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Abstract
Schizophrenia may be associated with a fundamental disturbance in the temporal coordination of
information processing in the brain, leading to classic symptoms of schizophrenia such as thought
disorder and disorganized and contextually inappropriate behavior. Despite the growing interest and
centrality of time-dependent conceptualizations of the pathophysiology of schizophrenia, there
remains a paucity of research directly examining overt timing performance in the disorder.
Accordingly, the present study investigated timing in schizophrenia using a well-established task of
time perception. Twenty-three individuals with schizophrenia and 22 non-psychiatric control
participants completed a temporal bisection task, which required participants to make temporal
judgments about auditory and visually presented durations ranging from 300 to 600 ms. Both
schizophrenia and control groups displayed greater visual compared to auditory timing variability,
with no difference between groups in the visual modality. However, individuals with schizophrenia
exhibited less temporal precision than controls in the perception of auditory durations. These findings
correlated with parameter estimates obtained from a quantitative model of time estimation, and
provide evidence of a fundamental deficit in temporal auditory precision in schizophrenia.
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Schizophrenia may be associated with a fundamental disturbance in the temporal coordination
of information processing in the brain, leading to dysfunctions in the timing of perceptual,
cognitive, and motor processes, and disturbances of consciousness (Andreasen et al., 1998;
Bressler, 2003; Paulus & Braff, 2003; Phillips & Silverstein, 2003; Tononi & Edelman,
2000). This putative deficit in the temporal coordination of information processing in the brain
is sometimes referred to as cognitive dysmetria (Andreasen et al.,1998). “Disconnection”
models (e.g., Friston, 1998; McGlashan & Hoffman, 2000) posit that deficits in neural
communications arise from aberrations in the modulation of time-dependent changes in
synaptic connectivity, which manifest as dysfunctions in the timing or sequencing of mental
activity and behavior. Accordingly, classic symptoms of schizophrenia such as thought
disorder and disorganized and contextually inappropriate behavior may be manifestations of
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a timing dysfunction (c.f., Andreasen et al., 1998). Support for these conceptualizations is
emerging with evidence that brain structures and neurotransmitter systems that are directly
linked to neural timing processes are also impaired in schizophrenia (Andreasen, 1999;
Andreasen et al., 1998; Rao et al., 1997, 2001; Volz et al., 2001). Despite the growing interest
and centrality of these time-dependent conceptualizations of the pathophysiology of
schizophrenia, there remains a paucity of research directly examining overt timing performance
in the disorder. Thus the aim of the present study was to investigate timing in schizophrenia
using a well-established task of time perception.

The temporal relationships between events in the natural environment can be characterized by
fixed intervals and/or dynamic flexibility, making the proper encoding of time—including
stimulus duration, rate changes, and rhythms—a fundamental prerequisite for everyday
perception, attention, and cognition (Barnes & Reiss Jones, 2000; Large & Reiss Jones,
1999; Reiss Jones et al., 2002; Zakay & Block, 1996).

Following this line of thinking, and given that schizophrenia is characterized by profound
disturbances in perception, attention, and cognition, it is not surprising that schizophrenia has
also been associated with systematic distortions of time (Densen, 1977; Johnson & Petzel,
1971; Tysk, 1983a, 1983b, 1990; Volz et al., 2001; Wahl & Sieg, 1980). Specifically,
individuals diagnosed with schizophrenia have consistently been found to experience time as
lengthened relative to objective time, which has been interpreted to reflect an increase in the
speed of a hypothetical “internal clock” (Densen, 1977; Johnson & Petzel, 1971; Lhamon &
Goldstone, 1956; Tracy et al., 1998; Tysk, 1983a, 1983b, 1990; Wahl & Sieg, 1990). For
instance, numerous behavioral studies have reported overestimations and underproductions of
temporal durations ranging from several seconds to one minute in schizophrenia (Densen,
1977; Johnson & Petzel, 1971; Tysk, 1983a, 1983b, 1990; Volz et al., 2001; Wahl & Sieg,
1980), which is consistent with patients’ subjective reports of an elongated experience of time
(Freedman, 1974).

Of further interest is the link between brain regions directly implicated in internal timing
processes and those implicated in the pathophysiology of the disorder (Andreasen, 1999;
Andreasen et al., 1998; Rao et al., 1997, 2001; Volz et al., 2001). For example, schizophrenia
has been associated with deficits of neural communication within cortical-cerebellar
(Andreasen, 1999; Andreasen et al., 1998) and cortical-striatal (Volz et al., 2001) brain circuits,
which are involved in the temporal coordination of motor activity (Rao et al., 1997, 2001) and
the encoding and explicit representation of temporal information (Rao et al., 2001; Voltz et al.,
2001), respectively. In addition, dopamine – a neurotransmitter linked to the manifestation of
schizophrenia (Carlsson et al., 2001) – has been shown to modulate temporal processing within
the cortical-striatal network (Hinton & Meck, 1997; Matell & Meck, 2000). Taken together, it
is important to determine the functional integrity of temporal processing in schizophrenia given
(i) the essential link between temporal encoding and healthy functioning, (ii) behavioral
evidence indicative of a hyperactive internal clock in schizophrenia, and (iii) the overlap
between neural circuits implicated in timing processes and those which have been associated
with biological and clinical manifestations of the disorder.

Despite behavioral and neuropathological evidence for timing deficits in schizophrenia, the
majority of studies of time estimation in schizophrenia have employed durations in the range
of several seconds, requiring higher cognitive processes beyond initial sensory registration for
temporal encoding (Fraisse, 1984; Michon, 1985; Rammsayer & Lima, 1991). For instance,
studies of human timing have indicated that accurate processing of temporal intervals in the
range of several seconds requires increased attentional and mnemonic demands (Fortin,
1999; Fortin et al., 1993; Zakay & Block, 1996), making it difficult to delineate deficits of
temporal perception from generalized impairments of attention (Kimble et al., 2000; Nestor &
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O’Donnell, 1998) and memory (Chen & McKenna, 1996) commonly associated with
schizophrenia. In the only previously published study of temporal bisection in schizophrenia,
Elvevåg and colleagues (2003) addressed this difficulty by employing brief stimuli in the range
of milliseconds to better isolate timing mechanisms while minimizing the role of confounding
cognitive processes. They found individuals diagnosed with schizophrenia to be less accurate
in their timing judgments than non-psychiatric controls, suggesting deficits specific to timing
processes. Expanding on the work of Elvevåg and colleagues (2003), the present study is the
first to use a within-participant design to examine both auditory and visual bisection in
schizophrenia with comparable experimental procedures and durations of the auditory and
visual stimuli.

Specifically, the present study aimed to replicate and expand on the findings of Elvevåg and
colleagues (2003) in the following ways. First, a temporal bisection task was used to assess
the timing of brief durations (i.e., 300–600 ms) in participants diagnosed with schizophrenia
and non-psychiatric control participants. The temporal bisection procedure requires
participants to first encode short and long anchor durations to which intermediate durations
are subsequently compared and classified as closer to either the short or the long anchor. The
bisection point therefore refers to the duration at which short and long classifications are made
with equal probability. A second feature of the present study was the inclusion of both auditory
and visual timing signals within the same experimental session to better examine the effects
of attention on duration classification. The observation that sounds are judged longer than
visual stimuli of the same objective duration is a robust finding in the timing literature (e.g.,
Behar & Bevan, 1961; Goldstone et al., 1959; Goldstone & Lhamon, 1972, 1974; Lustig &
Meck, 2001; Penney et al., 1998, 2000; Wearden et al., 1998) that has been interpreted to reflect
greater attentional allocation to the auditory versus visual signal (Penney et al., 1998, 2000;
2005). Thus, the inclusion of a dual modality bisection task permitted further investigation of
the role of attention on temporal processing in schizophrenia, as impaired attention should
produce a greater auditory/visual timing difference compared to that observed for non-
psychiatric participants.

Finally, a quantitative model of Scalar Timing Theory, which was developed to account for
auditory and visual timing differences, was applied to the behavioral data (Penney et al.,
1998, 2000). Scalar Timing Theory is a mathematical description of interval timing that
attributes variability in temporally-mediated behavioral to different stages of information
processing (e.g., Gibbon, 1977, 1991; Gibbon & Church, 1984). In the Sample Known Exactly-
Mixed Memories (SKE-MM) model of temporal bisection (Penney et al., 1998, 2000),
variability can be introduced during the clock, memory, or decisional stage of temporal
processing (see Figure 1; Gibbon et al., 1984). The conversion of real time into subjective time
occurs during the clock stage, where a Poisson-variable pacemaker is assumed to emit pulses
that get stored in the accumulator during a timed interval. A stimulus signaling the start of the
interval causes an attention-modulated switch to close, which allows the pulses to flow into
the accumulator where they are summed upon termination of the timed duration. The
summation of pulses forms a subjective time estimate that is passed to working memory and
compared with previously timed durations that are sampled from reference memory during the
decisional stage. The SKE-MM model therefore includes parameters associated with both
perceptual (i.e., clock stage) and higher order (i.e., memory and decisional stages) cognitive
processes, thus permitting a quantitative attribution of group differences to attentional and/or
memory and decisional factors.

The hypotheses for the present study were as follows: Consistent with the findings of Elvevåg
and colleagues (2003), individuals diagnosed with schizophrenia were predicted to show
greater overall timing variability compared to non-psychiatric participants. In a previous study
of mixed-modality temporal bisection, the offspring of individuals with schizophrenia
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exhibited an increased difference in their temporal judgments between auditory and visual
signals compared with both controls and individuals identified as high-risk for the development
of affective disorders (Penney et al., 2005). Based on these findings and reports of auditory/
visual differences observed using a variety of patient populations (Ehrensing et al., 1970;
Goldstone & Kirkham, 1968; Goldstone & Lhamon, 1972; Lustig & Meck, 2001) and temporal
discrimination tasks (Goldstone, 1968; Goldstone & Goldfarb, 1964; Goldstone et al., 1959),
it was predicted that individuals with schizophrenia would judge the auditory stimuli as longer
than visual stimuli of the same objective duration, and that this auditory/visual difference would
be greater than that observed for the non-psychiatric participants. Because this is the first study
to date to apply the SKE-MM model to bisection data from individuals diagnosed with
schizophrenia, the model was applied as part of an exploratory analysis.

Methods
Participants

Twenty-three (15 male: mean age = 37.6, SD = 11.6; 8 female: mean age = 43.6, SD = 9.3)
individuals meeting DSM-IV (American Psychiatric Association, 1994) criteria for
schizophrenia and 22 (6 male: mean age = 34.0, SD = 9.1; 16 female: mean age = 43.8, SD =
12.2) non-psychiatric healthy participants volunteered for the present study. Each of the
schizophrenia participants was evaluated using the Structured Clinical Interview for the DSM-
IV (Diagnostic and Statistical Manual IV) for Axis I disorders (SCID-I; First et al., 1995),
supplemented by chart information. All control participants were interviewed using the SCID-
NP (Spitzer et al., 1990) to exclude individuals with Axis I disorders, antisocial personality
disorder, and schizophrenia spectrum personality disorders. The patient sample was recruited
through outpatient and inpatient units at community and state hospitals and comparison
participants were recruited via newspaper advertisement. Exclusion criteria for all participants
included self-reported neurological disease, head injury resulting in loss of consciousness for
more than 5 minutes, and personal or family history of schizophrenia in the non-psychiatric
group. All participants had normal or corrected-to-normal vision and hearing acuity. Groups
did not significantly differ with regard to age (schizophrenia: mean age = 39.7, SD = 11.0;
control: mean age = 41.1, SD = 12.1), and although educational attainment was significantly
greater in the non-psychiatric participants (mean years = 14.3, SD = 2.5) compared to the patient
sample (mean years = 11.1, SD = 1.7), t(31) = 4.51, p < .001, Pearson correlations computed
within each group revealed no significant relationships between years of education and any of
the bisection measures. Indiana University’s Human Subjects Institutional Review Board
approved of this study and written informed consent was obtained from all participants.

Current symptom levels in the patient group were assessed by trained diagnosticians using the
Positive and Negative Syndrome Scale (PANSS; Kay, et al., 1987). Symptom ratings were
categorized into a five-factor structure (i.e., positive, negative, cognitive, hostility, and
emotional discomfort) that has been suggested to provide a more sensitive subtype
classification than the conventional Positive, Negative, and General subscale distribution (Bell
et al., 1994a, 1994b; Kay & Sevy, 1990).

At the time of testing, 15 patients with schizophrenia were taking antipsychotic medications
(2 = typical antipsychotics, 9 = atypical antipsychotics, 4 = both typical and atypical
antipsychotics), 1 patient was not medicated, and the medication status of 7 patients could not
be determined due to unavailable information or randomization in a double-blind
pharmaceutical study. Of the 15 medicated participants, 5 were also receiving anticholinergic
medication, 3 were receiving antidepressant medication, and 5 were taking adjunctive
medications (e.g., ativan, depakote, neurontin). Chlorpromazine equivalents were computed
for patients receiving antipsychotic medication, and the resulting dosages were correlated with
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all behavioral measures to assess for medication effects on timing performance. No significant
relationships were noted.

Temporal Stimuli
For both auditory and visual modalities, anchor durations consisted of 300 ms and 600 ms
stimuli, with five arithmetically spaced intermediate durations of 350, 400, 450, 500, and 550
ms. Auditory durations were 880 Hz tones produced by GoldWave audio software and
presented through Sony headphones. Visual signals consisted of a 3.2 × 3.3 in bird silhouette
presented on a computer monitor that was between 40 and 50 cm from the participant’s forehead
for the duration of the aforementioned seven stimulus intervals.

Task Procedure
The presentation of the auditory and visual stimuli was randomly determined across trials.
Upon presentation of a stimulus, the participant classified it according to its perceived similarity
to the short (300 ms) and long (600 ms) anchor values. To address potential difficulties related
to task comprehension, a concrete procedural context related to bird classification was adapted
from Elvevåg and colleagues (2003).

The task procedure was divided into training, practice, and test phases. The experiment began
with the training phase in which the short and long auditory anchor durations were associated
with a small (1.84 × 1.92 in) and large (3.60 × 3.79 in) silhouette of a perched bird, respectively,
and the short and long visual anchor durations were associated with the silhouette of a flying
bird that was presented for the duration of the interval. Participants were told that the auditory
tones depict the length of the sound made by the small (300 ms) and large (600 ms) birds, and
that the visual durations represent the length of time that the bird flies. To ensure that
participants had learned the anchor durations, three presentations of each auditory/visual
anchor were randomly administered within a 12-trial practice block. Following presentation
of the anchor, participants received on-screen instructions to press the “Short” key if the
duration corresponded to the small /short-flying bird and to press the “Long” key if the duration
corresponded to the big/long-flying bird. Visual feedback (i.e., “correct” or “incorrect”) was
provided after each response, and correct responses were rewarded with a monetary bonus of
10 cents. A 1 s inter-trial interval separated feedback offset and stimulus presentation. The
training phase was repeated in 12-trial blocks until an accuracy level of 75% or greater was
reached: the session was aborted if 75% accuracy had not been achieved after three blocks.

The test phase of the experiment was presented in three blocks of 70 trials each, with 5
presentations of each auditory/visual duration per block. Participants classified each stimulus
as either “Short” or “Long” based on its perceived similarity to the sounds made by the small
and large bird (auditory modality) or the flight time corresponding to the short- and long-flying
bird (visual modality). Each correct classification of the short and long anchors during the test
phase earned participants a reward of 10 cents, for a possible bonus of $6.00. To help ensure
that the participants understood the task, a practice phase consisting of one presentation of each
stimulus was administered immediately prior to the test phase to allow participants to ask
questions and become familiar with the procedure.

Each test block was preceded by a short (< 5 min) rest period. To minimize memory demands
for the anchor values, the auditory and visual anchors were presented prior to the
commencement of each of the three test blocks.

Behavioral Data and Analysis
The proportion of long responses, p(long), made to the anchors and intermediate signals were
quantified separately for each participant and modality. The proportional data can be plotted
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as a function of signal duration to yield a psychometric response curve that is typically
sigmoidal in form, indicating a near absence of long responses to signals that fall close to the
short anchor value, to a predominance of long responses as signals come to approach the
duration of the long anchor. Sigmoidal functions were fit to the proportional response data
from each participant using the regression feature of SigmaPlot (2001, Version 7.0), which
employs a least squares method to estimate equation parameters and identify the durations that
correspond to p(long) values of 0.25, 0.50, and 0.75 from the fitted sigmoidal curve.

The duration at which the proportion of long responses was equivalent to 0.50 for each modality
condition was identified as the bisection point, or the duration at which short and long responses
occurred with equal probability. In addition to the bisection point, the values derived from the
fitted sigmoidal functions were used to calculate the difference limen (DL) and Weber fraction
(WF), which represent the slope of the psychometric response curves and can be interpreted
as an index of timing variability. The DL is calculated as one-half the difference between the
durations corresponding to p(long) = 0.75 and p(long) = 0.25 ( (0.75 – 0.25) / 2 ), where smaller
values indicate steeper slopes and greater temporal precision. The WF is computed by dividing
the DL by the bisection point, which normalizes the DL values with respect to the timed
durations. Thus, the WF provides an index of Weber’s Law (i.e., a constant coefficient of
variation of subjective time across various temporal durations) by allowing for a direct
comparison of timing variability across various anchor pairs.

Unless noted, repeated-measures ANOVAs were applied to all analyses. Bisection point, DL,
and WF analyses each included Modality (auditory/visual) as a within-subjects factor and
Group (schizophrenia/non-psychiatric) as a between-subjects factor. Within each modality,
response accuracy to the anchor durations was assessed using Anchor (short/long) as a within-
subjects variable and Group (schizophrenia/non-psychiatric) as a between-subjects variable.

Theoretical Model
The Sample-Known Exactly-Mixed Memories (SKE-MM) model of duration bisection
(Penney et al., 1998, 2000) consists of four parameters. The degree of noise in the memory
distributions is represented by the sensitivity parameter, gamma (γ). The sensitivity parameter
is the coefficient of variation of remembered time, and affects the slope of the psychometric
bisection function with smaller values (higher sensitivity) indicating steeper slopes. Although
not identical to the empirically based Weber ratio, γ can be viewed as a comparable measure
of proportionality in time estimations (Gibbon, 1981; Penney et al., 1998). In addition to the
sensitivity parameter, the SKE-MM model contains a bias parameter, β, which serves as the
threshold value between “short” (RS) and “long” (RL) response alternatives and represents a
bias towards RL (i.e., β > 1). The relative rate parameter, RR, is the ratio of the visual clock
speed to the auditory clock speed, with values of 1.0 signifying equivalent clock rates and
values below 1.0 indicating a faster speed for the auditory clock. Finally, Pa (or 1-Pv),
represents the proportional contribution of the auditory signal to the memory mixture. The
value of Pa can range from zero to one, specifying zero to complete auditory dominance of
the memory distribution, respectively. The mathematical and theoretical foundations, as well
as its application to the bisection procedure, are described in detail elsewhere (Allan & Gibbon,
1991; Gibbon, 1981, 1986; Gibbon et al., 1984; Meck, 1996, 2003; Penney et al., 1998,
2000).

The SKE-MM model was fit to individual mean response data from the auditory and visual
modalities using Matlab’s (version 6.5, 2002) fminsearch function, which uses a simplex search
algorithm to minimize the parameter space. The γ, β, RR, and Pa parameters were allowed to
vary, and parameter values from the best fit were recorded and submitted for analysis. Because
the SKE-MM model was designed to fit auditory and visual response data simultaneously, the
model yields a single value for each of the γ, β, Pa, and RR parameters; hence, parameter values
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were submitted to separate one-way ANOVAs with a between-subjects factor of Group
(schizophrenia/non-psychiatric).

Theoretical Considerations
Pearson product-moment correlations were performed between behavioral and parameter
estimates of temporal precision to assess the correspondence between theoretical “clock”
accounts of temporal processing and actual timing behavior. Specifically, γ values from the
SKE-MM model were correlated with DL and WF measures from the auditory/visual bisection
task, with a Bonferroni correction applied for multiple comparisons.

Clinical Considerations
Pearson product-moment correlation coefficients were computed between PANSS symptom
ratings and temporal precision (i.e., DL, WF) using a Bonferroni correction for multiple
comparisons to assess the relationship between symptom severity and performance variability.
To examine the extent to which any differences in temporal performance between the
schizophrenia and control groups could be attributed to timing-specific factors rather than to
more generalized deficits associated with schizophrenia, available measures of intellectual
functioning were correlated with behavioral timing variables. Specifically, the Picture
Completion, Digit-Symbol, Similarities, and Digit Span subscale scaled scores from the
Wechsler Adult Intelligence Scale (WAIS) and IQ estimates from the 2-subtest Wechsler
Abbreviated Scale of Intelligence (WASI) were correlated with bisection point, difference
limen, and Weber fraction values within each participant group using a Bonferroni correction
for multiple comparisons.

Outlier Considerations
A within-group boxplot method of outlier identification was performed separately for each
analysis to classify extreme cases, defined as data values more than six quartiles from the upper
or lower ends of the interquartile range. A single extreme case was identified for the DL and
WF variables, resulting in the removal of one non-psychiatric participant from both analyses.
In addition, one non-psychiatric participant and one patient with schizophrenia were identified
as extreme outliers for the Pa and RR parameter, respectively, of the SKE-MM model, resulting
in the removal of these participants from all model analyses.

Results of the major dependent variables are reported with their corresponding partial eta2

[ηp
2] effect sizes, where small effect sizes are less than .06, moderate effect sizes range from .

06 to .14, and large effect sizes are greater than .14 (Cohen, 1973).

Results
Practice Accuracy

Six patients with schizophrenia and two non-psychiatric participants did not complete the
auditory/visual task due to an inability to correctly differentiate between the short and long
anchors at an accuracy level of 75% after three practice blocks. The remaining 17 patients
(M = 83.3, SD = 8.1) and 20 non-psychiatric participants (M = 86.1, SD = 9.5) did not
significantly differ with regard to practice accuracy and moved on to the subsequent phases of
the task.

Bisection Point
Averaged psychophysical functions for the auditory and visual conditions are presented in
Figure 2, which illustrates the proportion of long responses made to the anchors and
intermediate durations. The location of the bisection point did not significantly differ between
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the schizophrenia and non-psychiatric control groups or between the auditory and visual
modalities (see Table 1). However, a significant Group × Modality interaction, F(1,42) = 9.84,
ηp

2 = 0.19, p = .003, captured the differential shift in the location of the bisection point from
the auditory to visual condition between patient and comparison participants. Whereas the
visual bisection point was shifted to the left of the auditory bisection point in the patient group,
the non-psychiatric control participants showed the customary rightward shift of the visual
compared to the auditory response curve (Penney et al., 1998,2000).

Response Variability
As can be noted in Figure 2, patients appeared to have flatter gradients and less response
precision around the anchor durations for both modality conditions compared to the non-
psychiatric group (see also Table 1). Analysis of the difference limen supported this
observation, indicating a significant main effect of group, F(1,42) = 4.09, ηp

2 = 0.09, p = .050.
Although no significant differences in DL values were found between the auditory and visual
modalities, a trend toward a Group × Modality interaction was noted, F(1,42) = 3.82, p = .057,
and associated with a moderate effect size (ηp

2 = 0.08). To further explore this trend, post-hoc
independent-samples t-tests were performed separately for the auditory and visual conditions.
Whereas no group differences were found for visual stimuli, the patient group showed
significantly greater response variability than non-psychiatric participants in the auditory
modality, t(42) = 2.23, p = .031 (see Table 1).

In contrast to the difference limen, analysis of the Weber fraction indicated no significant
differences in response variability between the patient and non-psychiatric groups. The Weber
fraction normalizes a given participant’s DL by his or her bisection point, resulting in an
intrasubject measure of variance. It has been suggested that intrasubject measures are less
sensitive to between-subject effects (Altman, 1991), which may account for the differential
results obtained from the DL and WF analyses. Analysis of the Weber fraction also showed
no significant effects of modality, though a slight trend towards a Group × Modality interaction
was indicated, F(1,42) = 3.38, p = .073, and associated with a moderate effect size (ηp

2 = 0.08).
Similar to the difference limen, post-hoc independent-samples t-tests revealed a significant
group difference for the auditory, t(41) = 2.55, p = .014, but not visual, modality (see Table
1).

Anchor Accuracy
To assess retention of the short and long anchors, classification judgments for the auditory and
visual anchors during the test phase of the task were evaluated as a proportion of correct
responses. A significant main effect of group with a large effect size indicated that response
accuracy was lower for the patients (M = 0.78, SD = 0.02) across all anchor-modality pairs
compared to that of the non-psychiatric group (M = 0.94, SD = 0.02), F(1,43) = 30.27, ηp

2 =
0.41, p < .001. Modality of presentation yielded a statistically significant effect with a large
effect size, indicating decreased accuracy in response to the visual (M = 0.80, SD = 0.02)
compared to auditory (M = 0.92, SD = 0.01) anchors, F(1,43) = 34.47, ηp

2 = 0.45, p < .001.
Finally, a significant anchor effect showed that classification judgments were more accurate
in response to the 300 ms (M = 0.89, SD = 0.01) compared to the 600 ms (M = 0.83, SD = 0.02)
anchor, F(1,43) = 4.63, ηp

2 = 0.10, p = .037.

In addition to overall accuracy, retention of the anchor values was evaluated to assess whether
patients showed poorer memory for the anchors across the duration of the experiment. The
difference in response accuracy between Block 1 and Block 3 did not significantly differ
between patients (M = 0.04, SD = 0.02) and non-psychiatric participants (M = 0.02, SD = 0.02)
across all anchor stimuli or within modality. Pearson correlations indicated no significant
relationships between anchor accuracy and DL and WF measures of variance in the
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schizophrenia group or in the controls, suggesting that increased performance variability was
not related to poorer retention of the anchor durations.

Theoretical Model
Figure 3 illustrates the obtained and model-predicted response curves from the SKE-MM
model for each group-by-modality condition. The parameter values obtained from the auditory
and visual conditions are displayed in Table 2. A significant group difference, associated with
a large effect size, was found for the sensitivity parameter (γ, gamma), F(1,41) = 29.42, ηp

2 =
0.42, p < .001, suggesting that schizophrenia is associated with increased memory variability
of the anchor durations. No significant group effects were found for the bias parameter (β),
though values below 1.0 in each group indicated a minimal response bias towards signal
classifications of short.

The Pa parameter, which captures the memory-mixture component of the SKE-MM model,
was found to significantly differ between patient and non-psychiatric groups, F(1,41) = 21.16,
ηp

2 = 0.34, p < .001. As noted in Table 2, non-psychiatric participants evidenced a
proportionally greater contribution of the auditory signal to the 300 ms and 600 ms memory
mixtures. In contrast, memory distributions were almost equivalently influenced by the
auditory and visual signals in the patient group, with a slightly greater influence of the visual
modality. A significant group effect was also found for the relative rate parameter, F(1,41) =
7.32, ηp

2 = 0.15, p = .010, with Relative Rate values greater than 1.0 in the patient group
indicating a faster visual, compared to auditory, clock rate. A mean Relative Rate value of 0.89
for the comparison sample is more closely related to previous reports of an auditory clock that
runs approximately 10% faster than its visual counterpart (Penney et al., 1998,2000).

Theoretical Considerations
To assess the relationship between behavioral and parameter estimates of temporal precision,
difference limen and Weber fraction indices of response variability from the auditory and visual
modalities were correlated with gamma estimates of timing variability from the SKE-MM
model. Auditory difference limen (DL) and Weber fraction (WF) values significantly
correlated with estimated gamma values from the SKE-MM model for both patient (DL: r(23)
= 0.58, p = .004; WF: r(23) = 0.62, p = .002) and non-psychiatric (DL: r(20) = 0.60, p = .006;
WF: r(20) = 0.55, p = .013) groups. In contrast, no significant relationships were revealed
between gamma parameter estimates and visual difference limen and Weber fraction values
for either patients or non-psychiatric participants.

Clinical Considerations
Positive (M = 15.5, SD = 6.3), negative (M = 16.2, SD = 5.7), cognitive (M = 15.1, SD = 5.4),
hostility (M = 6.3, SD = 3.3), and emotional discomfort (M = 7.7, SD = 3.2) symptom ratings
from the PANSS were not significantly related to measures of timing from the temporal
bisection (i.e., DL, WF) task (see Table 3). Although the Picture Completion (SZ: M = 5.96,
SD = 1.94; control: M = 10.72, SD = 3.10; t(39) = 6.05, p < .001), Digit-Symbol (SZ: M = 6.26,
SD = 1.79; control: M = 11.83, SD = 2.60; t(39) = 8.13, p < .001), Similarities (SZ: M = 6.35,
SD = 4.63; control: M = 10.56, SD = 2.64; t(39) = 3.44, p = .001), and Digit Span (SZ: M =
7.35, SD = 2.84; control: M = 12.11, SD = 2.72; t(39) = 5.43, p < .001) subscales from the
WAIS and IQ estimates from the WASI (SZ: M = 82.94, SD = 14.10; control: M = 108.61;
SD = 10.92; t(33) = 6.04, p < .001) significantly differed between the schizophrenia and non-
psychiatric groups, a statistically significant relationship was only observed between Picture
Completion subscale scores and visual bisection point values in the schizophrenia group (r
(23) = 0.59, p = .003)
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Discussion
The combined use of behavioral timing methods and quantitative modeling to investigate time
perception in schizophrenia provided a means of assessing specific aspects of temporal
processing associated with the timing of extremely short durations in both auditory and visual
modalities. Whereas behavioral variables such as the bisection point and measures of
variability (i.e., DL, WF) provided descriptive measures of temporal performance, the
application of a theoretical model based on the laws of Scalar Timing Theory allowed for a
more rigorous assessment of behavior by dissociating temporal processing into clock, memory
and decisional stages (see Figure 1). Consistent with previous behavioral findings (Brown et
al., 2005;Goldstone, 1975;Lhamon & Goldstone, 1973;Tysk, 1983a,1983b), individuals with
schizophrenia exhibited less temporal precision (i.e., flatter response gradients) than non-
psychiatric controls in the perception of auditory durations. This increased performance
variability in schizophrenia was unlikely due to more generalized dysfunctions associated with
illness severity as suggested by the absence of significant relationships between symptom and
intelligence scales and behavioral indices of temporal precision. Mnemonic failure associated
with retention of the anchor durations across the task is also unlikely to account for the greater
auditory timing variability observed in schizophrenia, as memory for the auditory anchors did
not differ between the schizophrenia and control groups. Both schizophrenia and non-
psychiatric groups displayed greater temporal variance in the visual compared to the auditory
modality. Similar to auditory timing, statistically equivalent retention rates of the visual
anchors between groups suggested that visual timing performance in schizophrenia was not
unduly influenced by memory requirements inherent in the temporal bisection task. Taken
together, the results provide evidence of a fundamental deficit in temporal auditory precision
in schizophrenia, which is manifest as greater temporal response variability.

Bisection point values did not differ between groups across modalities, indicating that
individuals with schizophrenia did not systematically over or underestimate durations relative
to non-psychiatric control participants. However, individuals with schizophrenia did not show
the customary rightward shift of the visual response function. Studies of mixed-modality
bisection have consistently shown higher bisection point values for visually presented
durations, suggesting that more clock “pulses” are needed for visual than auditory stimuli to
perceive the same objective duration (Penney et al., 1998, 2000). Whereas non-psychiatric
participants displayed a rightward shift of the visual bisection point, a leftward shift of the
visual response function (i.e., a lower bisection point) was observed in the schizophrenia group.

The leftward shifted response function suggests that patients judged the visual stimuli as longer
than the auditory tones of the same duration. This observed behavioral response pattern was
corroborated by parameter estimates from the SKE-MM model, with a relative rate value of
1.06 indicating a 6% increase in the speed of the visual relative to the auditory clock. In contrast,
relative rate parameter estimates in the non-psychiatric group were consistent with previous
reports of a 10% increase in auditory relative to visual clock speed (Penney et al., 1998,
2000). The proportional contribution of the auditory modality to the anchor values stored in
memory (i.e., Pa parameter) is related to relative rate values in the SKE-MM model,
representing the degree of “shift” in the auditory and visual response function. Specifically,
Pa values correspond to the proportion of the reference memory mixture dominated by the
auditory signal. If a single modality dominates the memory mixture, a shift would only be
expected in the non-dominant response function.

For instance, previous human studies have reported an auditory dominant memory mixture
(Penney et al., 1998, 2000). Hence, on visual trials, a comparison is made between a perceived
duration encoded at visual clock speed and a memory comparison based on auditory clock
speed. If the visual clock is assumed to run slower than the auditory clock, the visual function
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would show the customary rightward shift with no change in the auditory response function.
In contrast, memory mixtures equally composed of the auditory and visual signals would be
expected to produce a shift in both response functions, with the direction of the shift dependent
on the individual clock speeds. Consistent with previous studies, Pa values from the non-
psychiatric group indicated a proportionally greater contribution of the auditory signal to the
anchor memories. By comparison, memory distributions were almost equivalently influenced
by the auditory and visual signals in the patient group, with a slightly greater influence of the
visual modality.

Taken together, the relative rate and proportional auditory contribution parameter estimates
from the SKE-MM model add explanatory power to the observed differences in the auditory
and visual bisection points. Specifically, the leftward shift of the visual bisection point in the
schizophrenia group may be attributed to a faster visual clock. Furthermore, the non-dominant
memory mixture found for individuals with schizophrenia suggests that duration estimates for
both modalities were shifted relative to estimates that would be made in a single-modality task.
Finally, the absence of group differences in response bias values rules out the possibility that
the differential modality shifts between patients and non-psychiatric participants were due to
decisional biases.

A faster visual clock in schizophrenia is contrary to prediction, as the increased attentional
allocation needed to encode visual stimuli, along with evidence for early/basic visual
processing deficits in schizophrenia (e.g., O’Donnell et al., 2006), would suggest greater
difficulty in the timing of visual versus auditory durations (Penney et al., 1998, 2000, 2005).
These results are also in contrast to previous reports of mixed-modality bisection in the
offspring of schizophrenia patients (Penney et al., 2005). Compared to non-psychiatric
participants, the offspring of patients showed a larger rightward shift of the visual response
function. Furthermore, application of the SKE-MM model suggested that the enhanced
discrepancy between the auditory and visual modalities was due to disturbances of attention
on visual clock speed (Penney et al., 2005). The inconsistency in findings between the present
study and that of Penney and colleagues (2005) may be attributed to a number of factors
including duration length (300–600 ms in the present study vs. 3–6 s in Penney et al.), clinical
severity (symptomatic patients in the present study vs. at-risk individuals in Penney et al.), and
the potential influence of antipsychotic medication on temporal performance in the present
study. Differences in task complexity may also account for the inconsistent findings between
studies. For example, the bisection task employed by Penney and colleagues (2005) included
single modality trials (as in the present study), but these trials were randomly intermixed with
trials during which asynchronously presented auditory and visual signals overlapped in time.
In addition to allocating more attentional resources to the timing of simultaneous signals, it is
likely that greater attentional resources were also employed during the single modality trials
as a result of anticipation of the second signal. Despite these differences, it remains unclear
why patients in the present study showed a leftward rather than rightward shift of the visual
relative to the auditory response function. Repeated evidence for deficits of attention associated
with schizophrenia (e.g., Kimble et al., 2000; Nestor & O’Donnell, 1998) suggests that the
leftward shift of the visual response curve found for individuals with schizophrenia is unlikely
the result of increased attention during visual timing, and highlights the importance of
continued research on temporal processing in the disorder.

Also contrary to prediction was the absence of group differences in temporal variance for the
visual modality. Because slower clock speeds have been associated with greater timing
variability (Goldstone, 1975; Lhamon & Goldstone, 1973; Stanford & Santi, 1998), one would
expect that decreased visual clock speed, and hence, increased visual response variability,
would be observed in schizophrenia. When considering the obtained pattern of results,
however, the absence of group differences in visual timing variance is consistent with the
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increased visual clock speed, and hence decreased visual response variability, found for the
schizophrenia group. Accordingly, greater auditory timing variability was found for
individuals with schizophrenia compared to the non-psychiatric participants, which
corresponds to the slower auditory compared to visual clock rates observed in the schizophrenia
group.

Consistent with increased behavioral indices of auditory timing variability in the schizophrenia
group, gamma estimates of variability from the SKE-MM model indicated decreased temporal
precision for individuals with schizophrenia compared to non-psychiatric participants.
Importantly, gamma values were found to correlate only with behavioral measures of auditory
variance for both groups, with no meaningful relationships observed between gamma and
indices of visual timing variability. The specificity of gamma to the auditory modality for both
patients and non-psychiatric participants suggests that auditory memory variance may account
for much of the observed variability in duration judgments.

To date, this is the first study that has examined mixed-modality bisection and successfully
applied the SKE-MM model to individuals with schizophrenia. Application of the SKE-MM
model provides a means of quantitatively differentiating temporal performance into clock,
mnemonic, and decisional processes. At the level of the clock, the relative rate parameter
indicated a 6% increase in the speed of the visual relative to the auditory clock in individuals
with schizophrenia, which was in contrast to the 10% increase in the auditory relative to visual
clock speed observed in the non-psychiatric group. Gamma estimates of temporal memory
variability suggested that memories for the anchor durations may be less precise in individuals
with schizophrenia. Also at the mnemonic level, estimates of the proportional contribution of
the auditory modality to the anchor memories (i.e., Pa) indicated auditory dominant memories
in non-psychiatric participants, but relatively equivalent contributions of the auditory and
visual modalities to the anchor memories in schizophrenia. Finally, estimates of response bias
(β) indicated a minimal bias towards signal classifications of short at the decisional level in
both schizophrenia and non-psychiatric groups. Taken together, findings from the SKE-MM
model suggest that disturbances in the timing of extremely short durations in schizophrenia
may arise at the clock and memory stages of temporal processing. Examination of the
relationships between the behavioral and model indices of bisection performance further
elucidated the model data, indicating that the timing of visual, rather than auditory, durations
may be primarily responsible for the clock and memory disturbances observed in
schizophrenia.

To better understand potential differences between auditory and visual temporal bisection in
schizophrenia, it will be important for future studies to examine the timing of auditory and
visual durations in combined as well as separate test sessions, and to apply both behavioral and
quantitative modeling methods to allow for a more rigorous interpretation of temporal
processing than that obtained from descriptive measures alone. It will also be important for
future studies to control for potential gender differences in the examination of timing in
schizophrenia given evidence for differential impairments in proper brain lateralization
between male and female individuals with schizophrenia (DeLisi et al., 1989; Walder et al.,
2007) and support for the role of the right temporal lobe in decisional processes associated
with temporal discrimination (Melgire et al., 2005). Finally, to better account for the role of
symptom severity and/or symptom type in temporal performance, it will be of interest to
examine timing processes in individuals at different phases of schizophrenia as well as
individuals with different symptom profiles.
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Figure 1.
Schematic representation of the three-stage internal clock model.
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Figure 2.
The proportion of long responses as a function of signal duration for the auditory (top) and
visual (bottom) modalities. SZ = schizophrenia, Control = non-psychiatric participants.
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Figure 3.
Actual and SKE-MM model-predicted responses for auditory (A and C) and visual (B and D)
modalities.

Carroll et al. Page 19

Brain Cogn. Author manuscript; available in PMC 2008 August 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Carroll et al. Page 20

Table 1
Bisection Point, Difference Limen, and Weber Fraction Values from Auditory and Visual Modalities for Non-
Psychiatric Control Participants and Patients with Schizophrenia (SZ)

Control SZ
Condition M SD M SD

Bisection Point

Auditory 422.12 38.77 436.17 68.37
Visual 455.30 48.39 408.52 74.29

Difference Limen

Auditory 40.03 16.89 66.67 36.39
Visual 50.82 18.64 48.70 43.72

Weber Fraction

Auditory 0.091 0.034 0.138 0.076
Visual 0.100 0.043 0.088 0.091
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Table 2
Parameter Values from the SKE-MM Model Obtained for Non-Psychiatric Control Participants and Patients with
Schizophrenia (SZ)

Parameter Control SZ
M SD M SD

Gamma (γ) 0.23 0.09 0.49 0.24
Beta (β) 0.93 0.26 0.81 0.95
Proportion Auditory (Pa) 0.82 0.13 0.43 0.4
Relative Rate (RR) 0.89 0.11 1.06 0.25
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