participants (Figure 2A). Patients exhibited higher CUS rates
than control participants (F1,70[group] = 6.09; P = .02)
(Figure 3), and group differences increased with higher
target speeds (F3,68[speed⫻ group]=4.37; P =.007).
Short-term Follow-up
There was no change in maintenance gain or CUS rate after treatment initiation in patients compared with control
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Figure 4. Smooth pursuit initiation latency in the pure ramp task at different
target speeds measured in 30 patients with schizophrenia and 35 control
participants at baseline and 6-week follow-up. The 26- and 52-week
follow-up data are from 12 patients and 18 control participants from the
original group who were available for long-term follow-up testing. Values
represent group means and standard errors.

participants (Figure 2A). Elevated CUS rates in patients persisted during the short-term follow-up (F1,70[group]=8.92;
P=.004), as did the increased group difference with higher
target speeds (F 3,68 [speed ⫻ group] = 5.34; P = .002)
(Figure 3).

Maintenance gain was reduced in patients compared with
control participants during long-term follow-up
(F1,32[group] = 7.60; P = .01), with different changes in
patients than in control participants over time
(F2,31[time⫻group]=4.60; P=.02) (Figure 2B). Maintenance gain in patients continued to be decreased from the
6-week follow-up to the 26-week follow-up but increased
by 1 year (F1,12[time]=5.50; P=.04), whereas in control participants it remained stable over time. These maintenance
gain changes in patients were greater at higher target speeds
(F8,25[speed⫻time⫻group]=2.96; P=.02). For pursuit initiation latency, no group differences were observed during long-term follow-up (Figure 4).
FOVEOFUGAL STEP RAMP TASK
Baseline
Pursuit initiation gain (first 100 milliseconds) tended to
be lower in antipsychotic-naive patients than control participants (F1,69[group]=3.26; P=.08) (Figure 5A). The position error of the initial CUS (Figure 5B) and maintenance gain (Figure 2C) did not differ between groups, but
patients tended to make their initial CUS faster than control participants (F1,56[group]=3.07; P=.08) (Figure 5C).

Long-term Follow-up
The CUS rates in patients increased from the 6- to 52week follow-up but remained the same in control participants (F2,27[time⫻group] = 3.57; P = .04) (Figure 3).
There were no significant changes in maintenance gain.
For the CUS amplitudes (overall mean [SD], 1.53°
[0.30°] in patients and 1.54° [0.24°] in control participants), no effects were found at baseline, short-term follow-up, or long-term follow-up.
PURE RAMP TASK
Baseline
During the less predictable ramp task, there was a trend
for patients’ maintenance gain to be lower than that of
control participants (F 1 , 7 0 [group] = 3.85; P = .05)
(Figure 2B). Patients initiated pursuit faster than control participants (F1,48[group]=5.56; P=.02) (Figure 4).
Short-term Follow-up
Maintenance gain was decreased in patients compared
with control participants (F1,70[group] = 8.07; P=.008),
an effect that occurred from baseline to 6-week follow-up (F1,70[time⫻group] = 5.52; P = .02). The gain decrease in patients tended be greater at higher target speeds
(F4,67[speed⫻ time⫻ group] = 2.50; P = .05) (Figure 2B).
During the 6-week follow-up, pursuit initiation latencies slowed in patients relative to control participants
(F1,41[time⫻group] = 9.54; P = .004), eliminating group
differences observed at baseline (Figure 4).

Short-term Follow-up
Pursuit initiation gain in patients was decreased compared with control participants (F1,67[group]=6.55; P=.01),
an effect that tended to be more pronounced after treatment initiation (F 1,67 [time ⫻ group] = 3.15; P = .08)
(Figure 5A). The position error of the initial CUS (Figure 5B)
did not change after treatment initiation. Latencies of initial CUS in patients increased during 6 weeks of treatment
relative to control participants (F1,70[time⫻group]=9.49;
P=.003), eliminating the pretreatment group difference
(Figure 5C). During the 6-week follow-up, maintenance
gain decreased in patients relative to control participants
(F1,70[time⫻group]=8.56; P=.005) (Figure 2C) so that it
was lower than in control participants (F1,70[group]=5.70;
P=.02). This effect parallels findings for initiation gain from
the foveofugal step ramp task and for maintenance gain from
the pure ramp task.
Long-term Follow-up
Pursuit initiation gain (F1,31[group] = 11.76; P = .002)
(Figure 5A) and maintenance gain (F1,32[group]=10.87;
P=.002) (Figure 2C) were reduced in patients compared
with control participants, representing persistence of shortterm treatment-emergent effects. Changes in maintenance gain (F2,31[time⫻group]=4.44; P=.02) and a similar trend in initiation gain (F2,30[time⫻group]=3.08; P=.06)
suggested some normalization of function by 52 weeks
in patients. Analysis of position errors of the initial
CUS revealed lower accuracy of saccades in patients
(F1,32[group]=4.22; P=.048) (Figure 5B). No changes in
latencies of initial CUS were observed (Figure 5C).
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OCULOMOTOR PARAMETERS
AND CLINICAL CHARACTERISTICS
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COMMENT

This is the first longitudinal study evaluating sensorimotor and cognitive components of smooth pursuit initiation and maintenance in antipsychotic-naive patients
with schizophrenia. Our findings document modest
impairments of the pursuit system in these patients at
baseline, including trends for reduced pursuit gain of
less predictable ramp targets, speeded pursuit latency,
and increased CUS rates during predictable pursuit. Initiation of second-generation antipsychotic medication
consisting of risperidone or olanzapine yielded an effective reduction of psychotic symptoms after 6 weeks.
Pursuit gain of less predictable targets decreased significantly during these first weeks of treatment and pursuit
latency normalized, but tracking of predictable oscillating targets did not change. Exploratory long-term
follow-up in a subset of participants indicated that these
effects continued during the first 6 months of treatment
with partial normalization by 1 year. There were no systematic correlations between oculomotor parameters
and psychopathological symptoms or extrapyramidal
side effects. The treatment-related changes with less predictable ramp tasks that require sensorimotor processing
to a high extent document a selective effect of secondgeneration antipsychotic drugs on sensorimotor control
of pursuit responses. This is in accordance with earlier
reports of pursuit gain reduction associated with clozapine treatment28,30 and saccade latency prolongation
with risperidone.39,40 Furthermore, the observation of
unchanged pursuit of predictable oscillating targets relying heavily on prediction and rule-based learning but
less on sensorimotor processing implies that higherorder cognitive or predictive signals were not affected by
treatment initiation. These findings provide novel information about the effect of second-generation antipsychotic drugs on functional brain systems in patients
with schizophrenia.
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Spearman rank correlations between the Schedule for the
Assessment of Negative Symptoms, Schedule for the Assessment of Positive Symptoms, and Extrapyramidal SideEffects Scale scores and oculomotor parameters did not reveal significant relationships between clinical ratings and
eye movement parameters at any time. Duration of time
since the onset of psychotic symptoms prior to testing was
not correlated with any oculomotor parameter, making illness duration unlikely to be related to changes in smooth
pursuit performance observed after treatment initiation. Because the group of patients treated with olanzapine was too
small to conduct any medication-specific analysis, we performed analysis of eye movement data with risperidonetreated patients only. This yielded no different findings for
any task compared with those reported for the whole
sample. Although the medication dose range in patients receiving risperidone was rather narrow, it did not correlate
with any oculomotor parameter.
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Figure 5. Smooth pursuit initiation gain (A) and catch-up saccades (CUS)
error (B) and latency (C) in the foveofugal step ramp task at different target
speeds measured in 33 patients with schizophrenia and 39 control
participants at baseline and 6-week follow-up. The 26- and 52-week
follow-up data are from 13 patients and 21 control participants from the
original group who were available for long-term follow-up testing. Values
represent group means and standard errors.

SMOOTH PURSUIT PERFORMANCE
IN ANTIPSYCHOTIC-NAIVE PATIENTS
We observed trends for pursuit gain reductions with
less predictable ramp targets prior to treatment, in
accordance with previous studies of antipsychotic-naive
patients with schizophrenia.5,6,25,26,30,32,36,37 Increased
CUS rates in the predictive oscillating task are also consistent with earlier reports.27,28,30,49,50 Unimpaired initial
CUS accuracy in the step ramp task suggests that CUS
efficiently corrected for small position errors when
tracking moving targets. The presence of increased
CUS rates together with unimpaired maintenance gain
in the oscillating task might be explained by an instability of the pursuit response, resulting in increased
aggregate CUS rates due to brief periods of slow pursuit rather than consistently slowed pursuit maintenance velocity.49
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Differences in task demands in our oscillating target
task, relative to previous studies using triangular or sinusoidal waveforms to evaluate pursuit, might explain
why we did not observe maintenance gain impairment
with that task. Patients with schizophrenia might have
greater difficulty dynamically adjusting pursuit velocity
and acceleration required for sinusoidal target tasks or
have difficulty predicting abrupt reversals in target movement direction or motion onset as with triangular or trapezoidal waveforms.31 When these additional task demands were removed, patients with schizophrenia were
able to match eye velocity to that of a predictable constant target similar to healthy subjects, even at high target speeds. This indicates that at least some cognitive predictive mechanisms for sustained pursuit are spared in
schizophrenia51,52 even though the ability to initiate and
maintain predictive pursuit with a combined reliance on
temporal and velocity memory signals in the absence of
a visual target may be impaired.31
Normal saccadic CUS amplitude errors in the step ramp
task before treatment imply sufficient integrity of visual
motion information processing in extrastriatal area
V5,5,19,53,54 although pursuit initiation gain also depending on visual motion signals tended to be impaired. Interestingly, we did find evidence for faster pursuit initiation in schizophrenia before treatment, indicating
speeded sensorimotor processing. These results differ from
our previous study5 where we did not find evidence for
speeded pursuit latency. This discrepancy might be due
to different stimulus presentation because in our previous study, pursuit was not driven by a continuously moving visual target such as in the present investigation but
by a sequentially illuminated line of light-emitting diodes. Faster pursuit initiation as observed in the present
investigation might be related to a reduction in topdown inhibitory prefrontal regulation of attentional
processes that has been proposed to account for speeded
latencies of visually guided saccades in antipsychoticnaive patients.40 Consistent with this pattern, we found
a trend for speeded initial CUS latencies with the step
ramp task at baseline.
ADVERSE EFFECTS OF SECOND-GENERATION
ANTIPSYCHOTIC MEDICATION ON SMOOTH
PURSUIT OF LESS PREDICTABLE TARGETS
Ramp tasks impose a higher demand for online sensorimotor processing than sustained pursuit of oscillating targets,7,9 which is reflected in the dramatically lower maintenance gains for faster-moving ramp targets than
oscillating targets (Figure 2). Significantly decreased gain
for pursuit initiation and maintenance on ramp tasks at
6-week follow-up that continued during the first 6 months
of treatment without a parallel effect on sustained predictive pursuit therefore implies an adverse influence of
second-generation antipsychotic medication on sensorimotor systems rather than on cognitive or predictive
pursuit control. Exploratory analyses suggest partial normalization by 1 year, which could be due to the development of partial tolerance to drug effects. Because we
did not find significant changes in psychopathological
symptoms or medication dosages during long-term follow-

up, illness recovery or decreased medication dosages are
unlikely to explain the partial normalization of sensorimotor function. However, the size of the follow-up sample
was small, and blood drug-level measurements were not
obtained to ensure that reduced treatment compliance
did not account for reduced pursuit deficits at 1 year. Further studies are required to confirm the presence and time
course of tolerance development. Consistent with the reported effects on sensorimotor systems when tracking less
predictable targets, latencies of pursuit and saccade initiation increased after medication initiation, yielding posttreatment findings similar to those of previous studies
with antipsychotic-treated patients.5,6,39,40,55,56
Worsening of pursuit after second-generation antipsychotic treatment with clozapine has been attributed
to its antagonism of serotonin 2A receptors, a property
shared by risperidone and olanzapine.28,30,43,57,58 Serotonergic effects on pursuit have only rarely been studied. A
single dose of MK-212, a direct serotonin agonist, was
reported to increase maintenance gain and reduce CUS
frequency in 10 healthy subjects, suggesting that activation of some serotonin receptors facilitates pursuit59; however, no effect was found in another study with sertraline, a serotonin reuptake inhibitor.60 In our previous study
using ramp tasks with first-episode patients before and
after treatment, first-generation antipsychotic medication did not impair sensorimotor aspects of pursuit control.6 This difference from the present study is consistent with an important role for serotonergic mechanisms
in the sensorimotor changes reported here. Similarly, risperidone but not haloperidol has been reported to impair sensorimotor control of visually guided saccades to
stationary targets.39-42 These latter effects have been attributed to serotonergic antagonism on saccaderegulating neurons in the brainstem, which are under inhibitory serotonergic regulation from the dorsal raphe
nucleus.39,61 Altered serotonergic activity might result in
a disturbance of the precisely temporally integrated synchronicity of these neurons, which could reduce saccadic velocities and slow latencies.61 Similar effects on
the dorsolateral pontine nuclei and the nucleus reticularis tegmenti pontis in the brainstem that encode a variety of pursuit-related signals could potentially disrupt
the pursuit system as well.24,62 More translational research is needed to investigate whether secondgeneration antipsychotic agents cause adverse treatmentemergent effects on visual sensorimotor systems via
serotonin mechanisms.
MINIMAL EFFECTS OF SECOND-GENERATION
ANTIPSYCHOTIC MEDICATION
ON PREDICTIVE PURSUIT
The absence of treatment-induced maintenance gain impairment with oscillating targets suggests that cognitive
or predictive mechanisms may be able to sufficiently compensate for treatment-emergent sensorimotor deficits during predictive pursuit.
Recent studies support the hypothesis of a greater reliance on predictive signals during pursuit in patients with
schizophrenia. Higher pursuit velocity in treated patients with schizophrenia compared with healthy sub-
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jects was reported after a target was switched off during
predictable sinusoidal target movements,51 and patients
showed closer adherence to predictive, repetitive target
patterns as revealed with predictive saccade tasks.54,63,64
Predictive sustained pursuit requires motor learning
mechanisms mediated by frontostriatal and cerebellar systems.9,12,22,65 Accordingly, a recent imaging study revealed greater activation during predictive pursuit in medicated patients with schizophrenia than in healthy control
subjects in the dorsolateral prefrontal cortex, thalamus,
and cerebellar hemispheres, a network that modulates
planning and rule-based learning during pursuit.8,11,13,14,22,52,66-69 Furthermore, greater activation of the
frontal eye fields and the anterior cingulate during pursuit was found in patients when pursuit had to be generated during intervals of target blanking, which is consistent with an increased reliance on predictive systems
for pursuit control in schizophrenia.22,52 Predictive modulation of pursuit in our study could be maintained by sufficiently intact components in frontostriatal-cerebellar circuitry. Alternatively, serotonergic effects may protect
striatal systems to allow compensation for adverse treatment-emergent effects on visual sensorimotor systems as
has been shown for neuropsychological functions depending on the same neural systems.70
In conclusion, treatment with low to moderate dosages of second-generation antipsychotic agents such as
risperidone and olanzapine led to treatment-emergent sensorimotor impairments in patients with schizophrenia.
Exploratory analyses suggest that partial normalization
may have developed to some of these sensorimotor effects by 1 year of treatment. In comparison, cognitive
mechanisms such as prediction seemed sufficiently unaffected by treatment initiation to be able to provide compensation for these sensorimotor disturbances.
Because serotonin 2A antagonists may preserve striatal function and minimize extrapyramidal side effects,71
our findings imply that brainstrem sensorimotor mechanisms under serotonergic control may be adversely affected. More studies are needed to further specify these
effects with regard to potential differences between individual drugs and drug classes, their neuropharmacological mechanisms, and their time course. The effects
of second-generation antipsychotics on pursuit systems, as previously established with saccade paradigms,
as well as the modest pursuit disturbances evident prior
to treatment using the specific paradigms in this study
suggest that the severity of disorder-related impairment
in pursuit tracking may be overestimated when patients
treated with second-generation antipsychotic medication are assessed.
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