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Schizophrenia (SCZ) is a complex disorder in which various pathophysiological models have been postulated. Brain imaging studies
using EEG/MEG and fMRI show altered amplitude and, more recently, decrease in phase coherence in response to external stimuli.
What are the dynamic mechanisms of such phase incoherence, and can it serve as a differential-diagnostic marker? Addressing this
gap in our knowledge, we uniquely combine a review of previous findings, novel empirical data, and computational-dynamic
simulation. The main findings are: (i) the review shows decreased phase coherence in SCZ across a variety of different tasks and
frequencies, e.g., task- and frequency-unspecific, which is further supported by our own novel data; (i) our own data demonstrate
diagnostic specificity of decreased phase coherence for SCZ as distinguished from major depressive disorder; (iii) simulation data
exhibit increased phase offset in SCZ leading to a precision index, in the millisecond range, of the phase coherence relative to the
timing of the external stimulus. Together, we demonstrate the key role of temporal imprecision in phase coherence of SCZ,
including its mechanisms (phase offsets, precision index) on the basis of which we propose a phase-based temporal imprecision
model of psychosis (PTP). The PTP targets a deeper dynamic layer of a basic disturbance. This converges well with other models of
psychosis like the basic self-disturbance and time-space experience changes, as discussed in phenomenological and spatiotemporal
psychopathology, as well as with the models of aberrant predictive coding and disconnection as in computational psychiatry.
Finally, our results show that temporal imprecision as manifest in decreased phase coherence is a promising candidate biomarker
for clinical differential diagnosis of SCZ, and more broadly, psychosis.
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INTRODUCTION

Schizophrenia (SCZ) is a complex disorder featured by a variety of
different symptoms, including positive and negative symptoms
[1], among others [2]. EEG/MEG studies in SCZ have reported
changes in the amplitude in neural activity, as measured by event-
related potentials (ERPs) [3]. Recent observations suggest going
beyond the amplitude by focusing on other EEG/MEG markers,
such as event-related spectral perturbation (ERSP), which hold the
promise that neural oscillations, and their related measurements,
can serve as a biomarker [4-6].

One feature of neural oscillations are phase fluctuations. These
fluctuations can be measured by the phase coherence at each
time and frequency datapoint over trials, so over the repeated
presentation of the same stimulus. Called intertrial phase
coherence (ITPC, or sometimes called intertrial phase clustering),
consistent evidence [7-11] has shown that temporal regularity of
the phase activity over trials is decreased in SCZ, e.g., decreased
phase coherence resulting in decreased ITPC.

In addition to the many ITPC findings in SCZ, there have been
several other related findings concerning phase irregularities. In
the spontaneous neural activity of the resting state, the lack of
phase consistency has been measured by the PDI [12], which
supports the idea of temporal imprecision as an underlying
characteristic of SCZ [13]. Finally, such temporal imprecision can

also be found in the amplitude of neural activity over trials as
measured by computing a transfer function [14].

Given this increasing evidence for phase-related changes in
EEG/MEG of SCZ, we here raise the following questions. Is
decreased phase coherence (ITPC) specific for particular tasks and
frequencies? Is decreased ITPC specific for SCZ or does it also
occur in other mental disorders like major depressive disorder
(MDD)? What are the mechanisms of the decreased phase
coherence in SCZ? Addressing these questions is the goal of our
paper. For that purpose, we combine a review of existing studies
with novel empirical data and computational simulation.

Our main findings show an ITPC decrease in SCZ over a variety of
different tasks and frequencies in the reviewed studies. This is further
supported by our own data. Moreover, presenting novel data, we
demonstrate diagnostic specificity of decreased ITPC for SCZ as
distinct from MDD. Finally, employing computational simulation, we
show phase offsets with temporal imprecision to be a key mechanism
of decreased ITPC in SCZ, and measure this with a precision index (PI)
in the millisecond range. Following these observations, we develop a
phase-based temporal model of psychosis (PTP), which converges
with and enriches other models of psychosis, such as corollary
discharge [15], source monitoring [16, 17], the dopamine hypothesis
[18], the NMDA-hypothesis [19, 20], the disconnection hypothesis
[21-23], and predictive coding [24-28].
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RESULTS

Intertrial phase coherence (ITPC) in schizophrenia—Unspecific
for tasks, frequencies, regions, and modalities/domains, but
specific for diagnosis

Auditory and visual oddball paradigms—decreased ITPC reflects
increased phase incoherence. Event-related potentials (ERPs)
measure the mean baseline corrected amplitude over trials
elicited by a particular stimulus or task after the stimulus is
presented. Though ERPs are commonly measured in EEG/MEG
studies, there is a second component in the electrophysiological
signal that has shown promise in SCZ research, namely the phase.

The phase concerns the periodic fluctuating cycles of neural
activity—including peak/trough, rise/fall—which can be featured
by different phase angles (between 0 and 2m) [29]. Importantly,
the phase cycles undergo continuous fluctuations which can be
described and operationalized as ‘phase variance’ or ‘phase
coherence’ [30, 31]. The concept of phase variance means that
the phase angle fluctuates over time and can be shifted (‘phase
jumps’ [32], or ‘reset’ [29]) across different phase cycles and trials.
Low phase variance means high coherence, so consistency in the
phase over trials at the same time and frequency points.
Therefore, if the phase variance over trials is low, the phase
shows a high coherence, i.e.,, phase coherence [33].

Traditionally, phase shifts are evoked or induced [29, 34, 35] by
the repetition of rhythmically presented external stimuli, like
auditory oddball paradigms, with Mismatch Negativity (MMN)
[36-38] or auditory steady state responses (ASSR) [5, 39, 40] (See
below for details). Here, the rhythmic stochastics of the external
stimuli induce the phase shift in a frequency range that

roughly corresponds to that of the stimulus input stochastics—
this is often described as ‘entrainment’ [30]. This can be measured
by intertrial phase coherence (ITPC) which measures the variance
of the phase angle at each time and frequency datapoint over
presentations of the same stimulus [33].

Studies have shown that deficits in phase-related changes in
the auditory oddball paradigm are indeed present in SCZ
(compared to ultra-high-risk participants and healthy control
subjects (see Table 1)), as observed in reductions in alpha [41, 42]
and theta ITPC (Shin et al., 2015a).

Moreover, Shin et al. [42] observed increased intra-subject
variability in subjects’ behavioral responses to standard and
deviant tones. This suggests decreased temporal precision [43], or
decreased consistency in their behavioral responses over trials.
They therefore consider increased intra-individual variability in
behavior to be closely linked to increased phase variance, i.e.,
increased variance is decreased ITPC, and as a candidate
biomarker of SCZ (see also [13]; see below for details). Together,
these findings (see Table 1) show decreased phase coherence in
SCZ over a variety of different tasks and frequencies, e.g.,
remaining task- and frequency-unspecific.

Auditory steady state response (ASSR)—decreased ITPC reflects
deficient entrainment. Another measure frequently used in SCZ
research is the ASSR (see Table 1 and [5, 40, 44-50]. It is one of the
most widely used paradigms for eliciting synchronization of neural
activity with external stimuli, i.e, entrainment, which can be
measured by either the amplitude/power and/or the phase.

ASSR is comprised of a series of successive auditory stimuli at
precise frequencies (i.e.,, 40 Hz, usually from 20-80Hz) that are
presented to the participant. One can typically observe stimulus-
evoked power changes in healthy participants, as well as an
increase in phase coherence/synchronization, i.e., increased ITPC.
This indicates that the frequency of the external stimulus elicits
phase synchronization in a corresponding frequency of the brain’s
neural activity [5, 47]. The findings are relatively consistent across
studies; there is a reduction in both spectral power and ITPC in
response to the stimulus, especially at 40Hz, in participants
with SCZ.
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In 2016, Thune et al. [5] conducted a meta-analysis of 40 Hz
ASSR studies in SCZ. They found a reduction in spectral power and
ITPC in 17 of the 20 studies (~606 patients with acute or chronic
SCZ). Independent of stimulus conditions and methodological
issues, high consistency in the findings across different studies
were found (though [40] observed an increase in ITPC during
40Hz ASSR). This suggests that ASSR ITPC may serve as a
candidate biomarker of SCZ; one would expect the finding to be
specific to SCZ and thus not be altered in other psychiatric
disorders.

This was addressed by Zhou et al. and Parker et al. They
investigated participants with SCZ [49, 51], schizoaffective (SA)
[49, 51], bipolar with psychosis (BDP) [49, 51], bipolar without
psychosis (BDNP) [49], and MDD [49]. Both studies found a
reduction of spectral power and ITPC during the 40 Hz ASSR in the
psychotic groups (SCZ, SA, and BDP) whereas no changes were
observed in the non-psychotic groups (BDNP and MDD). Parker
et al. [49] also investigated spectral power and ITPC in response to
20Hz and 80Hz ASSR. Again, the psychotic groups exhibited
reduction in spectral power and ITPC. Similar to the 40 Hz findings,
the SCZ group showed the strongest reductions and the BDP the
weakest changes (compared to healthy controls, respectively).

The assumption of a spectrum-wide (i.e, across different
frequencies) rather than frequency specific (i.e., 40 Hz) deficit in
entrainment is further supported by Puvvada et al. [52]. They
compared 2.5 Hz and 40 Hz ASSR paradigms in 128 participants
with SCZ. Their findings show deficits in delta ITPC, specifically in
2.5 Hz ASSR, while weaker deficits were also seen in 40 Hz. These
findings confirm the deficits in delta phase entrainment originally
established by Lakatos et al. [53] while simultaneously showing
their impact on perceptual (perceptual anomaly) and cognitive
(verbal working memory) function.

Together, these findings show that SCZ participants suffer from
a deficit in entrainment (phase synchronization) which manifests
in a high degree of phase variance over stimuli, i.e., low ITPC.
Though initially observed and replicated in ASSR of 40 Hz, i.e., low
gamma, this deficit in entrainment is not limited to the gamma
range, but also manifests in lower frequency bands such as delta
(1-4 Hz), theta (4-8 Hz), alpha (8-13 Hz), and beta (13-30 Hz). This
suggests a more fundamental, or basic, deficit in phase-related
entrainment across the frequency spectrum.

Beyond ASSR and MMN—phase incoheren-ce is not specific to task
or frequency. s the observation of increased phase variance over
trials task specific? Is it only present in ASSR and MMN? Various
studies applied different experimental paradigms (visual or
auditory, perceptual/cognitive tasks) to probe for temporal
irregularity and related phase synchronization in SCZ. Moreover,
they also tested ITPC in lower frequency bands like delta (1-4 Hz),
theta (4-8 Hz), alpha (8-13 Hz) and beta (13-30 Hz) ranges in SCZ
[7, 42, 49, 54-57]. Despite their different paradigms and
frequencies, these studies show decreased ITPC in SCZ in response
to the rhythmic stochastics of the external stimuli. Importantly,
reduced ITPC correlated with positive symptoms in SCZ (dis-
organization, delusion, and hallucination) as well as with working
memory deficits (see also [12, 57]).

These studies show a clear and consistent deficit in the capacity
to synchronize a participants own ongoing phase activity with the
temporal structure of the external stimuli. This deficit in phase
synchronization, and ultimately entrainment, does not appear to
be specific for SCZ but for psychosis in general; it occurs in SA and
BDP [49, 51, 58], though to a lesser degree. In contrast, participants
not suffering from psychosis (BDNP, MDD) do not show this lack of
phase synchronization [49].

In addition, ITPC deficits in various frequency bands have also
been reported in autism ([59-66] see though [67] and [68]). Given
that autism shares many features with SCZ [69, 70] and shows
analogous deficits in social cognition, with predominance of
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internally oriented cognition [71], these findings are not surpris-
ing. They suggest that alterations in phase variance may represent
a more syndromal and dimensional biomarker of psychosis rather
than a specific one for a particular diagnosis like SCZ.

Together, these findings suggest that phase synchronization
and entrainment deficits are not specific to a particular task.
Instead, they are present in a variety of tasks, thus are task
unspecific. Likewise for the frequency. Finally, phase synchroniza-
tion and entrainment deficits occur not only in SCZ, but more
generally in psychosis (and autism). In contrast, they do not occur
in non-psychotic subjects—this indicates a lack of disease-
specificity but rather a syndrome specificity. Overall, this suggests
that phase synchronization and entrainment deficits are a more
fundamental, or basic, disturbance of psychosis as a syndrome
(rather than specifically of SCZ as separate disease category) that
resonates through all frequencies and tasks in a task- and
frequency-unspecific way.

Novel data on decreased ITPC in SCZ—unspecific for region, task,
and modalities, but specific for diagnosis and behaviorally relevant.
As shown in our literature review (Table 1) and mentioned above,
the decreased phase synchrony in SCZ occurs across different
frequencies, tasks, sensory modalities, and topographical loca-
tions. To test this directly, we here measured ITPC in different
sensory modalities (visual and auditory) and tasks (cost conflict,
gating, and oddball), and at different topographical locations
(electrode clusters in the frontal, central, and occipital lobes)
across a range (1-80 Hz) of different frequencies. We hypothesized
that decreased ITPC would be found in all tasks and sensory
modalities in SCZ participants but not in those with MDD who
serve as psychiatric controls. We also expected these differences
to be found in the three topographical electrode clusters
measured. Statistical analysis was done using permutation testing
with extreme pixel correction.

We started with two tasks from two EEG datasets obtained in
healthy controls (CON) and SCZ participants (Fig. 1). The first task
was a cognitive cost conflict task which required a response
(button press) by the participants, and the second was an auditory
gating (P50) task in which no response was required (see methods
for details). The permutation testing found a significant difference
between CON and SCZ in the cost conflict task in the pre- and
post-stimulus range (—50 ms to 100 ms after stimulus onset) of the
theta (4-8 Hz) frequency band (Fig. 1A, permutation testing in
column 3 on the right, with dotted line showing area of
significance). These areas of significance were found in the frontal
and central electrode clusters (top two rows), but not in the
occipital cluster (bottom row). Similar results were found in the
auditory gating task (Fig. 1B), with pre- and poststimulus areas of
significance in the theta band in the frontal and central electrode
clusters. Again, there was no area of significant ITPC difference in
the occipital cluster.

In a third dataset, we tested ITPC to see if the decrease found in
SCZ was specific to psychosis or also present in other psychiatric
diagnoses (Fig. 2). In this dataset and auditory oddball task,
participants with MDD served as the psychiatric controls. We
found significant differences between CON and SCZ in the delta
(1-4 Hz) and theta frequency range in all three electrode clusters
(Fig. 2A, B). When the same analysis was done between CON and
MDD, a significant difference was found in the delta poststimulus
interval in the occipital electrode cluster only. Therefore,
differences found in the frontal and central electrode clusters
were specific to SCZ and not found in MDD.

In a final step, we wanted to examine if ITPC was relevant to
behavior; specifically, if there was a link between temporal
imprecision in neural activity and performance on a specific task.
To test this, we examined the responses to two different tasks in
two different datasets, the first (cognitive cost conflict task) and
third (auditory oddball) datasets analyzed above (Fig. 3).

SPRINGER NATURE

We first divided all trials in both datasets and paradigms by their
reaction times. In the auditory oddball task (Fig. 3D, E, F), only trials
for the deviants were used as there were no responses to the
standard stimuli. All reaction times were sorted in ascending order,
and the top 35% (Ucost conflice = 126 £ 13 trials, Yoddpan = 27 * 4 trials)
of reaction times (longest 35% of responses) were considered the
slow trials. The bottom 35% were considered the fast trials; the
middle 30% of trials were discarded. From these two groups of trials
for each participant, the median was calculated, and the ITPC at the
frontal, central, and occipital electrodes (same as in previous
analyses) was computed (Fig. 3B, E).

From the ITPC plots at the three electrode sites, a small window
was extracted (400-500 ms, 2-2.5 Hz) for both the fast and slow
trials. The mean of this window was Spearman correlated with the
median reaction times.

In both datasets and tasks, and at all electrode sites, the Spearman
correlations were significant (cognitive cost conflict dataset:
Priont = 4482 X 10°°, Peent = 5616 X 107°, poceip = 4807 X 10°%; auditory
oddball dataset: pgont = 0.032, Peent = 0.002, Poccip = 0.002; see supple-
mentary materials for additional results). All p-values were Benjamini-
Hochberg False Discovery Rate (FDR) corrected for multiple compar-
isons. These findings show a significant relationship between behavior
as measured with reaction times and temporal imprecision as
measured with ITPC; were there no relationship, dividing the reaction
times as we did would show no difference in the resulting ITPC
calculated.

Together, the results from our own novel data analysis confirm the
presence of decreased ITPC across different sensory modalities, e.g.,
visual, and auditory indexing modality-generality, and different
domains, eg., sensory vs cognitive indicating domain-generality.
Moreover, we demonstrate that ITPC deficits can be observed in
different topographical areas/electrodes including frontal, motor/
central and visual-occipital electrode clusters and that it is relevant to
behavior. This suggests the [TPC deficit to be a cortex-wide
phenomenon rather than being restricted to specific regions. Finally,
our data show diagnostic specificity of ITPC as it only occurs in SCZ but
not in MDD, and it may contribute to the variability in task performance
seen in SCZ.

Dynamic mechanisms of decreased intertrial phase coherence
(ITPC)—phase offsets and precision error in the
millisecond range
Computational simulation—phase offsets in the millisecond range at
single trials. From the studies outlined above and our own
analysis, lower ITPC in SCZ participants compared to healthy
controls is a robust finding. What ITPC cannot tell us directly,
however, are the phase characteristics of the individual trials. How
can we go from a measure like ITPC that is computed over all trials
to infer to the mechanisms occurring at individual trials? We
posited that the difference in ITPC between groups was due to
more phase shifting in individual trials in the SCZ participants.
To demonstrate this relationship between phase shifting on the
single trial level and ITPC as measured across all trials, and to
quantify the phase shifting associated with varying levels of ITPC,
we decided to do a computational simulation (see methods for
details). This simulation only varied the degree of phase shifting in
individual trials (see methods). We therefore simulated a set of
data with multiple trials in which there was no phase shifting
(negative control), a set with complete phase shifting (positive
control), and 98 linearly spaced intervals between the two. From
these simulated datasets—in which the ‘ground truth’ or known
properties of the sine waves would be known—the ITPC was
measured using the same methods as shown previously (Fig. 4).
When inspecting the simulations, the poststimulus ITPC in the
theta band is highest when there was no phase shifting (Fig. 4A,
far left plot) and decreases in the plots to the right. As expected,
the lowest ITPC was in the far-right plot which had a phase shift
of 2m.
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From these simulation results, a neural network regression
model mapping the relationship between the phase offsets and
resulting ITPC was calculated (Fig. 4D-l). We modeled this
relationship to allow us to calculate the phase offsets in individual
trials from the ITPC (computed over trials) in real human data.
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After fitting the model with training and validation data and
testing the results (see methods for details), we then applied the
model to the actual ITPC data from the auditory oddball task
(results shown in Fig. 2). Based on visual inspection of the ITPC
data in Fig. 2, ITPC results for each individual in the frontal
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Fig. 1 Intertrial phase coherence (ITPC) in two tasks and sensory modalities. A ITPC in a visual cognitive cost conflict task from the PREDICT
+ online database (http://predict.cs.unm.edu/downloads.php). Two hundred randomly selected training trials were analyzed for each
participant in three-electrode clusters (frontal, central, occipital, see methods). Healthy controls (left column) were compared to schizophrenic
(SCZ) participants (middle column) between -250 ms and 500 ms, and between 1-80 Hz. The statistical analysis (right column, black/red/yellow
plot) was done using permutation testing with extreme pixel correction at the significance level of 0.05. Areas of significance are shown with
the dotted black line. In the frontal (top row) and central (middle row) electrode clusters, there was a statistically significant difference
between groups around stimulus onset (just before to just after) in the theta (4-8 Hz) band. The ITPC in theta was lower in both electrode
clusters in the SCZ group. B ITPC in auditory sensory gating task from the study Wolff et al., 2022. 65 randomly selected gating (first stimulus
only) trials were analyzed for each participant in the same electrode clusters as in (A). As in (A), the statistical testing (right column, black/red/
yellow plot) was permutation testing with extreme pixel correction. The results showed significant differences between groups in the frontal
(top row) and central (middle row) electrode clusters in the post-stimulus (frontal) and pre- and post-stimulus (central) period in theta.

electrode cluster was extracted between 3-5 Hz and 200-300 ms.
This actual data served as the input to the neural network model.
The predicted phase offsets (Fig. 4l) showed a significant
difference between the healthy controls and the SCZ participants
(Zscz = —3.630, pscz <0.001), but not between the controls and
the MDD participants (Zyipp = —0.256, pmpp = 0.798).

Together, these results demonstrate that phase offsets in the
millisecond ranges in individual trials are a key mechanism
underlying the observation of decreased ITPC (as resulting from
averaging the variance across trials). We, therefore, suppose that
temporal imprecision in the phase coherence relative to the
timing of the external stimulus characterizes task-based phase-
related processes in SCZ.

Empirical data on ITPC—phase-based precision index in the
millisecond range. Similar to our data analyses in multiple
datasets, we next developed a measure of the phase precision
over trials. Termed the precision index (Pl), it measures the
precision of all the phase angles over trials (Fig. 5A), similar to the
ITPC but with subtle differences. ITPC measures variability with the
normalized standard deviation of phase angles over trials at each
time and frequency point. In contrast, Pl measures variability with
the normalized interquartile range (IQR) which measures the
middle 50% (from the 25th to the 75th percentile) of phase angles
in all trials, and only in a window of 2 Hz and 100 ms which varies
according to the stimulus. Finally, the normalized IQR at each time
and frequency point in this window is calculated, and then the
mean of these is subtracted from 1 (see methods for equation).
Like the ITPC, the PI (a) is measured at each electrode so has no
spatial component, unlike the phase-locking value which calcu-
lates the phase difference between electrodes; (b) can range from
0 (no precision in phase) to 1 (perfect precision in phase); (c)
quantifies the phase variability over trials. However, the Pl differs
from the ITPC in that (a) it Measures the middle 50% of trials thus,
unlike the ITPC, is insensitive to outliers or extreme values, and (b)
it is the mean of a specified time interval and frequency range
rather than, as the ITPC, being calculated at each timepoint and
frequency.

We calculated the Pl in three different tasks (visual cost conflict,
auditory gating, auditory oddball) and datasets at three electrode
clusters (frontal, central, occipital) to see if there was a difference
between the CON and SCZ groups, or between them and the MDD
group.

In the first task and dataset (Fig. 5B), the Mann-Whitney U test
found significant differences in the frontal (Zgont = 3-313, Prront =
0.002) and central (Zcent = 2.551, pcent = 0.003) electrode clusters,
but not in the occipital cluster (Zyccip = 1.329, Poccip = 0.098). In the
second dataset and task (Fig. 5C), a significant difference between
groups was found in all three (frontal, central, occipital) electrode
clusters (Zsont =4.105, Pfront < 0.001; Zcane = 4.388, pPcent < 0.001;
Zoceip = 4331, Poceip < 0.001).

In the last task and dataset, we found results that support our
above ITPC results (Fig. 5D). We found a significant difference
between CON and SCZ in all three electrode clusters (Zqont =
4110, Prront <0.001; Zeent=3.970, Peent < 0.001; Zoeip = 3.270,
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Poccip=0.001). In contrast, no significant difference between
CON and MDD was found (Zgont = 0.861, Prront = 0.453; Zeent =
0.971, pcent = 0.453; Zoccip = 0.751, poccip = 0.453) which shows
that the low Pl measure in this window is specific to SCZ and does
not extend to MDD. Note that there was quite high inter-
individual differentiation between psychotic and non-psychotic
data in our PI data.

In sum, in all three datasets and tasks, the Pl was found to be
significantly lower in the SCZ group at the frontal and central
electrodes clusters, and significantly lower in the occipital
electrode cluster in the two auditory tasks. No such difference
was found between the healthy controls and MDD group. This,
although not completely, was also observed to large degrees on
the individual level; this hints upon the potential utility of the
combined simulation-empirical Pl as clinical marker for the
differential diagnosis of psychosis.

DISCUSSION

Phase-based temporal imprecision model of psychosis (PTP)
Combining review, novel empirical data, and computational
simulation, we demonstrate the following: (i) decreased phase
coherence in SCZ is unspecific for task, frequency, modality/
domain, and topographical region; (ii) decreased phase coherence
is specific for SCZ albeit in a dimensional way, that is for psychosis,
rather than being specific for SCZ as diagnostic category; (iii)
decreased ITPC is driven by phase offsets in individual trials which
can be measured by a Pl in the millisecond range.

Considering our first finding of the lack of specificity in various
features, we suppose decreased phase coherence to reflect a basic
disturbance that, as such, affects all functions, regions, and
frequencies. Specifically, decreased phase coherence implies
temporal imprecision in the millisecond range of 2-10 ms. This
is supported by our phase data on the neural level but also by
millisecond deficits (8-10 ms) in time perception on the psycho-
logical level [72, 73]. Since such temporal imprecision can be
traced to phase-related processes, we speak of a phase-based
temporal imprecision model of psychosis (PTP). The PTP supposes
that temporal imprecision in the millisecond range is a basic
disturbance of SCZ/psychosis which underlies its deficits in various
sensory and cognitive functions. How can we further support the
assumption of such phase-based temporal imprecision in psy-
chosis? This leads us to the MMN and phase discontinuity.

Mismatch negativity (MMN) and temporal imprecision
Besides the above ITPC findings, one of the most consistent
findings in SCZ are deficits in the MMN [12, 74, 75]. The MMN is
calculated from an auditory (or visual) oddball paradigm in which
a high proportion of the stimuli are standard tones, and a low
proportion are deviant tones (target stimuli). When the mean
amplitude over trials of the standard tones is subtracted from that
of the deviant tones, the MMN in EEG/MEG is calculated.

SCZ typically shows reduction in MMN amplitude, with a
reduced ability to detect deviant tones. As its one of the most
consistent findings in both acute and chronic SCZ, as well as
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Deviant stimuli from auditory oddball task in
schizophrenia (SCZ), controls (CON), and depression (MDD)
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Fig. 2 Intertrial phase coherence (ITPC) decrease in deviant stimuli from an auditory oddball is specific to schizophrenia (SCZ) and not
found in depression (MDD). A ITPC (blue and yellow plots) in healthy controls (CON). Fifty randomly selected deviant trials were analyzed in
three electrode clusters (frontal, central, occipital, see methods). Healthy controls in (A) were then compared to schizophrenic (SCZ)
participants ((B) shown to the left of the healthy controls) and finally to depressed participant ((C) shown to the right of the healthy controls)
between -250 ms and 500 ms, and between 1-80 Hz. Statistical analysis (red, black, and yellow plots to far left and right columns, next to the
data from the SCZ and MDD groups in blue and yellow) between CON and SCZ (statistical plots on the far left) and CON and MDD (statistical
plots on the far right) was done via permutation testing with extreme pixel correction (red, black, and yellow plots). Areas of significance were
shown with black dotted line in statistical plots. B A significant difference was found between SCZ and CON in all three electrode clusters, in
the post-stimulus high delta/low theta in the frontal cluster (top row), and in delta around stimulus onset in the central (middle row) and
occipital (bottom row) clusters. C In contrast, there was no significant difference between MDD and CON in the frontal (top row) and central
(middle row) clusters. There was, however, a significant difference in the post-stimulus delta in the occipital cluster. The results here support

previous evidence that decreased ITPC is specific to SCZ/psychosis.

high-risk and first-episode subjects, MMN may serve as a
biomarker [12, 74, 75]. Is the MMN deficit related to temporal
mechanisms and, more specifically, phase-related changes result-
ing in temporal imprecision?

Horacek et al. [76] compared the effect of regular and irregular
temporal intervals of the deviant tone on the MMN. SCZ
participants showed no reduction in MMN in the regular intervals
(every seventh tone was a deviant) but did so in the temporally
irregular intervals (deviant tones were randomly interspersed
among the standard tones). According to the authors, this
suggests that SCZ participants have no deficit in prediction
per se, as there was no reduction in the regular intervals. Their
impairments appear when there is temporal irregularity in the
external stimuli—their deficit in prediction, including the empirical
prior, may thus be primarily temporal.

The assumption of temporal mechanisms driving MMN changes
is further supported by the observation of MMN changes in
paradigms where standard and deviant stimuli differ in their
temporal duration. Higuchi et al. [77] observed a significant
decrease in amplitude in the dMMN (d = duration), especially in
chronic SCZ. This reduction was weak in first-episode psychosis
participants and those at risk (but still reduced when compared to
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healthy controls). In a later study, they tested whether the dMMN
is predictive of the outbreak of psychosis in those at risk. This was
done by following them from a pre-psychotic to a later state
(psychotic or non-psychotic). At risk participants who later
developed psychosis exhibited lower dMMN compared to those
who failed to develop psychosis [78]. That further underlines the
importance of temporal mechanisms driving the MMN deficits in
SCZ. Accordingly, the impact of temporal irregularity on deviant
stimulus prediction and detection strongly suggest that phase-
related changes underlie and drive the changes in the MMN
amplitude of SCZ.

Together, the findings show consistent deficits in the MMN
amplitude (see supplementary materials for addition variance of
amplitude analysis), with their close relationship to temporal
regularity/irregularity and increased phase variability over trials in
SCZ. Recent findings suggest that this may be related to
impairment, specifically in deviant detection of conditional
probability on the neuronal level (rather than adaptation or tone
processing) [12] and temporal imprecision on the behavioral level
[13, 42, 43]. Rather than reflecting a general prediction deficit,
these findings are compatible with the idea of changes in the
temporal underpinnings of prediction, i.e., predictive coding. This
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ITPC

Intertrial phase coherence (ITPC) is behaviorally relevant. To test the relationship between ITPC measured in neural activity and

behavior, we examined the responses to two different tasks in two different datasets. The data shown here in (A), (B), and (C) was a cognitive
visual task (same as shown in Fig. 1A) while the data shown here in (D), (E) and (F) was an auditory sensory task (same as shown in Fig. 2). We
first divided all trials into both datasets and paradigms by their reaction times. In the auditory sensory task (D, E, F) only trials for the deviants
were used as there were no responses to the standard stimuli. A, D All reaction times were sorted in ascending order, and the top 35% of
reaction times (longest 35% of responses) were considered the slow trials. The bottom 35% were considered the fast trials; the middle 30% of
trials were discarded. From these two groups of trials for each participant, the median was calculated, and the ITPC at the frontal, central, and
occipital electrodes (same as in previous analyses) was computed (B, E). From the ITPC plots at the three electrode sites, a small window was
extracted (400-500 ms, 2-2.5 Hz) for both the fast and slow trials. C, F The mean of this window was Spearman correlated with the median
reaction times seen in (A) and (D). In both datasets and tasks, and at all electrode sites, the Spearman correlations were significant. All p-values
were Benjamini-Hochberg False Discovery Rate corrected for multiple comparisons.

may be related to phase-based temporal imprecision as manifest
in increased phase variance.

Spontaneous activity and its phase fluctuations—Increased
phase variance

We so far reported increased phase variance during different task
states. Is this variability in phase also evident in the ongoing
spontaneous neural activity?

Koshiyama et al. [12] investigated the phase discontinuity in the
resting state of SCZ. Relying on a recently introduced method by
Sanders [32] who speaks of a phase-jump index, Koshiyama
calculate the phase discontinuity index (PDI) in continuous, not
event-related, activity. The PDI measures the proportion of large
(‘non-trivial’) phase jumps or discontinuities relative to small
(‘trivial’) phase discontinuities. It is measured in large temporal
windows (10 s) of continuous activity for each frequency.

In a larger SCZ sample (mainly chronic patients; n = 100), during
a 3 min resting state they observed increased phase discontinuity
in the alpha band of the temporal cortex, which is accompanied
by a decrease in alpha peak frequency in roughly the same
regions. Phase discontinuity in theta is decreased in temporal
regions, FFA and posterior cingulate cortex. Those rather localized
changes in phase discontinuity contrast with more widespread
changes in power over several regions, which is related to deficits
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in verbal memory and working memory. The reasons for this
discrepancy - local circumscribed changes in phase discontinuity
and more global widespread changes in power- remain unclear.

The assumption of phase discontinuity in the spontaneous
activity of SCZ is further supported by a recent EEG study [79].
Investigating spontaneous phase variability in the millisecond
range at specific frequencies in EEG, they observe not only
increased phase variability in SCZ but also increased entropy, e.g.,
disorder in the phase changes. Together, these findings demon-
strate abnormally increased phase variability in the resting state,
showing increased disorder, that is, temporal irregularity and
imprecision in SCZ. That further supports the idea of the PTP with
phase-related temporal imprecision serving as a basic disturbance
of SCZ.

PTP reflects a basic disturbance of psychosis—relationship to
other models

What exactly is meant by basic disturbance? Our behavioral data
clearly show relationship of ITPC to behavior with decreasing ITPC
being related to longer reaction times. This shows the behavioral
relevance of ITPC. On the other hand, we could not demonstrate
direct relationship of ITPC with clinical symptom severity which,
again, is in line with other findings. Accordingly, there is strong
evidence for the ITPC being decreased in psychosis as distinct
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Fig. 4 Computational simulation of varying phase offsets in individual trials and their relationship to intertrial phase coherence (ITPC)
computed over all trials. A Polar plots of phase offsets at 9 of the 100 linearly spaced intervals in the simulation. Each black line in the polar
plot shows the phase angle at one individual trial while the thick red line shows the preferred phase angle over all trials. Moving from left to
right, the phase is very consistent in all trials and becomes less consistent as we move right, with higher phase offsets in individual trials. In
the right most polar plot, the phase angles occur throughout the circle, and the preferred phase is very small showing low intertrial phase
consistency. B The ITPC plots from 9 of the linearly spaced 100 phase offset intervals. The ITPC level is linearly spaced from dark blue to bright
yellow. As in A, moving from left to right shows a decrease in the ITPC, so showing less consistency over trials. C The results of the simulation.
As each of the 100 phase offsets, 50 simulated participants (black crosses) each had 50 simulated trials with the specified phase offset (see
methods). Once the 50 simulation trials were created, the ITPC over these trials was computed and the mean between 0-122 ms and 4-8 Hz
was calculated. D Structure of the regression neural network model built to map the relationship between the ITPC over trials and the phase
offsets in individual trials in the computational simulation. E Loss functions for the training (black line) and validation (blue dotted line)
iterations. The model was trained on 32 iterations (red circle and line). F Residuals from the test set. G Actual phase offsets from the test set
compared to predicted phase offsets. The datapoints fall roughly along the reference line which indicates a good model fit. H Comparing the
predicted and actual phase offsets in bins (9 linearly spaced bins). The difference between predicted and actual was fairly evenly distributed
across the phase offsets. I Using the real ITPC data from the SCZ, MDD and CON participants in the auditory oddball task, the phase offsets in
individual trials were predicted using the neural network model. Wilcoxon rank sum nonparametric tests found a significant difference
between CON and SCZ, but no difference between CON and MDD. Red cross = mean; Blue box = median.

from other disorders like MDD, BD and anxiety while, on the other reality” as basic disturbance of SCZ (Minkowski [69]): if one cannot
hand, no direct relation to symptom severity can be observed. synchronize with the external rhythm as in case of a reduced ITPC,

This resembles the situation in basic self-disturbances in one loses the dynamic contact with the outer reality. One would
psychosis as measured by the Experience of Anomalies of self consequently assume disturbances in time (and space) experience in
experience (EASE) where, similarly, no direct relationship with SCZ focusing on temporal disconnection and fragmentation; these
symptom severity can be observed (Nordgaard et al. [80], can indeed be observed (Stanghellini et al. [85, 86]) and have recently
Sandsten et al. [81]). Albeit tentatively, we therefore assume that been operationalized by the Scale for time-space experience in
the ITPC operates on a deeper layer that, just like insulin in the psychosis (STEP) (Arantes-Goncalves et al. [70]). Together, this

case of diabetes (Northoff [82]) and analogous to the basic self- suggests strong convergence of the dynamic model of the PTP with
disturbance in SCZ, constitutes a basic disturbance (Northoff and Spatiotemporal psychopathology (see also Hirjak et al. [87]).
Hirjak [83, 84]). One would consequently predict that the Other convergences of the PTP hold with other models of

decreased ITPC should be directly related to the basic self- psychosis like the predictive coding (Sterzer et al. [88], Heinz et al.
disturbance as measured by the EASE. We thus assume that the [27], Friston and Stephan 2016) and the disconnection models
deficit in ITPC reflects a basic disturbance at a deeper level of the (Stephan et al. [89], Friston and Stephan [21]). Temporal imprecision
pathophysiology that is only indirectly but not directly, e.g., in a and specifically our Pl may be closely related to the constitution of
one-to-one way, connected with the severity of symptoms at a abnormal priors as typically observed in psychosis (Sterzer et al. [88],
more superficial level. This would suggest strong proximity of the Heinz et al. [27], Friston and Stephan [21]); if so, there may be a
PTP with phenomenological psychopathology. dynamic phase- and thereby precision-based underpinning and

Moreover, the decrease in [TPC is also in line with the shaping of the empirical priors which may then be characterized
phenomenological description of a “loss of dynamic contact with primarily by decreased temporal precision relative to the external
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Fig. 5 Precision index (Pl) in three different datasets and tasks. A The Pl was computed from the Morlet wavelet data in individual trials. A
window of time and frequency (specific to each dataset, according to the permutation statistics shown in Figs. 1 and 2) that covered 2 Hz and
100 ms (red rectangle) was extracted from the phase data in each trial. For each time and frequency point in this window (i.e., 5Hz and
100 ms), the phase angles for all trials were extracted and the interquartile range (IQR) was computed (scatter plot 3rd from left). The IQR is the
distance between the 25th and 75th percentile (middle 50% of datapoints). Once the IQR was calculated for the specified time and frequency
point, it was divided by the number of trials, and this was subtracted from 1. As stated, this was done for each time and frequency point, then
the median across both the time and frequency points was computed as the overall Pl for that window. B The Pl in a visual cognitive cost
conflict task from the PREDICT+ online database (http://predict.cs.unm.edu/downloads.php). The time and frequency interval for the
calculation of the Pl was 5-7 Hz and —50 to 50 ms. A significant difference between groups was found in the frontal and central electrode
clusters, with the SCZ being lower. C The Pl in an auditory gating task was computed for the interval 5-7 Hz and 100-200 ms. The difference
between groups was significant for all electrode clusters, and again the SCZ group had lower values. D The Pl in the deviant stimuli of an
auditory oddball task was computed for the interval 3-5 Hz and 250-350 ms. There was a significant difference between the healthy controls
(CON) and the SCZ group, with lower values in the SCZ group for all electrodes. There was no difference between the controls and the MDD
group. The red line in the boxplots is the median. The p-values for all statistical tests are FDR Benjamini-Hochberg corrected.

event they aim to predict—this may result in high prediction error as studies would benefit from datasets with more participants.
manifest in decreased ITPC. Future computational models may thus Second, in our psychiatric disease control analysis, we only
want to connect the dynamics of the decreased ITPC and our PI to the compared the SCZ participants to one other diagnosis (MDD).
dynamics of the empirical prior, e.g,, dynamical prior (Friston 2017) Broadening of this analysis would include several other diagnoses
and the prediction error. The same applies to the disconnection (i.e, bipolar disorder, generalized anxiety, etc.) in order to
model (Stephan et al. [89], Friston and Stephan [21]): the determine with greater confidence that the decreased ITPC we
disconnection between different regions may be related to their see is specific only to SCZ/psychosis and not to other diagnoses
decreased synchronization as mediated by another phase-based not involving psychosis.

measure, the phase locking index (PLI) which, again, is also abnormal,

eg. decreased in psychosis (Gomez-Pillar et al. [57]). Taken together,

one may be inclined to hypothesize that reduced synchronization, CONCLUSION

manifest in decreased ITPC and PLI, may drive both aberrant We reviewed recent findings in phase-related changes in SCZ in

predictive coding and disconnection. particular and psychosis in general. Increased phase variance, e.g.,

reduced phase coherence can be observed across a variety of
Limitations different task states in a frequency- and task-unspecific way, as
As with all analyses, our results shown here have several well as across different sensory modalities and domains. This is in
limitations. First, the size of the datasets were modest, so future line with the observation of abnormal phase variance in the
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spontaneous activity, e.g., rest or prestimulus. Mechanistically, we
show phase offset at single trials as key dynamic mechanism of
decreased ITPC as measured by a Pl. Summing the various
findings, we postulate a basic dynamic disturbance in psychosis at
a deeper spatiotemporal level. Specifically, such dynamic dis-
turbance is described by our phase-based temporal imprecision
model of psychosis (PTP) where temporal imprecision in the
millisecond range leads to reduced neural synchronization with
the timing of any kind of external stimuli.

This converges well with other models of psychosis. For
instance, through the PI results in our dynamic simulation, the
PTP suggests future convergence with both predictive coding and
disconnection models of psychosis, as in Computational psychia-
try. There is also convergence of our PTP with Phenomenological
Psychopathology and, specifically, the basic self-disturbance and
time-space experience. Together, the PTP may ultimately be able
to bridge the gap between neuronal and experiential levels as
postulated in Spatiotemporal Psychopathology (Northoff and
Hirjak [83, 84] Hirjak and Northoff [90]). Finally, the data, especially
our dynamic simulations with the high differentiation of psychotic
and non-psychotic subjects, suggest that such phase-based
temporal imprecision in the millisecond range could serve as a
strong biomarker candidate of the clinical differential diagnosis of
SCZ, e.g., psychosis [91-100].

METHODS

EEG datasets and preprocessing

All relevant info and explanations of the datasets included in the
analysis and their tasks appears in the supplementary materials.
This is also the case for the preprocessing details.

Intertrial phase coherence (ITPC) analysis
ITPC was computed using complex Morlet wavelets according to:

n
n—] 2 :eik,f,

r=1

ITPCy =

where n is the number of trials, r is the trial number, e* is Euler’s
formula providing the complex polar representation of a phase
angle k on trial r at time-frequency point tf. The absolute value
bars indicate the length of the average vector. Complex Morlet
wavelets were computed for the full epoch length (—800 to
1100 ms) between 1 and 80 Hz. The wavelets were composed of
3-10 logarithmically spaced cycles and 158 points in the
frequency range (80-1Hz is 79 Hz, and two points per Hz =158
points).

Phase offset simulation

To determine the link between ITPC and phase offsets in
individual trials, a computational simulation was done [101]. The
method of the actual simulation itself was identical to that done in
[13], with one difference: here we used 100 linearly spaced phase
offsets while in the previous publication, only 5 were used.

The ITPC simulations were based on a simple sinewave, which
would replicate the ERSP results common to both groups and
datasets. As this increase in theta power lasted only several
hundreds of milliseconds (was not continuous), we decided that our
simulations would have a transient oscillation with peaks in the
theta range of 4-8 Hz (see [13] for details). The base sinewave is

~pase = A sin(2mft + A6r),
where A is the amplitude of the wave (here equal to 1), fis the
frequency of the transient oscillation (4-8 Hz in increments of

1 Hz), and t is the timepoint in the trial. A0 is the phase shift, which
is the independent factor being varied in these simulations. The

Molecular Psychiatry

A. Wolff and G. Northoff

phase shifts ranged from 0 (no phase shift) to 2m (complete phase
shift) with five levels (0, m/2, m, 3m/2, 2m). Finally, r, which is
multiplied by the phase shift, is a number between 0 and 1, which
is randomly generated for each trial. This creates some differences
between trials for each phase shift. For a transient oscillation, a
Gaussian kernel in the time domain is applied to the sinewave,
thereby allowing for the sinewave during a specified time window
rather than continuously. The Gaussian kernel (') is defined as

(t-p)?
[=e 22

where t is the timepoint, p is the peak time of the Gaussian kernel,
and s is its width. In our simulations, the Gaussian kernel had a
peak at 175ms after stimulus onset and a full width at half-
maximum (FWHM) of 150 ms. It was applied to the sinewave, and
so the combination of these two components results in a transient
increase of theta power after stimulus onset. Finally, we added
two types of noise to the sinewave in order to make the
simulations more realistic:

(1) pink noise, which has a 1/f power spectrum with an
exponential decay of 50

(2) white noise, which has a flat power spectrum [102-104].

To approximate the actual EEG data which we compared to the
simulation, 50 single channels (one channel represents one
participant) and 50 trials were simulated.

Model fit to simulated data

To model the relationship between the phase offsets in the
individual trials of the computational simulation and the resulting
ITPC measured over all trials, we fit the data to a neural network
regression model. This fit was done in MATLAB using the function
fitrnet.

The data from the simulation (100 phase offsets x 50 runs per
phase offset=5000 examples) was divided into three subsets,
training (1875 examples, 37.5%), validation (1875 examples,
37.5%), and testing (1250 examples, 25%). In the training of the
model, the data was standardized.

The following were the model parameters: there were three
hidden layers with 142 neurons in the first layer, 64 in the second
and 14 in the third; the activations were sigmoid; the iteration
limit was 1000; lambda was 3.737 x 10°°.

V. Precision Index (PI) calculation

The Pl measures the variability of phase angles over trials, similar
to the ITPC. In contrast to the ITPC, however, the Pl is (i) calculated
in a defined time (100 ms) and frequency (2 Hz) window (see
Table 2); (ii) measures variability with the normalized IQR which
measures the middle 50% (from the 25th to the 75th percentile) of
phase angles in all trials rather than the standard deviation; (iii) is
subtracted from 1.

The equation for the Pl is shown here:

1 G
A=y ()

Table 2. Precision Index (Pl) time and frequency windows for the
three datasets.

Dataset Precision Index window
Time (ms) Frequency (Hz)
Visual Cost Conflict task 0-100 5-7
Auditory Gating task 100-200 5-7
Auditory Oddball task 250-350 3-5
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where ¢; is the IQR of phase angles over trials at time-frequency
point i in the specified window, n is the number of trials over
which the IQR is calculated, and N is the number of time-
frequency points in the specified window.

Statistics

The statistics in this study were of two types: (i) permutation
tests with extreme pixel correction; (ii) the nonparametric
Wilcoxon rank sum test. The permutation testing was used to
determine the areas of significance between groups in the ITPC
plots, free of an a priori hypothesis as to the time and frequency
interval. Previous studies [13] have shown a significant
difference in ITPC in SCZ in the delta and theta frequency
bands, but as we were testing multiple datasets and paradigms,
we wanted more of an exploratory analysis that included all
datapoints in the time and frequency range. The permutation
tests with the correction were computed using a custom
MATLAB script. To correct for multiple comparisons, however,
the extreme pixel correction was applied to all the datapoints in
the permutation tests.

The second statistical test used was the nonparametric
Wilcoxon rank sum test. A nonparametric test was used as the
data were not normally distributed, so a parametric test would
have been inappropriate. To calculate these tests, the MATLAB
function ranksum was used. Finally, to correct for multiple
comparisons, the FDR Benjamini-Hochberg correction [105] was
applied to all rank sum tests.

For all statistical tests, a significance level of 0.05 was used.
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