Brain Imaging and Behavior (2021) 15:1115-1133
https://doi.org/10.1007/s11682-020-00284-9

REVIEW ARTICLE

®

Check for
updates

Strategies to solve the reverse inference fallacy in future MRI
studies of schizophrenia: a review

Chuanjun Zhuo "***>%789 . Gongying Li? - Xiaodong Lin> - Deguo Jiang> - Yong Xu*° . Hongjun Tian®
Wengiang Wang” - Xuegqin Song °

Published online: 17 April 2020
© The Author(s) 2020

Abstract

Few advances in schizophrenia research have been translated into clinical practice, despite 60 years of serum biomarkers studies
and 50 years of genetic studies. During the last 30 years, neuroimaging studies on schizophrenia have gradually increased, partly
due to the beautiful prospect that the pathophysiology of schizophrenia could be explained entirely by the Human Connectome
Project (HCP). However, the fallacy of reverse inference has been a critical problem of the HCP. For this reason, there is a dire
need for new strategies or research “bridges” to further schizophrenia at the biological level. To understand the importance of
research “bridges,” it is vital to examine the strengths and weaknesses of the recent literature. Hence, in this review, our team has
summarized the recent literature (1995-2018) about magnetic resonance imaging (MRI) of schizophrenia in terms of regional
and global structural and functional alterations. We have also provided a new proposal that may supplement the HCP for studying
schizophrenia. As postulated, despite the vast number of MRI studies in schizophrenia, the lack of homogeneity between the
studies, along with the relatedness of schizophrenia with other neurological disorders, has hindered the study of schizophrenia. In
addition, the reverse inference cannot be used to diagnose schizophrenia, further limiting the clinical impact of findings from
medical imaging studies. We believe that multidisciplinary technologies may be used to develop research “bridges” to further
investigate schizophrenia at the single neuron or neuron cluster levels. We have postulated about future strategies for overcoming
the current limitations and establishing the research “bridges,” with an emphasis on multimodality imaging, molecular imaging,
neuron cluster signals, single transmitter biomarkers, and nanotechnology. These research “bridges” may help solve the reverse
inference fallacy and improve our understanding of schizophrenia for future studies.
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Introduction

Schizophrenia, originally termed as dementia praecox by
Kraepelin et al. in 1877 A.D., is a complex mental disorder
characterized by hallucinations, delusions, and impaired cog-
nitive abilities (Kraepelin et al. 1953). For more than 60 years
(Fischer 1953; Georgi et al. 1954; Himwich et al. 1937), re-
searchers have attempted to develop a biological test for diag-
nosing schizophrenia, which could lead to improved diagnos-
tic rates and optimized treatment strategies. However, thou-
sands of studies have proven that the discovery of biomarkers
and the creation of biological tests for neurological disorders
are challenging (Kapur 2011).

For the last 50 years, the number of research studies on the
genetics of schizophrenia has gradually increased, leading to
the development of genome-wide association studies (GWAS)
about 24 years ago (Huxley et al. 1964). However, the com-
plexity of schizophrenia and the lack of reproducibility among
the studies has limited the application of GWAS findings in
schizophrenia (Lin et al. 2016). Besides, some researchers
believed that the Human Connectome Project (HCP), which
was initiated in 2009, would sufficiently explain the patho-
physiology of schizophrenia, yet the community quickly dis-
covered that the HCP also had limitations.

Both GWAS studies and the HCP are limited by the reverse
inference fallacy, in which researchers are unable to test brain
alterations assessed by genes or imaging studies in the oppo-
site direction. In other words, patients with schizophrenia may
have some specific gene or structural alteration, yet individ-
uals with this gene or structural alteration cannot be diagnosed
with schizophrenia as the gene or structural alteration may
have other functions. Hence, researchers are unable to use
reverse inference to diagnose patients with schizophrenia or
other mental disorders.

The reverse inference fallacy also plays a role in the neu-
roimaging of schizophrenia, specifically magnetic resonance
imaging (MRI). In 1984, Smith et al. (1984) were the first to
employ MRI for studying schizophrenia in patients. Since this
initial investigation, more than 11,000 additional studies have
explored the application of MRI for schizophrenia (Symms
et al. 2004). Two types of MRI, including structural and func-
tional MRI (fMRI), are used in the clinic. While structural
MRI is used to assess anatomical structures, fMRI is used to
view the metabolic function of tissues through the detection of
oxygen levels.

It is time that we, as researchers, consider schizophrenia in
its entirety, rather than its individual components. This can be
accomplished using multidisciplinary technologies to study
the disease under the guidance of the reconstruction theory.
In this review, we emphasized the need to reconstruct the
overall research system of schizophrenia instead of splicing
it into different disciplines, which splits the whole concept of
schizophrenia. Since Insel (2010), the most famous
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psychiatrist of this century, suggested the need to “rethink
schizophrenia,” many scholars have used genetics, epige-
netics, and brain imaging techniques to study schizophrenia
as a neurodevelopmental disease. Many hypotheses have been
established, such as schizophrenia is a disorder of neurologi-
cal connections. However, the theories have only explained a
portion of schizophrenia cases, and a universally accepted
hypothesis remains to be identified. More importantly, there
have been no substantial improvements in the treatment of
schizophrenia. Therefore, we need to rethink our current ap-
proach to the study of schizophrenia. In this review, we sum-
marized the results of image studies of schizophrenia in the
past 30 years and put forward the hypothesis that research
“bridges” may advance the future study of schizophrenia.

Literature Search

Web of Science was searched using the following search
terms: MRI, structural MRI, functional MRI, schizophrenia,
first-episode schizophrenia, chronic schizophrenia, and others
as needed. The inclusion criteria were: (1) articles published
since 1995 and (2) articles published in journals with an im-
pact factor of 5 or above. The exclusion criteria were: (1)
articles not in the English, (2) articles published before
1995, (3) articles lacking healthy controls, (4) articles missing
human study approval information, and (5) articles published
in journals with an impact factor below 5. An impact factor of
5 was used as the cut-off to increase the integrity of this review
and ensure that articles were highly impactful and regarded by
the research community.

Structural MRI for the assessment
of schizophrenia

There are a few comprehensive reviews about the structural
alterations associated with schizophrenia (Lawrie and
Abukmeil 1998; Shepherd et al. 2012). However, the meta-
analyses have shown that it is difficult to compare the data
between studies as several factors can affect the imaging re-
sults. For example, the scanner type and strength, imaging
sequence, post-processing procedures, slice thickness, and
measurement protocols vary between studies and insert some
innate degree of variability in the studies. For these reasons,
comparative analyses between studies have been complicated.

Structural brain alterations associated
with schizophrenia

The assessment of structural brain alterations provides insight
into the disease etiology and pathology. Since the advent of
molecular imaging, researchers have aimed to uncover
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specific structural alterations in many neurological disorders.
The common and distinct structural alterations detected in
patients with schizophrenia are shown in Table 1.

The most common structural alteration is ventricular en-
largement, primarily of the third and lateral ventricles. The
enlarged lateral ventricular volumes are often associated with
cortical atrophy. Although ventricular enlargement is ob-
served in more than 80% of schizophrenia cases, there is some
disagreement on which ventricle is most associated with dis-
ease progression (Lawrie et al. 2011). Currently, lateral ven-
tricle enlargement is the most common findings in patients
with schizophrenia, followed by third ventricle enlargement.
No studies have reported abnormalities of the fourth ventricle
(Jacobsen et al. 1997). In a recent 20-year follow-up study,
Sayo et al. (2012) compared the ventricular volumes of pa-
tients with schizophrenia versus healthy controls in 72 studies
and found that ventricular enlargement was the most promi-
nent neurological biomarker of schizophrenia. However, the
authors cautioned readers about the need for homogeneity in
study protocols.

In addition to ventricular enlargement, structural alterations
have also been detected in the frontal lobe. For example, re-
duced gray matter volumes have been detected in the left
ventrolateral prefrontal cortex (PFC) and right dorsolateral
PFC (Spalletta et al. 2014). In addition, gray matter loss in
cortex loss in the anterior temporal lobe, along with medial
frontal lobe changes and inferior frontal lobe volume. Lastly,
cortical thinning in several regions, including the PFC, has
been found in some patients with schizophrenia. In a recent
study, Walton et al. (2018) uncovered a strong correlation
between cortical thinning in the PFC and negative symptoms
in patients with schizophrenia. Cortical thinning may be a
potential biomarker for schizophrenia as it is not found in
patients with psychotic or non-psychotic bipolar type I disor-
der (Godwin et al. 2018). Interestingly, some studies have
shown that gray matter volumes in the frontal and temporal
cortices were negatively correlated with delusional symptoms.
Hallucinations have been negatively correlated with gray mat-
ter volume in the bilateral frontal and temporal cortices.

Structural alterations have also been detected in the tempo-
ral and parietal lobes of patients with schizophrenia (Poeppl
et al. 2016; Tohid et al. 2015). Several studies have shown
gray matter loss throughout all parts of the parietal lobe. There
have also been reductions in cortical thickness of the parietal
and frontal regions in schizophrenia. Many of these changes
are present during the early stages of the disease and may be
directly correlated with the enlargement of the ventricles.
Currently, there is limited knowledge about the involvement
of the parietal lobe in schizophrenia. However, it is safe to
assume that the parietal lobe is altered by the disease as it is
involved in many of the neurological functions affected by the
disease (Jonides et al. 1998). Lastly, patients with adult-onset

schizophrenia have been shown to have more extensive white
matter deficits of the parietal lobe as compared with
adolescent-onset schizophrenia (Kyriakopoulos et al. 2009).

Lastly, several alterations of the cerebellum have been de-
tected in patients with schizophrenia, yet these findings have
been inconsistent. While some researchers have identified cer-
ebellar gray matter volume reductions in patients with schizo-
phrenia (Rasser et al. 2010), others have shown volume in-
creases in specific regions of the cerebellum, such as the ver-
mis (Levitt et al. 1999). Moberget et al. (2018) assessed more
than 1,000 patients with schizophrenia and found that cerebel-
lar volumes were significantly reduced in patients with schizo-
phrenia, independent of age or disease duration. These find-
ings were verified and expanded to further pinpoint the areas
of volume change, including the cerebellar lobules VI and X,
in patients with first-episode schizophrenia (Kim et al. 2018).
The connection between schizophrenia and occipital lobe al-
terations has not been fully established. However, changes in
the gray matter, white matter, and occipital lobe volumes have
been detected in patients with schizophrenia (Tohid et al.
2015).

Whole-brain volumes and general gray and white matter
volumes have been used to differentiate patients with
schizophrenia from healthy controls. Interestingly, only a
few studies have quantified the changes in size. For
example, Olabi et al. (2011) determined the annualized per-
centage volume changes in the whole brain, whole-brain gray
matter, frontal white matter, and temporal white matter were —
0.07, -0.59, -0.32, and —0.39 in patients with schizophrenia,
respectively. However, the bilateral lateral ventricles showed
an enlargement of + 0.36%.

Consistency of structural brain alterations in patients
with schizophrenia

Schizophrenia is a degenerative neurological condition that
affects most individuals for their entire lives. Hence, the im-
pact that disease duration may have on the structural proper-
ties of the brain must be considered. Some studies have
assessed patients during the initial stage of schizophrenia,
which is often called first-episode schizophrenia. However,
the majority of imaging studies have been conducted in med-
icated patients with chronic schizophrenia, as these individ-
uals are the most readily accessible to researchers. Patients
with first-episode schizophrenia who are non-medicated hold
excellent research value to the research community for three
reasons. First, these patients provide a unique opportunity for
researchers to investigate the disease in the absence of two
significant confounding factors, including disease duration
(i.e., chronicity) and drug exposure. Next, patients in the ini-
tial stages of schizophrenia can provide further insight into the
possible etiology of the disease, which will aid in the devel-
opment of future therapies. Lastly, these patients have
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structural and functional brain changes likely different from
those individuals with chronic schizophrenia, which allows
for the assessment of how time affects the prognosis of
schizophrenia.

In comparison to healthy controls, patients with first-
episode schizophrenia have enlarged third and lateral ventric-
ular volumes, increased hippocampal volumes, and reduced
whole-brain volumes (Ebdrup et al. 2010). While ventricular
enlargement has been detected in most patients with first-
episode schizophrenia, the connection between the third and
lateral ventricle involvement remains unclear. Previously,
Fannon and colleagues (2000) found enlargement of both ven-
tricles in patients with first-episode psychosis, which was as-
sociated with developmental delays. However, Cahn et al.
(2002) further examined the structural abnormalities of pa-
tients and found that enlargement of the third ventricle was
the only positive characteristic of patients with first-episode
schizophrenia, despite measuring the total brain, frontal lobe,
hippocampus, parahippocampal gyrus, thalamus, caudate, and
lateral ventricle volumes. These findings suggest that ventric-
ular enlargement may be a fundamental structural alteration
that occurs during the initial stages of schizophrenia, which is
followed by other alterations during advanced stages of the
disease. However, this finding has been questioned by some
researchers, such as Berger et al. (2017), who recently
assessed ventricular volumes across different stages of schizo-
phrenia and found that ventricular enlargement was not a char-
acteristic feature of early-stage schizophrenia. While nearly all
studies have found ventricular enlargement to be an essential
characteristic of first-episode schizophrenia, additional re-
search is needed to assess the connection between third and
lateral ventricular involvement. In addition, genetics likely
play a role as siblings of patients with schizophrenia also show
signs of third ventricle enlargement (Staal et al., 2000).

In a recent study, Dazzan et al. (2015) found that structural
alterations in the medial temporal and PFC areas correlated
with poor symptomatic and functional outcomes in patients
with first-episode schizophrenia. Patients with first-episode
schizophrenia were found to have gray matter reductions in
the subcortical structures, including the caudate head and
thalamus. The cortical gray matter reductions were located
in several areas, including the insula, anterior cingulate
gyrus, inferior frontal gyrus, and limbic gray matter
reductions were found in the uncus and amygdala.
Interestingly, gray matter volume was higher in the left
putamen, a region of the brain associated with movement
regulation and learning abilities. In another study, Wu et al.
(2018) found more diffused gray matter reductions in the fron-
tal and temporal lobes of medicated patients with chronic
schizophrenia, as compared with unmedicated patients with
first-episode schizophrenia.

In patients with chronic schizophrenia, gray matter reduc-
tions in the thalamus have been detected (Tamagaki et al.

2005). In addition, cortical gray matter reductions were found
in the insula, anterior cingulate gyrus, left inferior temporal
gyrus, fusiform gyrus, and right superior and middle temporal
gyrus. There were limbic gray matter reductions in the left
uncus and amygdala region and the right hippocampus, while
gray matter increases were found in the right and left putamen.
Gray matter reductions were more apparent in patients with
first-episode schizophrenia in the caudate head and left uncus.
Additionally, gray matter reductions were higher in the medial
frontal gyrus and left dorsolateral PFC in patients with chronic
schizophrenia. However, gray matter reductions were more
extensive in chronic schizophrenia than first-episode schizo-
phrenia, especially in the cortical regions, as opposed to the
limbic and cerebellar regions. Despite a substantial number of
studies published on schizophrenia, the heterogeneity of study
designs has made it difficult to interpret these findings.

There are several excellent reviews on structural brain al-
terations at different stages of schizophrenia. For example,
Dietsche et al. (2017) conducted a selective review of MRI
studies to assess brain changes in three groups of patients,
including individuals at high-risk of developing psychosis,
patients with first-episode schizophrenia, and patients with
chronic schizophrenia. Their findings demonstrated that as
the disease progresses into chronic schizophrenia, the reduc-
tions of cortical gray matter in the superior temporal and infe-
rior frontal regions become more extensive. In addition, pa-
tients with first-episode psychosis were found to have a sig-
nificant reduction in several gray matter regions with time,
including the thalamus and frontal areas, as well as progres-
sive cortical thinning of the superior and inferior frontal cor-
texes. Lastly, gray matter reductions were more substantial in
patients with chronic schizophrenia, primarily in the frontal
and temporal areas, thalamus, and cingulate cortices, which
was especially true in patients with poor outcomes.

Structural brain network alterations associated
with schizophrenia

brain regions are connected via white matter tracts, creating a
highly sophisticated communication network. Network anal-
yses provide an in-depth examination of how specific diseases
may affect the connectivity of the brain. Graph theory utilizes
imaging data to uncover topological properties of brain net-
works by establishing nodes as brain regions, along with
edges and structural or functional connections between the
nodes. Structural brain connectivity has been investigated
using MRI and diffusion tensor imaging (DTI) with fractional
anisotropy (FA) as the primary variable. However, alternative
measures can also be included, such as mean diffusivity, radial
diffusivity, and axial diffusivity.

Since long-distance communication across different brain
regions occurs via white matter fasciculi, it is logical to expect
that alterations or breaks in these fiber nerve bundles may be

@ Springer



1120

Brain Imaging and Behavior (2021) 15:1115-1133

associated with schizophrenia. DTI was first assessed in pa-
tients with schizophrenia in 1998 by Buchsbaum and col-
leagues (1998). Several abnormalities have been detected in
the myelin sheaths of patients with schizophrenia, which can
lead to delayed neural responses between two brain regions.
For example, myelin sheath plays an important role in signal
transduction, and damage to the sheath can result in significant
delays in neural synchronization. As an example,
dysconnectivity has been found between the frontal lobe and
the temporal cortex in patients with schizophrenia (Whitford
etal. 2011).

The most widely examined variable in DTI studies is FA,
which represents the magnitude and directionality of water in
tissues and ranges from O to 1. FA values are reflective of
microstructural properties of the white matter tracts, with
lower FA values indicating possible abnormalities with the
coherence of the tracts, diameter or density of the fibers, and
myelination. In a recent study, Bohlken and colleagues (2016)
found that global FA was significantly correlated with an in-
creased risk of schizophrenia. In addition, several regions
were associated with local reductions in network connectivity,
including the frontal, striatal, and thalamic regions.
Interestingly, some brain network connections may be en-
hanced in individuals with schizophrenia, such as the default
mode network (DMN), while other areas show reduced con-
nectivity, including the anterior cingulate, precentral gyrus,
and insula (Ji et al. 2019). The areas with reduced connectivity
were involved in language processing, working memory, mo-
tor functions, and mood regulation.

The dysconnectivity hypothesis suggests that schizophre-
nia may result from abnormal neuronal connectivity (Stephan
et al. 2009). Simply, schizophrenia may arise from abnormal
connections between different regions of the brain. With this
in mind, researchers have questioned which nodes may play
critical roles in the neurochemical circuits whose continued
dysfunction leads to further anatomical changes within the
circuit as time progresses. In terms of circuits, the prefrontal-
thalamic-cerebellar circuit in the most widely studied in pa-
tients with schizophrenia. This circuit is anatomically connect-
ed as the PFC is connected to the anterior and dorsomedial
thalamus, while the cerebellum is connected to the cerebrum
via the cerebellar peduncles. In drug naive patients with first-
episode schizophrenia, Guo et al. (2015) demonstrated that
structural alterations could dramatically impact the connectiv-
ity of this circuit by disrupting bilateral causal connectivity in
the sensorimotor regions. In return, the prefrontal-thalamic
(limbic)-cerebellar (sensorimotor) regions likely play essential
roles in the etiology of schizophrenia, yet additional evidence
is needed to interpret these findings.

In another study, van den Heuvel et al. (2010) detected
network alterations between the frontal and temporal lobes
using DTI, which were primarily attributed to the inferior
and superior frontal cortex and temporal pole. In addition,
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significant reductions of betweenness centrality were found,
indicating that patients with schizophrenia have a reduced
globally integrated structural brain network and a diminished
role of central hubs. In another study, patients with schizo-
phrenia were found to have reduced centrality of the limbic
structures, yet increased connectivity between frontal and pa-
rietal clusters (Skatun et al. 2016). Further insight is needed to
understand the structural networks associated with the etiolo-
gy and pathophysiology of schizophrenia better.

Structural brain alterations associated
with antipsychotics

The treatment of schizophrenia is designed to alleviate the
symptoms of the disease, primarily the negative symptoms.
Antipsychotics are highly efficacious compounds, yet more
than 25% of patients receiving antipsychotics experience
one or more adverse effects, such as sedation, weight gain,
or movement disorders (Correll et al. 2015). In addition, there
are questions about how antipsychotics may affect the brain
structurally in patients with schizophrenia. Many factors con-
tribute to structural brain changes, such as disease duration
and severity, along with the age, gender, and family history
of patients.

Several reports have been published on the structural ef-
fects of antipsychotics on the brain, including an excellent
review by Moncrieff and Leo in 2010 (Moncrieff and Leo
2010). Initially, first-generation antipsychotics were associat-
ed with an expansion of the basal ganglia in patients receiving
treatment for first-episode schizophrenia (Scherk and Falkai
2006). However, this effect could be reversed if the patients
switched to a second-generation antipsychotic. In another
study, Fusar-Poli et al. (2013) found that longitudinal reduc-
tions in gray matter volume were directly associated with the
use of antipsychotics. Interestingly, the brain alterations
caused by antipsychotics were not associated with poor treat-
ment outcomes and occurred even at the lowest therapeutic
dosages (Emsley et al. 2017).

In a recent study, Leung et al. (2011) found that frontal,
temporal, and stratio-limbic structural changes occurred
during the early stage of schizophrenia and were not re-
lated to the antipsychotic treatment or illness duration.
However, antipsychotic medications have been shown to
contribute to structural brain changes (Scherk and Falkai
2006). Previously, Navari and Dazzan (2009) found that
typical antipsychotics acted regionally on the brain, with
the volumes of the basal ganglia being significantly
higher in patients with schizophrenia when compared with
healthy controls. This increase in basal ganglia volume
has been shown in other studies and switching from typ-
ical to atypical antipsychotics was found to normalize the
size of the basal ganglia (Scherk and Falkai 2006).



Brain Imaging and Behavior (2021) 15:1115-1133

1121

Functional MRI (fMRI) for the assessment
of schizophrenia

The imaging of functional activities in the brain provides ad-
ditional insight into the etiology and pathology of diseases.
Blood oxygenation level-dependent (BOLD) fMRI works by
exerting a magnetic effect on deoxyhemoglobin, which allows
for the regional and global mapping of brain regions activated
by specific tasks (Chow et al. 2017). Hence, functional con-
nectivity is estimated as the temporal associations of low-
frequency oscillations of 0.01-0.10 Hz in the BOLD signal
between different brain regions. A decade of studies has
shown that certain conditions, such as resting-state and task-
driven, produce prototypical patterns of activation in the brain.
This allows for the assessment of many neural networks, in-
cluding the DMN, motor network, and others in real-time. The
data gained from resting-state and task-driven fMRI are useful
for different purposes.

In comparison to traditional MRI, fMRI has a superior
temporal resolution, spatial resolution, and reproducibility
(Liu et al. 2015). Despite fMRI being a popular tool for
assessing neurological processes, there have been some issues
with validating the statistical methods used in fMRI in “real”
datasets instead of stimulations (Eklund et al. 2016). The cen-
tral problem that researchers have come across with fMRI is
that abnormalities detected by fMRI are representative of gen-
eral disorder conditions. While fMRI may assist physicians in
determining the emergence and severity of symptoms, it does
not allow for the delineation of neurological disorders from
each other. For example, some of the structural and functional
alterations found in patients with schizophrenia are also de-
tected in patients with autism spectral disorder, Alzheimer’s
disease, bipolar disorder, major depressive disorder, anxiety
disorder, and obsessive-compulsive disorder (Sprooten et al.
2017).

Functional brain alterations associated
with schizophrenia

Functional brain alterations are those regions of the brain
where the activity is higher or lower than levels found in
healthy controls. The common and distinct functional brain
alterations associated with schizophrenia are shown in
Table 2. As shown, functional alterations have been associated
with most regions of the brain to some degree, yet there is
some disagreement between studies about the core functional
features of schizophrenia.

While some abnormalities have been detected in the func-
tioning of the cerebellum, there has been little interpretation of
the findings. Previously, Longo et al. (2013) reviewed 234
studies using fMRI in schizophrenia and found that 41% of
the article assessed the activity of the cerebellum. Increased

activation of the cerebellum was detected in approximately
66% of these studies, suggesting that it may be a common
characteristic of patients with schizophrenia. However, a third
of the studies did not find increased activation of the cerebel-
lum, suggesting that the cerebellum may be an unreliable bio-
marker in schizophrenia.

Auditory-verbal hallucinations have been associated with
gray matter reductions in the superior temporal gyrus (Lennox
et al. 1999). In addition, altered functional activity has been
detected in the medial frontal and arterial cingulate gyri of
patients with schizophrenia (Camchong et al. 2011).
Alterations in frontal connectivity were positively correlated
with the severity of symptoms and cognitive abilities in
patients with schizophrenia. In 2009, Minzenberg et al.
(2009) analyzed changes in the executive functioning of pa-
tients with schizophrenia through a meta-analysis of 41 fMRI
studies. Patients with schizophrenia displayed reduced activity
in the dorsolateral PFC, anterior cingulate cortex, and thala-
mus. While activity increased in other areas of the PFC, these
alterations were suggested to be compensatory in nature.
During task performance, patients with schizophrenia had
higher BOLD signals in the occipital and lateral PFC, and
treatment with second-generation antipsychotics was effective
in returning their working memory task performance to nor-
mal levels (Ettinger et al. 2011).

Dysfunction of the dorsolateral PFC has been linked to
working memory disturbances in patients with schizophrenia,
while alterations of the limbic system have been associated
with facial emotion processing deficits (Manoach et al. 2000;
Perlstein et al. 2001). In another study, Guo et al. (2019) found
several impaired regions of activation in the brains of patients
with schizophrenia, including the frontal-medial temporal
lobe circuits and dorsolateral PFC, which were associated
with memory deficits and cognitive problems. While several
function alterations have been noted in patients with schizo-
phrenia, many of these have also been found in patients with
depression, such as increased activity in the thalamus, anterior
cingulate cortex, and ventrolateral PFC (Miller et al. 2015).
Lastly, a meta-analysis conducted by Gao et al. (2017) showed
that anatomic and functional abnormalities of the brain were
overlapped in the DMN and auditory networks in patients
with schizophrenia who were drug-free at the time of the
study.

Consistency of functional brain alterations associated
with schizophrenia

While there are several antipsychotics available for the treat-
ment of schizophrenia, all of the drugs similarly target the
dopamine D2 receptor. There is limited information about
how altered functions progress in the brain of patients with
schizophrenia. Previously, Guerrero-Pedraza et al. (2012)
found that first-episode psychosis was associated with a
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failure of deactivation in the medial frontal cortex and was not
associated with hyper- or hypo-frontality, further demonstrat-
ing the unique role of the DMN in schizophrenia.

Patients with first-episode schizophrenia also have prefron-
tal dysfunctions associated with context processing and disor-
ganization (MacDonald et al. 2005). Recently, Li et al. (2017)
found distinct patterns of functional dysconnectivity between
patients with first-episode and chronic schizophrenia. In pa-
tients with first-episode schizophrenia, 90% of the alterations
were associated with the frontal lobe, primarily the frontal
gyrus. However, the thalamic alterations were significantly
more prominent and global in patients with chronic schizo-
phrenia, as reduced activity was detected in the thalamo-
frontal network, along with increased thalamo-temporal and
thalamo-sensorimotor connectivity. Lastly, connectivity alter-
ations of the DMN have been primarily detected in patients
with first-episode schizophrenia, yet it is believed that the
DMN plays a role in disease progression (Bastos-Leite et al.
2015). Additional research is needed to determine how the
disease stage and illness duration affect the functional brain
alterations in patients with schizophrenia.

Functional network alterations associated
with schizophrenia

The complex network of connections between different re-
gions of the brain allows for humans to function, yet decreased
connectivity has been associated with many neurological dis-
eases, including schizophrenia. For example, men with
schizophrenia have a four-fold higher likelihood of commit-
ting violent crimes in their lifetime (Fazel et al. 2009), and this
predisposition to violence may be visualized using imaging
studies. As such, Hoptman and colleagues (2010) found that
the functional connectivity between the amygdala and PFC
was compromised significantly in patients with schizophrenia.
In addition, disconnection between the frontal lobe and the
amygdala has been found in several studies, as described in
the systemic review by Fjellvand and colleagues (2018). As
these regions play roles in aggression and social cognitive
dysfunction, these alterations may be attributed to the high
crime rates found in the schizophrenic population.

In addition to an increased predisposition to violence, many
patients with schizophrenia experience auditory-verbal hallu-
cinations, which are complex experiences of hearing voices in
the absence of a speaker. Previously, Lawrie et al. (2002)
found a disconnection between the frontal and temporal lobes
connectivity in patients with schizophrenia, which was posi-
tively associated with the severity of auditory-verbal halluci-
nations. Interestingly, auditory-verbal hallucinations have also
been associated with decreased connectivity between the tem-
poral and parietal junction, which can also impact other as-
pects of the brain, including attention control, speech percep-
tion, and self-referent processing (Vercammen et al. 2010).

The connectivity alterations associated with auditory-verbal
hallucinations may progress as the disease progresses, as pa-
tients with the early-stage disease were found to have
dysconnectivity between the frontal and occipital regions that
positively correlated with the severity of auditory-verbal hal-
lucinations (Szeszko et al. 2008). Additional research is need-
ed to understand the brain network alterations associated with
auditory-verbal hallucinations in patients with schizophrenia
better.

Previous studies in schizophrenia revealed abnormalities in
the cortico-cerebellar-thalamo-cortical circuit pathway, sug-
gesting the necessity for defining thalamic subdivisions in
understanding alterations of brain connectivity. Recently,
Gong et al. (2019) demonstrated the loss of connectivity be-
tween several thalamic subdivisions (i.e., superior-anterior,
ventromedial and dorsolateral part of the thalamus) and the
sensorimotor system, anterior cingulate cortex, and cerebel-
lum in patients with schizophrenia. A gradually increased pat-
tern of dysconnectivity was also observed across the thalamic
subdivisions, which was negatively correlated with symptom
scores and duration of illness in individuals with
schizophrenia.

In a study by Bitsch and colleagues (2019), patients with
schizophrenia showed lower functional connectivity between
the right temporo-parietal junction and temporal lobe regions,
such as the hippocampus, the fusiform gyrus, and the middle
temporal gyrus, indicating that the right temporo-parietal junc-
tion failed to integrate memory-informed processing during
mental inferences. However, decreased functional connectiv-
ity in the right temporo-parietal junction has been detected in
other neurological disorders (Poeppl et al. 2016), which
makes it an unreliable marker for schizophrenia. In another
study, Thompson et al. (2001) showed that patients with adult-
onset schizophrenia experience parietal-frontal wave deficits
prior to the onset of schizophrenic symptoms, suggesting that
it may be possible to assess using MRI in high-risk patients. It
was previously suggested that the parietal lobe may be the
location where functional and structural alterations originate
in a number of patients who develop schizophrenia, before
progressing to the frontal regions during later stages of the
disease (Yildiz et al. 2011). However, more research is needed
to determine if this holds true in larger patient populations.

One of the most studied networks of schizophrenia is the
DMN, which is an interconnected group of brain structures
that remain active during resting-state MRI (Raichle 2015).
Alterations in the typical DMN profile have been associated
with several neurological disorders, including depression,
anxiety, and schizophrenia. In patients with schizophrenia,
alterations in the DMN, primarily in the frontal, anterior cin-
gulate, and parahippocampal gyrus, have been associated with
the severity of symptoms (Garrity et al. 2007). Increased
DMN activity has also been detected in first-degree relatives
of patients with schizophrenia and was associated with an
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increased risk of schizophrenia and thought disturbances
(Whitfield-Gabrieli et al. 2009). Despite these findings, alter-
ations in the DMN connectivity are non-specific and may be
associated with other neurological disorders or brain injury.

Functional brain alterations associated
with antipsychotics

Neuroimaging has been used to assess how antipsychotics
affect the brain as it was originally thought that antipsychotics
would correct abnormal brain activity. This has been proven
right in several cases. For example, treatment with antipsy-
chotics was found to normalize the activity of lateral prefron-
tal regions in patients with schizophrenia to normal levels
found in healthy adults (Spence et al. 1998). Recently,
Cadena et al. (2018) showed that treatment with antipsy-
chotics could improve the functional activity of the anterior
cingulate cortex and ventral putamen. In addition, the authors
found that early treatment was strongly connected with better
treatment outcomes as patients with higher baseline functional
activity of these regions showed better outcomes after treat-
ment with risperidone.

There is some debate on the potential brain alterations in-
duced by antipsychotics and whether long-term use of these
drugs may be harmful to patients. In one study, Seitz et al.
(2005) assessed the short-term effects of atypical antipsy-
chotics on the functioning of the dorsolateral PFC and anterior
cingulate cortex. Dysfunctions of the dorsolateral PFC and
anterior cingulate cortex were detected in patients with first-
episode schizophrenia, yet short-term antipsychotic therapy of
four weeks was found to improve the functioning of the ante-
rior cingulate cortex, demonstrating that antipsychotics can
positively affect the cognitive deficits associated with
schizophrenia.

In another study, Stephan et al. (2001) assessed the
effects of olanzapine, a second-generation atypical anti-
psychotic, on the functional connectivity of the cerebel-
lum in patients with schizophrenia. When the patients
conducted a simple motor task during fMRI, the use of
olanzapine resulted in significant alterations of the cere-
bellar functional connectivity, which was primarily locat-
ed in the thalamus and PFC. Interestingly, there was min-
imal impact on the motor-associated structures of the
brain. In another study, Sara et al. (2015) suggested that
improved functional connectivity of the striatum with the
limbic or prefrontal regions may be indicative of success-
ful treatment in patients receiving antipsychotics.
However, additional studies are needed to determine if
fMRI can be useful for treatment monitoring. As of
now, there is inadequate data to suggest that specific func-
tional alterations can be used to assess patients before and
after treatment to determine the efficacy of therapies.

@ Springer

Current critical issues and future research
directions

Schizophrenia is a debilitating condition that has gained sig-
nificant attention around the world due to its unique set of
symptoms that have been popularized by mainstream
television and movies. While treatment options are available,
most cases of schizophrenia go undetected for years. As the
disease is progressive, the early innervation is critical for the
successful treatment of patients. However, diagnosing
schizophrenia is a complex process that continues to elude
neurologists, neuroradiologists, and psychiatrists globally.
Recently, Nemoto et al. (2020) showed that structural MRI
might be useful for differentiating patients with schizophrenia
from healthy controls using data from multiple institutes.
However, the accuracy was low at 73%, indicating the need
for further verification. It has been questioned if we are on the
wrong track in discovering diagnostic tools for schizophrenia,
or if we are on the right track of a highly complex problem
(Maj 2011).

In a previous report, Lawrie et al. (2011) argued that, de-
spite thousands of studies, we have little substantial evidence
of'the clinical utility for the pathophysiology of schizophrenia.
While significant advances have been made in the field, there
has been little translation of these advances into the clinic. In
response to the view of Lawrie et al., Prof. Falkai (2011)
suggested that the complexity of the observed phenotypes
and the assessment of patients as a whole, instead of
focusing on different phases of the illness, has limited the
usefulness of findings from schizophrenia studies.
Simultaneously, Prof. Cannon (2011) also responded to the
views and suggested that researchers may be looking at the
problem incorrectly. He insisted that we are unlikely to
discover a simple heuristic or single diagnostic biomarker
for schizophrenia, given the complexity of mental disorders
and their multifaceted etiologies. Based on these opinions and
others, Prof. Maj (2011) recommended that researchers re-
think about how schizophrenia can be better assessed at the
biological level as the biological level currently being
assessed (i.e., neural circuits and neurotransmitters) is signif-
icantly different from the biological level at which answers are
likely to be found.

Current critical issue of limitations in MRI
of schizophrenia

brain maps showing the common structural and functional
alterations associated with schizophrenia, along with the ef-
fects of antipsychotics, may be found in Fig. 1. Some re-
searchers believe that MRI studies of schizophrenia have
reached their limits with our current technologies. Many of
the MRI studies in schizophrenia are out of date, and there
are dismal prospects in the field until new image processing
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First-episode schizophrenia

a Brain alterations in structure

Chronic schizophrenia

b  Brain alterations in structural network

C  Structural brain alterations associated
with antipsychotics

€ Functional brain alterations associated
with antipsychotics

Structural network

Fig. 1 brain maps showing the common structural and functional brain
alterations and the impact of antipsychotics in schizophrenia. The blue
triangles represent decreased gray matter; the red triangles represent
increased gray matter; the green triangles represent brain regions with
abnormal structural connection, functional connection or functional

methods become readily available to the research community.
However, only a few research groups are working on new
image processing methods at this time.

By searching the literature for MRI studies in schizophre-
nia, we found that the number of studies on MRI in schizo-
phrenia plateaued in 2010 and has remained relatively stable
since that time (Fig. 2a). After extracting the articles from
high-impact journals (Five-Year Impact Factor, IFsy > 5) from
the total published literature, we found that the number of
high-impact articles in the field has decreased since 2008
(Fig. 2b), further supporting our hypothesis that the develop-
ment rate of this research field has slowed down. Simply, there
is limited highly impactful research being published on MRI
of schizophrenia at this time, likely due to technological

Functional network

alterations caused by antipsychotics; the thick green line represents the
structural connection; the thick green arrows represent the circuit of
structural connections; the thin green lines represent functional
connections.

limitations. However, some of the current limitations associ-
ated with MRI for schizophrenia are actively being addressed
in the community.

Currently, there are no brain or matter-specific structures
that are universally altered in patients with schizophrenia, de-
spite gray matter abnormalities being ubiquitous in the dis-
ease. The central problem in using medical imaging to diag-
nose schizophrenia is the artificiality of the data available. The
studies conducted up to now have primarily focused on dif-
ferentiating between schizophrenia patients and healthy con-
trols, as this is the simplest way for researchers to display their
findings to the academic community. However, this strategy
has an inherent flaw because it does not allow for differenti-
ating between mental disorders with similar etiologies or
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symptoms. As previously mentioned by Prof. Kapur (2011),
the actual dilemma is distinguishing between two patients
with similar neurological profiles, such as nearly psychotic
depressed-looking patients and nearly depressed psychotic-
behaving individuals and being able to accurately diagnose
them as schizophrenia or MDD. In addition, there are some
problems with our current technologies and protocols that
must be addressed. For example, Eklund et al. (2016) recently
discovered fMRI false-positive rates upwards of 70% for the
fMRI analysis software packages commonly used in the clin-
ic, indicating that the interpretation of some weakly significant
imaging studies may need to be reassessed.

Current critical issue of schizophrenia and the reverse
inference fallacy

In typical neuroscience experiments, forward and reverse
inference play key roles in understanding the diagnostic
capabilities of MRI (Fig. 3). The forward inference is
used to label a pattern from an independent variable,

@ Springer
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while reverse inference is used to label an independent
variable from an activity pattern. As an example, consider
a person with schizophrenia who undergoes MRI and
shows specific activity patterns when asked to perform a
given task, such as reciting words from their memory.
Next, imagine a person with a traumatic brain injury un-
dergoes the same MRI test and shows the same activity
pattern. We cannot assume that the second patient has
schizophrenia simply because the patient showed the
same activity pattern as the patient with schizophrenia,
as other cognitive processes caused by the brain injury
could have resulted in the specific brain pattern. Hence,
the reverse inference is invalid as activity patterns obtain-
ed from fMRI cannot be used to diagnose a patient with a
specific neurological disorder. Simply, an activated region
of the brain may be caused by a wide variety of cognitive
processes, which significantly hinders the predictive pow-
ers of reverse inference. For this reason, it is important
that the research community develop “bridges” that can
move the research field forward into the future.
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Fig. 3 Reverse inference and its role in psychiatry. a Radiologists are
unable to diagnose a patient with schizophrenia based on MRI, and

abnormalities detected by MRI cannot be used by psychiatrists to
diagnose schizophrenia. Hence, the reverse inference is not valid. b

Developing “bridges” to solve the reverse inference
fallacy

The research field has several directions it can take to move
into the future. As illustrated in Fig. 4, there is an urgent need
to develop “bridges” that can eliminate the reverse inference
fallacy that continues to plague the field. Some researchers
have focused on the advent of correlations between the struc-
tural and functional alterations. In this type of situation, a
patient could be given a diagnosis of schizophrenia if the
patient meets the requirements of having a specific number
of structural and functional changes (i.c., two or more struc-
tural changes in combination with three or more functional
changes). For example, Chin et al. (2018) recently explored
machine-learning approaches for their potential diagnostic
and prognostic abilities. Specifically, they used an anatomical-
ly and spatially-regularized support vector machine frame-
work to differentiate between schizophrenia patients and
healthy individuals using whole-brain gray matter densities
estimated using MRI scans. The model has an accuracy of
86.6% in the training set of 127 individuals and validation
accuracy of 83.5% in an independent set of 85 individuals.
By employing a sequential region-of-interest selection pro-
cess, the recognition accuracy was increased to 92.0% in the
training set and 89.4% in the validation set with the combina-
tion model reaching 96.6% for sensitivity and 74.1% for
specificity.

Radiologists can diagnose a fracture by x-ray, and orthopedists can
diagnose a fracture according to clinical symptoms and deduce the
presentation in the x-ray. Hence, the reverse inference is valid.

However, other researchers are exploring other imaging
modalities beyond or in combination with MRI. The most
common dual-imaging modality is PET-MRI. In a recent
study, Rao et al. (2018) utilized a radiotracer termed e
FLB 457, which was previously developed for imaging
extrastriatal D2 dopamine receptors, in drug-free patients with
schizophrenia. The patients were asked to complete a cogni-
tive task during imaging, during which the researchers were
able to image reductions in dopamine release within the ante-
rior cingulate cortex and dorsolateral PFC. The combination
of PET and fMRI allowed for better assessment of whole-
brain global activity using novel biomarkers to assess biolog-
ical processes, such as glucose metabolism (Thompson et al.
2016). Also, many advanced techniques are being used in
animal studies, yet have not been translated to human studies
at this time. The adoption of specific animal models with
newer technologies, such as micro-optical sectioning tomog-
raphy, which is capable of mapping neural circuits at the me-
soscale level, and super-resolution methods like stochastic
optical reconstruction microscopy (STORM) and
photoactivation localization microscopy (PALM), which can
image structures of 20-50 nm, may advance the study of
schizophrenia. In addition, other strategies to measure electri-
cal signals, such as nano-conjugated fluorescent probes and
voltage-sensitive molecules, may be useful when combined
with MRI. The combination of MRI with these other technol-
ogies can provide excellent opportunities to investigate the
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Establish a “human brain-like disease
research bridge” in the next 5-10 years

Fig. 4 Building “bridges” to solve the reverse inference problem and
advance the study of MRI in schizophrenia. a Establish a “human
brain-like research bridge” in the next 5-10 years through artificial intel-
ligence and new molecular imaging technologies to explore the abnor-
malities of neural circuits using animal models of schizophrenia. b

relationship between MRI features and neuronal cluster imag-
ing features, which will help to understand the pathological
features of schizophrenia better.

MRI may also be combined with other targeted ap-
proaches, such as nanoparticle-based electrochemical biosen-
sors or targeted up-conversion nanoparticles, to examine neu-
ronal cluster activity features (Blanco-Andujar et al. 2016). To
improve the resolution of these findings, high-resolution 7T
MRI may be used in animal and human studies. Alternatively,
this could enable cellular MRI, which may provide additional
insight into the etiology of schizophrenia and may be useful as
a patient-specific indicator of disease progression (Makela
et al. 2016). Several biomarkers have been uncovered in
schizophrenia, which may play a role in future imaging stud-
ies (Lai et al. 2016). When considered together, these combi-
nation technologies may be used to transplant the “bridges” to
patients to elevate the level of schizophrenia research. The
combination of MRI and other imaging technologies may be
useful for monitoring the effects of antipsychotics on the
structure and function of the brain to optimize the current
treatment strategies for schizophrenia. Lastly, the combination
of GWAS and imaging studies may allow researchers to assess
schizophrenia at the biological level.
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Establish “real-time neural circuit tracer” for patients
with schizophrenia using multidisciplinary technologies

Establish “real-time neural circuit tracer bridges” (Note: it is not a “real
neural circuit bridge” but is only named as “maximum possible proximity
to the naked truth of pathophysiology bridges”) for patients with schizo-
phrenia using multidisciplinary technologies to explore individual neural
circuits in schizophrenia.

Future advances in MRI research for schizophrenia will
likely require interdisciplinary technologies, such as neural
signal, optical imaging, and the combination of trans-
synaptic tracing and optogenetics. When considering the com-
bination of multiple technologies, such as oxygenation with
fMRI, neurochemistry with nuclear magnetic resonance spec-
troscopy, electrodynamics with EEG, and genetic profiles by
microarray analyses, for the assessment of brain physiology,
we can see that the development of DTI as a white matter
imaging tool provides us with an unprecedented opportunity
to understand the root causes of schizophrenia, which is an
understanding necessary for the targeted development of suc-
cessful treatment programs. The promise of new, knowledge-
based breakthroughs in the treatment of this devastating dis-
order makes this an exciting time to be involved in schizo-
phrenia research.

Although most scholars have advocated for the use of ad-
vanced interdisciplinary technologies to explore the patho-
physiology of schizophrenia, we must remember a famous
quote. “Simply one stroke in the plan, one thread in the fabric,
and the plan was called the intellectual activity and the fabric
was called the education industry and neither the whole nor
any of the separate specialties had the slightest value whatever
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(Hesse 1971).” The continued progress and radical re-
visioning of the field is essential to ensure that new scientific
revolutions do not become solely applications of new termi-
nology to existing questions or socio-rhetorical phenomena
rather than actual advances in science (O’Donohue et al.
2003). Inspired by these thoughts and the need to “rethink
schizophrenia” by Insel, we agree that with Silverstein that
radical revisioning of schizophrenia may be necessary to de-
termine how advanced interdisciplinary technologies can be
used to explore schizophrenia in new directions. It was previ-
ously recommended that researchers begin to study schizo-
phrenia as a neurodevelopmental disease, which will likely
lead to new discoveries. Accompanied by advanced interdis-
ciplinary technologies, and inspired by the ideas of Silverstein
and Insel, we propose that research “bridges” may be used to
advance the study of schizophrenia. Although this is only our
perspective, we believe this suggestion may aid in future stud-
ies for schizophrenia.
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