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Time Processing in Schizophrenia

Deana B. Davalos* and Jamie Opper*

Time is inside as well as outside of ourselves. Time is a perception. It is 
part of the outside world, but it is also a sensation immediately experi-
enced in ourselves. We organize and crystalize the perception of time 
into the connotation of a continuous flowing time, which we measure by 
clocks, and we try to apply the same measures to the time experience in 
ourselves, to what we may call time sensation…. Time is an inherent part 
of the world of perception, outside and inside the body.

(Schilder, 1936)

1 Introduction

Schilder (1936) described his conception of time in his paper, Psychopathology 
of Time, which addressed time perception and the idea that various types of 
psychopathology involved a disturbance in time perception. Schilder wrote 
the paper while at Bellevue Psychiatric Hospital and detailed a variety of disor-
ders and the possible temporal distortion associated with each type of pathol-
ogy. About schizophrenia, he quotes a patient who says, “I can’t orient myself 
in the world – I am not clear anymore…I continue to live in eternity. There is 
no hour, no noon, no night…. Time does not move. I am wavering between past 
and future.” Schilder’s observations of timing dysfunction in his schizophrenic 
patients led him to ask, “…why does the schizophrenic give up his time experi-
ence? What does time mean for him?” The questions regarding time percep-
tion and the role timing plays in schizophrenia continue to perplex researchers 
today. Our understanding of time processing in schizophrenia has developed 
over the years from a once rather simplistic view of temporal dysfunction to an 
elaborate organization of temporal deficits that span from simple sensory 
measures of timing to higher order processes. And while it has been argued for 
decades that time processing is disrupted in schizophrenia, the breadth of the 
implications stemming from those temporal deficits have grown to include 
areas of clinical symptomatology, social and emotional processing, language, 
to higher order cognitive processes.
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Conceptually, our capacity to process time is viewed as an ability that plays 
a critical role in our perception of the world around us. Navon (1978) wrote that 
our perception of the world consists of a hierarchy of dimensions and that 
time is at the top of that hierarchy. The ability to process time has been associ-
ated with relatively basic tasks such as planning and sequencing and process-
ing basic sensory input to higher order processes that are involved in athletic 
ability, driving, language, walking, and musical ability (Eagleman et al., 2005; 
Eagleman, 2009; Ferrandez et al., 2003; Macar et al., 2006; Mangels et al., 1998; 
Tracy et al., 1998). Given the widespread collection of behaviors, actions, and 
cognitive processes that appear to be influenced by timing, investigators have 
begun to speculate whether deficits in information processing and higher level 
cognitive processing that have been associated with dysexecutive syndrome, 
and schizophrenia specifically, may be in part due to temporal dysfunction 
(Macar and Vidal, 2009; Volz et al., 2001). And while time processing may not 
have a place in the scientific literature as extensive as other cognitive pro-
cesses, such as attention, working memory, or inhibition, there are indicators 
that suggest that the magnitude of the importance of intact temporal process-
ing is beginning to be understood. First, Head and colleagues (2008) have 
recently included time processing as one of the few possible “cognitive primi-
tives” or what is described as basic neuropsychological processess that have 
broad influence on other cognitive functions, but cannot be separated into 
component processes themselves (Salthouse, 1985; Verhaeghen and Salthouse, 
1997; Zacks and Hasher, 1994). While Head et al. have introduced the idea that 
time perception has a place in the hierarchy of cognitive processes alongside 
what have been viewed as fundamental cognitive capacities, such as inhibition 
and processing speed, there have been relatively few studies that can be used 
to support the argument. Cognitive primitives cannot, by definition, be sepa-
rated into component processes and many of the current studies assessing 
time processing highlight the complexity of measuring temporal processing as 
most timing tasks generally involve some degree of attentional resources, deci-
sion making, and vigilance. Head’s proposal, nonetheless, highlights the fact 
that timing is now considered as being a foundational cognitive process that 
may be involved in widespread dysfunction. The idea that temporal processing 
may lead to some type of dysfunction highlights the second indicator that 
stresses the magnitude of the importance of intact time processing.

The scientific literature is rich with studies assessing clinical populations 
and how time processing may be at the root of clinical symptomatology and 
deficits associated with various disorders. While it is beyond the scope of this 
chapter to address all of the types of psychopathology associated with tempo-
ral processing, included in the list of clinical disorders and/or clinical features 
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are: aphasia, Alzheimer’s disease, attention-deficit hyperactivity disorder, dys-
lexia, apraxia of speech, traumatic brain injury, autism-spectrum disorders, 
and schizophrenia (Anderson and Schmitter-Edgecombe, 2011;  Barabasz, 1973; 
Bauermeister et al., 2005; Carroll, O’Donnell, Shekhar, and Hetrick, 2009; 
Condray, 2005; Efron, 1963; Kaminsky et al., 2002; Kraus, 2003; Merzenich 
et al., 1996; Rueda and Schmitter-Edgecombe, 2009; Wallace and Happe, 2008; 
Ziegler and von Cramon, 1986). These represent but a few of the many clinical 
disorders that are linked to time processing deficits. The breadth of disorders 
that link clinical symptomatology to temporal processing difficulties suggest a 
critical role between timing and clinical health, or more specifically clinical 
psychopathology. Regarding schizophrenia, the link between the disorder and 
timing dysfunction has been recognized for nearly a century. Minkowski (1931) 
argued that many clinical disorders could be linked to a disorder in space, time, 
or memory. Specifically, he described conditions such as dementia as being dis-
turbed in terms of memory while the space and time “I-Here-Now” factors are 
intact. Schizophrenia, on the other hand, appears to involve intact memory, 
with disturbed “I-Here-Now” factors (Minkowski, 1928). Israeli (1932) elo-
quently reviews physician and researchers’ perspectives on time processing in 
schizophrenia during the 1920’s and 1930’s and highlights the personal views of 
distorted time in patients with schizophrenia. Specifically, he discusses patient 
complaints presented by Fischer (1929, 1930a,b,c), which stress the “I-Here-
Now” disturbance. Fischer reports that his patients complain of: feeling that 
time has come to a standstill which is compensated for by a dreamlike exis-
tence, demonic playing with time, praying for the destruction of time, and feel-
ings of timelessness. Fischer goes on to speculate that there is no symptom of 
schizophrenia, which is not a product of a time-space disturbance.

The idea that most symptoms of schizophrenia, both cognitive and clinical, 
may be affected by a disturbance in timing has persisted over the years. 
Eagleman and Holcombe (2002) point to research, which argues that individu-
als with schizophrenia may believe that their own thoughts are caused by 
someone else or possess a delusion that unrelated events are attributable to 
their actions (Frith, Blakemore, and Wolpert, 2002). In Frith and colleagues’ 
research, they speculate that these disturbances may be due to a lack of aware-
ness of certain aspects of motor control. Eagleman and Holcombe have argued 
that rather than an emphasis placed on difficulties in the processing of motor 
control, these symptoms could instead be due to difficulties in temporal pro-
cessing. Stetson et al. (2006) have shown that when healthy control subjects 
had a relatively simple sensory-motor task slightly adjusted in terms of the 
interval duration between when a button was pushed and a stimulus was pre-
sented, it induced a sense of not being in control of their physical response. 
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Specifically, participants were first asked to simply press a button, which 
instantly resulted in a nearby light to flash. The paradigm was then slightly 
changed to add a tenth of a second delay between the button press and the 
flash of light appearing. Following this condition with the slight delay, the 
experimenters removed the delay and returned to the initial presentation. The 
removal of the delay appeared to induce in the participants, a perception that 
the flash was occurring before the responder had pressed the key. This study, 
among others, has led to questions about whether individuals with schizophre-
nia may experience was has been termed credit misattribution, or difficulty 
recognizing actions as one’s own. The thought is that a relatively brief temporal 
distortion may be associated with the delusion that someone other than the 
individual themselves is in charge of their behavior (Gandhi, Wassef, and 
Eagleman, 2007). These findings of slight temporal distortion leading to delu-
sions or feelings of confusion in healthy young adults has been compelling 
evidence in support of an argument for the important role temporal dysfunc-
tion may play in the clinical pathology of schizophrenia.

While research continues to explore the role of temporal deficits in schizo-
phrenia, our understanding of the neural underpinnings of temporal dysfunction 
remains elusive. Comprehending the neural mechanisms involved in timing is 
important for a number of reasons. Given the breadth of timing deficits observed 
in schizophrenia, one question that persists is whether there may be a specific 
type of neural dysfunction that affects a wide range of processes or whether there 
are multiple areas of dysfunction in the schizophrenic brain that each contribute 
a unique piece to the various types of timing dysfunction observed.

To understand the complexity of trying to unravel the neural underpinnings 
of temporal processing, one first has to appreciate the plethora of tasks that 
are subsumed under the heading of time processing. The types of task that are 
considered timing-related represent a diverse set of processes ranging from 
time perception of durations in milliseconds, time-based prospective memory, 
temporal reproduction, temporal order, to temporal estimation of hours. Many 
researchers have attempted to organize types of temporal tasks to better 
understand timing. This need to clarify temporal processes, specifically in the 
context of psychopathology, is clear in the literature as early as the 1960’s. 
Lehmann (1967) presents one of the important distinctions in our understand-
ing of time processing. He argues that there are two types of time, external 
time and internal time. External time is the “objective, universal, and absolute” 
time that is measured within a “conceptual framework.” Internal time, on the 
other hand, is “subjective, individual, and relative” and he describes it as “the 
perception of enduring.” It is this internal time that has been of most interest 
in the study of schizophrenia. Specifically, it is thought that disruptions in 
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one’s internal clock, even slight disruptions, appear to lead distortions in how 
individuals with schizophrenia conceive their environment and how they 
operate in their environment. And it is difficulties with the internal clock that 
appear to be at the root of a wide spectrum of clinical pathology in schizophre-
nia (e.g., hallucinations, delusions, psychomotor poverty, poverty of speech; 
Andreasen, 1999; Hyde, Ziegler, and Weinberger, 1993; McGlashan and Hoffman, 
2000). In addition, temporal processing deficits have been argued by many to 
also affect cognitive functioning in schizophrenia.

For decades, researchers have posited that individuals with schizophrenia 
appear to process time differently than those who are not affected with the 
mental illness on a variety of behavioral and cognitive measures (Rabin, 1957). 
These deficits are noted on tasks assessing various types of time processing, 
including temporal perception, temporal estimation, and time reproduction 
(Davalos, Kisley, and Ross, 2002, 2003a; Rammsayer, 1990; Tysk, 1990). And 
these deficits of time processing seem to be widespread, spanning both audi-
tory and visual temporal processing tasks (Schwartz, Mallott, and Winstead, 
1988; Tysk, 1990). As will be addressed repeatedly in this Chapter, one of the 
primary limitations to understanding the neural underpinnings of time pro-
cessing per se is the degree of nontemporal information that has historically 
been included in temporal processing tasks. Poynter and Homa (1983) point 
out that temporal perception tasks generally require the participant to be able 
to attend successfully to the nontemporal information that is often embedded 
in tasks. Given that most cognitive measures of timing employ attention and 
working memory, it is likely “temporal processing performance” in actuality 
reflects an amalgamation of multiple cognitive skills. The variations in atten-
tional demands or recruitment of other cognitive resources have likely 
 contributed to the variability in findings across behavioral studies and neuro-
physiology studies.

2 Electrophysiology

Mismatch negativity (mmn) has been utilized as a physiological measure of 
temporal processing. mmn is a brain response elicited to infrequent deviant 
stimuli in the context of recurring standard stimuli (Naatanen, 1992). One of 
the most important aspects of mmn is that it is generated in the absence of, or 
with minimal demands, on focused attention. Also, there is no motor response 
required nor is there a decision making element that is often involved in cogni-
tive tasks and even other event related potentials (Sussman, Winkler, and 
Wang, 2003). mmn has been utilized in studies with a variety of clinical 
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disorders, specifically those with suspected frontal deficits as it allows detec-
tion of deficits associated with frontal and temporal lobe dysfunction while 
minimizing confounding deficits associate with attention, vigilance, motiva-
tion, and decision making in these populations. mmn represents the neural 
process of detecting change in stimuli and generally exhibits maximal ampli-
tude at frontal and central sites of the scalp. The main generators are thought 
to be located in the auditory and frontal cortices (Naatanen, 1992; Pulvermuller 
and Shtyrov, 2003). The frontal contribution to this waveform is thought to 
reflect an involuntary switch of attention to specific changes in the sensory 
environment (Deouell, Bentin, and Giard, 1998). mmn studies focusing on 
individuals with schizophrenia have included deviations in pitch, intensity, 
frequency, or, more specific to the current discussion, deviations in the dura-
tion of tones and/or interstimulus intervals (Baldeweg et al., 2002; Naatanen et 
al., 1993; Todd, Michie, and Jablensky, 2003). mmn paradigms utilizing duration 
intervals are thought to be valid representations of time processing as mmn 
amplitude is proportional to the relative discriminability of interval devia-
tions, suggesting that the preattentive neural activity measured during mmn is 
that which is subsequently available for the conscious perception of time 
(Kisley et al., 2004). In schizophrenia, results consistently find that individuals 
with schizophrenia exhibit deficits in temporal processing measured via mmn 
(Baldeweg et al., 2002; Davalos, Kisley, and Ross, 2003b; Light and Braff, 2005). 
Light and Braff (2005a) have emphasized the practical applications of these 
deficits by linking these time-based mmn deficits to functional status (i.e., gaf 
Scale ratings and level of independence in community living situation). In 
their studies, an mmn utilizing a subtle temporal deviant (90% standard,  
50 msec, and 10% deviant, 100 msec, duration stimuli) was assessed in patients 
with schizophrenia. mmn deficits in this population were accounted for up to 
42% of the variance in functional status. As the authors note, the correlation 
between time-based mmn deficits and impaired functioning in their study was 
observed as being much higher than the correlation between traditional neu-
rocognitive measures and functional status and outcome (Green, 1996; Green 
et al., 2000; Palmer et al., 2002). In a separate study, the authors extend their 
findings by proposing that time-based mmn may also serve as a useful method 
to track progressive changes in neural substrate dysfunction and functional 
impairments over the course of schizophrenia (Light and Braff, 2005b). Light 
and Braff bolster this argument by highlighting past research indicating that 
while clinically unaffected relatives of individuals with schizophrenia and 
those with chronic schizophrenia exhibit mismatch negativity deficits, first-
episode patients exhibit intact mismatch negativity (Light and Braff, 2005b, 
Michie et al., 2002; Salisbury et al., 2002a; Umbricht et al., 2003). These findings 
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support the utility of using temporal mmn indices as a tool for tracking brain-
based changes associated with the progression of schizophrenia and possibly 
the role that mmn may play in serving as a biomarker for schizophrenia. While 
Light and Braff have highlighted the potential clinical utility of mmn, the 
authors point out that further research is needed to fully appreciate the poten-
tial strengths and limitations of time-based mmn in diagnoses and under-
standing of progression of schizophrenia. They argue that greater clarification 
is needed to understand the longitudinal course of time-based mmn deficits 
and the role that temporal processing measured via mmn may play in under-
standing neurodegeneration in schizophrenia.

It should be noted that if the reader questions whether it is the general elec-
trophysiological index, mmn, independent of type of deviant, that appears to 
be the basis for the relationship between neurocognitive functional, functional 
status, and tracking progression of the disease in schizophrenia, the literature 
suggests otherwise. Specifically, past studies suggest that there is something 
unique about temporal deviants that are not present with other types of devi-
ants. mmn response to duration deviants has been compared to frequency and 
intensity in the past to assess test-retest reliability and duration only was most 
replicable amplitude and latency among the deviances assessed. The authors 
argue then that duration-dependent mmn may be the best measure to utilize 
in the study of cognitive brain functioning (Tervaniemi et al., 1999). In general, 
these findings, along with others, illustrates the role that temporal processing 
measured via mmn plays in detecting vulnerability for schizophrenia, indi-
rectly assessing the state of nmda receptor functioning, and measuring the 
integrity of frontotemporal brain systems.

It should be noted, however, that recent electrophysiological research sug-
gests that the timing deficits observed in schizophrenia are not generalized 
across all timing paradigms nor are they apparent across all areas of the brain. 
Rather, poor temporal processing was only noted for the conditions in which 
the difference between the standard interstimulus interval and the deviant 
interstimulus interval was more subtle (e.g., 15% different rather than 50% dif-
ferent; Davalos, Kisley, and Freedman, 2005). What was notable during the study 
was that there was a dissociation between behavioral performance and neuro-
physiological indices of temporal processing in the schizophrenia group. While 
their neurophysiological response was comparable to controls on the “easy” 
deviant, their behavioral performances were impaired compared to controls 
on both the “easy” and “difficult” deviants. The finding suggesting differences 
between conditions (easy vs. difficult) and across method of assessment 
(event-related potentials versus behavioral) suggests that the role of attention, 
motivation, and other mediating cognitive factors cannot be minimized when 
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examining behavioral indices of time processing in populations that may be 
more affected by impairments in these cognitive areas. Salisbury et al. have 
argued in the past that the use of traditional behavioral measures of cognition 
paired with electrophysiological measures of brain activity allow for a unique 
multifaceted examination of behavior and the underlying processes (Salisbury 
et al., 2002b). And while erp measures allow us to begin to understand that 
there are neurophysiological differences in the brains of patients with schizo-
phrenia and healthy controls when it comes to temporal processing, it has not 
told us about the ‘where’ and ‘how’ of these processes.

3 Functional Imaging/Localization

The links between neurophysiology and behavioral indices of temporal pro-
cessing highlight that there are clearly shared neural networks between both 
types of measures of time processing as well as distinct processes involved. 
This has led to questions about the neural etiology of time processing. Is there 
truly an “internal clock” that may be associated with all temporal information 
(Mangels et al., 1998)? And is this impaired internal clock the common link 
that is shared across an array of clinical disorders, such as pd, amnesia, cere-
bellar, and basal ganglia insult, in addition to frontal syndromes (Artieda et al., 
1992; Casini and Ivry, 1999; Harrington and Haaland, 1998; Ivry and Keele, 1989; 
Nichelli et al., 1995; Rammsayer, 1993). Or is it more likely that there are specific 
types of temporal processing that rely on different neural networks?

For years it has been argued that the cerebellum is the key structure associ-
ated with short-duration processing while longer duration processing may be 
dependent on prefrontal cortical functioning (Clarke et al., 1996; Heatherington 
et al., 2000; Mangels, Ivry, and Shimizu, 1998). While the cerebellar argument 
appears to be relatively well established in terms of the role in automatic short-
duration processing, the processing of longer durations appears more com-
plex, with the relative roles of the basal ganglia and frontal cortex still contested 
(Hazeltine, Helmuth, and Ivry, 1997; Ivry, 1996). Specifying the neural under-
pinnings to processing longer durations is inherently more complicated 
because of the possible recruitment of other cognitive processes. Mangels 
et al. (1998) point out that longer durations (e.g., 3 or 4 s) utilized in interval 
comparison tasks may require working memory to keep those interval dura-
tions available for comparison. These types of temporal judgments may be 
particularly sensitive to frontal lobe functioning. Nichelli et al. (1995) supports 
this argument, noting that timing beyond 2 or 3 s may exceed more automatic 
“motor routines” and may require sustained attention and/or strategy use. 
Whether one argues for the necessity of sustained attention or working 
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memory, it is likely that, unlike short intervals, longer intervals recruit the pre-
frontal cortex. Given the well-established prefrontal dysfunction associated 
with schizophrenia, this potential confound has made measuring the “true” 
neural correlates of temporal process difficult (Goldman-Rakic and Selemon, 
1997; Goldman-Rakic, 1999; Mull and Seyal, 2001; Perry et al., 2001; Wall and 
Messier, 2001). Volz and colleagues began to explore the neuroanatomy of time 
processing by assessing patterns of brain activation during a functional mag-
netic resonance image (fMRI) study during which patients with schizophrenia 
were assessed on time estimation and pitch discrimination. Their findings, 
using psychophysical threshold levels, indicated that the groups differed sig-
nificantly only in time estimation. In addition, their comparison of pitch ver-
sus time discrimination indicated a specific dysfunction of the right putamen, 
right medial/superior prefrontal cortex, and right anterior thalamus to under-
lie that was associated with timing dysfunction in schizophrenia. The authors 
speculated that, based on their findings, timing deficits in schizophrenia might 
be due to impairment in both the basal timing mechanisms of the basal gan-
glia and/or thalamus paired with impaired attentional or working memory 
resources that are facilitated by the prefrontal cortices. An additional finding, 
that is important when studying individuals with schizophrenia, is that their 
findings were not simply a function of the patients performing worse than the 
controls, as difficulty was adjusted to an individual performance level. The 
authors, like many to follow, argue that timing in the brain is associated with a 
disturbed fronto-thalamo-striatal circuit.

Davalos, Rojas, and Tregellas (2011) followed up on Volz and colleagues work 
with some minor changes, including varied levels of difficulty assessed between 
patients and controls, a larger cohort of patients and healthy comparison sub-
jects, and the use of a 3T scanner in contrast to the 1.5T scanner used in the 
earlier study. The study not only sought to elaborate on the work of Volz and 
colleagues, but also to provide a follow up to the previous electrophysiological 
study (Davalos, Kisley, and Freedman, 2005), which indicated a dissociation 
between behavioral indices of time processing and neurophysiological 
responses to temporal deviants. Similar to the previous erp study, participants 
were assessed on an “easy” and a “difficult” condition. In the “easy” condition, 
participants heard two tones, the first 200 msec in duration, the second either 
shorter in duration (70ms, 100ms) or longer (300ms, 330ms) than the first tone. 
The paradigm utilized an interval, separated by 500ms. In the “difficult” condi-
tion, the duration of the second tone was more similar to the standard tone, 
either shorter (160ms, 170ms) or longer (230ms, 240ms; Figure 4.1).

Finally, in the base condition, both tones were 200ms. On both the “easy” and 
“difficult” conditions, the control group performed significantly better than the 
schizophrenia group. Regarding hemodynamic responses, group differences 
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(control vs. schizophrenia) were assessed for three contrasts. In the easy dis-
crimination condition, individuals with schizophrenia exhibited reduced acti-
vation in the supplementary motor area (sma), insular/opercular cortex, and 
dorsolateral prefrontal cortex (dlpfc; Table 4.1, Figure 4.2).

In the “difficult” condition, the individuals with schizophrenia showed a 
more robust reduction in response in the sma, insular/opercular cortex, and 
dlpfc. Also, reduced activation was observed in the striatum and thalamus 
(Figure 4.3). Regarding the difficult–easy contrast, findings indicate that the 
schizophrenia group exhibited reduced activation in the insular/opercular 

Figure 4.1 Schematic representation of experimental design. During the “easy” condition, the 
200ms standard tone was followed by a comparison tone of 70, 100 300 or 330ms (±50 
or 65%). During the “difficult” condition, the comparison tone was 160, 170, 230 or 
240ms (±15, 20%). During “baseline,” subjects pressed a button, but did not judge, 
following two 200ms tones. Reprinted from Schizophrenia Research, Vol. 127,  
D.B. Davalos, D.C. Rojas, and J.R. Tregellas, Temporal processing in schizophrenia: 
Effects of task-difficulty on behavioral discrimination and neuronal responses,  
pp. 123–130.
Copyright 2011, with permission from Elsevier.
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Table 4.1 mni coordinates and statistics for brain regions with greater activation in con-
trols compared to individuals with schizophrenia. Reprinted from Schizophrenia 
Research, Vol. 127, D.B. Davalos, D.C. Rojas, and J.R. Tregellas, Temporal processing in 
schizophrenia: Effects of task-difficulty on behavioral discrimination and neuronal 
responses, pp. 123–130. Copyright 2011.

x y z t value P value

Easy
Operculum/Insula (L) –36 24 –3 1.79 0.042
Pre-SMA (R) 12 21 51 1.69 0.051
DLPFC (L) –48 9 36 1.88 0.035

Difficult
Operculum/Insula (R) 51 24 0 2.06 0.03

30 24 –6 2.25 0.016
Operculum/Insula (L) 36 27 –9 2.69 0.006
Pre-SMA (R) 12 24 51 2.8 0.004
Putamen (R) 18 12 6 1.85 0.37
Putamen (L) –24 –3 3 2.24 0.016
DLPFC (R) 45 12 18 1.95 0.03
DLPFC (L) –45 12 36 1.77 0.043

Difficult-Easy
Operculum/Insula (R) 48 27 3 2.07 0.023
Putamen (R) 21 18 3 2.46 >0.001
Putamen (L) -24 18 –6 1.67 0.052

cortex and striatum (Figure 4.4) and striatum rois. The findings described a net-
work of brain regions with reduced temporal processing-related responses in 
the participants diagnosed with schizophrenia. Included in this network were 
the sma, dlpfc, striatum, thalamus, and insula/operculum. Also observed 
were differing levels of activation, or to be precise, more pronounced differ-
ences between patients with schizophrenia and controls in striatum and 
insula/operculum function under conditions of high task difficulty.

What appears to be clear from neuroimaging data is that timing in the 
schizophrenic brain is complex. While there are similarities to healthy con-
trols, there are clearly regions that appear to “work harder” to process temporal 
information. There are also regions that seem to underperform when engaged 
to make temporal distinctions. For example, the (pre) sma appears to be under-
active in schizophrenia, independent of task difficulty. The sma is thought to 
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Figure 4.2 Temporal processing during “easy” temporal processing. Reduced activation in 
the schizophrenia group relative to controls was observed in the supplementary 
motor area (sma), insula/ opercular cortex, and the dorsolateral prefrontal 
cortex (dlpfc). Statistical parametric maps thresholded at p <0.01, overlaid onto 
the average T1-weighted anatomy of all subjects. Reprinted from Schizophrenia 
Research, Vol. 127, D.B. Davalos, D.C. Rojas, and J.R. Tregellas, Temporal processing in 
schizophrenia: Effects of task-difficulty on behavioral discrimination and neuronal 
responses, pp. 123–130.
Copyright 2011, with permission from Elsevier.

Figure 4.3 Temporal processing during “difficult” temporal processing. Reduced activation in the 
schizophrenia group relative to controls was observed in the sma, insula/opercular cortex, 
and the dlpfc, as well as the striatum and thalamus. Statistical parametric maps thres-
holded at pb0.01, overlaid onto the average T1-weighted anatomy of all subjects. Reprinted 
from Schizophrenia Research, Vol. 127, D.B. Davalos, D.C. Rojas, and J.R. Tregellas, 
Temporal processing in schizophrenia: Effects of task-difficulty on behavioral discrimina-
tion and neuronal responses, pp. 123–130.
Copyright 2011, with permission from Elsevier.

be a key structure during temporal processing (Ferrandez et al., 2003; Macar 
et al., 2002; Rao et al., 2001; Tregellas et al., 2006). Specifically, the sma has been 
associated with the ‘pulse accumulation’ process (Gibbon, Church, and Meck, 
1984; Macar et al., 2004) and timing comparisons (Coull et al., 2004). Another 
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region that appears to be underactive in schizophrenia is the insular/opercular 
cortices. The insular/opercular cortex has been identified in a number of tim-
ing studies and is thought to be involved in a variety of aspects of timing. These 
timing processes include attention to time components (Coull et al., 2000, 
2004), encoding time-based sequences (Schubotz et al., 2000), and perceiving 
interval duration information (Hinton et al., 2004; Maquet et al., 1996; Ferrandez 
et al., 2003; Lewis and Miall, 2003). The dlpfc is a region of the brain that is 
linked to various types of cognitive deficits in schizophrenia, including higher 
level cognitive functioning (Glahn et al., 2005; Wilmsmeier et al., 2010). Some 
have speculated that the dlpfc differences observed in schizophrenia versus 
control studies represents a difference that emerges primarily as a function of 

Figure 4.4 “Difficult” compared to “easy” temporal processing. Reduced activation in the 
 schizophrenia group relative to controls was observed in the insula/opercular cortex 
and the striatum. Statistical parametric maps thresholded at pb0.01, overlaid onto the 
 average T1-weighted anatomy of all subjects. Reprinted from Schizophrenia Research, 
Vol. 127, D.B. Davalos, D.C. Rojas, and J.R. Tregellas, Temporal processing in schizophrenia: 
Effects of task-difficulty on behavioral discrimination and neuronal responses, pp. 123–130.
Copyright 2011, with permission from Elsevier.
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task-difficulty (Manoach et al., 1999). Davalos, Rojas, and Tregellas (2011), how-
ever, found reduced activity in patients with schizophrenia regardless of task 
difficulty. The involvement of the dlpfc in time processing has been docu-
mented previously across a variety of timing tasks and for both healthy con-
trols and clinical populations. dlpfc is thought to be involved in duration 
perception (Rao et al., 2001; Lewis and Miall, 2003; Smith et al., 2003), interval 
time estimation (Macar et al., 2002; Basso et al., 2003), and motor timing (Rubia 
et al., 1998; Jancke et al., 2000). As noted previously, there continues to be a 
debate regarding the role of the dlpfc in time processing. The argument per-
sists that dlpfc may be secondarily involved in time processing, when it’s 
primary role is associated with task difficulty or keeping information online 
successfully for temporal discrimination and comparison (Abi-Dargham, 
2004). However, relatively recent data suggests that the dlpfc is also involved 
in time processing paradigms that minimize working memory components, 
suggesting that the reduced response in the region in schizophrenia reflects a 
timing-specific deficit (Davalos, Rojas, and Tregellas, 2011; Smith et al., 2003; 
Tregellas et al., 2006). The regions discussed so far all seem to be involved in 
general time processing, independent of task difficulty. All appear to be under-
activated, or at least show a reduced response to timing stimuli in patients 
with schizophrenia compared to healthy controls. In contrast, the thalamus 
has been shown to be significantly diminished in schizophrenia, but only for 
difficult temporal distinctions (Davalos, Rojas, and Tregellas, 2011). The thala-
mus is one of the key structures previously identified in timing literature, both 
in healthy controls, and more specifically in schizophrenia. It is one of the inte-
gral structures in the fronto-striatal network that is involved in complex tem-
poral processing tasks (e.g., perceptual timing; Menon et al., 2000; Rubia and 
Smith, 2004; Volz et el., 2001). Rao and colleagues’ (2001) work in which tha-
lamic responses were observed during timing, but not pitch perception, has 
added weight to the argument that, like the dlpfc, the thalamus plays a spe-
cific role in time processing.

Another region of the brain that has emerged as being critical in timing, and 
possibly associated with load-dependent temporal processing for individuals 
with schizophrenia is the striatum. The striatum, or more specifically the puta-
men, was identified as being “most impaired” in terms of the spatial extent of 
response differences between patients with schizophrenia and healthy con-
trols (Davalos, Rojas, and Tregellas, 2011). The striatum has been shown to play 
a central role in temporal processing in animal model studies and studies 
assessing healthy controls compared to populations with disorders affecting 
the striatum (e.g., pd; Coull et al., 2004; Ferrandez et al., 2003; Harrington et al., 
1998; Maricq et al., 1981; Meck, 1996; Schubotz et al., 2000). Regarding 
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schizophrenia, in particular, the striatum was also identified as being a critical 
structure involved in temporal processing dysfunction in Volz and colleagues’ 
(2001) work. As was described with the thalamus, timing-related responses in 
the striatum were reduced in the schizophrenia group only in the “difficult” 
condition. These findings suggests that there may be at least a couple of dis-
tinct neural networks involved in temporal processing in schizophrenia and 
that timing judgments that are relatively easy may result from a different sys-
tem that does not involve the striatum and thalamus. It is clear that there may 
be core areas of the brain that are involved in timing, independent of task dif-
ficulty, while there may be other areas of the brain that are recruited for tem-
poral processing on an as-needed basis.

In summary, it appears that the neuroanatomical basis for temporal pro-
cessing deficits in schizophrenia involves a widespread network of brain 
regions, including the sma, pfc, striatum, thalamus, and insula/operculum. 
As is consistent with behavioral and electrophysiological data, there appears 
to be dissociation in behavioral responses, erp responses and activation 
observed in neuroimaging that is dependent on task difficulty. Specifically, 
 difficult temporal processing paradigms appear to involve the recruitment of 
other cognitive processes (e.g., decision making) and supplemental brain 
regions (e.g., striatum and insula/operculum).

4 Summary

Eagleman (2008) questioned whether subjective time should be viewed as a 
unitary phenomenon, or whether there are separate neural mechanisms that 
typically work together, but can be dissociated under certain circumstances? 
Research to date suggests that there is a general temporal dysfunction in schizo-
phrenia that appears across a variety of measures, which all loosely assess tim-
ing. What is also clear from research is that understanding and rectifying the 
etiology of that dysfunction is complex. We know that individuals with schizo-
phrenia do not have only temporal processing difficulties. Schizophrenia is 
characterized by a variety of cognitive difficulties that may contribute to time 
processing deficits or simply confound our ability to truly understand timing in 
the schizophrenic brain. What appears fairly safe to conclude is that individu-
als with schizophrenia exhibit timing deficits, regardless of the method used to 
assess timing (e.g., behaviorally, neurophysiologically). These deficits appear to 
be hard-wired in some ways and appear to affect many aspects of the lives of 
individuals with schizophrenia. These deficits are likely exacerbated when 
they are combined with other demands that are deficient in this population 
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(e.g., working memory, decision making) and appear to be worsened, as tempo-
ral judgments are made more difficult. It seems clear that temporal dysfunction 
is embedded in the psychopathology of schizophrenia and that the construct 
of timing needs to move up on the hierarchy of schizophrenia dysfunction. 
Rather than generally taking a backseat to executive dysfunction, disinhibition, 
and poor working memory, as it has in the past, time processing dysfunction in 
schizophrenia needs to be appreciated as a core deficit that may be the key to 
improving cognition and clinical presentation in this population.
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