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Schizophrenia spontaneous activity in schizophrenia, their meaning and significance for the different psychopatholog-
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o T ical symptoms in schizophrenia, are yet to be defined. The first aim in this paper is to provide an overview
Intrinsic activity

. of recent findings concerning changes in the spatial (e.g., functional connectivity) and temporal (e.g.,

Cross-frequency coupling R R . . I . .
Temporal structure couplings between different frequency fluctuations) properties of spontaneous activity in schizophrenia.
Functional connectivity The second aim is to link these spatiotemporal changes to the various psychopathological symptoms of
schizophrenia, with a specific focus on basic symptoms, formal thought disorder, and ego-disturbances.
Based on the various findings described, we postulate that the spatiotemporal changes on the neuronal
level of the brain’s spontaneous activity transform into corresponding spatiotemporal changes on the
psychological level which, in turn, leads to the different kinds of psychopathological symptoms. We
consequently suggest a spatiotemporal rather than cognitive or sensory approach to the condition,

amounting to what we describe as “Spatiotemporal Psychopathology”.
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1. Introduction

Schizophrenia is a complex psychiatric disorder that includes a
variety of different symptoms. People with schizophrenia can
experience perceptual alterations, such as auditory hallucinations,
as well as motor symptoms ranging from dyscoordination to, in
extreme cases, muscular rigidity and fixed postures known as
catalepsy (Allen et al., 2012; Javitt and Freedman, 2014; Northoff,
2002). In addition, there can be affective symptoms, with a
blunting of emotional responses, and cognitive symptoms such as
thought disorder and paranoid delusions. Finally, symptoms can
include ego-disturbances, where patients describe an altered sense
of self (Frith, 1992; Leube et al., 2008).

Various theories have been put forward to explain these
disparate symptoms. In the case of sensory-perceptual symptoms,
a prominently proposed mechanism is a failure in top-down
cognitive processes, like the internal monitoring of speech (see
Allen et al., 2012; Frith, 1992). This can be contrasted with
alternative theories that posit alterations in bottom-up sensory
mechanisms to explain these symptoms (Javitt, 2009; Javitt and
Freedman, 2014). Others have preferred a more phenomenological
approach that targets the patients’ perceptions and experiences of
their own self, body and environment, as well as of space and time
(Fuchs, 2013; Parnas et al.,, 2012; Stanghellini et al., 2014, 2016).
Alternatively, explanations for symptoms such as auditory
hallucinations have focused more on altered affective functions
(Panksepp, 2004) or on social factors (Hoffman, 2007). However,
despite impressive progress in recent years based on these
theories, it remains an open question as to what specific neural
mechanisms may underlie the different clusters of symptoms seen
in schizophrenia.

Much of the progress in understanding schizophrenia has been
based on studies employing different neuroimaging techniques.
These can be applied to study the brain responses to particular
stimuli or tasks, identifying how these responses differ between
healthy participants and schizophrenic patients. This approach
applies what has been termed an extrinsic view of the brain, as the
neural activity being studied is taken to be largely determined by
the external experimental input. More recently, the activity in the
brain that is ongoing independent of external stimuli has become a
key focus of research, providing instead an intrinsic view of the
brain (Northoff, 2012, 2014a, 2014b; Raichle, 2009, 2011, 2015).
This spontaneous activity is often studied in the so-called resting
state, where participants are asked to lie still and not focus on

anything in particular while the scanning goes on. It must be
distinguished from this particular psychological state, however,
and so in the following the term spontaneous activity will be
reserved for the purely neuronal feature of continuous activity (see
Raichle, 2015) while “resting state” will be used in reference to the
particular psychological state present in such experiments (See
Logothetis et al., 2009; Weinberger and Radulescu, 2015).

The brain’s spontaneous activity is structured both spatially and
temporally. Spatially, spontaneous fluctuations in different brain
regions are correlated with each other, forming functional
networks such as the default-mode network (DMN; including
regions such as the medial prefrontal cortex, the posterior
cingulate cortex, and the precuneus), the central executive
network (CEN; including regions including the bilateral lateral
frontal cortex and the parietal cortex), and sensory networks,
amongst others (Smith et al.,, 2009). Each of these networks is
apparently more closely related to different functions, such as
internally-oriented thought with the DMN, goal-oriented cognitive
functions with the CEN, and sensory processing with the sensory
networks. The correlated activity patterns within these different
networks also interact with that in other networks to varying
degrees, creating a dynamic system across the whole brain (Chen
etal.,, 2013). In the temporal domain, spontaneous activity patterns
can be characterised by fluctuations in different frequency ranges
from 0.001 to 180 Hz. The activity in each of these different ranges
can in turn be coupled in different ways, including coupling
between different frequencies (cross-frequency coupling; CFC) and
coupling between different sources within the same frequency.
These couplings between different frequencies provide temporal
structure within intrinsic activity patterns (Aru et al, 2015;
Scheeringa et al.,, 2011). Importantly, studies have consistently
shown major alterations in the temporal and spatial properties of
activity in schizophrenia. This then raises the possibility that it is
these alterations that underlie the different symptoms seen in the
condition (Table 1).

In more detail, we propose that spatiotemporal changes in
spontaneous activity in schizophrenia result in corresponding
changes in the person’ perception and experience of the world.
These changes may become manifest in altered experience of the
self, the body, and of the temporal and spatial aspects of the
environment. Such abnormalities may then translate into the
various psychological symptoms seen in schizophrenia across
sensory, cognitive, motor, affective, and social functions. We thus
conceive of the psychopathological symptoms in schizophrenia
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Table 1
Key research challenges in resting state activity and psychiatry.

Spatial structure: How do the different neural networks interact with each other? Are their balances and dysbalances related to particular psychiatric symptoms?
Temporal structure: How are the oscillations and fluctuations in different frequency bands related to each other? Is there phase-power coupling from lower to higher
frequencies and how are its disturbances surface in psychiatric symptoms?

How can we develop spatial and temporal measures of psychiatric symptoms? Do we for instance have to conceive hallucinations in temporal and spatial terms rather
than in terms of specific contents like linguistic as related to the voices?

How can we develop valid and reliable method for apprehending the temporal and spatial features of psychiatric symptoms? Do we need to consider the patients
subjective experience of the temporal and spatial features of their psychiatric symptoms (see Northoff, 2014a,b,c,d; Stanghellini and Raballo, 2015)?

Do the resting state’s abnormal spatial and temporal structuring also apply to affective, cognitive, social and sensorimotor functions whose task-evoked activity is
based on the resting state? If so do we need to understand the psychiatric patients cognitive, affective, social and sensorimotor abnormalities as primarily spatial and
temporal rather than cognitive, affective, sensorimotor, and social? How can we measure such spatiotemporal abnormalities in cognitive, affective, sensorimotor, and
social functions?

How does the resting state activity interact with specific stimuli or tasks? Is this interaction linear and therefore merely additive or rather non-linear and henceforth
non-additive (Northoff et al., 2010; He 2013; Sadaghiani et al., 2010; Northoff, 2014b)? How can we distinguish in psychiatric patients whether their resting state itself
is abnormal or whether it is the rest-stimulus interaction that leads to the abnormal symptoms?

How are early life experiences related to the constitution of the resting state’s spatiotemporal structure in its neural activity? Can we trace neurodevelopmental
disorders like schizophrenia back to the early life experiences’ impact on the resting state?

How is the resting state activity and its spatial and temporal features related to biochemical modulation by for instance GABA and Glutamate, the excitation-inhibition
balance, and other transmitters? How do related and other genes control the individual expression and manifestation of the resting state activity and especially its

spatiotemporal features?

primarily as spatiotemporal abnormalities of the brain’s sponta-
neous activity and its spatiotemporal structure (Fig. 1). This
amounts to what we describe as “Spatiotemporal Psychopatholo-
gy” as has already been proposed for depression (Northoff, 2015a,
2016a; Northoff, 2015a, 2016b, 2016c) and bipolar disorder
(Martino et al., 2016).

The aim of this paper is to set out the evidence for a theory
linking schizophrenic symptoms to alterations in the spatial and
temporal properties of the brain's spontaneous activity. While
various such temporal and spatial abnormalities in intrinsic
activity in schizophrenia have been observed, their exact meaning
for psychopathological symptoms remains unclear (see, for
instance, Weinberger and Radulescu, 2015). By setting out a
general theory, we aim to begin to address this shortcoming by

linking these abnormal temporal and spatial features to specific
symptoms. In setting out such spatiotemporal theory we will focus
upon a select range of basic symptoms (Klosterkotter et al., 2001;
Schultze-Lutter, 2009), abnormal time perception (Fuchs, 2013;
Stanghellini et al., 2016), cognitive changes (Barch and Sheffield,
2014; Sheffield and Barch, 2016), ego-disturbances (Ebisch and
Aleman, 2016; Frith, 1992; Leube et al., 2008), and abnormal body
perception (Northoff and Stanghellini, 2016; Stanghellini et al.,
2014) for reasons of brevity. This will leave out other core
symptoms, such as auditory hallucinations and delusions (see
Alderson-Day et al., 2016 for a recent review of resting state
findings in hallucination), as being beyond the scope of the work.
The paper will discuss findings obtained using multiple
neuroimaging techniques, namely fMRI, EEG, and MEG. Between

Psychopathological symptoms

Abnormal spatiotemporal organisation of cognitive, affective,
sensorimotor and social functions with subsequent

behavioural abnormalities.

Spatial features

Abnormal connectivity and
balance of relative activity
levels between brain
functional networks.

Temporal features

Abnormal oscillations and
fluctuations at different
frequencies and relationships
between frequencies.

Spontaneous activity

3

Fig. 1. Spatiotemporal psychopathology.

Alterations in the brain’s spontaneous activity (lower section) manifest themselves in altered spatial and temporal features (middle section). These may lead to an altered
construction of time and space, e.g., spatiotemporal structure, by the brain’s spontaneous activity which,in turn, impacts subsequent cognitive, sensory, motor, social and
affective functions leading to the respective psychopathological symptoms (upper section).
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them these techniques give measures of neural activity ranging
from the infraslow frequency domain (fMRI; 0.01-0.1Hz),
through the slow (EEG/MEG; 0.1-1Hz), and to the fast (EEG/
MEG; 1-180Hz). It must be noted, however, that these different
techniques measure different aspects of neural activity. BOLD
fMRI provides an indirect measure of neural activation from
such activation’s neurovascular influence on local blood oxygen
levels (Logothetis et al., 2001), while EEG and MEG predomi-
nantly measure voltage changes (or the magnetic changes
associated with these in the case of MEG) resulting from post-
synaptic ion movements from large groups of neurons with
correlated activity. Recent studies have aimed to bridge the gap
between these different techniques and frequency ranges. These
show that infra-slow fluctuations in fMRI correspond with
infra-slow fluctuations in EEG (Hiltunen et al.,, 2014; Monto
et al, 2008). Additionally, the infraslow fMRI signals also
correlate with higher frequencies, including alpha (positive
correlation), as well as beta and gamma power (negative
correlation) (Scheeringa et al., 2016, 2011).

We will firstly focus upon alterations in the temporal
structure of spontaneous activity in schizophrenia and how
these relate to sensory, motor, and cognitive symptoms. We will
then describe the changes in the spatial structure that have been
observed and how these relate to thought- and ego-disorders.
Each section will review the evidence accumulated to date,
following which we will present some hypotheses in which we
describe potential links between spatiotemporal alterations and
particular schizophrenic symptoms for which there is not yet
clear empirical support. We will conclude with a discussion of
how our proposals fit with other theories and of future
challenges for the study of the neural mechanisms underlying
schizophrenia in line with the concept of spatiotemporal
psychopathology. With the focus on spatiotemporal features of
intrinsic activity properties, there is a large variety of other areas
of schizophrenia research that will not be touched upon. For
example, the extensive literature on task-evoked activity
changes or structural and molecular alterations in schizophrenia
will not be closely discussed. Moreover, given the complexity of
the subject, the biochemical bases of the discussed activity
changes (such as changes in the GABA, glutamate, and dopamine
systems will not be extensively discussed. It is proposed,
however, that the spatiotemporal alterations described here
may represent an integrative concept that, in the future, will
help to bind the findings in these other areas (see, for instance,
Northoff and Sibille, 2014a,b for linking molecular, biochemical,
regional-network, and symptom levels the case of depression).

2. The temporal structure of spontaneous activity and
psychopathological symptoms

Overall neural activity is to a large extent composed of
oscillations and fluctuations occurring at different frequencies
(Buzsaki, 2006). The different frequency ranges at which activity
occurs have been divided into a number of broadly accepted classes
(see Fig. 2A for these categories). The different ranges appear to
have discrete sources and to be involved in somewhat different
aspects of brain function. The different bands do not operate
independently, however, as there are continuous interactions
between them. Such interactions can be termed cross-frequency
coupling, which takes a number of different forms (see (Aru et al.,
2015), for a review; see also Fig. 2B). In the following section we
will mostly discuss how spontaneous activity occurring at these
different frequencies is altered in schizophrenia, along with
alterations in the interactions between the bands. We will then
link these changes to particular groups of symptoms associated
with the condition.

A
40 Gamma
25 Beta
~
<
2 Alpha
{
(0]
=
o
o Theta
EL
Delta
Infra-slow
B

Fig. 2. Temporal structure in the brain’s spontaneous activity.

A) Neural activity in the brain can be separated into oscillations and fluctuations
within different frequency bands. These range from high frequency gamma
oscillations (approximately 25-100Hz) down to infra-slow fluctuations (0.001-
1Hz). These different frequencies are generally measured with EEG or MEG for the
slow through high (delta to gamma), and with fMRI for infra-slow. B) Activity within
the different freuquency bands is related to the activity in other bands. This cross-
frequency coupling can take different forms. Here we illustrate phase to phase
coupling, where the phase of the high frequency oscillation is coupled to the phase
of the low frequency one. Other forms of coupling include power to power, and
phase to power.

2.1. Temporal disbalance and temporal fragmentation

As described, neural activity is structured across a wide range of
frequencies. We can assume that healthy functioning requires that
there be a balance between the different frequencies so that no
single one predominates to allow effective function. In schizo-
phrenia, however, there is evidence that there is a disbalance in the
activity levels within the different frequency bands.

Using EEG and MEG, it has been shown that there is an increase
in power in the delta, theta, and alpha bands in schizophrenia
(Hanslmayr et al., 2013; Kam et al., 2013; Kim et al., 2014; Ranlund
et al., 2014). The increase in delta power appears to occur in
particular across frontal regions (Narayanan et al, 2014). In
addition to these lower frequency alterations, there is evidence
that gamma-band activity is increased during the resting state,
particularly in cortical auditory regions, (Andreou et al., 2015;
Hirano et al., 2015; Kikuchi et al., 2011; Spencer, 2011; White and
Siegel, 2016). This increase in resting gamma power may then
cause the well established deficit in task-evoked gamma responses
seen in schizophrenia (e.g., Ford et al., 2012; L. Sun et al., 2013;
Uhlhaas et al., 2006; Uhlhaas and Singer, 2010). Alterations in task-
evoked responses have also been reported in the theta, alpha, and
beta bands (e.g., Garakh et al.,, 2015; Hong et al., 2008; Kirihara
etal.,, 2012; Tan et al., 2013). Reductions in activity strength within
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very low frequency bands (0.01-0.08 Hz), as measured with fMRI,
have also been observed (Meda et al., 2015). These were localised
to posterior cortical midline regions, with increases in power
instead seen in subcortical and temporal regions. There further
seems to some distinction in effects between specific ranges
within these infra-slow bands, with Yu et al. (Yu et al,, 2013)
reporting specific abnormalities within the slow-4 band
(0.027-0.073 Hz), as opposed to slow-5 (0.01-0.27 Hz).

As well as a disbalance in activity across the frequencies, studies
suggest that cross-frequency coupling is also affected in schizo-
phrenia. Phase synchrony has been shown to be reduced in the beta
band in particular (Uhlhaas et al., 2006), while reduced cross-
frequency coupling between alpha and gamma bands has also been
reported ((Uhlhaas and Singer, 2012; White et al., 2010) for a
review). Decreased coupling between increased beta (15-15Hz)
power and decreased gamma (60-120 Hz) power during sensory
processing has been observed in schizophrenic patients (L. Sun
etal, 2013; M. Sun et al., 2013). Looking at overall cross-frequency
modulation, Allen (Allen et al., 2013) observed significantly
decreased cross-frequency modulation/coupling in schizophrenia
across all electrodes. However, when considering specifically
fronto-temporal electrodes, schizophrenic patients showed in-
creased cross-frequency modulation when compared to healthy
subjects. Finally, a number of simultaneous EEG-fMRI studies have
provided evidence for altered links between infra-slow fluctua-
tions and both slow (delta and theta; Razavi et al., 2013) and high
frequency fluctuations (gamma; Leicht et al., 2016).

Taken together, these findings point towards an altered global
temporal structure of neural activity in schizophrenia. Firstly, there
seems to be a disbalance between relatively stronger slow (delta,
theta) and relatively weaker faster (beta, gamma) frequencies. This
entails that the balance between them is shifted towards the
longer phase durations of the former at the expense of the shorter
phase durations of the latter. There is thus what can be described as
a ‘temporal disbalance’ in the spontaneous activity’s local temporal
structure in schizophrenia. Secondly, such an abnormal disbalance
towards low frequency fluctuations seems to go hand in hand with
a decoupling between low and high frequencies, as evinced by
decreased cross-frequency coupling. Accordingly, the spontaneous
activity’s temporal structure seems to not only be skewed towards
slower frequency fluctuations, but to also show decreased
relationships between different frequency bands. This amounts
to what can be described as ‘temporal fragmentation’ in the global
spontaneous activity’s temporal structure.

2.2. Temporal integration in healthy and disease

2.2.1. Temporal correspondence and continuity in the healthy brain

We receive constant input from the environment in different
modalities (visual, auditory, tactile, etc). At the same time, we have
constantly ongoing cognitive processes and references to memory.
Each of these different inputs requires integration into a whole to
create the united presence we generally experience. The properties
of these different systems vary, however, such as the different
sensory modalities having different temporal thresholds at which
discrete stimuli can be perceived (Zampini et al., 2005). This fact
points towards there being a fundamental level of activity
organisation that operates prior to the actions of specific sensory
modalities or cognitive functions - an “amodal representational
space” (van Wassenhove, 2009) - that acts to structure the activity
imposed upon it. Constantly ongoing and spanning the whole
brain, spontaneous activity represents a potential locus for such a
fundamental process and may represent the neural manifestation
of the required amodal and domain-independent representational
space. As such, this activity may impact upon and give structure to
all sensory and cognitive processing superimposed upon it.

This idea of such an amodal representational space can be
illustrated by the example of cross-modal integration. This is the
process whereby stimuli in different modalities (such as an
auditory and a visual stimulus) presented at approximately the
same time are bound together into consciousness. Where the two
stimuli are presented non-simultaneously but with only a short
interval between them (e.g., <100 ms) they will be mistakenly
experienced as occurring at the same time. As the time period
between the two stimuli becomes longer (e.g., >150ms), the
stimuli become correctly perceived as being asynchronous. The
length of time between stimuli required for them to be perceived
as asynchronous for individuals is known as the temporal binding
window (TBW; Dixon and Spitz, 1980). This window can be seen as
a measure of sensory integration, reflecting the temporal range
within which different uni- or multi-modal stimuli can still be
integrated into a single percept. The processes underlying this
window (and individual differences in it) can thus be seen as
forming the background upon which the modality specific
processes are presented.

2.2.2. Temporal disbalances and disrupted cross-modal integration in
schizophrenia

As described above, there appears to be a shift towards lower
frequency fluctuations in schizophrenia. With such a shift we
might expect that temporal binding windows in people with the
condition be longer than those seen in healthy participants.

This is in fact what is seen in schizophrenia, where patients
show binding window lengths in simultaneity judgement tasks of
up to 100-150 ms longer than are seen in controls (Giersch et al.,
2013; Martin et al., 2013). Similar findings have also been reported
in tasks where the order in which stimuli are presented must be
reported. In these, schizophrenic patients are unable to judge the
order of presentation at stimulus interval lengths at which healthy
participants are able to do so easily (Capa et al., 2014). Finally, in
addition to these problems with temporal order and simultaneity
judgements, patients with schizophrenia also show deficits in
temporal prediction (Turgeon et al., 2012). This means that they are
unable to detect when a series of stimuli begin to deviate from the
temporal regularity that has been experienced previously.

We can speculate here that in, for example, the temporal order
task (Capa et al., 2014), the two stimuli must be presented in
different phase cycles of the ongoing low frequency activity for
them to be perceived as distinct. In healthy participants these
phase cycles occur at a frequency such that the gap between
stimuli is long enough for them to be likely to fall in separate ones.
If, however, the predominant frequency is shifted lower, as is the
case in schizophrenia, the two stimuli will have a greater chance of
landing within a single cycle and so will be perceived as a single
stimulus.

Although there have not been any studies directly testing the
link between altered low-frequency fluctuations and temporal
deficits in schizophrenia, the conjunction described is highly
suggestive. Importantly, the problems described are unlikely to be
due to “higher-level” cognitive defects related to the making of
judgements per se as the task targets are either merged or
discriminated experienced percepts (Martin et al., 2013). This
means that the effects must be related to more basic issues of
temporal processing. Here it is possible that this issue is a
disruption of the fundamental amodal and domain-independent
representational space manifest in spontaneous activity, as is
posited here (see Fig. 3).

2.3. Temporal disbalances and basic symptoms

In the prodromal phase of schizophrenia, sufferers can
experience what are collectively termed “basic symptoms”, as
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A Healthy

Modal (and domain-dependent)
perception and cognition of time
within specific time windows

Amodal (and domain-
independent) construction and
representation of time

Temporal balance

Temporal continuity

Temporal balance
between intrinsic
slow and fast
oscillations

Schizophrenic
patient

Healthy
range

Duration of time windows
for perceived simultaneity
of asynchronously
presented stimuli

Schizophrenia

Enlarged time windows in
perceived simultaneity and
temporal order

Abnormal amodal (and domain-
independent) construction and
representation of time

Temporal disbalance

Temporal fragmentation

Slow-high cross
frequency coupling|
Healthy
range

Schizophrenic
patient

Perception of order

and prediction of

temporally distinct
stimuli/events

Fig. 3. Linking temporal changes in the brain’s spontaneous activity to psychopathological symptoms.

A) Changes in the temporal structure of spontaneous activity in schizophrenia may underlie the symptoms of the condition. Here we illustrate how a shift to low-frequency
activity and a disruption in cross-frequency coupling may result in symptoms such as disrupted cross-modal integration and other abnormalities in temporal perception. B)
The windows in which stimuli may be experienced as simultaneous may be increased in schizophrenia as a result in a shift from higher-frequency activity to low-frequency. C)
Reductions in slow-to-high frequency cross-frequency coupling may lead to problems in perceiving events as temporally distinct and in the correct order in schizophrenia.

are operationalised in the Bonn Scale for the Assessment of Basic
Symptoms (Klosterkétter et al., 1996, 2001; Schultze-Lutter, 2009).
These reflect early psychopathological symptoms in different
domains (sensory, affective, cognitive, etc.) and generally manifest
prior to the onset of an acute outbreak. In the following section we
will discuss a number of these symptoms in reference to the
temporal structure of spontaneous activity to outline possible
links.

The Bonn scale describes several perceptual abnormalities in
different modalities (visual, auditory, gustatory, olfactory, somato-
sensory; symptoms F1-6, 04-7) that show common, amodal
underlying disturbances. In each modality, patients commonly
report more intense perceptual contents, such as more intense
colours or louder sounds (Martin et al., 2013). Although these
experiences have not been directly linked experimentally to neural
properties, some research in people at high risk of schizophrenia
(who are likely to show some degree of basic symptoms) has
demonstrated a reduction in evoked gamma band activity and

disturbed cross-frequency coupling (Leicht et al., 2016). These
findings fit in with other studies showing abnormalities in early
sensory processing in schizophrenia (see (Hirano et al., 2015; Javitt
and Freedman, 2014; Javitt and Sweet, 2015) for recent reviews).

Such reductions in perception-related high frequency activity
may be tied to a linked to the suggested shift to low frequency
activity in schizophrenia. Some indirect evidence for this comes
from a recent study of emotional tone recognition (Kantrowitz
et al., 2015). As expected schizophrenic patients showed impair-
ments in auditory emotional tone recognition (behaviourally),
along with alterations in EEG mismatch negativity that were
related to dipoles in the auditory cortex and insula. Resting state
fMRI in the same patients then showed reduced functional
connectivity between these two regions. These results suggest
that task-evoked early sensory-related abnormalities are related to
abnormal low-frequency spontaneous activity.

In addition to perception and the sensory domain, basic
symptoms also surface in the motor domain. Subtle motor
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symptoms are often described as neurological soft signs (Walther,
2015; Walther and Strik, 2012);, while the most extreme motor
alterations can result in catatonia (Northoff, 2002; Northoff et al.,
2004a,b). The Bonn Scale describes subtle motor abnormalities as
manifest in lack of coordination, motor blockages, and loss of
automatic skills (symptoms O 9-11). Links between these motor
abnormalities and temporal changes are suggested by the
experiences of patients: (i) “I have to think of what I am going
to do all the time and that takes up a lot of energy and when I am
doing something I am aware of my every movement.”, (ii) “When I
move quickly itis a strain on me. Things go too quickly for my mind.
They get blurred and its like being blind. It is as if you were seeing a
picture one moment and another picture the next.”, (iii) I found
recently that I was thinking of myself doing things before I would
do them. If Tam going to sit down, for example, [ have got to think of
myself and almost see myself sitting down before I do it. It's the
same with other things like washing, eating, and even dressing -
things that [ have done at one time without bothering . . . .” (Fuchs,
2007, p 233).

Indirect experimental support can be seen in a set of recent
fMRI studies of sensorimotor function in schizophrenia. These
show reductions in infra-slow frequency activity temporal
variability within sensorimotor regions, as well as disrupted
functional connectivity from these regions (Kaufmann et al., 2015);
although note that a separate study reported an increase in
variability in schizophrenia, (Yang et al., 2014). This disruption in
sensorimotor functional connectivity to other regions was also
seen in a separate study (Berman et al., 2015). Although primarily a
spatial measure, functional connectivity has a temporal compo-
nent as it involved the inter-relationship between two timeseries.
Unfortunately, these studies did not look at basic symptoms, but
one can suggest that these temporospatial alterations in sensori-
motor regions will be involved in producing these. Future work
looking more closely at the temporal properties of activity within
these regions and particular symptoms is required to test this idea.
In particular, such studies may want to link the temporal
properties of spontaneous activity in these regions with the
perception of self-initiated movement and action generation. As in
the case of the binding of two stimuli into one percept (see above),
one would expect a direct correspondence between time intervals
on the neural level (i.e., peak frequency phase durations) and the
perceived temporal delays in the self-initiated movements or
actions.

2.4. Decreased cross-frequency coupling and cognitive symptoms

2.4.1. Gamma decrease and working memory impairment

A number of cognitive symptoms, such as working memory
problems, are manifest in schizophrenia. A number of authors have
suggested that this group of symptoms can be explained by a
smaller number of fundamental cognitive issues. For example,
Barch and colleagues argue that the inability to actively represent
goal-directed information is the basic mechanism that commonly
underlies the various cognitive deficits in context processing,
working memory, and episodic memory in schizophrenia (see for
example, (Barch and Ceaser, 2012; Barch and Sheffield, 2014). Such
an inability to represent goal-directed information is well
established in schizophrenia and has been associated with a
decrease in high-frequency, gamma band, task-induced responses
in the dorsolateral prefrontal cortex (see (Lewis et al., 2012) for an
excellent overview).

These observations of reduced gamma responses can also be
seen in the context of our proposed spatiotemporal approach to
schizophrenia as they may reflect a change in cross-frequency
coupling between low and high frequency activity. Evidence that
such a mechanism is related to basic cognitive symptoms can be

gained, firstly, from studies of healthy participants. In such
participants, alpha-gamma cross-frequency coupling from poste-
rior to anterior regions plays a central role in maintaining visual
information in short-term memory (Pinal et al., 2015). A decrease
in this coupling with age is correlated with a decline in the ability
to maintain visual information. Cross-frequency coupling has also
been suggested to be important in working memory (Roux and
Uhlhaas, 2014), where, for example, low-to-high frequency
coupling in the hippocampus is correlated with working memory
performance (Axmacher et al., 2010).

The link between spontaneous gamma activity and working
memory performance has also been tested in schizophrenic
patients. In healthy participants these two measures are correlat-
ed; in patients, however, there is a reduction in gamma power and
the power level no longer correlates with working memory
performance. In patients, reduced working memory performance
was instead associated with increased frontal alpha to gamma
coupling (Popov et al., 2015). Altered coupling between infra-slow
and higher frequency fluctuations is also seen in schizophrenia.
Razavi (Razavi et al., 2013) report that while in healthy participants
infra-slow fluctuations are correlated with alpha, beta and gamma
activity, in patients they were instead correlated with slower
frequencies (delta and theta). Finally, it can be noted that Fryer
(Fryer et al., 2015) report that poorer working memory perfor-
mance is correlated with the amplitude of infra-slow frequency
fluctuations in regions such as the mPFC and DLPFC (components
of the CEN) in both healthy controls and schizophrenia patients.

These findings suggest that the neural network underlying
working memory may be abnormally dominated by slow
frequencies, rather than have an appropriate balance between
these and higher frequencies. The loss of coupling to faster
frequencies (and their replacement by slower frequencies) may
indicate that shortly presented stimuli at faster frequency ranges
can no longer be linked to the longer cycle durations of the slow
and especially infraslow frequencies; this in turn may make
impossible their maintenance in working memory as it may be
specifically related to the longer cycle durations of the infraslow
frequencies. One may hypothesize that the degree of decoupling
between faster and especially infraslow frequencies may be
directly proportional to the duration in which a stimulus or event
can be maintained in working memory: the higher the degree to
which the faster frequencies are decoupled from the slow and
infraslow ones, the less can a stimulus or event be linked and
integrated to the long cycle durations of the infraslow frequencies,
and the shorter the duration for which that very same stimulus or
event can be maintained in working memory.

2.4.2. Changes in slow frequencies and attention deficits

As well as working memory performance, a relationship
between altered temporal properties of activity and attentional
performance has also been reported in schizophrenia. In line with
other work, (Chen et al., 2015) reported that delta and theta power
was elevated in patients, localised to the right frontal and right
temporoparietal cortices (elements of the attention network). This
increase was correlated with worse attentional performance in
these patients (as well as in the controls, arguing for a continuum-
like effect). In addition to increased theta power, a reduction in the
coupling between this band and gamma activity has been related
to impaired attention in schizophrenia (Popov et al., 2015), where
theta phase in the anterior cingulate was less coupled with gamma
power in lateral regions.

Finally, poor sustained attention was found to be correlated
with reduced variability in infra-slow activity in regions including
the left frontal cortex, bilateral temporo-parietal junction, anterior
and posterior cingulate cortex, and right dorsolateral prefrontal
cortex (Fryer et al., 2015). These regions for parts of the dorsal and
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ventral attention networks (Corbetta et al., 2008; Corbetta and
Shulman, 2011). This decrease in variability at the neural level may
map onto cognitive-attentional functions where it could manifest
in a slowing down of thought, as is reported in schizophrenia. This
is speculation at present but could be tested by using self reports of
thought changes to develop a behavioural frequency spectrum that
could then be mapped onto alterations in the frequency ranges of
spontaneous activity in the brain.

2.5. Global temporal fragmentation of spontaneous activity and
generalized cognitive symptoms

In the previous sections we have described links between
particular schizophrenic symptoms and alterations in brain
activity that are associated with them. We have described how
alterations in the brain's intrinsic activity’s local temporal
structure may underlie these disparate symptoms through
interruption of the normal relationships between temporal
features. In the following paragraphs we will extend this
framework to the global temporal structure of the brain’s
spontaneous activity (see, for instance, Yang et al., 2014, 2016,
for observations of global activity changes in schizophrenia) and
link it to generalized cognitive changes (e.g., cognitive dysmetria
and disrupted time perception) in schizophrenia as a set of
hypotheses that remain to be tested.

2.5.1. Global temporal discoordination in spontaneous activity and
generalized cognitive changes

Early psychiatrists such as Kraepelin and Bleuler postulated a
basic deficit in schizophrenia that underlies its various symptoms.
Kraepelin (Kraepelin and Diefendorf, 1915), for instance, suggested
that the primary deficit in schizophrenia is a lack of coordination
and organisation; that it is like an orchestra without a conductor.
Given the findings reported here one may view the brain’s
spontaneous activity as such a conductor, providing temporal
structure whose absence leads to schizophrenia. Bleuler (Bleuler,
1911) assumed that schizophrenia and its various symptoms stem
from a deficit in association between the different contents in our
perception and cognition: there is a “loosening of association” in
the basic cognitive processes which strongly impacts coordination
and organisation of the contents in subsequent cognitive, affective,
sensory, and motor functions.

The lack of organisation and coordination resurfaces in the
more recent theory of N. Andreasen, who characterizes schizo-
phrenia by what she describes as “cognitive dysmetria”(Andrea-
sen, 1999; Andreasen et al., 1999). In this it is proposed that the lack
of temporal coordination in thought and cognition can be traced to
a neuronal deficit in the cortical-cerebellar-thalamic-cortical
circuit (CCTCC; see (Sheffield and Barch, 2016), for a review of
alterations in functional connectivity in this circuit in schizophre-
nia). Encompassing more or less the whole brain, the CCTCC
temporally organizes and structures cognition, accounting for
what Andreasen describes as synchrony. Deficits in the CCTCC, as in
schizophrenia, may then result in disruption to the temporal
organisation and structuring of cognition, as it is manifest in many
symptoms in sensory, motor, cognitive and even affective domains.

The assumption of deficits in especially the cerebellum and its
relationship to the cortex and thalamus is indeed supported by
recent imaging studies. Shinn (Shinn et al., 2015), using resting
state fMRI, focused on the functional connectivity of the
cerebellum to various network in the cortex. They observed
reduced functional connectivity of the cerebellum to regions in
various networks (executive network, default-mode network,
ventral attention network, salience network) in schizophrenia
patients. This was accompanied by increased functional connec-
tivity from the cerebellum to other regions in the DMN and

sensorimotor network (See also (Anticevic et al., 2014; Wang and
Krystal, 2014) and (Chen et al., 2013) for more or less analogous
findings).

Are these changes in the cerebellum and cortex related to
cognitive deficits? Matsuo (Matsuo et al.,, 2013) conducted an
imaging study during a verbal working memory task. They
observed decreased activation in cerebellum (vermis), default-
mode network, pons, thalamus and lateral prefrontal cortex in
schizophrenia. Wagner (Wagner et al., 2015) reported reduced
activity and functional connectivity in cerebellum, thalamus and
anterior cingulate in schizophrenic patients during the Stroop
interference task where patients showed severe attentional
deficits. Finally, Bernard and Mittal (Bernard and Mittal, 2014b)
(see also Bernard and Mittal, 2014a) conducted a meta-analysis of
imaging studies in various domains. They observed that the
cerebellum shows deficits in schizophrenia, particularly in the
domains of working memory and emotions. They suggest therefore
a central role of the cerebellum in schizophrenia in that it provides
abnormal internal models that are then used as templates in motor,
cognitive, affective domains. Taken together (See (Bernard and
Mittal, 2014a, 2014b) for reviews), these findings indicate that
cerebellar-thalamo-cortical changes may be central in cognitive
symptoms in particular, close to the idea of cognitive dysmetria.

How can we reconcile the assumed deficits in cerebellar-
thalamo-cortical circuits with the observation of temporal
fragmentation in the spontaneous activity’s temporal structure?
Operating across the whole brain in an amodal and domain-
independent way, temporal fragmentation may affect the whole
brain, thus operating across the various networks and regions
discussed, including the cerebellum. One may consequently
assume that the observed changes in resting state cerebellar-
thalamo-cortical networks and regions may result from an altered
underlying global temporal structure, with global temporal
fragmentation in the “amodal and domain-independent represen-
tational space” (see above) of the brain’s spontaneous activity. For
instance, the lack of cross-frequency coupling with subsequent
global temporal fragmentation in the spontaneous activity’s
temporal structure may then be manifest spatially in decreased
cross-regional coupling, and ultimately in what Andreasen
describes as cognitive dysmetria.

The assumption of a global change in neural activity and its
association with cognitive deficits is supported by recent studies in
both EEG and fMRI. Several EEG observed increases in global noise
power (as measured by decreased signal-to-noise ratio) in pre- and
post-stimulus activity (see Molina et al., 2016; Suazo et al., 2016;
Winterer et al., 2000). Such increases (as measured in slow and fast
frequencies in EEG) is compatible with the increase in global power
and variability and functional connectivity as observed in the
infraslow frequency range in fMRI by Yang (Yang et al., 2014, 2016).
The increased noise affects the degree of stimulus-induced activity
with higher noise leading to lower amplitudes; Molina (Suazo
et al., 2016) and impairs cognition with higher noise leading to
lower cognitive performance; (Diez et al., 2013; Suazo et al., 2016).

2.5.2. Global temporal fragmentation and perceiving the world as
“snapshots”

What happens if the spontaneous activity’s global temporal
structure is altered as in schizophrenia with decreased cross-
frequency coupling? In that case the extremely short cycle
durations of faster frequencies can potentially no longer be linked
and integrated with the longer ones in the infraslow frequency
ranges. This means that different stimuli of different durations can
no longer be integrated and linked. They are consequently
perceived as temporally segregated without any perceptual
continuity between them — what is described as the “stream of
consciousness” becomes disrupted and dissolved into different
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“snapshots”, entailing temporal fragmentation in both sensory and
cognitive domains (See Fig. 4 for a general overview).

Such temporal fragmentation, with a disruption of cognition
into “snapshots”, is, for instance, manifest in the symptom of
thought blocks, where patients suddenly stop talking and thinking.
A recent study by Angelopoulos (Angelopoulos et al., 2014) used
EEG to investigate brain activity during thought blocks in
schizophrenic patients with auditory verbal hallucinations.
Thought blocks were characterized by patients as “a rock in my
head”, “blank page in my mind”, “spontaneous block of my
thought”, and “loss of mind” which usually occurred automatically
during the hallucinatory state. In EEG it was observed during these
thought blocks that there was significantly decreased phase
synchrony for about 0.5-2s in theta and alpha range (6-12 Hz)
with abnormal coupling between left temporal and frontal
electrodes. As well as this, whole brain synchrony entropy (a
measure of the complexity of phase synchrony between regions
over time) was reduced during thought blocks, indicating a
stereotypical reduction in synchrony across the brain, normalising
upon recovery. The authors suggest that the low phase synchrony
and synchrony entropy mean that the brain is unable to process
information, resulting in the thought block symptoms. This may
echo what we discuss here as temporal fragmentation in the
spontaneous activity.

How about the manifestation of temporal fragmentation in the
sensory domain and especially the perception of time itself? There
have been many qualitative reports of altered subjective time
experience in schizophrenia in what is described as ‘Phenomeno-
logical Psychiatry’ (see (Fuchs, 2007, 2013; Parnas et al., 2012) for
recent overviews). However, quantitative investigation is still
lacking. One recent study investigated the subjective experience of
time as described by schizophrenic patients (n=301) and analysed
these reports in a semi-quantitative way (Stanghellini et al., 2016).
They reported that the main disturbance in schizophrenia (as
distinguished from depression) consisted in what they described
as fragmentation or “disarticulation of time experience”: “The
external world appears as a series of snapshots” or “world like a
series of photographs” (Stanghellini et al., 2016). The lack of
temporal continuity between contents in perception is also well

reflected in the following quote by a schizophrenic patient by
(Fuchs, 2007): “When I move quickly, it is a strain on me. Things go
too quickly for my mind. They get blurred and it is like being blind.
It’s as if you were seeing a picture one moment and another picture
the next.” (Fuchs, 2007; see also, Fuchs, 2009, 2013).

How is such abnormal perception of contents in time related to
the spontaneous activity and its temporal structure? One would
hypothesize that the degree of temporal fragmentation in
perception of contents in terms of “snapshots”, “series”, “pictures”
or “now” is directly proportional to the degree of loss of cross-
frequency coupling especially between fast and infraslow frequen-
¢y fluctuations: the lower the degree of infraslow-fast cross-
frequency coupling, the higher the degree to which subjects
perceive contents in terms of “snapshots”, “series”, “pictures” or
“now”. The temporal fragmentation on the neural level of
spontaneous activity may thus map onto the perceptual level
and its temporal fragmentation. Such an effect has been observed
in a recent study where series of auditory stimuli were presented
and the entrainment of delta activity to them measured (Lakatos
et al,, 2013). In healthy participants, the phase of the delta activity
was shifted to correspond to the stimulus onset. This effect was not
seen in schizophrenic patients, however, despite them showing
task evoked activity changes to the individual stimuli. This means
that the patients were able to respond to single presentations but
were unable to attune their neural activity to the stimulus
properties over time (i.e., the stimulus sequence) (see also
(Winterer et al., 2000) for analogous findings of reduced phase-
locking to external stimuli in the delta and theta range in
schizophrenia). This may represent a breakdown in the processing
of the continuity of stimuli from the world, similar to the
experience of “snapshots” described.

3. The spatial structure of spontaneous activity and
psychopathological symptoms

In the preceding sections we have focussed upon alterations to
the temporal structure of neural activity in schizophrenia and how
these relate to symptoms. We will now shift our attention to the
spatial structuring of activity and how this is affected. Many of the
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Fig. 4. Global temporal fragmentation in the spontaneous activity and generalized cognitive deficits.
A schematic representation of the proposed link between temporal changes in the structure of spontaneous activity (lower section), disturbances in the perception/
experience of time (middle section), and psychopathological symptoms in the cognitive, affective, sensorimotor, and social domains (upper section).
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findings discussed involve functional connectivity between
different brain regions and the manner in which regions interact
to form functional networks. As noted above, such functional
connectivity is established through correlations between the
activity timeseries within the particular regions being studied. We
will begin by looking at alterations in spatial structure across the
brain as a whole before then looking at changes within particular
brain regions or functional networks. These will then be related to
particular symptoms before we present a set of hypotheses about
relationships between the spatial structure of intrinsic activity and
symptoms seen in schizophrenia in the final subsection.

3.1. Alterations in the spatial structure of spontaneous activity in
schizophrenia

3.1.1. Global alterations in activity structure

Global network structure across the brain, as measured with
fMRI, appears to be altered in schizophrenia, with a reduction in
small-worldness, number of hubs, and modularity (Karbasfor-
oushan and Woodward, 2012). This finding is supported by a recent
study of schizophrenic patients that found a greater degree of
randomisation in network metrics, plus fewer hubs and larger
connection distances between hubs (Lo et al., 2015). This study also
included relatives of the patients, in whom some of the same
abnormalities were found, although to a lesser degree. These
results suggest that communication across the brain as a network
is less efficient (Bullmore and Sporns, 2009). This is indeed what
was found in a third study, in which network global efficiency was
tested and was found to be reduced in schizophrenic patients (Su
et al.,, 2015). Local efficiency did not differ between the groups.
Importantly, reductions in global efficiency correlated with the
severity of overall psychopathological symptoms, negative symp-
toms, and depression/anxiety symptoms: the lower the spontane-
ous activity’s global path efficiency, the more severe the overall
symptoms and the worse the negative and depression/anxiety
symptoms.

Taken together, these findings clearly show changes in the
spontaneous activity’s global spatial structure in schizophrenia.
The suggestion of an altered global neural organisation with
disconnectivity is reminiscent of Bleuler and his earlier characteri-
zation of schizophrenia as a “loosening of associations” (Bleuler,
1911), with abnormal interplay between the different mental
faculties. This is compatible with an assumption that schizophre-
nia is in part a disconnection syndrome across the whole brain
(Stephan et al., 2009) or as a global connectivity disorder of the
spontaneous activity’s global spatial (and temporal) structure.

3.1.2. Local alterations in activity structure

In addition to these global abnormalities, schizophrenia
patients also show more local alterations to spontaneous activity
patterns within specific neural networks, along with alterations in
the way different networks interact with each other. Firstly, various
investigations have shown alterations to functional connectivity
within the DMN. Although these have not been entirely consistent,
with some showing increased connectivity (Kindler et al., 2013;
Rotarska-Jagiela et al., 2010; Whitfield-Gabrieli et al., 2009) and
others decreased (Bluhm et al., 2007; Garrity et al., 2007),the most
common finding is for greater connectivity and activity levels (see
(Whitfield-Gabrieli and Ford, 2012) and (Anticevic et al., 2012 )for
reviews).

In contrast to the DMN, the CEN generally shows reduced
functional connectivity amongst its constitutive regions (like the
lateral prefrontal and parietal cortex) in schizophrenia (e.g., Tu
et al., 2013; Woodward et al., 2012), which is expected given the
major executive deficits observed on these patients. More
interestingly, the relationship between these two networks

appears to be altered in schizophrenia. Whereas in healthy
subjects the activity in these two networks is usually negatively
correlated, in patients it is instead positively correlated, with an
increased connection strength and a mixing of signals between
the two (Littow et al., 2015; Liu et al., 2012; Manoliu et al., 2014;
Tu et al, 2013; Wotruba et al, 2013). These changes in
connectivity between the two networks are correlated with
symptom severity (Manoliu et al., 2014; Wotruba et al., 2013).
Notably, such a switch in network relation from negative to
positive is also seen in heathy participants given the psychedelic
drug psilocybin, which can be used to mimic psychosis (Carhart-
Harris et al., 2013).

As well as changes in the DMN and CEN, alterations in other
networks are also observed in schizophrenia. As discussed
previously, both variability and functional connectivity appear to
be altered within the sensorimotor network (Kaufmann et al.,
2015; Li et al., 2015). Again, these findings are not homogeneous,
however, as other studies have reported increased connectivity
between the thalamus and sensory regions in the cortex (Anticevic
et al., 2014; Damaraju et al.,, 2014).

More consistent are findings of alterations to the spatial
structure of activity within the salience network (SN). A study by
Palaniyappan (Palaniyappan et al., 2013) investigated resting state
functional connectivity with Granger causality that allows
measuring causal and excitatory/inhibitory relationship between
regions/networks. In healthy participants they observed excitatory
functional connectivity from the right anterior insula (rAl) and the
dorsal anterior cingulate cortex (dACC) to the bilateral DLPFC,
while the latter showed inhibitory functional connectivity to the
former. Schizophrenic subjects, in contrast, showed significant
decreases in both rAl/dACC-DLPFC excitatory connectivity and
DLPFC-rAl/dACC inhibitory connectivity, entailing a decoupling or
dissociation between the SN and CEN. In addition, excitatory
connections from the bilateral visual cortex to the hippocampus
and insula showed significant decreases in schizophrenic patients.
Finally, decreases in both rAl/dACC-DLPFC reciprocal connectivity
and visual cortex-Al connectivity correlated with symptom
severity.

These findings suggest an altered balance between the SN and
CEN, with both apparently being decoupled from each other in
schizophrenia. This has also been shown in other studies, where
the change in the balance between the two networks is correlated
with hallucination symptom severity (Manoliu et al., 2014). This
study also found a reduced connectivity between the SN and DMN.
Importantly, the functional connectivity of rAl correlated with
increased functional connectivity between the DMN and CEN: the
lower the functional connectivity of the right anterior insula, the
more increased the functional connectivity between DMN and
CEN. These results suggest that hypoactivity in the anterior insula
is related to an abnormally strong relationship between DMN and
CEN (see (Moran et al., 2013) for further confirmation).

As well as the DMN and CEN, connectivity between the SN and
the striatum is also reduced in schizophrenia (Orliac et al., 2013).
This reduced connectivity correlated with the severity of delusions
(and depression). Since the striatum (as part of the salience
network) is central in reward and salience processing, these results
lend support to the “aberrant salience hypothesis” in schizophre-
nia (see for instance Pankow et al, 2012). This hypothesis
postulates that schizophrenic patients attribute aberrant salience
to irrelevant stimuli rather than relevant stimuli, which is assumed
to be central in generating delusions. The observation of abnormal
striatum spontaneous activity is also in line with a recent meta-
analysis of reward activation studies that showed decreased
activation in ventral striatum during specifically reward anticipa-
tion or prediction of specific stimuli in schizophrenic patients (see
Radua et al,, 2015 and Pankow et al., 2012).
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Taken together, these findings show alterations in functional
connectivity within and between networks in schizophrenia. Of
these, alterations in DMN, salience network and CEN connectivity
are most notable. Moreover, the results show altered cross-
network functional connectivity, with abnormal balances between
the DMN and CEN, as well as between the salience network these
other two networks. Notably, the DMN-CEN balance is no longer
one of anticorrelation, but is instead a positive correlation.

3.2. Abnormalities in the spatial structure and cognitive symptoms

3.2.1. The abnormal balance between the DMN and CEN and formal
thought disorder

As described, there appears to be an alteration in the balance
between activity in the DMN and CEN in schizophrenia. In healthy
participants, the activity in these two networks is anticorrelated,
meaning that high activity in the one is correlated with lower
activity in the other. Particularly in anterior regions of the
networks, this negative relationship is associated with a balance
between internal and external mental contents (i.e., self- and
environment-related contents, respectively; (Chen et al., 2013;
Vanhaudenhuyse et al., 2011) in what has been described as
reciprocal modulation (Goel and Dolan, 2003a, 2003b; Northoff
et al,, 2004a,b).

More specifically, higher levels of activity within anterior
medial regions of the DMN (i.e., the mPFC) are linked to a focus
upon internal mental contents, self-directed thoughts, and to
sensations of parts of their own body (like the limbs or the face)
and to bodily processes (such as the heartbeat; Vanhaudenhuyse
et al,, 2011). In contrast, activity in the lateral regions within the
CEN (e.g., the DLPFC) is associated with mental content directed
towards the external environment (Northoff and Sibille, 2014a;
Northoff and Sibille, 2014b). As such, the balance between the
activity in these two networks transforms into a reciprocal balance
between internal and external mental contents on the psychologi-
cal level. In schizophrenia, however, studies show a clear shift in
the balance between the two networks such that this negative
correlation becomes instead positive ((Littow et al., 2015; Liu et al.,
2012; Manoliu et al., 2014; Tu et al., 2013; Wotruba et al., 2013).
This change has in addition been found to be correlated with
auditory hallucination severity (Manoliu et al., 2014). This implies
that internal and external mental contents are no longer
reciprocally modulated either. Instead of external mental content
decreasing when internal mental contents increase (and vice
versa), both contents become directly and positively linked with
each other.

The implication of this is that internal and external contents are
no longer appropriately segregated from each other, meaning that
the distinction between thought contents related to the internal
self and those associated with the external environment becomes
blurred. This confusion between internal and external contents is
analogous to the formal thought disorder described by Bleuler
(Bleuler and Brill, 1924) as a core symptom of schizophrenia. Such
disorders are manifest in symptoms such as increased indecisive-
ness with regard to insignificant choices between equal alter-
natives, thought interference, thought blockages, disturbances of
abstract thinking, and a decreased ability to discriminate between
ideas, perception, fantasy and true memories. We can then see how
a mixing between internal and external mental contents could lead
to these symptoms. For example, such a mixing could lead to
indecisiveness as decision making becomes difficult when it
becomes harder to differentiate between internal and external
cues (see (Nakao et al., 2013, 2012), for a discussion of internally
and externally guided decision making). Similarly, thought
interference may arise when the barriers between different
contents are lost, leading to thought becoming an amalgamation

of the two. Such a link between a shift to a positive between-
network correlation and thought disorder has indeed reported
(Wotruba et al., 2013), although further research in this direction is
required.

3.2.2. Cortical midline connectivity and ego-disturbances

One of the most prominent symptoms in schizophrenia is ego-
disturbances. Early psychiatrists, such as Kraepelin, Berze,
Schneider, and Scharfetter, considered such alterations in the
sense of self and identity to be a core characteristic of the condition
(see (Leube et al., 2008) for an overview). Such symptoms have also
been subsumed under the concept of passivity phenomena (Frith,
1992; Leube et al., 2008). In healthy participants there is a close
link between self-related processing and anterior cortical midline
structures (Qin et al., 2012). In schizophrenia, however, there is a
change in the functioning of these regions during self-related
processing.

Firstly, the spatial properties of activity within these regions
appears to be altered, with greater connectivity within cortical
midline regions of the DMN during self-related processing (Cur¢i¢-
Blake et al., 2015; Holt et al., 2011; van Buuren et al., 2012). At the
same time, task evoked activity within these regions has generally
been found to be increased during tasks that involve some form of
self-referential thought (Liu et al., 2014; Menon et al., 2011; Shad
et al., 2012).

Although these studies haven’t directly related these fMRI
effects to ego-disturbance symptoms, Taylor and colleagues (Taylor
et al., 2007) compared schizophrenic patients with and without
reality distortion in an emotional picture viewing task and again
found increased activity in anterior midline regions in those with
distortions. Similarly, there is evidence that altered activity in
cortical midline regions (amongst others) is related to deficits in
insight in schizophrenia, symptoms which have a strong self-
referential component (Curci¢-Blake et al., 2015; van der Meer
et al., 2010, 2013).

Taken together, these studies demonstrate clear task-evoked
alterations in midline regions (core components of the DMN)
during self-related processing in schizophrenia. Most studies
suggest increased activity during specifically self-related process-
ing; however, results are not homogeneous on this front.
Unfortunately, none of these studies report results from the
resting state in the same subjects to link this to the stimulus-
induced activity during the self-reference task. One would predict
that, as in healthy subjects, abnormalities in spontaneous activity
the midline regions may predict the task-evoked changes, and
possibly also symptoms such as reality distortion and other ego-
disturbances.

3.3. Hypotheses: altered spatial properties of spontaneous activity and
symptoms

3.3.1. Abnormal temporal and spatial structure in the DMN and ego
disturbances

Ego disturbances in schizophrenia can be described as a
breakdown in the distinction between self and the environment,
(Ebisch and Aleman, 2016; Schneider, 1974). These can include
things such as thought insertion and feelings of being controlled by
external agents. In such symptoms, stimuli which should be
experienced as originating from or being related to the self are
instead experienced as coming from outside sources (Ebisch and
Aleman, 2016). The loss or detachment from the own self is well
reflected in the following quote from the first-person perspective:
“I feel that my real self has left me, seeping through the fog toward
a separate reality, which engulfs and dissolves this self. This has
nothing to do with the suspicious thoughts or voices; it is purely a
distorted state of being. The clinical symptoms come and go, but
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this nothingness of the self is permanently there. Not a single drug
or therapy has ever helped with such nothingness. By nothingness,
I mean a sense of emptiness, a painful void of existence that only I
can feel. My thoughts, my emotions, and my actions, none of them
belong to me anymore.” (Kean, 2009, p. 1034).

Could such symptoms be explained by alterations in spontane-
ous activity? Evidence that this could be the case comes from
investigations in healthy participants of self-related processing.
These have demonstrated an overlap between those regions that
display a high degree of ongoing activity and those regions
implicated in the discrimination between self and other and in
determinations of self-relatedness (Qin and Northoff, 2011). In
particular, regions within the DMN have been highlighted as being
key to these processes (D’Argembeau et al., 2005; Lipsman et al.,
2014; Qin and Northoff, 2011; Schneider et al., 2008; Whitfield-
Gabrieli et al., 2011). This has been coined “rest-self overlap” (Bai
et al., 2015; Northoff, 2015b).

More recent studies have built on this overlap to demonstrate
that spontaneous activity fluctuations with DMN regions are
related to different aspects of self-related processing. The first of
these showed that the level of EEG alpha power prior to a stimulus
being presented predicted whether a person would ascribe a high
or low degree of self-relatedness to an emotional stimulus.
Interestingly, alpha power was correlated with glutamate con-
centrations within the pACC, a factor that is known to be altered in
schizophrenia (Gallinat et al., 2015; Mouchlianitis et al., 2015;
Smesny et al., 2015). A second study then showed that levels of
spontaneous activity within the right temporoparietal junction
(rTPJ) prior to stimulus onset, as measured with fMRI, determined
whether an ambiguous sound would be experienced as the
person’'s own name or not (Qin et al., 2016). Where there was a
higher level of spontaneous activity within the rTP] immediately
prior to the sound being presented, the sound would be ascribed
self-relatedness. Finally, temporal structure of ongoing activity
within the mPFC (as indexed by the power-law exponent) was
shown in a third study to be correlated with scores for private self-
consciousness in healthy individuals (Huang et al., 2016).

Taken together, these studies suggest that there is neural
overlap between spontaneous activity and self-processing, where
self-relatedness may be encoded in the spatiotemporal properties
of this activity. We can then see how alterations in spontaneous
activity’s spatial (and temporal) structure in schizophrenia could
translate to ego disturbance symptoms, where ascriptions of self-
relatedness for stimuli begin to break down. Where a stimulus
(such as a thought or the perception of an action) should be
automatically experienced as being self-related, the altered
spontaneous activity properties lead it to be experienced as
external to the individual. We would further hypothesise that it is
not simply the properties of spontaneous activity within the
highlighted DMN regions that lead to these symptoms, it is also
how these regions are coupled to the rest of the brain. As described
previously, there is evidence that there is an abnormal relationship
between the DMN and CEN in schizophrenia. Stemming from this,
we postulate that this altered communication between networks
may contribute to ego disturbances as it may lead to an inability to
link self-relatedness (as processed within particular DMN regions)
with stimulus-related processing in other networks (see Fig. 5B).
The individual will therefore be unable to correctly distinguish
between stimuli that should be labelled as originating from them
and stimuli which should be labelled as coming from the
environment.

Though tentative and preliminary, our account amounts to a
spatiotemporal theory of ego-disturbances that is based on
spontaneous activity and its spatiotemporal structure. Such a
spatiotemporal approach (see also (Robinson et al., 2015) must be
distinguished from other theories of ego-disturbances in

schizophrenia that are either bottom-up and sensory-based or,
alternatively, top-down as related to cognitive functions like
source monitoring (see Mishara et al., 2015; Nelson et al., 2014a,
2014b). Rather than being based on task-evoked activity as related
to either sensory (as in bottom-up models) or cognitive (as in top-
down models) functions, the spatiotemporal approach is more
basic and fundamental than both since it is based on the
spontaneous activity and its spatiotemporal structure. This makes
it futile to characterize it as either bottom-up or top-down; instead
one may want to speak of a basic or fundamental model of ego-
disturbances analogous to the recently described “basic model of
self-specificity” in the healthy brain (Northoff, 2015a,b). However,
future investigation is needed in order to directly compare the
spatiotemporal approach with bottom-up and top-down theories
to see to what degree they are compatible with, or, better,
complementary to, each other (Fig. 6).

3.3.2. An abnormal relationship between functional networks and
abnormal body perception

Patients with schizophrenia can experience altered perception
of their own bodies. Based on interviews with a large number of
patients (n=301), (Stanghellini et al., 2014) describe how many
with schizophrenia experience their body as mechanised or
objectified. This means that they no longer experience their body
from a living, subjective perspective, but instead experience it
objectively as a thing that is devoid of life (“She felt programmed
like a robot”; ibid, p 1707). Importantly, these experiences were
only reported in schizophrenia and not in a comparison group of
depression patients (n=56). In addition to these experiences of
bodily objectification, patients with schizophrenia also report
issues with experiencing bodily boundaries. This has been
described as a “dynamization of bodily boundaries and construc-
tion” ((Stanghellini et al., 2014), p 1706) and can involve
experiences such as penetration by strange forces (“areas of body
where forces enter”; ibid, p 1706), unusual spatial relationships
(“mouth was where hair should be”; ibid, p 1706), and, in extreme
cases, an externalisation of body parts (“vagina half outside”; ibid,
p 1706).

A key brain region for processing stimuli originating within
the body is the anterior insula (Craig, 2009b). This region forms
part of the salience network (Seeley et al., 2007), a network that
has altered connectivity to the DMN and CEN in schizophrenia (
Alonso-Solis et al., 2015; Iwabuchi et al., 2015; Nekovarova et al.,
2015). This suggests that the body perception abnormalities
experienced in schizophrenia may be due to altered spontaneous
activity properties in these networks. We propose that reduced
functional connectivity between the anterior insula and the
anterior DMN results in a deficit in self-ascription to bodily
stimuli being processed in the insula (see (Northoff and
Stanghellini, 2016 )for more details). This may lead to a higher
likelihood that the bodily stimuli will be experienced as coming
from objects in the environment (rather than the body). As items
in the environment, these objects are likely to be interpreted as
non-living, leading to the experiences of mechanisation (which in
turn may reduce the assignment of agency and ownership to the
own body on a cognitive level; Northoff and Stanghellini, 2016;
Robinson et al., 2015, resulting in what phenomenologists’
describe as “objective body” as distinguished from the “lived
body”; Northoff and Stanghellini, 2016). In addition, increased
connectivity between the salience network and the CEN may lead
to altered perceptions of spatial relationships in respect to the
body and the environment. This may lead to the jumbling of
bodily relations seen in schizophrenia as the boundaries between
the body and the environment become more fluid and dynamic.
These hypotheses do, of course, remain to be investigated in
future studies.
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Fig. 5. Altered network balance between the DMN and CEN and thought disorder in schizophrenia.
A) Anillustration of how altered spontaneous activity in schizophrenia (lower section) can lead to the observed change in the relationship between the DMN and CEN, where a
positive inter-network correlation, rather than a negative one, is seen (middle section). This may then lead to a mixing of internally and externally oriented thoughts (upper

section). B) This switch from a negative to positive relationship, and the resulting mixing of thought contents, may then lead to symptoms such as thought insertion and
withdrawal.
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externally oriented thoughts (middle section), and psychopathological symptoms (upper section).

4. Discussion
4.1. Spatiotemporal psychopathology in context

How does the spatiotemporal approach put forward here stand
in relation to other theories of schizophrenia? Since it is based on
spontaneous activity itself, and as such is not necessarily linked to
any one region or process, our approach does not contradict
sensory-based bottom-up not cognitive-based top-down explan-
ations for symptoms. Instead, it could be argued that the changes in
spontaneous activity properties described provide the basis for the
observed changes in both top-down and bottom-up processing.
The spatiotemporal approach may thus provide a wider and more
fundamental context that allows us to reconcile the apparently
contradictory bottom-up and top-down approaches.

Our spatiotemporal approach also provides potential mecha-
nistic background to neurodevelopmental approaches to schizo-
phrenia (see, for example, Fatemi and Folsom, 2009; Howes and
Murray, 2014; Najas-Garcia et al., 2014). Spontaneous activity
properties are succeptible to both developmental and socio-
contextual influences. For example, a recent study showed that
negative early life experiences are correlated with both glutamate
concentrations and fMRI activity entropy (i.e., how ordered the
activity is over time) in the mPFC (N.W. Duncan et al., 2015). This
and other studies show that spontaneous activity and its
spatiotemporal structure are highly experience-dependent (see
also Sadaghiani and Kleinschmidt, 2013), and are therefore
susceptible to being shaped by environmental and developmental
processes. Accordingly, suggestions of neurodevelopmental and
neurosocial mechanisms in schizophrenia fit well with the here
suggested spatiotemporal approach.

Other researchers have put forward phenomenological
approaches to understanding schizophrenia (Parnas et al., 2012;
Stanghellini et al., 2014, 2016), These focus upon the subjective
experience of the patient from a first-person perspective. We
postulate that this subjective experience is directly related to the
spatiotemporal structure of spontaneous activity and the manner
in which this is transformed onto the psychological level. Support
for such a relationship between spontaneous activity can be found
in studies in healthy participants where spontaneous activity

levels determine how particular stimuli will be perceived
(Sadaghiani et al., 2010).

We would propose that the temporal and spatial changes seen
in intrinsic activity in schizophrenia shape the processing of
stimulus-induced activity, which in turn affects the cognitive,
affective, and social processing. Such effects become manifest in
particular symptoms (Northoff and Stanghellini, 2016). There is
thus a potential common root — the spatiotemporal structure of
intrinsic activity - that binds both the subjective experience of the
individual and the objectively observed symptomatology of the
disease. In healthy participants, this common root linking intrinsic
activity with experience and behaviour may be seen in findings
linking self-related information to intrinsic activity, where an
individual’s self-related processing is seen to overlap with resting
state function (see for example, Bai et al., 2015; Huang et al., 2016;
Nakao et al., 2013, 2012; Qin et al., 2016). These results, in
conjunction with those previously mentioned linking intrinsic
fluctuations to perceptual experience, provide preliminary evi-
dence that the spatiotemporal structure of intrinsic activity may
translate to the phenomenological-experiential level, resulting in
so-called “neurophenomenal hypotheses” (Northoff, 2014b, 2014c;
Northoff and Stanghellini, 2016). Methodologically, this means that
subjective reports of experiences of self, body, and the world could
be considered as useful data that could lend support to the
suggested spatiotemporal hypothesis about specific symptoms.
Future investigations may want to focus on specifically the
perception of time and space with regard to the various symptoms
in order to link those spatiotemporal features to the corresponding
spatial and temporal features in the spontaneous activity.

In addition to being a potential bridge between brain,
experience, and associated phenomenological pathology, our
proposed spatiotemporal psychopathology may also help bridge
the gap between the brain, on the one hand, and cognitive (Frith,
1992) and affective (Panksepp, 2004) models of psychopathology
on the other. It does this by proposing a primary functional
alteration in disease that influences the temporal and spatial
structuring of specific cognitive or affective contents (rather than a
particular deficit in any one cognitive, affective, or sensorimotor
system that generates such contents). Cognitive and affective
psychopathologies are thus not seen as separate, independent
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pathological processes but are instead integrated under a single
fundamental disease process.

Finally, one can ask how the proposed approach fits with the
recently introduced RDoC classification (Cuthbert and Insel, 2013).
Like RDoC, the spatiotemporal approach views disease symptoms,
and the mechanisms underlying these symptoms, as extremes on a
continuum that includes the healthy state. For instance, the
relationship between activity in the DMN and CEN with regard to
the distinction between internal and external mental contents can
range on a continuum from an extremely negative (as in
depression; Northoff, 2016a, 2016b) to abnormally positive (as
in schizophrenia; see above) correlation (see 3.1.2. for details). In-
between these extremes, one finds healthy subjects, who seem to
show a medium or average anti-correlation value in DMN-CEN
relationship.

Together, this amounts to an inverted U-shape curve (see also
He and Zempel, 2013) that describes the continuum of different
DMN-CEN correlation values across healthy and psychiatric
subjects in a dimensional way. An analogous inverted U-shape
can be drawn for the relationship or balance between low and high
frequency power (as well as cross-frequency coupling) with regard
to the integration of stimuli of different durations (See 2.2.2. for
details). Again, a medium or average balance may provide the
highest degree of integration, whereas abnormal shifting of the
power balance towards either low (as in schizophrenia; see above)
or high (as in mania; Matteo et al., 2015) frequencies may lead
decreased integration (see Fig. 7a and b). These inverted U-shape
curves provide a continuum in neuronal mechanisms between

A
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and external mental
contents
Correlation between
DMN and CEN
Depression Healthy Schizophrenia
Negative Positive
correlation correlation
B

Integration of stimuli
with different
temporal durations

Balance in power
between low and
high frequencies
(and associated
cross frequency
coupling)

Schizophrenia Healthy Mania

Lower Higher
frequencies frequencies

Fig. 7. Dimensions of activity properties and psychopathology symptoms.

A) The correlation between the DMN and CEN may support the correct segregation
between internal and external mental contents at an optimal balance point.
Deviation to either greater positive or negative correlation may then lead to
pathological segregation, manifesting as depression or schizophrenia symptoms. B)
Similarly, an optimal balance between high and low frequency power may support
appropriate integration of different stimuli. Shifts to either the high or low
frequency ranges may result in abnormal integration and the symptoms of
schizophrenia and mania.

healthy and psychiatric subjects which can be seen as the very
basis of the dimensional approach suggested in RDoC.

4.2. Limitations and future directions

The investigation of spontaneous activity in the human brain is
a fairly new endeavour, meaning that many aspects of it have not
yet been fully explored (Weinberger and Radulescu, 2015). For
instance, the investigation of low-frequency intrinsic activity
through fMRI has focussed to a large degree on functional
connectivity. This has given us detailed information about spatial
relationships but is less informative about the temporal properties
of the activity. This is beginning to change as temporal measure-
ments begin to be applied to fMRI data, such as activity variability
(e.g., (Garrett et al., 2013; Huang et al., 2014a; Huang et al., 2014b;
Martino et al., 2016), entropy (e.g., Duncan et al., 2015; Wang and
Krystal, 2014), and dynamic measurements of functional connec-
tivity (e.g., Betzel et al.,, 2016; Mitra et al., 2015). These novel
approaches remain to be applied in schizophrenia, however,
leaving open an interesting area of investigation.

How intrinsic temporal structure may differ in different
dependent on regional functionality is an area that is also
garnering more attention. Recent investigations in (Murray
et al., 2014) and humans (Hasson et al., 2015) suggest that
different regions/networks exhibit different intrinsic time win-
dows within which different stimuli can be integrated. For
instance, these temporal receptive windows (TRF) (Hasson et al.,
2015) are rather short in sensory regions, while they seem to be
extremely long in midline regions (Honey et al., 2012; Murray et al.,
2014). Given the abnormalities in these regions in schizophrenia,
one may assume that their TRF’s, due to the changes in the
spontaneous activity’s temporal structure, may be altered which in
turn predisposes abnormal processing of both internal and
external stimuli. This remains to be explored though.

In addition to these spatial and temporal measures, the
question of how the spontaneous activity interacts with stimuli
remains unclear. Initial investigations suggested a linear or
additive interaction between spontaneous activity and the
stimulus, with the latter’s activity changes superposing upon
the former (Fox et al., 2006; Northoff et al., 2010). More recent
investigations have, however, suggested that are non-additive
interactions between spontaneous activity and stimuli, which may
be driven by the pre-stimulus phase cycles of infraslow frequency
fluctuations (see He, 2013; Huang et al., 2015). The spontaneous
activity thus seems to exert influence upon the degree of neural
activity changes a stimulus or task can evoke. One would expect
that the changes in spontaneous activity observed in schizophrenia
should then also impact the response to stimuli and subsequently
stimulus-induced activity. One would therefore expect abnormal
non-additive rest-stimulus interaction in schizophrenia, in turn
contributing to specific symptoms. This remains to be investigated
though.

The impact of especially the pre-stimulus resting state on
subsequent stimulus-induced activity has also been framed in
terms of predictive coding (Friston, 2010). Briefly, predictive coding
postulates that stimulus-induced activity results from the com-
parison between the predicted input (as generated prior to the
stimulus) and the actual input (the stimulus). The larger their
discrepancy, i.e., the prediction error, the larger the amplitude of
subsequent stimulus-induced activity. Abnormalities in predictive
coding and specifically in generating the predicted input have been
supposed to underlie delusions and auditory hallucinations (see
for instance Adams et al., 2013; Corlett et al., 2010, 2011; Fletcher
and Frith, 2009; Fogelson et al., 2014; Ford et al., 2014; Horga et al.,
2014; Jardri and Denéve, 2013; Notredame et al., 2014). Without
going into detail (see Northoff, 2014a), we would assume that the
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abnormalities in the predicted input can be traced to abnormal
spatiotemporal structuring of the underlying spontaneous activity.

In this work, our account of psychopathological symptoms was
limited to basic symptoms, cognitive changes, formal thought
disorder, time perception, ego-disturbances, and body perception.
This leaves out many other symptoms including auditory
hallucinations, blunted affect, and delusions, to name but a few.
As such, future research into how these symptoms are related to
the spatiotemporal structure of spontaneous activity would be
warranted. Moreover, we did not consider the different stages and
subtypes of schizophrenia (e.g., early psychosis, paranoid schizo-
phrenia, chronic schizophrenia, etc.). One would assume that any
spatiotemporal abnormalities will differ between these different
states, leading to the different symptom profiles. This represents
another fruitful future research direction.

Finally, we have not discussed the biochemical bases of
schizophrenia. Extensive research has linked the condition to
alterations in the dopamine, glutamate and GABA transmitter
systems, along with others (see for instance (Falkenberg et al.,
2012; Hasan et al., 2013; Howes et al., 2015; Howes and Murray,
2014; Javitt, 2010; Moghaddam and Javitt, 2012; Murray et al.,
2013; Poels et al., 2014). These systems have in turn been related to
the spatiotemporal properties of spontaneous activity (see, for
example, (Duncan et al., 2014a, 2014b; Parker et al., 2015). How
these factors may coincide in schizophrenia remains unclear at this
point, however. Investigating this area may be of particular
importance as it may point towards improved pharmacological
treatment approaches for the condition.

4.3. Conclusion

To conclude, we have here reviewed the abnormalities in
spontaneous activity in schizophrenia and linked them to specific
psychopoathological symptoms. We fit these alterations into an
approach to psychiatric disorders that takes alterations in the
spatial and temporal properties of the brain as primary, which we
term spatiotemporal psychopathology. This attempts to explain
the symptoms of schizophrenia by starting from altered spatio-
temporal properties of neural activity, which in turn cause
abnormal experiences of space and time in the individual, and
which finally manifest in the symptoms observed in the disease.
We consequently suggest that the spatiotemporal structure of
spontaneous activity provides the bridge between the neural and
psychopathological levels.

Finally, the detailed exploration of abnormal spatiotemporal
features in both spontaneous activity and perception/experience
could open the door for novel therapeutic interventions. Techni-
ques like transcranial magnetic stimulation (TMS), transcranial
direct current stimulation (tDCS), and deep brain stimulation
(DBS) (see for instance Krawinkel et al., 2015) may be used in a
spatiotemporally targeted way once the exact spatiotemporal
mechanisms of specific symptoms are clear. Moreover, one may
want to develop novel psychological treatment strategies such as
training in time perception, as it has been done in healthy subjects (
Kwakye et al., 2010; Stevenson et al., 2014), or music therapy
(Miiller et al., 2014) that could ideally be tuned to an individual’s
specific neural activity properties.
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