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Editorial on the Research Topic

Back to the Future: On the Road Towards Precision Psychiatry

Psychiatry, with the field of Precision Psychiatry, has been experiencing one of the most exciting
moments of its history with a paradigmatic shift (1). A few years ago, it became clear that the
understanding of psychiatry at the time, mostly descriptive and phenomenologically based, was
wanting. This led to a crisis within the psychiatric community, and, some would say, a disbelief in
the field; the simply phenomenologically driven paradigm of the time was no longer sufficient.

According to philosophy of science, when a paradigm is threatened by crisis, the community
itself, in this case, the psychiatric community, with its clinicians and scientists, is in disarray. For
instance, there are moving quotations from Wolfgang Pauli, one a few months before Heisenberg's
matrix algebra, which was a major conceptual change in quantum mechanics, and one just some
months after. In the former, Pauli expresses the feeling that physics is going to ruin, and he wishes
he were in another field; a few months later, the way ahead is clear. At the time, many had the same
feeling, and at the height of the crisis, the community was falling apart as the current paradigm was
under questioning (2). Crisis and paradigm change go hand in hand; however, crisis does not, in
itself, lead to rejection of the existing paradigm. The decision to reject one paradigm is invariable
parallel to the decision to accept another, and the logic leading to that decision involves the
comparison of both paradigms with each other. In this sense, precision psychiatry, by embracing the
heterogeneity of psychiatric disorders, and thus aiming at predicting diagnosis, prognosis, and
response to treatment for an unique individual by employing the underlying pathophysiology, as
opposed to diagnosing and treating psychiatric disorders merely informed by the somehow
subjective clinical characteristics of a patient, constitutes a new paradigm in psychiatry (1).

A new paradigm is always accompanied by exciting new research, and the psychiatric scientific
community is becoming fully committed to embracing Precision Psychiatry by actively conducting
very high-quality science in the field. By presenting findings from previously separate fields of
psychiatry, neurophysiology, and computational modelling, with the Research Topic “Back to the
Future: On the Road Towards Precision Psychiatry,” we were able to contribute to the advancement
and to promote this new field. Precision Medicine has been defined as ‘an emerging approach for
treatment and prevention that takes into account each person's variability in genes, environment,
and lifestyle' (3). In this Research Topic, research regarding biomarkers and the biosignature of
psychiatric disorders was advanced.
g February 2020 | Volume 11 | Article 11215

https://www.frontiersin.org/article/10.3389/fpsyt.2020.00112/full
https://www.frontiersin.org/article/10.3389/fpsyt.2020.00112/full
https://loop.frontiersin.org/people/304978
https://loop.frontiersin.org/people/67251
https://loop.frontiersin.org/people/100032
https://loop.frontiersin.org/people/10777
https://www.frontiersin.org/research-topics/6843/back-to-the-future-on-the-road-towards-precision-psychiatry
https://www.frontiersin.org/journals/psychiatry
http://www.frontiersin.org/
https://www.frontiersin.org/journals/psychiatry#articles
http://creativecommons.org/licenses/by/4.0/
mailto:brisasf@gmail.com
https://doi.org/10.3389/fpsyt.2020.00112
https://www.frontiersin.org/journals/psychiatry#editorial-board
https://www.frontiersin.org/journals/psychiatry#editorial-board
https://doi.org/10.3389/fpsyt.2020.00112
https://www.frontiersin.org/journals/psychiatry
http://crossmark.crossref.org/dialog/?doi=10.3389/fpsyt.2020.00112&domain=pdf&date_stamp=2020-02-26


Fernandes et al. Editorial: Precision Psychiatry
Schultze-Lutter et al. calls for an integrative approach and
takes the view that only a concise description of psychopathology
combined with current neurobiological findings will lead to a
breakthrough of more precise diagnostics and therapy.

Some papers of this issue focus on the potential role of
immune mechanisms and glial dysfunction in patient
subgroups. For instance, Bechter discusses which terminology
is best suited for clinical use to adequately categorize cases of
mental illness with immune processes affecting the brain. Beyond
these theoretical considerations, Kroken et al. identified
inflammatory b iomarkers tha t might he lp in the
characterization of distinct biotypes in schizophrenia, and that
can be used as potential targets for anti-inflammatory
treatments. In addition, Das et al. investigated the potential of
Myo-inositol as a biomarker of astroglial dysfunction in
schizophrenia that also could be useful for stratification. Still,
concerning classification, this time for major depressive disorder,
Horne and Foster proposed metabolic and microbiota-based
biomarkers, and Walther et al. suggested a hypothesis-free
approach with omics, in this case, lipidomics, in tandem with
computational psychiatry using machine learning for diagnosis
of major depressive disorder. Finally, Gescher et al. suggest that
further research in epigenetic modulation may reveal
characteristic gene-environmental interactions in different
types of personality disorders.

“The right drug for the right patient at the right” time is the
core of Precision Psychiatry. This is a very complicated task that
that starts with identifying biomarkers for subtyping and
classification and reclassification of psychiatric disorders; these
newly objectively identified subtypes would lead, in turn, to
better pharmacological and psychological interventions. Here
enters “the right patient” part of the equation. Suvisaari et al.
prosed severa l b iomarkers , inc luding cl in ica l and
sociodemographic factors, cognition, brain imaging, genetics,
and blood-based biomarkers, to predict different outcomes,
such as remission, recovery, and suicide risk in first-episode
psychosis, which is necessary for selecting groups with a
potentially worse prognosis that would possibly benefit from
more aggressive treatment strategies. Joshi and Light proposed
an electroencephalography measure called mismatch negativity
as a candidate biomarker, and neurocognitive impairment in
schizophrenia as a target disease dimension in this context.
Amare et al., through polygenic scores, identified eight loci
associated with response to Selective Serotonin Reuptake
Inhibitors for major depressive disorders. Seeberg et al.
suggested that the profile of emotional and non-emotional
cognition and neural activity of a given individual, and the
early treatment-associated changes in neural and cognitive
function, may be useful for guiding treatments for depression.
Additionally, Pisoni et al. investigated whether the treatment
response of depressive patients could be predicted using growth
factor measurements in blood samples. Moving to bipolar
disorder, Salagre et al. further refined the concept of staging, as
a model capable of enabling Precision Psychiatry in bipolar
Frontiers in Psychiatry | www.frontiersin.org 26
disorder as a way to categorize patients according to clinical
presentation, course, and illness severity, integrating multiple
levels of information that can help to define the characteristics,
severity, and prognosis of an individual patient in a more
individualized manner.

Moving to “the right treatment” part of the equation, Aquino
et al. developed a new biosignature, using lipidomics, that could
be developed into a blood laboratory test to better guide the
antipsychotic choice in schizophrenia, a crucial point in the field,
while Davies et al. showed, using meta-analysis, that the
currently available interventions for attenuating positive
psychotic symptoms in individuals with clinical high-risk for
psychosis sadly mostly lack efficacy. Scott et al. argued for the
development of a composite consisting of a combination of
clinical factors and multimodal biomarkers, such as blood-
based omics, neuroimaging, and actigraphy to uncover a valid
lithium response phenotype, what would potentially improve
eligibility criteria for lithium treatment in bipolar disorder; and
Maruani and Geoffroy suggested that bright light therapy can
have its efficacy improved by personalizing its regimen according
to the pattern of mood disorders, and also if the current
depressive episode is a bipolar or unipolar one. Finally, Liu
et al. discuss new potential biomarkers of frontotemporal
dementia (FTD) subtypes, which could pave the way for
individualized approaches, either focusing on tau-targeting
(e.g., tau aggregation inhibitors) or progranulin-related
therapies. Likewise, for FTD with C9orf72 repeat expansions,
candidate antisense therapeutics could be useful.

Other publications in this issue deal with the link of epileptic
seizures with psychological and cognitive impairments. In this
context, Palanca et al. are aiming to identify which factors may
predict cognitive and neurophysiological recovery following
electroconvulsive or ketamine treatment in significant
depre s s ion re f r ac to ry to pharmaco log i c the r apy .
Electroencephalography (EEG) is still useful for differential
diagnostic purposes, as illustrated by Endres et al. who present
a case with a (para)epileptic manifestation of schizophrenia-like
symptoms. However, as summarized by Joshi and Light, more
sophisticated EEG measures such as mismatch negativity are also
candidate biomarkers for clinical trials.

At the time of publication of our Research Topic “On the
Road Towards Precision Psychiatry,” we are in a moment
when the academic psychiatry community has joined efforts to
move the new field of Precision Psychiatry forward. Slowly, as it
always happens when a paradigmatic change is involved,
researches in this area are making progress towards better
diagnosis and treatment selection for psychiatric disorders.
These new advancements will, hopefully, fully unfold in the
years to come.
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Psychopathology is the scientific exploration of abnormal mental states that, for more

than a century, has provided a Gestalt for psychiatric disorders and guided clinical

as well as scientific progress in modern psychiatry. In the wake of the immense

technical advances, however, psychopathology has been increasingly marginalized

by neurobiological, genetic, and neuropsychological research. This ongoing erosion

of psychiatric phenomenology is further fostered by clinical casualness as well as

pressured health care and research systems. The skill to precisely and carefully assess

psychopathology in a qualified manner used to be a core attribute of mental health

professionals, but today’s curricula pay increasingly less attention to its training, thus

blurring the border between pathology and variants of the “normal” further. Despite all

prophecies that psychopathology was doomed, and with neurobiological parameters

having yet to show their differential-diagnostic superiority and value for differential

indication, psychiatric diagnosis continues to rely exclusively on psychopathology in

DSM-5 and ICD-11. Their categorical systematic, however, is equally challenged,

and, supported by advances in machine learning, a personalized symptom-based

approach to precision psychiatry is increasingly advocated. The current paper reviews

the objectives of psychopathology and the recent debate on the role of psychopathology

in future precision psychiatry—from guiding neurobiological research by relating

neurobiological changes to patients’ experiences to giving a framework to the psychiatric

encounter. It concludes that contemporary research and clinic in psychiatry do not need

less but rather more differentiated psychopathologic approaches in order to develop

approaches that integrate professional knowledge and patients’ experience.

Keywords: descriptive psychopathology, clinical psychopathology, theoretical psychopathology, neuroscience,

self-experiences, mind, brain, machine-learning

The term “psychopathology,” from the Greek ψυχή (psyche) for “soul” or “spirit,” πάθoς
(pathos) for “suffering,” and λoγóτυπα (logos) for “reason,” “discourse” or “opinion,” roughly
translates into “teachings of the sufferings of the soul” and was coined in 1878 by the
German psychiatrist Hermann Emminghaus (1). Yet, as a scientific discipline, psychopathology
is commonly agreed to have started only 35 years later, in 1913 with the publication of Karl
Japers’ book “Allgemeine Psychopathologie” [(2), English: “General Psychopathology”] (3–10). To
Jaspers, the subject of psychopathology was broadly “the individual as a whole in his illness, as
far as it is a mental and psychogenic illness” and “the soul of the individual,” respectively [(8),
p. 845]. With it, psychopathology had become the core science in psychiatry that, over the past
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century, has provided a “Gestalt” for psychiatric disorders
and successfully guided clinical as well as scientific progress
in psychiatry and clinical psychology (5, 6, 11). Yet, in the
wake of tremendous technological advances, within recent
decades, psychopathology has been increasingly eclipsed by
neurobiological approaches in both research and teaching (6, 8,
11, 12). In the following, we will therefore revisit the objectives
of psychopathology and discuss their current state and their
potential future role.

OBJECTIVES OF PSYCHOPATHOLOGY

In line with Jaspers’ general definition, psychopathology is
currently broadly defined, e.g., as “the scientific exploration
of abnormal mental states” [(6), p. S147], “the subject matter
of psychiatry, that is, pathologies of the psyche” [(9), p. 559],
or “the discipline that assesses and makes sense of abnormal
human subjectivity” [(10), p. 169]. Yet, despite this seeming
agreement, the specific objectives of psychopathology and—
consequently—its role in current and future psychiatric work
and research still lack common understanding in psychiatry
(6, 8). In 2010, the Task Force on Nosology and Psychopathology
of the World Federation of Societies of Biological Psychiatry
(WFSBP) thus reviewed approaches, theories, tasks, and tools
of psychopathology in order to identify the main objectives of
psychopathology in order to evaluate its role in the twenty-first
century (8). It identified three main objectives of interrelated and
partly interdependent tasks—descriptive, clinical and theoretical
psychopathology (8). Illustrated by examples from (early)
psychosis research, these are outlined and discussed in the
following.

DESCRIPTIVE PSYCHOPATHOLOGY

The main tasks of descriptive or general psychopathology are
two-fold (8). The first task is to describe and to denominate
persons’ subjective experiences and behaviors in a way that allows
objective communication about them that is free of personal,
cultural and school-specific interpretations (8–10). In doing so,
ideally, psychopathology would provide a shared language (10).
Yet, some of the critique on general psychopathology might in
fact stem from the failure of the psychopathological community
to provide, maintain, and impart an unambiguous nomenclature,
i.e., from the lack of “a common language in the “Tower of Babel”
that science has become” [(8), p. 848].

The early detection and intervention in psychoses is one such
recent field of research in psychiatry in that such a persistent
Babylonian speech confusion and its effects can be observed
(13, 14). For example, in a recent critique of the ultra-high risk
(UHR) approach (15), the majority of arguments were based
on the assumed equality of UHR-relevant attenuated psychotic
symptoms (APS) assessed by clinicians in patient samples
using specific semi-standardized instruments and “psychotic-like
experiences” assessed in the community by lay-persons using
fully standardized instruments or by self-rating instruments (13,
14). In the critique (15), positive results in both assessmentmodes

were equally regarded as “slightly-but-not quite psychotic,” “low-
grade psychotic symptoms,” or “psychotic experiences,” albeit
studies showing that such community measures commonly
overestimate the presence of clinician-assessed APS to a degree
that casts serious doubts on their comparability (14, 16–18).
This lack of psychopathological understanding and the resulting
falsely assumed equality of phenomena of similar names (13, 14)
then paved the way to unfounded—if not, from a clinical point of
view, absurd—conclusions (14) such as “psychotic experiences”
merely being “a marker for the severity of non-psychotic states”
[(15), p.201].

However, Babylonian speech confusion is not restricted to
wrongly assuming phenomenological equality by using similar
terms interchangeably (13) but also includes using different
terms for equal phenomena—often in the context of different
schools. An example of this in psychosis literature is the
current nomenclature of patients’ self-descriptions of deviations
in their mental processes. While these, within a biomedical
theoretical framework, are known as “basic symptoms” (19–23),
within the framework of the phenomenological tradition in
philosophy, they are called “self-disturbances,” “anomalous self-
or subjective experiences” and “self-disorders” or “anomalous
world experiences” (21, 22, 24–26). Thus, already in light of such
imponderability of nomenclature, it might not be all surprising
that, in psychiatry and related fields, researchers and clinicians
alike increasingly seek rescue in neuroscience and its more
definite terms and palpable constructs.

The second task of general psychopathology, including
“special” and “functional” psychopathology, is to distinguish
“abnormal” from “normal” experiences and behaviors and to
describe the nature and developments of these “symptoms” (8).
In special psychopathology, the focus has been on patients’
self-experiences and self-reports of their mental states rather
than on their observable expressions and behaviors that are
regarded as important but less specific than personal experiences
in terms of first-person perspective narratives (5, 6, 9). Functional
psychopathology adopted a different strategy by defining deviant
mental functions by clinicians’ or third-persons’ observations
either of persons’ expressions and behaviors or by their test
performances, e.g., in neuropsychological tasks (8). With regard
to test performances, functional psychopathology commonly
defines the “abnormal” by standard deviations from the mean
or similar measures, e.g., in case of the construct “intelligence”
or of the 6th dimension, “cognitive impairment” of the severity
assessment of symptoms of psychosis introduced in DSM-5 (27).

Traditionally, focus in psychiatry has been on special
psychopathology. Yet, in the development of criteria-based
operational diagnoses in DSM and ICD, emphasis was laid on
interrater reliability rather than validity. Therefore, functional
psychopathology was given a more prominent role along with
the use of fully structured and sometimes even fully standardized
instruments in special psychopathology (5, 6, 8, 12). In special
psychopathology, however, empathy has been the main clinical
tool to recreate and understand the patients’ self-experience
and to shape the psychiatric encounter. Thereby, the clinician
systematically explores patients’ self-experiences and translates
these and certain accompanying aspects of their expression
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and behavior into specific predefined symptoms (5, 6, 9).
Such an empathetic, understanding approach does not rule
out the biomedical approach of seeing abnormal phenomena
as symptoms whose underlying dysfunctions are to be cured
but rather compliments it by exploring patients’ meaning of
their symptoms (9, 10). Besides, it does not rule out the use
of semi-structured interviews to ensure addressing all relevant
symptoms, including interviews specifically addressing self-
experienced “abnormalities” (25, 26, 28, 29). Yet, this should be
done in a conversational, context-sensitive way that supports
giving a Gestalt to the patient’s complaints (5, 9, 10, 12).
The Gestalt arising from a careful, detailed and thorough
exploration is more than simply an aggregation of symptoms—
just as the picture arising from a jigsaw puzzle is more than
the sum of its pieces; it is a coherent picture of the patient’s
mind and the foundation of a valid clinical and diagnostic
appraisal.

The skill to precisely and carefully assess special
psychopathology in a qualified manner used to be a core
attribute of mental health professionals, but today’s curricula
pay increasingly less attention to its time-consuming training
(5, 9, 12, 30). As a consequence, the border between pathology
and variants of the “normal,” whose supposed lack of clear
definition is often held against special psychopathology, is
further blurred. This ongoing erosion of the core skill of
psychiatry is further fostered by clinical casualness as well as
(economically) pressured health care and research systems (9)
and endeavors such as the Research Domain Criteria (RDoC)
project, whose aim is to classify “mental disorders based
on dimensions of observable behavior and neurobiological
measures” using big data approaches [(31), p.1205].

CLINICAL PSYCHOPATHOLOGY

Based on the descriptive psychopathology, nosological, or clinical
psychopathology identifies symptoms that are significant to
supposed nosographical distinctions and groups them together
in nosographical systems, i.e., syndromes and diagnostic entities
(8–10)—nowadays, increasingly with help of some kind of
statistical modeling (8). In doing so, it has laid the grounds
for studies into the causes of mental disorders, i.e., etiological
psychopathology, and to the development of evidence-based
treatment guidelines (8). Yet, mental disorders neither exist
per se nor are they distinct diagnostic entities, but commonly
share features. In mental health research, however, shared
features are not only problem of clinical psychopathology but also
of genetics (32) and neurobiology (33, 34).

Furthermore, these diagnostic entities in terms of mental
disorders are not merely defined by a selected group of
symptoms. In addition, they generally make objective
requirements on symptoms’ course, such as their minimum
time of persistence (thus including some consideration of the
crucial dimension of time (6)), their presentation (such as
current frequency of occurrence or association–or lack of it–with
certain situations or life events) and their non-functionality.
Thus, a certain self-experience might only become a “symptom”

in a pathological sense of meaning under certain circumstances,
and symptoms and syndromes or disorders should not be
equaled in discussions, such as in the exemplary critique of the
UHR approach (14, 15). The presence of a clinician-assessed
APS does not constitute presence of a UHR criterion that, in
addition, makes requirements on its frequency and course as well
as consideration of the context in that it occurs (14, 35–37). For
this reason, roughly only one of ten persons of the community
who had reported APS in a clinician-conducted interview
actually met UHR criteria (35). Thus, some of the problems of
distinguishing “normal” mental states from “abnormal” mental
disorder might not pertain to the definition of phenomena but
rather to their frequency and persistence allowances in diagnostic
criteria, which are often not decided based on data but expert
consensus.

Furthermore, current diagnostic manuals–and recent
approaches toward a dimensional nosology such as the
Hierarchical Taxonomy Of Psychopathology (HiTOP) initiative
(38, 39)–only rely on a fraction of possible symptoms that
merely convey a fragmented picture of a patient’s mind and
whose selection was mainly driven by reliability rather than
validity aspects (5, 12). Today’s psychiatric training, however,
is focusing on only diagnosis-relevant symptoms (9, 10, 12, 30)
that are frequently observable epiphenomena arising from
patient’s coping (incl. the search for meaning and explanation)
with different, often distressing self-experiences (5, 30). These
symptoms, however, had been initially intended only as
gatekeepers in terms of the minimum symptoms needed to make
a diagnosis rather than perceived as a conclusive description of
symptoms associated with the respective diagnosis (12). Thus,
in the wake of the introduction of DSM and ICD, “classics
of psychopathology are now largely ignored” and “research
in psychopathology is a dying (or dead) enterprise” [(12), p.
111]; and clinicians are discouraged from getting to know the
individual patient and from understanding the Gestalt of his or
her state of mind (5, 9, 10, 12, 30). Yet, as one commonly only
finds what one is looking for, findings of a study examining
case notes for descriptions of basic symptoms (40) are not
surprising. Basic symptoms, which represent a prototype of
patients’ self-experiences but are completely unconsidered
in diagnostic criteria of DSM and ICD, were 16 times more
likely reported by patients with psychotic disorder in a special
interview (28) than they were recorded in their case notes
(40).

THEORETICAL PSYCHOPATHOLOGY

Exceeding, yet depending on and interacting with both
descriptive and clinical psychopathology, theoretical
psychopathology is the study of etiology or pathogenesis and,
thus, strongly links psychopathology to neuroscience ((8); see
also ‘psychopathology in neuroscience and precision psychiatry’
below). It lends some validity to mental syndromes but also
provides the foundations for etiological and pathogenetic
research (8). However, with sacrificing validity to reliability
in DSM, the research targets provided by its diagnoses
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might be the wrong ones (12), thus gradually weakening
the cause of psychopathology. Furthermore, while theoretical
psychopathology borrowed methods from other science that
were subordinated to the needs of psychopathological research
in the past, with immense advances in neuroscience and genetics,
these increasingly took a life on their own, thereby losing their
already weakened psychopathological foundation (8). Thus, with
increasing separation of neuroscience and genetics from the
very subject of psychiatry—i.e., the mind, the “dehumanizing
impact” of DSM on the practice of psychiatry [(12), p. 111] will
be multiplied.

PSYCHOPATHOLOGY IN NEUROSCIENCE

AND PRECISION PSYCHIATRY

Psychiatry and psychopathological research, in particular
theoretical psychopathology, has always been positioned on
a continuum between (natural) facts and (human) constructs
(8, 10). This is a unique, yet often forgotten feature of psychiatry
within biomedical science; and it is the mind rather than
“brain events by themselves” that is of interest in psychiatry
(5, 8, 10). Yet, this intermediate position has always fueled
discussions on the role and value of psychopathology between
advocates of different positions on this continuum, e.g.,
between neuroscientists located on the pole of natural facts and
philosophers located on the pole of human constructs, who
often lack a common language (8). Thus, with the two positions
drifting further and further apart in the process of increasing
specialization in science, psychopathology will have to make
their re-integration, i.e., the reintegration of “mind” and “brain,”
its explicit objective (8, 10).

In order to reach these aims, the still widely accepted limited
range of symptoms currently considered in diagnostic criteria
and the structures of diagnosis need to be broadened again
to the full range of patients’ self-experiences in descriptive
psychopathology and reassessed in clinical psychopathology
(5, 10–12). The same applies to specific concepts of properties
of the “psyche” or symptoms that often have been established
decades ago without subsequent examination of their nowadays’
social, historical and philosophical appropriateness and that are
often used without sufficient knowledge of their origin and
historical development (11, 13). Thus, today, neuroscientists
and geneticists who try to find the neurobiological or genetic
correlates of mental disorders or properties are faced with likely
inadequate concepts of mental disorders. Additionally, they
often lack understanding of the conceptual basis of their target
(disorder or property) and the validity of its assessment methods;
and rarely have a team member, e.g., a psychopathologist, able to
expertly address these matters (11).

In the last few years, machine learning has made huge
progress as a statistical method to classify and predict human
experiences and behavior, incl. mental disorders, based on
interpreting different kinds of information (41–44). Compared
to more traditional prediction methods (such as regression
analyses), predictive accuracy with machine learning methods
(such as Support Vector Machines, Random Forests, and Deep

Learning) increases from 30 to 40% to frequently over 90% in
individualized prediction that is the basis of precision psychiatry
(45). The use of these methods, however, is not restricted to
neuroscience—in that it is currently mainly used—but can well
be applied in psychopathology. In fact, it was recently shown
that clinical variables can perform as well as neurobiological ones
(46). Furthermore, other next generation statistical approaches
such as joint modeling, time series analyses or network models
might help identifying valid syndromes of little overlap if
not based only on the “small world” of symptoms currently
included in the definition of mental disorders (47, 48). Promising
to this aim are patients’ self-experiences in terms of basic
symptoms and anomalous self- or world experiences, respectively
(5, 20–23, 28, 29). These, in particular basic symptoms, have
the unbeatable advantage to clearly distinguish “normal” from
“abnormal” experiences as, by definition, they differ from
what patients consider to be their normal mental self and
functions. These subtle disturbances in any kind of mental
process (e.g., stress tolerance, drive, affect, thinking, speech,
perception, motor action, and central-vegetative functions) are
self-experienced with immediate and full insight into their
abnormal nature, and reported by patients as “abnormalities”
(20–23, 28, 29).

For all these different aspects to be considered, the different
specialties involved in this endeavor (incl. psychiatry, psychology,
neuroscience, philosophy, genetics, epidemiology, computer
science, and mathematics) will have to closely work together
on equal footing in order to succeed in understanding the
underpinnings and mechanisms of mental disorders. Developing
a clear common language and bringing together their particular
skills and expertise, multidisciplinary projects are needed:

• to validly define on a basic, fine-grained level what is
“abnormal” and “normal” both in human experience and in
brain function (10),

• to develop valid, reliable, broadly applicable, and sufficiently
economic instruments for the assessment of such
“abnormalities” whose assessment time should be fully
covered by health insurances—this bringing in health politics
(11),

• to detect if and how these “abnormalities” and “normalities”
relate to each other over time (6, 10, 11),

• to newly define valid and reliable nosological constructs,
i.e., syndromes or mental disorders, based on these
“abnormalities” (5, 6, 8, 10, 12, 49),

◦ that are also in terms with and perceptive about the
full range of complaints with that patients will present
themselves (5, 6, 10, 12, 49),

◦ allow precise personalized diagnosis and prognosis (6),
◦ for that efficient benign treatments exist or can be

developed, likely as modular therapies (49),

• to include the dimension of time, i.e., the likely course of
symptoms, in order to not only classify and treat the current

mental state (“Zustandsbild”) but the underlying illness

(“Krankheit”) and its psychosocial functional consequences

(6).
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CONCLUSION

Psychopathology is currently a neglected, if not dying science—
not least, because current concepts of mental disorders failed
to produce adequate neurobiological and genetic targets. Yet, as
we demonstrated, problems within the field of psychopathology
and the resulting neglect of psychopathology have brought
about this failure. Thus, contemporary research and clinic in
psychiatry do not need less but rather more differentiated
psychopathologic approaches in order to develop approaches that
integrate professional knowledge and patients’ self-experience
and offer more appropriate valid targets for neurobiological and
genetic research than the broad, rather ill-defined constructs that
definitions of mental disorders currently represent, i.e., as Nancy
Andreasen has pointed out repeatedly over more than 20 years
[(11), p. 112]:

“We need to make a serious investment in training a

new generation of real experts in the science and art of

psychopathology. Otherwise, we high-tech scientists may wake

up in 10 years [that is, now; comment by authors] and discover

that we face a silent spring. Applying technology without the

companionship of wise clinicians with specific expertise in

psychopathology will be a lonely, sterile, and perhaps fruitless

enterprise.”
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Background: Psychoneuroimmunology research has presented emerging evidence of

the involvement of inflammatory and immune mechanisms in the pathogenesis of severe

mental disorders. In this context, new terms with increasing clinical relevance have been

proposed, challenging the existing terms, and requiring consensus definitions of the new

ones.

Method: From a perspective of longstanding personal involvement in clinical settings

and research in psychoneuroimmunology, the new and the existing terms are critically

reconsidered.

Results: Meningoencephalitis and encephalitis are comparably well defined clinical

terms in neuropsychiatry, although in the individual case approach diagnosis can

be difficult, for example in some cases of encephalitis that are described with

normal cerebrospinal fluid findings, or often in chronic encephalitis. Encephalopathy

is also a widely accepted term, however, with a surprisingly broad meaning with

regard to the assigned underlying pathophysiology, ranging from one-hit traumatic

encephalopathy to inflammatory encephalopathy, the latter term addressing a type

of brain dysfunction secondary to acute systemic inflammation without proven brain

autochthonus inflammation (neuroinflammation). However, this latter assumption and

term may be wrong as neuroinflammation is difficult to prove in vivo. With emerging

insights into prevailing inflammatory and neuroinflammatory mechanisms that are

involved in the pathogenesis of severe mental disorders, the interdependent aspects

of sensitive assessment and potential clinical relevance of mild neuroinflammation are

becoming more apparent and of increasing clinical interest. The new terms “mild

encephalitis,” “parainflammation,” and “neuroprogression” show considerable overlap

in addition to gaps and hardly defined borders. However, details are hard to discuss

as available studies use many biomarkers, but most of these are done without an

established categorical attribution to exclusive terms. Most important, the three new

concepts (neruoprogression, parainflammation, and mild encephalitis) are not mutually

exclusive, even at the individual case level, and therefore will require state-related

individual assessment approaches beyond large confirmatory studies.
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Conclusion: The newly proposed terms of mild encephalitis, parainflammation, and

neuroprogression have an emerging clinical relevance, but respective borders, gaps and

overlap in between them remain unclear, and these concepts may even be seen as

complementary. Categorical delineation of the new and reconsideration of the existing

terms with respect to individualized psychiatric treatment is required for better clinical

use, eventually requiring a consensus approach. Here, a critique based on available data

and a focus on clinical perspective was outlined, which may help to enhance fruitful

discussion. The idea followed here is in line with pillar number six as proposed for the

Research Diagnostic Domains, i.e., to provide and follow new concepts in psychiatric

research.

Keywords: meningoencephalitis, encephalitis, neuroinflammation, inflammation, parainflammation

INTRODUCTION

Neuroinflammation, like inflammation in general, represents a
dimensional or graded response embedded in time and space.
Such a principle is even true in neurodevelopmental perspectives,
recently exemplified for microglia (1). For clinical purposes, such
a dynamic is split into separate categories, because categorization
is helpful and needed to guide diagnostic management and
especially appropriate treatment decisions. Inherent to
such an approach is not only a partial loss of the dynamic

perspective, but it poses also the new problem to define borders
between neighboring categories as exactly as possible. However,
categorical definition is based on actual theories and evidence and
not least diagnostic methods available in the clinical approach.
The paradigm of clinically relevant neuroinflammation
represents infectious (meningo-)encephalitis, representing
an acute, strong type of neuroinflammation, thus up to now
also dominating the definition of terms beyond states of
classical acute neuroinflammation. Suggestive or possible
clinically relevant states of (mild) neuroinflammation not
fulfilling the definition of meningoencephalitis, were not
well classified or might sometimes even have been assigned
as “non-inflammatory” diseases in clinical use and research
(see below definition of neuroinflammation), with the terms
mild neuroinflammation or parainflammation not in use.
However, lower grades of neuroinflammation as compared to
classical defined neuroinflammation might also be clinically
relevant, especially when lasting over longer periods of time, but
apparently are a priori more difficult to diagnose in individual
cases and to categorize within a theoretical framework. The

idea that mild encephalitis (ME) may be under-recognized
though clinically relevant for severe mental disorders (SMI) (2),
was not well accepted when first published in 2001 (3), but is

gaining more support now (3–5). The discovery of NMDAR
autoantibodies in 2007/8 by Josep Dalmau and his group and
the since-emerging recognition and definition of Autoimmune
Encephalitis (AE) for a widening spectrum of neurological
disorders (4, 5) have especially moved the field, because AE can
be well diagnosed as a result of presenting with severe neurologic
symptoms. Most important, the early stages of AE are associated

with various and varying, initially pure psychiatric syndromes,

with neurological symptoms appearing only later in more severe
stages, in addition to psychiatric syndromes (4, 5). Thus, mild
neuroinflammation, or ME, can retrospectively be assumed to
have been present during early stages of AE, as is evidenced
from clinical course and by the later, more severe findings and
symptoms categorized as AE. The emerging insight that some

cases of psychosis may even represent previously undetected
cases of AE (6, 7), led to an enhanced interest in improved and
new diagnostic approaches to ME and a search for appropriate
treatments in new-onset and therapy-resistant SMI. This was
strongly reinforced by single case reports of successful immune
modulatory treatments of cases of Autoimmune Psychosis (AP),
with AP cases not fulfilling the diagnostic criteria of AE (8–13).
Given the widely unexplained causality of SMI, one should
recognize that ME in theory and practice appears sufficient
and even prone to cause a spectrum of psychiatric symptoms
even though it presents without neurological symptoms (at least
without so-called neurological hard signs), and is thus within
a spectrum of SMI (2). Therefore, the question of potentially
prevailing but under-diagnosed ME in SMI is of great interest
and relevance for improved treatments, including those with
potentially rapid therapeutic success. Such a situation requires
also a critical reconsideration of existing clinical terms in use,
because more refined categorical classification is then required
for research and clinical approaches. This is attempted here from
a clinical and research.

CRITICAL OUTLINE OF TERMS IN

CLINICAL USE AROUND

NEUROINFLAMMATION

(Meningo-)Encephalitis
Encephalitis is used to term meningoencephalitis when
involvement of meninges is apparent with respect to clinical
symptoms and/or by findings (14). The most important
diagnostic measure is CSF examination plus neuroimaging. Most
diagnosed cases represent a type of acute severe encephalitis,
with the disease sometimes being life-threatening.

Chronic encephalitis is overall rare. A clear definition of
chronicity is difficult and a time frame of 4 weeks and beyond
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appears to be used by some in the clinical field, but a generally
accepted sound definition of the term “chronic” was not to be
found. Chronic encephalitis presents—with regard to the clinical
picture—similarly to acute encephalitis, with the course just
being protracted a priori, possibly with dominating or exclusive
psychiatric symptoms in extended early stages of the disease.
Respective psychiatric syndromes are typically unspecific, i.e.,
various and variant, though some symptom characteristics may
be found, especially when including systemic signs and findings
(14, 15).

Acute encephalitis is usually represented by severe acute brain
inflammation possibly involving the brain and the meninges.
Nevertheless, a theoretically sound definition is difficult (for
example, exact delineation of encephalitis vs. with or without
meningitis? Or is there always some co-occurrence?), whereas
consensus on clinical case definition and diagnostic approach
is well established (16). Of note is that in rare cases even CSF
examination, themost sensitive diagnostic procedure followed by
neuroimaging, may present with normal findings [Benninger and
Steiner in Deisenhammer et al. (14), Venkatesan et al. (16)].

Encephalopathy
The term encephalopathy appears to be broadly used, with
a long tradition but with an apparent weakness of precision
in its meaning. Encephalopathy was mainly used for lasting
consequences of various insults to the brain, for example
traumatic encephalopathy, vascular encephalopathy or
epileptic encephalopathy. A recent case definition differentiates
encephalitis from inflammatory encephalopathy, the latter
addressing the case of brain dysfunction from severe systemic
inflammation [compare with (16)]. In the context of the new
developments in the field of psychoneuroimmunology the
weakness of the existing term becomes clear; for example, the
term “inflammatory encephalopathy” left open the question
of possibly prevailing mild neuroinflammation beyond mere
signaling effects in the brain from circulating cytokines and
inflammatorymarkers, the latter mechanism assumed to underlie
the “encephalopathy.” Also, with epileptic encephalopathy the
problem becomes apparent; it is established that repeated
epileptic seizures can lead to subtle damage of the brain, which
can be prevented with good control of seizures, and such
pathology would match, like traumatic encephalopathy, with the
traded use of the term, typically addressing cases of lasting brain
pathology from single ormultiple hits. From a pathogenetic point
of view, a completely different scenario represents a subgroup of
epileptic disorders, which is consistent with rather new findings,
which is caused by a subtype of AE and can be successfully treated
with immune modulatory treatments (17, 18). The pathogenetic
scenarios behind these two types of epileptic “encephalopathy”
(when using the term encephalopathy in the broad sense as often
found yet in actual literature) apparently differ strongly. The
first one represents a state of defect, the second one a state of
active neuroinflammation though clinically presenting nearly
identically and appearing seemingly “non-inflammatory,” if not
differentiated by the new diagnostic methods available for AE,
and creating a new case group of AE presenting as epilepsy. To
use the term encephalopathy for such differing pathogenetic

scenarios is hardly acceptable, because such broad meaning of
terminology is inappropriate to guide clinical decisions.

Autoimmune Encephalitis (AE)
The only recently described subtype—AE—of encephalitis was
mainly related to the discovery of CNS autoantibodies, found
in blood and more sensitively in CSF, with cases presenting
various neurological signs of encephalitis as established in
clinical neurology (19–22). Most interestingly, the spectrum of
neurological disorders associated with the prevalence of CNS
autoantibodies is emerging since the discovery of NMDAR-
autoantibodies, much beyond the previously-known cases
of limbic encephalitis and tumor-associated paraneoplastic
encephalitis, and emerging as well is the number of CNS
autoantibodies discovered (23–30). However, many questions
remain to be solved, especially with regard to the role of CNS
autoantibodies in psychiatric disorders (27, 31–37).

Mild Encephalitis (ME)
ME was proposed as a term in 2001 (3), placed categorically
in between encephalopathy and encephalitis. Mild forms
of encephalitis (or minor neuroinflammation) have been
detected with careful histopathological investigation in
certain disease phases of experimental Borna disease virus
infection, a strongly neurotropic virus that causes classical-type
meningoencephalitis in some species and in others presents just
mild neuroinflammation paralleled by behavioral syndromes.
Most important, the observed symptoms and course aspects over
years (in animals) remembered variant symptomatology and
courses of major psychiatric disorders in humans (3). Indeed,
many findings including epidemiological and course aspects in
affective and schizophrenic spectrum disorders would match
with an ME scenario subgroup, just the limited sensitivity of
available clinical methods may explain that diagnosis of ME cases
failed in clinical reality (2, 3). Meanwhile, evidence is increasing
that an ME subgroup indeed prevails in broadly defined affective
and schizophrenic spectrum disorders [compare (8, 9, 38–43)].
In only very rare cases of subacute psychoses, performance of a
brain biopsy was indicated for apparent ethical reasons; these
rare though important studies demonstrated not only mild
neuroinflammation in the cortex, but even more importantly,
demonstrated good response to immune modulatory treatments
(13, 38, 44). Given the rather high prevalence of minor CSF
abnormalities in SMI groups (45–48), the size of an apparent
prevailing ME subgroup in SMI patients remains to be carefully
investigated.

Autoimmune Psychosis (AP)
The term autoimmune psychosis was proposed recently (49)
and taken up by other groups (8, 9). The term AP could well
make sense, despite a yet-limited precision of its definition in
a pathogenetic perspective. Primarily addressing the presence
of CNS autoantibodies [compare with (49)] or, in an extended
definition of AP, some apparent clinical plausibility of a
prevailing autoimmune process [compare (9)], does not
convincingly demonstrate the assumed neuroinflammatory
mechanisms behind psychosis, except in cases with respective
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findings in brain biopsy or CSF or neuroimaging. Nevertheless,
respective criteria of a consensus diagnosis of AP are just being
developed. It seems that the problem of diagnosis/definition
of AP (dependent on the methods used and available, see
above) is rather similar to the problem with the term and
definition/diagnosis of “inflammatory encephalopathy,” leaving
major open questions about the categorical borders between
parainflammation (see below) vs. mild neuroinflammation vs.
classical neuroinflammation.

Parainflammation
The term parainflammation represents a new definition
for low-grade inflammation (50), recently adapted for
mental health disorders and exemplified for “stress-induced
parainflammation” by Wohleb (51): Wohleb proposed a
situation similar to general parainflammation as proposed
by Medzhitov to represent the underlying pathophysiological
mechanism in some mental health disorders, a mild form
of inflammation assigned as parainflammation of the brain
when being inducible and induced by systemic inflammatory
activation, especially stress. Parainflammation would be
characterized by evolving neuroimmune processes and
microglial changes, with the altered microglia-neuron
interactions eventually leading to neuroplasticity deficits
and neuronal dystrophy. The (para-)inflammatory changes
from homeostasis were considered modest in quality and degree
as compared to changes which defined neuroinflammation.
CNS-related parainflammation was discussed to play a role
in mental health disorders like anxiety and depressive-
like behavior in aging and in neurodegenerative disorders.
Criteria to define stress-induced parainflammation of the
CNS appeared however difficult to establish and reliably
reproduce, if not in the stress paradigm. The respective
claimed borders to neuroinflammation appear rather unclear
or arbitrary and must be worked out. The relation of CNS
parainflammation to neuroprogression remained open, but
conceptual overlap apparently exists. Nevertheless, the concept
of CNS parainflammation appears to represent another
valuable attempt to tackle the problem of a refined grading of
immune-inflammatory responses in the CNS in clinically useful
categories.

Neuroinflammation (NI)
The definition of NI differs in details between different fields
(virology, histopathology, clinical field, others) due to the
differing assessment methods used in respective fields. Therefore,
a simple translation of the definition of NI from one field to the
other is complicated and, for evident reasons, the case of mild
chronic NI is more problematic as compared to severe acute
NI. A general problem of the clinical definition of NI relates to
the limited approach to the brain in clinical patients; even the
diagnosis of severe acute NI requires the use of a combination of
various methods, each with an overall limited sensitivity to detect
NI at the individual patient level. The most relevant diagnostic
methods herein are represented by CSF examination followed
by neuroimaging. The most sensitive method in principle
represented brain biopsy, but its application is strongly limited
due to apparent ethical reasons and, even when indicated, from

the difficulty of choosing the appropriate brain site for taking the
biopsy, the latter aspect reducing its a priori high sensitivity. A
critical review of the theoretical and practical gaps in defining
NI in the various fields dealing with NI is hardly found in the
literature.

An indirect example to critically review the clinical definition
of NI can be found with actual recommendations for the use of
CSF in biomarker studies (52): definitions and names of control
groups (overall 6 groups) are as follows: Healthy Controls, Spinal
Anesthesia Subjects, Central Inflammatory Neurologic Disease
Controls, Peripheral Inflammatory Neurologic Disease Controls,
Noninflammatory Neurologic Disease Controls, Symptomatic
Controls. The defining criteria of each group are based on
multilevel clinical findings, including exclusion criteria by CSF
findings. The use of CSF findings to define controls apparently
represents in some way a circular argument for definition,
but to find better options for definition is difficult, at least
not available, because completely healthy controls are not only
hard to find as controls in studies requiring invasive methods,
but is also hardly justified to use controls in all studies. The
compromises needed to deal with the problem of controls
in studies may, however, posit a major problem for studies
about mild neuroinflammation, although less so with classical
severe acute neuroinflamamtion. Herein, the most apparent
weak aspect in defining categories/subgroups of controls was
the CSF criteria for non-inflammatory neurologic disorders (cell
count must be normal, QAlb can be normal or elevated). The
idea of mild neuroinflammation appears, at least to me, still
poorly understood, given the high frequency of minor CSF
abnormalities in SMI groups (see also above). One should
consider that normal values for CSF parameters were established
in clinical neurology, which from apparent circumstantial factors
may cause a preference for observing severe neurological
disorders only and, in the case of NI, a preference for observing
only cases with severe neuroinflammation. This may lead to
missing milder forms of NI or even missing cases of severe
meningoencephalitis, which can be observed with normal CSF
numbers (see above). Therefore, a justified conclusion is that
available methods, including even the major pillars of NI
diagnostics in the clinic, CSF examination and neuroimaging,
are likely, and by many experts admittedly, insensitive for an
individualized diagnosis of mild NI.

Neuroprogression
The term neuroprogression, proposed by Berk et al. (53), refers
to a combination of treatment non-responsiveness, relapsing and
declining course of illness, and progressive neuropathological
changes commonly seen in several psychiatric disorders (54).
The concept of neuroprogression is emerging and well supported
(55–58). To establish defining criteria of neuroprogression
in an individualized approach appears, however, presently
unsolved, because neuroprogression involves many pathogenic
mechanisms including microglial activation, inflammation and
systemic toxicity (59). Nevertheless, for clinical use, eventually
a categorical definition will be required to guide appropriate
therapeutic approaches at the individual case level (60). The
theory appears yet fully informative for select testing of respective
treatment approaches in study design, which does not appear
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to be the case for individual treatment approaches like with
the ME hypothesis (see above). The problems of overlap
and unclear categorical differences between neuroprogression,
parainflammation, and mild neuroinflammation, also discussed
in context with AP and inflammatory encephalopathy, are
apparent, but all these concepts have innovative power. A crucial
question herein is whether, how and when, which one of the
three newly introduced concepts (meaning in principle more or
less strong active states of neuro-immuno-inflammation) may
be relevant at an individual case level and in the course of the
disease.

Relation to Research Domain Criteria

(RDoC) Research
The development of RDoCs under the guidance of the National
Institutes of Health to improve the basics of available diagnostic
systems in psychiatry is driven by limited progress in psychiatric
therapies from psychiatric research; to overcome this frustrating
situation new approaches are claimed to be grounded on
seven new pillars (61). Along this new line of orientation
of psychiatric research, the sixth pillar is approached here;
that is, a new conceptualization, respectively constructs with
immediate relevance for new individualized treatments. An
emerging collection of single cases demonstrates the utility of
the ME concept in severe SMI at the individual case approach
of selected cases. The new concepts of parainflammation
and of neuroprogression may be of more general relevance.
Parainflammation may act as a contributive or triggering factor
in severe mental disorders and as a causative factor for minor
psychiatric disorders as presented with the still theoretical
concept, which is able to explain a number of established
findings as at least one possible interpretation; neuroprogression
appears to be relevant to understand the long-term aspects and
consequences from lasting neuroinflammatory dysregulation in
rather large subgroups of SMI, a conclusion that is backed by
a number of emerging studies to support the concept with
good theoretical plausibility. Nevertheless, this evaluation of
these two concepts does not disregard the possibility that the
concept of ME is appropriate even in a larger subgroup of SMI.
The three new concepts may be relevant in a complementary
perspective in general and over time during the course of SMI
illness.

Arguments for the relevance of the ME concept are as follows:
observed single cases of therapy-resistant schizophrenia-like
syndromes (but diagnosed before as schizophrenia) or of
severe major depression of rapid and often full remission
(conclusion: cases were seemingly chronic, but in retrospect
better considered subacute or mild NI) under various immune
modulatory treatments including CSF filtration (62, 63); brain
biopsy-proven ME in major depression (13); cortisone or
antiepileptics (64–66); complex immune treatment with refined
diagnosis of systemic autoimmune disorder underlying the
psychiatric syndrome (seeming to be of a chronic-inactive
character but in retrospect rather representing a subacute
or waxing-waning immune-inflammatory pathology) (12);
or a differential diagnosis of a difficult-to-detect agent

related autoimmunity—that is, persistent infection-related
autoimmunity, treatable by antibiotics and/or immune
modulatory measures (11, 67–69).

CONCLUSION

The traded clinical terms dealing with neuroinflammatory and
other brain damaging disease states like neuroinflammation,
(meningo-)encephalitis and encephalopathy should
be reconsidered in light of recent developments in
neuropsychoimmunology and completed by new terms.
With new insights into the frequent prevalence of milder forms
of neuroinflammation in severe mental disorders and in a
variety of neurodegenerative disorders including dementia,
parkinsonism and others not discussed in this review, a
detailed categorical terminology of neuroinflammatory and
neuroimmune mechanisms with respective clinical relevance
would be helpful. Establishing refined new terms is however
difficult due to many problems inherent to the diagnostic
approach to the individual patient and the slowly emerging
insights about the possible pathogenic relevance of new
findings indicating some neuroinflammatory or neuroimmune
aberrances. The key question about any potential relevance of
identified factors in the pathogenesis of the respective disorder
(causal or contributive factor, relative weight of single factor),
is difficult to evaluate a priori. However, this is complicated
by uncertainties about the sensitivity and limits of diagnostic
methods available, the latter aspect directly influencing the
validity of clinical definitions, which becomes a circular problem.
For example, although prevalence of some neuroinflammatory
activation was well established in the pathogenesis of dementia,
the respective inflammatory CSF markers appear to be less
important compared to metabolic biomarkers (70), thus
raising the question of the weight of neuroinflammatory
changes in respective disease pathogenesis. The newly proposed
terms Mild Encephalitis, Neuroprogression, Stress-induced
Parainflammation and Autoimmune Psychosis appear of special
relevance for research on severe mental disorders, although they
may yet remain difficult or impossible to assess with available
clinical methods in an individual patient approach. However, also
in theoretical framework and with respect to categorical borders
of one term to another, overlap and gaps of knowledge have to
be recognized and solved, but the new terms may set the stage
for further research and development. With regard to existing
terminology, the new terms can bridge the most apparent gaps
in the clinical approach to the dimensional and quality aspects of
(neuro-)inflammation by addressing potentially relevant though
overall mild forms of neuroinflammation in the pathogenesis
of severe mental disorders and in minor stress-induced mental
disorders, thus they might importantly contribute to progress in
psychiatric research and clinical settings. Teaching examples like
the psychosomatics of gastric/duodenal ulcers vs. the bacterial
triggered dysfunction/inflammation might be kept in mind.
The term encephalopathy appears to be rather weakly defined,
often used to assign various seemingly brain-diseased states in
general medicine, neurology, and psychiatry. A most appropriate
use of the term encephalopathy might represent disease states
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“after” some insult to the brain, like post-traumatic or post-
encephalitic states, or in the case of preliminary diagnosis or
of a scientifically unclear weight of identified single pathogenic
factors within a complex brain disease pathogenesis. The term
inflammatory encephalopathy appears rather questionable and
should represent a focus of further research regarding the
underlying brain pathology and detailed pathogenesis behind
it [compare (16)]. A rather important step in such a direction
was to perform CSF examination more frequently than presently

done in the psychiatric field (59) and by advanced and newly
developed diagnostic methods (71, 72). Such an approach follows
the RDoC initiative assumed to bring psychiatric individualized
treatments forward into a new, more successful level.
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Schizophrenia is considered a syndrome comprised by several disease phenotypes,

covering a range of underlying pathologies. One of these disease mechanisms seems

to involve immune dysregulation and neuroinflammation. While the current dopamine

receptor-blocking antipsychotic drugs decrease psychotic symptoms and prevent

relapse in the majority of patients with schizophrenia, there is a huge need to explore

new treatment options that target other pathophysiological pathways. Such studies

should aim at identifying robust biomarkers in order to diagnose and monitor the immune

biophenotype in schizophrenia and develop better selection procedures for clinical

trials with anti-inflammatory and immune-modulating drugs. In this focused review, we

describe available methods to assess inflammatory status and immune disturbances

in vivo. We also outline findings of immune disturbances and signs of inflammation at

cellular, protein, and brain imaging levels in patients with schizophrenia. Furthermore, we

summarize the results from studies with anti-inflammatory or other immune-modulating

drugs, highlighting how such studies have dealt with participant selection. Finally, we

propose a strategy to construct an immune signature that may be helpful in selecting and

monitoring participants in studies with immune modulating drugs and also applicable in

regular clinical work.

Keywords: CRP-C-reactive protein, schizophrenia, inflammation, immunity, cytokine, anti-inflammatory drugs,

monoclocal antibody, MRI

22

https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org/journals/psychiatry#editorial-board
https://www.frontiersin.org/journals/psychiatry#editorial-board
https://www.frontiersin.org/journals/psychiatry#editorial-board
https://www.frontiersin.org/journals/psychiatry#editorial-board
https://doi.org/10.3389/fpsyt.2018.00753
http://crossmark.crossref.org/dialog/?doi=10.3389/fpsyt.2018.00753&domain=pdf&date_stamp=2019-01-31
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles
https://creativecommons.org/licenses/by/4.0/
mailto:rune.kroken@helse-bergen.no
https://doi.org/10.3389/fpsyt.2018.00753
https://www.frontiersin.org/articles/10.3389/fpsyt.2018.00753/full
http://loop.frontiersin.org/people/66412/overview
http://loop.frontiersin.org/people/461855/overview
http://loop.frontiersin.org/people/184427/overview
http://loop.frontiersin.org/people/47682/overview


Kroken et al. Constructing the Immune Signature of Schizophrenia

INTRODUCTION

Immune dysregulation in schizophrenia has been found in
numerous studies comparing patients to healthy controls, and
meta-analyses find that patients with schizophrenia, on a group
level, show signs of a low-grade peripheral inflammation with
upregulation of several proinflammatory cytokines (1–3) and C-
reactive protein (CRP) (4). While the origin of these findings
is not established, a major result from genome wide association
studies (GWAS) has been a robust genetic association between
schizophrenia and the major histocompatibility complex (MCH)
locus on chromosome 6 (5). This genetic susceptibility can
in part be explained by variants of complement factor 4
(C4), possibly linked to increased synaptic pruning during
brain development (6). Furthermore, studies show increased
risk of schizophrenia in individuals with prenatal exposure to
influenza, although disputed (7), or with elevated titers of IgG
antibodies to toxoplasma gondii (8), likely to work in concert
with a genetic background (9). Interestingly, the pathological
influence of prenatal infection may be an unspecific effect
of having an inflammation response and increased cytokine
levels more than a specific effect of a particular infectional
agent (9). Moreover, studies of post-mortem brains of patients
with schizophrenia suggest increased microglial activity (10).
While these findings and others have broadened the knowledge
of how immunity may influence ethio-pathological processes
in schizophrenia, the advance of novel treatment algoritms
for the individual patient would benefit from identification of
robust immune-biomarkers for schizophrenia (11). In addition,
theranostic biomarkers predicting effects of treatment with anti-
inflammatory or immune-modulating drugs are needed (12)
and descriptive group level findings must be translated into
diagnostic assessment of the individual patient (11).

Although dopamine D2-receptor blocking antipsychotic
drugs play a major role in the treatment of psychotic disorders
(13), new treatment options are strongly needed, above all for
the cognitive and negative symptoms of schizophrenia. D2-
blockers offer symptomatic relief for delusions and hallucinations
and efficient relapse prevention to a majority of users
(14), but a disease-modifying effect in schizophrenia has
not been found. Immune-modulating treatments might target
pathological processes more proximal to the roots of the
psychotic disorder than is the case for the current D2-receptor
blocking drugs, and accordingly may be able to treat not only
symptoms. Since 2002, there has been several pivotal studies
exploring the potential effect of non-steroidal anti-inflammatory
drugs (NSAIDS) (15), estrogens, statins, EPA/DHA fatty acids,
davunetide, minocycline, and N-acetyl cysteine in schizophrenia
(16). Furthermore, trials with monoclonal antibodies toward
cytokines or cytokine receptors are emerging (17), which can
specifically target one component of the immune system and
may provide opportunities for precision medicine. This is a
rapidly developing field (18), that now contains a range of
well-established treatment options for various medical and
neurological disorders, such as multiple sclerosis (MS). There
is now a broad understanding that immune dysregulation may
form an important part of the pathophysiology of schizophrenia

and a whole range of drugs targeting specific parts of the immune
system are already available. Following up on the studies with
various anti-inflammatory acting drugs that have already been
conducted, the stage is set for a new phase of drug studies in
schizophrenia (19).

However, in order to maximize chances of showing effect
in studies with immune-modulating drugs a schizophrenia
inflammatory phenotype should be defined and delineated at the
individual level both for research and clinical purposes. Several
authors have highlighted that in most studies of inflammation in
schizophrenia around 40% of the patients have some degree of
inflammation (20–22). Assuming that immune dysregulation is
involved in the pathoetiology of sub-groups with schizophrenia
is in line with the notion that schizophrenia is a syndrome
comprised by several disease phenotypes with a range of distinct
underlying pathologies (23, 24). One of these diseasemechanisms
could be related to immunity, while others may be more
influenced by compromised energy metabolism or synaptic
dysfunctions (11). As several authors have noted already, we
need robust biomarkers to diagnose immune dysregulation in
schizophrenia and help selecting participants for trials with
immune-modulating drugs. Further down the line, biomarkers
are also needed in clinical settings in order to evaluate the
individual patient for treatment. Promising indications of the
possibilities that such a strategy represents derive from trials
with immune-modulating drugs in depression. In two studies
of infliximab which blocks tumor necrosis factor (TNF)-α
in patients with major depression, treatment only benefited
participants with CRP above a certain level (25, 26). Also, a
schizophrenia trial stratifying results on degree of inflammation
showed stronger treatment effects in the participants with
increased inflammation (27).

Here we first review available methods to assess inflammatory
status or immune disturbances. Findings of disturbances in
immune cells, cytokines including mRNA, acute phase proteins,
other molecular level methods and findings, and brain imaging
methods will be outlined. Furthermore, we summarize the
results from studies with anti-inflammatory or other immune-
modulating drugs, highlighting how the studies have dealt with
participant selection. Finally, we propose a strategy to construct
an inflammatory signature that may be useful in selecting and
monitoring participants in studies with immune modulating
drugs and also applicable in the regular clinical work. We will
start with a brief overview of the immune system.

IMMUNITY AND INFLAMMATION

The two categorically different parts of the immune systems are
the innate system—that responds to pathogens in an unspecific
way but does not produce lasting immunity—and the adaptive
system which responds to specific antigens in a way that
creates long-lasting recognition. The long-lasting recognition is
produced through the creation of cell lines that give a specific
antibody response. The cells of the innate system are the dendritic
cells (DC), the macrophages, granulocytes, mast cells, and the
natural killer (NK) cells, while the humoral responses of the
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FIGURE 1 | The immune system—an overview.

innate system consist of the complement system, cytokines and
interferons. The cells of the adaptive system are the B and T
lymphocytes, while the antibodies are the humoral part of the
adaptive system (28), see Figure 1. An important part of the
innate response is the toll-like receptors (TLRs) located at the
macrophages where they induce phagocytosis and production of
albumin, fibrinogen, and serum amyloid A protein together with
CRP—the acute phase proteins (29). A further acute response
consists of the production of cytokines that stimulates T and
B cells into producing responses specific to the given antigen.
T cells are divided into subsets on the basis of their surface
receptors, and the twomain types are the cluster of differentiation
(CD)4 T helper(h) cell, and the CD8—the T killer cells. The
CD4 Th cells secrete a major portion of the cytokines of
the body. Cytokines and chemokines are small molecules that
act predominantly in the microenvironment of the cells that
secrete them, while interleukin (IL)-1β, transforming growth
factor (TGF) and TNF are exceptions to this and can also
circulate through the body (28). Cytokines and chemokines
have important roles in the communication between cells in the
immune system, they can have stimulatory or inhibitory effects
and their role may change depending on context. When the
CD4 Th cell is activated, it can differentiate into Th1 and Th2
effector cells producing different types of cytokines. Th1 cells
produce interferon (IFN)- γ which has strong pro-inflammatory
properties, while the Th2 cells upon stimulation produces IL-4,
IL-5, IL-10, IL-13 with mixed effects (30). CD4 Th cells can also
differentiate into Th17 cells and induced regulatory T (iTreg)

cells. Th17 produces several cytokines with a predominantly pro-
inflammatory effect, IL-17, IL-23, IL-21, IL-22, and IL-17/IL-23
induce the IL-17/IL-23 immune axis (31).

Several specific cytokines need particular attention as they are
consistently reported to be associated with schizophrenia. The
IL-1 family consists of seven proteins displaying a predominantly
pro-inflammmatory function: IL-1α, IL-1β, IL-18, IL-33, IL-
36a, IL-36b, IL-36g, moreover three receptor antagonists IL-
1Ra, IL-36Ra, IL-38, and one cytokine with anti-inflammatory
actions; IL-37 (32). The IL-1 family are pleiotropic, and also
have immunoregulatory and hematopoitic effects (28). IL-1
influences antigen presentation and non-specific lymphocyte
function, and is closely linked to innate immunity (33). The
IL-1 receptor type 1(RI) shows strong similarities to the TLR.
Binding of IL-1 can initiate and strengthen the acute phase
response by inducing fever that increases migration of leucocytes,
by stimulating the acute phase proteins such as CRP, by
activation of the hypothalamus-pituitary-adrenal (HPA) axis
with cortisol regulating innate inflammation, and by inducing
adhesion molecules that increase leucocyte recruitement (32).
IL1 is mainly produced by activated macrophages, which is
for instance activated by interferon (IFN)-γ and bacterial
products (28, 32). IL-6 is produced by immune cells, adipocytes,
skeletal muscle cells and vascular endothelial cells, and the IL-
6 receptor is located on macrophages, lymphocytes, neutrophils
and hepatocytes (34). IL-6 stimulates B cell differentation and
activation of T cells in acute inflammation, and promotes the
synthesis of CRP, fibrinogen and albumin in the acute response
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(34). IL-6 influences the aforementioned differentiation of Th17
cells together with TGF-β, and constrains TGF-induced Treg cells
differentiation (35). The fatigue, anorexia and fever associated
with acute inflammations may be induced by IL-6 (36). However,
IL6 also has a role in dampening the inflammatory response
by reducing the production of IL-1β and TNF-α (37), and
by inducing the production of IL-1 Ra (38) and the anti-
inflammatory cytokine IL-10 (39). Recent results indicate that
activation of IL-6 without a concomitant activation of IL-1β and
TNF, for example during physical exercise, mostly induces anti-
inflammatory actions (39). TNF-α is another pro-inflammatory
cytokine with important functions in innate and adaptive
immunity. It is produced in macrophages and monocytes, as
well as in T-cells, adipocytes and smooth muscle cells and binds
to tumor necrosis factor receptor type I (TNF-RI) and type
II (TNF-RII). With the exception of erythrocytes, TNF-RI and
TNF-RII are located on all cells of the body and are involved
in pro-inflammatory pathways through the activation of nuclear
factor-kB (40).

DYSREGULATED IMMUNE SYSTEM AND

INFLAMMATION IN SCHIZOPHRENIA

There is a growing body of evidence implicating dysregulated
immunity in schizophrenia from both in-vitro and in-vivo
studies. In this overview we will limit the description to
studies applying tissues and methods that can potentially
become useful in the clinical assessments of patients. We
will present relevant immune cells, cytokines and acute phase
proteins, expression of cytokine genes, other proteins and
metabolites, and finally brain imaging methods used to assess
neuroinflammation, see Figure 2.

Assessments in Peripheral Tissues
Immune Cells
The immune cells are the cornerstones of the immune system,
and it is rather unlikely that an immune disturbance of possible
pathoetiological significance in schizophrenia would be present
without a detectable immune cell signature. However, few studies
have described immune cell disturbances so far. A meta-analysis
of 16 studies of lymphocytes in schizophrenia vs. healthy controls
(41) showed a significant increase in the percentage of CD4
and CD56 (natural killer cells) in acutely ill patients. Drug
naïve first episode patients showed a significant increase in the
levels of lymphocytes, CD3 (all T-cells) and CD4 levels, and
the CD4/CD8 ratio. Absolute CD56 levels were suggested to be
trait-dependent, while CD4/CD8 ratio could be state-dependent.
A study of 18 patients with schizophrenia (17 treated with
clozapine) vs. 18 healthy persons found elevated monocytes,
NK cells, naïve B cells and CXCR5+ memory CD4 cells in the
schizophrenia group, and decreased number of DC and several
T cells populations. The authors find it plausible that clozapine
treatment influenced the results (42). In a selective review by
Bergink et al. (43) several studies report elevated monocyte
counts in the periphery of patients with schizophrenia and
higher gene expression for inflammatory cytokines in circulating

monocytes. For circulating T cells three referred studies found
reduced numbers of circulating lymphocytes, while one study
found increased numbers of Th1, Th17, and suppressive natural
T regulatory cells (44). In a study of 69 drug-naïve first episode
patients with schizophrenia (FES) compared to 70 healthy
controls, FES had significantly higher proportion of Th17 cells
(45), and the proportion of Th17 cells correlated positively
with PANSS total. Interestingly, after 4 weeks of treatment with
risperidone, the proportion of Th17 cells decreased significantly.
However, conflicting results regarding the Th17 axis have been
published (30). It is clearly an advantage from a clinical point
of view that immune cells can be assessed with well-established
and readily available methods, for example flow-cytometry (46),
and are routinely surveyed in the clinical treatment of various
conditions, see for example the website of the Karolinska hospital
where a full menu of lymphocyte immunphenotyping is offered
(www.karolinska.se). Taken together, studies of lymphocytes
as well as monocytes in patients with schizophrenia show
very interesting differences compared to healthy controls,
but more research is needed to evaluate immune cell counts
such as lymphocyte immunophenotyping as theranostic
biomarkers for immune dysregulation/inflammation in
schizophrenia.

Cytokine Protein Levels in Serum
A major body of knowledge regarding immune dysfunction in
schizophrenia derives from studies on cytokines in peripheral
blood. During the last two decades, many studies have been
performed and new ones are arriving (47). Others have
summarized these results in systematic reviews and meta-
analyses (1–3). The recent study by Rodrigues-Amorim et al. (3)
also contains a very helpful summary of the function and clinical
impact of the different cytokines. They included 99 studies
with 8,234 participants and found that peripheral levels of the
following cytokines differed between patients with schizophrenia
and healthy controls in more than 50% of the included studies,
listed according to falling prevalence among the studies: IL-6,
TNF-α, IL-10, IFN-γ, IL-1β, IL-8, IL-2, IL-1RA, furthermore the
gene polymorphisms for TNF-α 1800629, IL-6 rs1800795, and
IL-1β rs16944, and elevated expression levels of IL-6, TNFR1,
TNFR2, and IL-1β mRNAs (3). It is important to emphasize that
the identified changes are smaller in magnitude compared to
findings from for example inflammation in rheumatoid artritis
and other auto-immune disorders, and collectively it is referred
to as a low-grade inflammation (48).

Drug-naïve FES
IL-1β, soluble (s)IL-2receptor(R), IL-6, and TNF-α were
significantly elevated in a meta-analysis of 23 studies with 570
subjects with drug-naïve FES vs. 683 controls (1). Also non-
significant changes of IL-2, IL-4, and IFN-γ were identified. An
earlier meta-analysis with 14 studies in FES (2) found IL-1β,
sIL-2R, IL-6, IL-12, TNF-α, IFN-γ, TGF-β to be increased in
FES vs. controls. Furthermore, in a study of 12 ultra-high risk
(UHR) individuals compared to 16 healthy controls IL-17 was
significantly decreased and IL-6 increased in the UHR group
(49). The finding of low-grade peripheral inflammation in a
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FIGURE 2 | Putative components comprising the immune signature in schizophrenia. BBB, blood-brain-barrier; CSF, cerebrospinal fluid; TSPO, translocator protein;

VEGF, vascular endothelial growth factor; IL, interleukin; IFN, interferon; RA, receptor antibody; R, receptor; TGF, transforming growth factor; TNF, tumor necrosis

factor; MMP, matrix metalloproteinase; ACE, angiotensine converting enzyme; TBG, thyroxine-binding globuline; TSH, thyrioidea stimulating hormone; ICAM,

intercellular adhesion molecule; PUFAs, poly-unsaturated fatty acids; NMDA, N-methyl-D-aspartate.

subset of drug-naïve patients at the time of diagnosis is among
the stronger underpinnings of the “inflammation hypothesis” in
schizophrenia. However, as a general Th1/Th2 imbalance is not
found the interpretation of the findings in terms of underlying
immune disturbances is not clear (1).

Effects of antipsychotic treatment on cytokine levels
In a meta-analysis including 8 studies of drug-naïve patients
with first-episode psychosis (FEP) a significant reduction after
antipsychotic treatment for IL-2 and IL-6 was found. After
excluding only one study IL-1β also declined significantly (50).
The authors suggested that IL-1β, IL-2, and IL-6 could serve
as markers for psychosis, while TNF-α, IL-17, and IFN-γ
were still elevated after antipsychotic treatment. The analyses
included in total between 69 (IL-2) and 253 (IL-6) subjects,
and included studies with data available after 4 weeks of
antipsychotic treatment. An earlier review of cytokine changes
after antipsychotic treatment (4 to 52 weeks) including 39 studies
with schizophrenia spectrum patients found that antipsychotic
treatment was associated with reduced IL-2, increased sIL-2R and
sTNF-R1/R2 and in some studies also an increase in IL-4 (51).
Another meta-analysis found that sIL-2R and IL-12 increased
and IL-1β, IL-2, and IL-6 decreased with antipsychotic treatment
after a mean period of 53 days with antipsychotic treatment (2)
including studies with both first-episode and chronic patients.

The most consistent finding is a reduction in IL-2 and/or
increase in sIL-2R. IL-2 is primarily secreted from activated T-
lymphocytes, and is an immunoregulator stimulating growth and
development of immune cells in peripheral tissue early in the
immune response, and the growth of oligodendrocytes in neural
tissue (28). Accordingly, the reduction of IL-2 after antipsychotic
treatment implies a decreased immune response.

Deficit syndrome—negative symptoms
A study in patients with the deficit syndrome of schizophrenia—
a subgroup of patients with primary negative symptoms from
the illness debut—found significantly elevated IL-6 and TNF-
α in patients with deficit syndrome compared to in non-deficit
schizophrenia and healthy controls (52). The association between
negative symptoms and elevated specific cytokines is particularly
interesting as antipsychotics are not effective treatment options
for negative symptoms. Drug trials with immunomodulating
agents targeting negative symptoms are specificly warranted.

A recent meta-analysis by Goldsmith et al. (53) summarized
existing findings regarding cytokine alterations in schizophrenia,
bipolar disorder and major depressive disorder (MDD), and also
compared results from acute and chronic phases. IL-6, TNF-
α, IL-1RA, and sIL-2R were all elevated in the acute phases
of all three disorders. After treatment, IL-6 decreased both in
schizophrenia andMDD, while TNF-α did not change. In chronic
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states, IL-6 was elevated in all three disorders, while IL-1β and
sIL-2R were elevated in schizophrenia and bipolar disorder. The
authors conclude that there is a distinct similarity between the
acute phases across all three diagnoses and they highlight that
the cytokines with elevated levels in the three disorders are all
modulated by nuclear factor-κB, regularly found to be activated
in autoimmune and inflammatory disorders (53).

Some of the pro-inflammatory cytokines can barely be
measured in healthy persons, while in infection-associated
inflammatory responses, the concentrations rise 10 to 100-
fold. In addition multiple confounders such as age, gender,
smoking, body mass index (BMI), and diurnal variation may
influence the results (2). Further, cytokine activity is inter-
dependent with the hypothalamic pituitary adrenal axis. As a
first psychotic episode generally induces high stress levels, it
is unclear whether the observed cytokine rises are a general
stress phenomenon, or a specific signature of psychosis. Finally,
schizophrenia patients face a high burden of co-morbidity in
terms of cardiometabolic disorders. As inflammation also plays
a central role in the pathophysiology underlying these diseases,
future research should address the nature of this relationship.
Altered cytokine levels associated with schizophrenia could either
be the result or cause of co-morbid disease, or there could
be common immunopathogenetic mechanisms underlying both
schizophrenia and for instance cardiovascular disease.

Having mentioned these problematic dimensions of cytokine
measurement, the pro-inflammatory cytokines IL-1β, IL-6, and
TNF-α seem to covariate with psychosis and could be useful
tools for selecting participants to drug-studies with immune-
modulating drugs targeting for example positive symptoms of
schizophrenia.

Cytokine mRNA Levels
A study reporting differences in gene expression between
529 patients with schizophrenia and 660 healthy controls
found 1,058 differentially expressed genes, of which 697
genes were upregulated (54). Gene set enrichment analysis
showed that the upregulated genes were enriched in several
processes involved in the response, activation and regulation of
immunity. Differentially expressed immune genes included four
complement genes: CR1, CR2, CD55, and C3, as well as TGFβ1
and TGM2. A study with combined measurement of mRNAs of
cytokines and peripheral cytokines in plasma and serum aimed to
define an inflammatory biotype of schizophrenia (20). This study
used a recursive two-step cluster analysis to define subgroups of
pro-inflammatory status on the basis of mRNAs of IL-18, IL-
1β, IL-6, and IL-8. The cluster analysis included 68 controls and
82 patients. The results identified three clusters, cluster 1—low
cytokine expression (n = 89), with below median expression of
all measured cytokine mRNAs, cluster 2 (n = 50) was termed
high cytokine expression and had above median for two and
above third quartile for two cytokine mRNAs, while the very
high cytokine expression group (n = 11) of cluster 3 were above
the third quartile for all four cytokine mRNAs. 47.6% in the
schizophrenia group was either cluster two or three compared
to 32.4% in the healthy control group. The elevated/non-
elevated subgroups of the schizophrenia participants did not

differ with respect to gender, BMI, duration of illness or
symptom severity as measured by the PANSS. Interestingly, the
authors discussed the limited correlation between peripheral
cytokine proteins and their mRNAs, and suggested that the main
source of cytokine proteins may not be peripheral leucocytes.
Furthermore, they suggested that mRNAs of pro-inflammatory
cytokines could be used to select the patients who have an
“elevated inflammation biotype” (20). In a study comparing 53
patients with schizophrenia and 53 healthy controls intracellular
levels of IL-6 mRNA in the peripheral blood mononuclear cells
(PBMC) analyzed with quantitative real-time polymerase chain
reaction (RT-PCR) was found to be significantly elevated for
patients with schizophrenia (55), and PBMC IL-6 mRNA was
specifically suggested to be a candidate for a diagnostic marker
for schizophrenia (55).

Acute Phase Proteins
CRP is an acute phase protein produced in the liver, stimulated
by IL-1β, IL-6, and TNF (56) and released by macrophages
and adipocytes. As demonstrated in the 2013 Guideline on the
Assessment of Cardiovascular Risk from the American College of
Cardiology and the American Heart Association (57) where CRP
is now recommended as a supplementary test using a threshold
of CRP ≥ 2 to indicate increased cardiovascular risk, CRP is
widely used in clinical practice as a marker of inflammation.
Another major advantage of CRP is that it can be measured
reliably in most certified laboratories. A recent meta-analysis
of 18 studies with 1,963 patients and 3,683 non-schizophrenia
controls found that a diagnosis of schizophrenia was associated
with a moderate increase in blood CRP (58), corroborating the
results of a prior meta-analysis (4). Furthermore, patients from
Asia or Africa and those who were younger than 30 years had
higher CRP levels. The increase in CRP correlated with positive
symptoms of schizophrenia but was unresponsive to initiation of
antipsychotic treatment (4). A large and recent study (n > 1,000)
reported elevated levels of CRP in patients with schizophrenia
compared to controls, with levels of CRP correlating both to
positive and negative symptoms (59). There is also evidence
indicating a relationship between CRP and cognitive dysfunction
in subjects with psychosis (60). In a recent systematic review
by Orsolini et al. (61) elevated CRP levels were again identified
in patients with schizophrenia and correlating with severity of
symptoms. Interestingly, a large genome wide association study
(GWAS) using mendelian randomization found that genetic
factors that elevate CRP have a preventive effect with respect
to developing schizophrenia (62), and the authors discussed
that increased CRP in schizophrenia is more likely a result of
developing and having the disease than being a predisposing
factor. Various psychiatric disorders were investigated in a study
assessing CRP in 599 admissions in a psychiatric catchment
area. The prevalence of inflammation defined as CRP > 3 mg/L
was 32% for psychotic disorders (ICD F 20–29), 21% for mood
disorders (F30–39), 22% for neurotic disorders (F 40–48), and
42% for personality disorders (F60–69), indicating that low grade
inflammation could be present in a whole range of psychiatric
disorders (21). As obesity is more common among patients
with a psychiatric diagnosis, the increase in adipose tissue and
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resulting higher risk for diabetes type 2 and cardiovascular
illness could be an intermediating factor (63). Yet, even after
adjusting for BMI CRP levels remain higher in patients (64).
Furthermore, in a study of patients with first admissions to
hospital with diagnoses of schizophrenia, bipolar disorders or
depression, survival-analyses showed that moderately elevated
CRP (3–10 mg/L) was associated with an increase in all-cause
mortality with adjusted hazard rate (HR) of 1.56 (95% CI: 1.02–
2.38), and for levels above 10 mg/L the adjusted HR was 2.07
(95% CI: 1.30–3.29). To conclude, the acute phase protein CRP
is elevated in a proportion of individuals with schizophrenia and
other psychoses, the measure is reliable and widely available,
and it has been found to correlate both with positive symptoms
of schizophrenia and cognitive function. Expression profiles of
the additional acute phase proteins—haptoglobin (HP), alpha-
1 antitrypsin (A1T), and alpha-2 macroglobulin (A2M) were
investigated with quantitative polymerase chain reaction (qPCR)
in a sample with 43 FEP patients and 57 healthy controls followed
up for 3 months (65). All three acute phase proteins were elevated
during the study period, and correlated with PANSS positive,
depressive, and excitement subscales. The results are in line with
previous studies using proteomic techniques identifying changes
in acute phase proteins in patients with schizophrenia supporting
that inflammation is an important feature in schizophrenia
(66, 67).

Additional Circulating Proteins and Metabolites

Related to Inflammation
Several methods with the capacity to identify and quantify
several hundreds to thousand molecules simultaneously have
been used to analyse blood sera from patients with schizophrenia.
These techniques are referred to as proteomics using multiplex
immunoassay, two-dimensional gel electrophoresis and mass
spectrometry for identifying proteins, and metabolomics using
metabolomics mass spectrometry and 1H-nuclear magnetic
resonance spectroscopy (MRS) for identifying smaller circulating
metabolites (68). Using proteomics, one interesting study
comparing 17 drug-naïve FES to 17 healthy controls found that
9 proteins (creatine kinase m/B, MMP3, ACE, cortisol, TBG, α-
2 macroblobulin, thrombopoietin, TSH, and ICAM-1) displayed
lower concentrations in the patients vs. the controls (69). The
authors commented that most of these proteins are involved
in endothelial cell function and inflammation. Another study
recently reported results from a novel proteomic method on
PBMC from 20 patients with schizophrenia assessed both while
acutely ill and in the recovery phase and compared to healthy
controls. Interestingly, the study found significant differences
in α-defencins 1–3 between the acutely admitted patients
and healthy controls (70). A systematic review of metabolite
biomarkers of schizophrenia that included 63 studies discussed
their findings of decreased levels of the antioxidant vitamin
E, polyunsaturated fatty acids (PUFAs), and phospholipids
together with high levels of lipid peroxidation metabolites
to indicate an oxidative balance favoring pro-oxidants and
thus also inflammation in patients with schizophrenia (71).
Although proteomics or metabolomics have not yet been applied
as tools in treatment guidance for individual patients with

schizophrenia, some have suggested how the use of these
methods could improve treatment (11, 72). As recently proposed
for mood disorders, using immune-based biomarkers together
with traditional clinical descriptions of the individual patients
may potentially improve both drug studies and individual
treatment (73). Schwarz et al. (74) used proteomics to divide
patients with schizophrenia into three groups: those with
immune signature, those with growth factor disturbances and
those with hormonal abnormalities. Such subdivisions could
help to identify patient groups for specific augmentation
therapy, for example with components such as NSAIDs,
metformin or selective estrogen receptor modulators. Future
drug trials should implement the promising results from this
rapidly developing field in order to enable and provide time-
efficient and personalized treatment options approaches. By
combining several proteomic/metabolomic markers indicating
inflammation in patients with schizophrenia, these methods
could offer specific and sensitive ways to select participants
for drug trials and monitoring drug effects on the molecular
level (72).

Antibodies
Elevation of some antibody-titers has been linked to
schizophrenia. A systematic quantitative review including
81 studies, showed that increased anticardiolipin IgG and
N-methyl-D-aspartate (NMDA) receptor autoantibody titers
and several additional autoantibodies were more prevalent in
patients with schizophrenia (75). In contrast, another study
of three cohorts of patients with schizophrenia stated that
peripheral NMDA receptor autoantibodies are very rare in
patients with schizophrenia (76). Also antibodies to gliadin
have been found elevated in studies comparing patients with
schizophrenia to healthy controls, but this was not the case
for antibodies more specific to coeliac disease (77). While the
recognition and early treatment of auto-immune encephalitis is
an important part in the differential diagnosis of schizophrenia,
it is unclear if the presence of auto-antibodies in serum without
specific symptoms of auto-immune encephalitis (convulsions,
rapid progression, decreased consciousness, and stereotypic
movements) warrant additional treatment (78). Although of
considerable interest, the origin and effect of these findings
in patients with schizophrenia are not yet clear, and their
usefulness in the mapping of inflammation in schizophrenia is
elusive.

Blood Brain Barrier Hyperpermeability
Evidence indicate increased permeability in the blood brain
barrier (BBB) in a subset of patients with schizophrenia (79).
One study found that 14 out of 39 patients with schizophrenia
spectrum disorders displayed signs of BBB hyperpermeability
including 9 patients with increased albumin cerebrospinal fluid
(CSF)/serum concentration quotient (80). A recent meta-analysis
by Orlovska-Waast et al. (81) with 32 studies concluded that
patients with bipolar disorder and schizophrenia may display
BBB abnormalities, but the authors also noted that the quality of
available studies is rather low. Increased levels of S100B protein
in blood and CSF that can be caused by BBB hyperpermeability
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(82) and elevated vascular endothelial growth factor (VEGF), a
protein known to increase BBB permeability, have been found
in patients with schizophrenia (83). Also increased levels of
vascular endothelial adhesion molecules and integrin receptor
have been detected in schizophrenia (84). A PET study focusing
on P-glycoprotein (P-gp), a major efflux pump in the BBB,
found it to be more active in schizophrenia (85) but this finding
needs to be replicated. Increased BBB permeability can have
deleterious effects on the brain by pro-inflammatory cells and
molecules entering in brain (79). Although, there is no concensus
regarding the best way to monitor increased BBB permeability in
patients with schizophrenia, several novel candidates including
matrix metalloproteinase-9(MMP-9), ubiquitin carboxy-
terminal hydrolase-L1(UCHL-L1), neurofilaments, brain derived
neurotropic factor (BDNF), miRNA in addition to S100B and
glial fibrillary acidic protein (GFAP) are available for future
studies, and preferably aggregated and applied in panels of
several biomarkers (86).

Assessments in the Brain
Neuroinflammation and Positron Emission

Tomography (PET)
The concept of neuroinflammation indicates innate immune
responses in the central nervous system (CNS) mainly produced
by microglia and astrocytes (87), in contrast to the term
neuroimmunology that denotes adaptive immunological
changes within the CNS (88). However, the use of the term
neuroinflammation to describe low-grade changes associated
with depression and schizophrenia is controversial. One
study that examined gene expression in brain in well-
established inflammatory diseases (inflammatory bowel
disease, juvenile dermatomyositis, MS, and ulcerative colitis)
compared to the neurodevelopmental/neurodegenerative
diseases Alzheimers disease, Parkinsons disease and
schizophrenia reported a categorical difference between the
neurodevelopmental/neurodegenerative diseases and the
inflammatory diseases (89). The authors state that a distinction
between classical neuroinflammatory conditions such as MS with
typical mononuclear infiltrates and the smaller and ill-defined
glial changes associated with secretion of various immune
molecules must be established, and that missing this point may
lead to unwarranted treatment trials (89). Nevertheless, classical
neuroinflammation or more precisely microglial activation has
been demonstrated to correlate with microglial expression of
the translocator protein (TSPO) which is located at the outer
mitochondrial membrane (90). While early studies with first
generation TSPO PET tracers, for example [11C](R)-(1-[2-
chrorophynyl]-N-methyl-N-[1-methylpropyl]-3 isoquinoline
carboxamide (11C-(R)-PK11195) showed increased TSPO
binding (91, 92), more recent studies did not find signs of
microglial activation using the PK11195 tracer (93), and the
specificity of TSPO binding to assess the inflammation associated
with schizophrenia has been challenged (94). Second generation
TSPO tracers have been developed, and in some studies increased
microglial TSPO expression between patients with schizophrenia
and healthy controls have been observed (95), while other did

not find signs of increased TSPO expression (96). A recent meta-
analysis that reviewed five studies with 75 patients and 77 healthy
controls found that patients with schizophrenia had lower TSPO
binding compared to controls, and concluded that this difference
is caused either by lower density or altered function of brain
immune cells (97). Hence, the advantage of measuring TSPO
binding to assess low-grade inflammatory changes associated
with schizophrenia seems to be in question, and the usefulness of
the method to select patients with an “inflammatory” phenotype
and monitoring effect of anti-inflammatory drugs appears to be
low.

Magnetic Resonance Imaging (MRI) and Magnetic

Resonance Spectroscopy (MRS)
MRI and MRS have also been proposed as potential means to
measure the low-grade inflammatory changes associated with
schizophrenia (98). MRS can measure concentrations of various
molecules in defined volumes of the brain. Increased levels of glial
markers as myo-inositol (MI), cholin (Cho) and total creatin,
and reduced levels of neuronal markers as N-acetylaspartate and
glutamate have been interpreted to indicate various dimensions
of inflammation, such as increased density of glial cells and
migration of glial cells into the inflamed area (98). MRS has
so far been used in few studies to assess inflammation in
schizophrenia. One study scanned 60 drug-naïve FES patients
and 60 controls. The results showed elevated MI, Cho, and
glutamate in the FES group (99) and were presented as evidence
of inflammation in the early phase of schizophrenia. Also
results from T1- and T2- weighted structural MRI and diffusion
MRI free-water imaging may be used to assess low-scale brain
inflammation (98, 100). The free-water imaging measures the
amount of extracellular water in brain tissue and is postulated
to correlate with oedema and possibly inflammation, and a
few studies have identified increased free-water in samples of
patients with schizophrenia compared to controls (101, 102).
Taken together, MR based tecniques pose exciting opportunities
to assess the subtle brain changes associated with schizophrenia.
However, more research is needed to understand the relationship
between these changes and other measures of inflammation, for
example cytokine levels in CSF and the peripheral circulation,
before they can be applied as markers of inflammation in
the individual patient with schizophrenia. Prasad et al. found
associations between diffusion tensor imaging measures and
the levels of IL6 and CRP (103), but we have not identified
studies exploring the relationship between more novel MRI
methods and markers of inflammation in CSF or peripheral
blood.

Cytokines in the Cerebrospinal Fluid
A meta-analysis including 16 studies comparing schizophrenia
with healthy controls, found increased CSF levels of IL-1β,
IL-6, IL-8, kynurenine, and kynurenic acid, while sIL-2R was
decreased (104). With the exception of sIL-2R, increased levels
of the same cytokines (IL-1β, IL-6, IL-8) have been reported
in the periphery (2). A recent meta-analysis that included
32 studies also found that IL-6 and IL-8 were significantly
elevated in schizophrenia (81). Presently it is not obvious that
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assessment of markers of inflammation in CSF to diagnose an
inflammatory biotype in individual patients with schizophrenia
will give additional gain vs. assessments in peripheral blood.
With the exception of some countries, for example Germany and
Denmark that investigate liquor in first episode patients to screen
for Lyme’s disease and other infectious causes, CSF assessment
is not part of clinical practice for patients with psychosis. On
the other hand, studies investigating CSF in schizophrenia are
scarce and the number of participants are small compared
to studies using peripheral measurements and future research
might prove measuring inflammatory markers in CSF to be
useful.

DRUG STUDIES TO TREAT IMMUNE

DYSREGULATION OR INFLAMMATION IN

SCHIZOPHRENIA

Non-steroidal Anti-inflammatory Drugs

(NSAIDS)
Anti-inflammatory drugs have been used as add-on to
antipsychotic treatment in patients with schizophrenia,
with some success–see Table 1. The results are summarized
in several meta-analyses: Sommer et al. included 4 studies
with celecoxib, one with acetylsalicylic acid/aspirin (117), and
reviewed 5 studies with celecoxib and 2 with aspirin in their
broader meta-analysis of anti-inflammatory agents (16). A
significant beneficial effect on PANSS total score of treatment
with aspirin was found. As already mentioned, one randomized
controlled trial (RCT) with aspirin showed stronger effects when
stratifying participants on the basis of a marker of inflammation
(27). Nitta et al. included 7 studies with celecoxib and 2 with
aspirin (105). NSAIDS significantly reduced PANSS positive
symptoms. The effects were moderated by aspirin treatment,
in-patient treatment, first episode patients and lower PANSS
negative scores. Zheng et al. conducted a meta-analysis including
8 studies with celecoxib conducted between 2002 and 2010, most
of them were also included in the previously published meta-
analyses (106). They concluded that treatment with celecoxib
outperformed placebo in studies of first-episode patients, but not
in patients with chronic schizophrenia. Effects were moderated
by higher positive symptoms and lower negative symptoms at
baseline. A few RCTs with anti-inflammatory drugs as add-on
to antipsychotic treatment have been published after these
overviews. Weiser et al. published a conference paper where
they reanalyzed an RCT where patients with schizophrenia were
randomized to treatment with either aspirine, minocycline,
the dopamine-agonist pramipexole, or placebo (118). After
subgrouping the participants according to CRP levels, they
showed that in the upper third group with CRP above 3.8 mg/L,
aspirine had a significant effect on PANSS positive symptoms.
However, this was not found for other symptom measures, and
not for participants treated with minocycline or pramipexole.

Steroidal Anti-inflammatory Drugs
Prednisolone, a synthetic corticosteroid, has been used for
several decades in the treatment of various inflammatory and

autoimmune disorders (119). The agent is more potent than
NSAIDS as it targets several aspects of the immune system
and interferes with almost all types of immune cells (120).
Furthermore, prednisolone readily crosses the BBB. There are
currently two recruiting randomized, placebo-controlled add-on
trials investigating prednisolone in early phase schizophrena and
related disorders (ClinicalTrials.gov Identifiers NCT03340909
and NCT02949232).

Novel Biological Drugs With

Immune-Modulating Actions
The availability of monoclonal antibodies toward cytokines,
cytokine receptors or other specific parts of the immune
system, in combination with findings of elevated cytokine levels
in schizophrenia imply that studies with these drugs would
strongly enhance our knowledge about cytokine dysfunction
in schizophrenia. Drawing upon the experience with targeted
immune therapy in diseases such as rheumatoid arthritis,
psoriasis, Chrohns disease, ulcerative colitis, spondyloarthritis,
and systemic lupus erythematosus, it would have been interesting
to try out this strategy in patients with schizophrenia. However,
caution is warranted, as the cytokine antagonists have a range
of adverse effects due to the multiple and pleiotropic functions
of the cytokines (121). According to Baker and Isaacs (18),
the novel biological drugs with immune-modulating properties
can be described according to their target of action: (1) drugs
directed toward activity in the T-helper 17 immune axis: drugs
directed toward IL-23p19, IL-17, or IL-12/23p40, (2) drugs active
against type I and II Interferons, (3) drugs interfering in the
lymphocyte recruitment by intervening in the adhesion process
either by sphingosine−1-phosphate receptor inhibition or by
integrin blockade, (4) Janus kinase inhibitors—first generation
and second generation selective inhibitors, (5) drugs targeting
B cells, (6) drugs modulating T cell function, and (7) bispecific
antibodies.

Two studies on the effect of novel biologicals in patients
with schizophrenia have been published, both with tocilizumab
which is a humanized IL-6 receptor monoclonal antibody.
Tocilizumab was tried in an open label study (107), and 2017
an RCT of 36 patients with residual symptoms of schizophrenia
was published (17). In the study by Miller et al. (107), 6
participants (4 with schizophrenia and 2 with schizoaffective
disorder) entered and 5 completed an 8 week open trial of
adjunctive injections with 4 mg/kg tocilizumab at baseline and
after 4 weeks, with the aim of studying the effect on cognition.
All subjects improved in a processing speed measure, and 5
out of 6 improved also on a global cognition measure. The
authors state that the signal-to-noise ratio may be increased in
future studies if only patients with baseline inflammation were
included, which was not the case in this study. Girgis et al.
(17) reported a study where 36 clinically stable individuals with
schizophrenia and PANSS total scores >60 were randomized to
treatment with 3 monthly injections with 8 mg/kg tocilizumab
or placebo at baseline and after 4 weeks. The results showed
no effect of tocilizumab on any behavioral outcome, while
CRP decreased and IL-6 and IL-8 increased. No prediction of

Frontiers in Psychiatry | www.frontiersin.org 9 January 2019 | Volume 9 | Article 75330

https://ClinicalTrials.gov
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Kroken et al. Constructing the Immune Signature of Schizophrenia

TABLE 1 | Drug treatment of inflammation and immune dysregulation in schizophrenia.

Drugs Level of evidence Effect on primary outcome Effect on secondary outcome

ANTI-INFLAMMATORY DRUGS

NSAIDs

Aspirin/acetyl-salicylic acid Meta-analyses (16, 105) ↓PANSS total (16) No effects in cognitive testsc

Celecoxib Meta-analyses (16, 106) ↓PANSS total in subgroup

first-episode patients (106)

↓Positive symptoms, negative

symptoms, general

psychopathology (106)

Steroids

Prednisolone Protocols for RCTs publisheda

NOVEL BIOLOGICALS—MONOCLONAL ANTIBODIES AGAINST CYTOKINES/CYTOKINE RECEPTORS/CELL ADHESION MOLECULES

Tocilizumab One RCT in patients with residual symptoms (17) No effect at week 12 on the

PANSS total

No effects on the MATRICS,

PANSS subscales, CGI, GAF,

↓CRP, ↑IL-6, and IL-8

One open study (107) ↑BACS. No significant changes in psychopathology scores, cytokines or CRP

Protocol for RCT publisheda

Siltuximab Protocol for RCT publisheda

Natalizumab Protocol for RCT publisheda

MISCELLANEOUS DRUGS WITH ANTI-INFLAMMATORY ACTIONb

N-acetylcysteine Meta-analyses (16, 108) ↓Total psychopathology (SMD =

−0.74).

No effect on PANSS subscales

(108)

No difference in any cause

discontinuation rate or adverse

drug reactions

Erythropoetin One RCTd (109) ↑RBANS subtests delayed

memory,

language–semantic fluency,

attention.

↓WCST-64–perseverative errors

No effect on other cognitive

tests, psychopathology, or MRI

brain volumes

Pioglitazone One RCT (110) ↓PANSS negative ↓PANSS total.

No difference in PANSS positive,

HDRS

Simvastatin One RCT (111) ↓PANSS negative ↓PANSS total. No difference

PANSS positive or general

psychopathology

Pravastatin One RCT (112) ↓LDL cholesterol. No effect on

CRP, PANSS total score,

MATRICS over 12 weeks

↓PANSS positive at 6 weeks

Minocycline Meta-analyses (113, 114) ↓PANSS total (113, 114) ↓PANSS positive (113), negative

(113, 114), and general

psychopathology (113, 114)

subscales

Two recent RCTs (115, 116) No effect on PANSS total (115) or

PANSS negative subscale (116)

No effects on secondary

outcomes: PANSS subscales,

general psychopathology

measures, cognition

aAt clinicaltrials.gov.
bNegative trials or drugs with negative findings in updated meta-analyses are not included.
cAssessed only in one study (27).
dThe inclusion criteria included an RBANS score < 1 SD below mean.

NSAIDS, non-steroidal anti-inflammatory drugs; PANSS, Positive andNegative Syndrome Scale; RCT, randomized controlled trial; CGI, Clinical global impression; GAF, Global assessment

of functioning; CRP, C-reactive protein; IL, interleukin; BACS, The Brief Assessment of Cognition in Schizophrenia; SMD, standardized mean difference; RBANS, Repeatable Battery for

the Assessment of Neuropsychological Status; WCST, Wisconsin Card Sorting Test; MRI, Magnetic resonance imaging; LDL, low density lipoprotein.

outcome was seen by baseline CRP or the measured cytokines.
No selection procedure based on elevated baseline inflammation
measures was implemented, and the authors underlined the
possibility that enriching the sample with inclusion of only
individuals with an elevated CRP could have influenced the
results.

We have not been able to identify other completed studies
with novel biologicals targeting cytokines or cytokine receptors
in schizophrenia. However, at the clinicaltrials.gov website
three trials currently recruiting participants are listed, two
from Augusta and one in London. One study conducted by
the group of Brian Miller at Augusta University in Georgia,
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plans to randomize 30 stable outpatients with schizophrenia or
schizoaffective disorder with CRP >5 mg/L to adjunct treatment
with siltuximab which is a recombinant IL-6 monoclonal
antibody, or placebo. In another study by the same group 20
stable outpatients with CRP >5 mg/L will be randomized to
receive treatment with tocilizumab or placebo for 12 weeks.
Lastly, a study conducted by Tiago Marques and Oliver Howes,
Institute of Psychiatry at Kings college in London, plans to
randomize 60 individuals with FES or other psychotic disorder to
treatment with natalizumab, which is a humanized monoclonal
antibody against the cell adhesion molecule α4-integrin, or
placebo. The results are integrated in Table 1.

Miscellaneous Drugs With

Anti-inflammatory Actions
N-acetylcysteine (NAC) is a drug with several established
indications, including the treatment of paracetamol intoxication.
NAC interacts with a wide range of physiological pathways,
and has anti-oxidative and anti-inflammatory effects (122). A
recent systematic review and meta-analysis summarizing the
results from 3 RCTs with schizophrenia patients found that
NAC improved total psychopathology (108). A recent RCT
including 63 early psychosis patients found that NAC had no
effects on positive and negative symptoms or functional outcome,
but a significant effect on processing speed (123). Interestingly,
patients with higher values of glutathione peroxidase activity
in blood cells (GPxBC), an indicator of oxidative stress and
associated with brain glutathione levels, improved significantly
on positive symptoms, leading the authors to suggest that GPxBC,
could be a theranostic marker for NAC treatment (123).

Erythropoetin (EPO) is a glycoprotein secreted by the
kidney in response to hypoxia that stimulates bone-marrow
erythropoiesis. EPO also has an anti-inflammatory effect in
the brain by modulating microglia responses and decreasing
BBB hyperpermeability (124), among a wide range of other
pharmacological actions. Recombinant EPO is used as a drug to
treat anemia associated with kidney failure and cancer therapy,
and has also been tried to improve cognition in patients with
schizophrenia. A systematic review with a quantitative synthesis
included 78 animal and human studies (125), including only
one double-blind RCT (109). The results of this 3 month study
showed that the patients with schizophrenia improved on all
cognitive tests, but no improvement on the PANSS scores was
found, and the authors suggest a role for EPO as an add-
on treatment to antipsychotic drugs for patients with cognitive
dysfunction. However, serious concerns regarding for example
vascular side effects may limit the clinical use of EPO (125).

Statins have been tried in RCTs as add-ons to treatment
with antipsychotics for patients with schizophrenia. Simvastatin
showed effect on negative symptoms in an RCT with 66 patients
randomized to simvastatin vs. placebo (111). According to the
registrations on clinicaltrials (https://clinicaltrials.gov/), there are
at least two on-going studies with simvastatin, one also with a
published protocol (126). Vincenzi et al. randomized 60 patients
with schizophrenia or schizoaffective disorder to pravastatine
or placebo (112). Pravastatine significantly reduced PANSS total

score from baseline to 6 weeks, but not at 12 weeks. Cholesterol
and low density lipoprotein were reduced. In the subgroup with
CRP above 2 mg/L cognitive measures were improved between
baseline and 6 weeks.

Pioglitazone is an anti-diabetic drug also demonstrated
to inhibit inflammatory pathways (127). Iranpour et al.
randomized 40 patients with negative symptoms to pioglitazone
vs. placebo as add-on to risperidone treatment and found
significant decrease in negative symptoms after 8 weeks
treatment (110).

Estrogens also have anti-inflammatory actions (128). The
meta-analysis by Sommer et al. (16) included 8 studies, and
concluded that treatment with estrogens have a significant effect
on the PANSS total score. The same meta-analysis also included
studies with davunetide (n = 2), fatty acids EPA/DHA(n = 7),
and minocycline(n= 4). However, noen of these drugs showed a
significant effect on the PANSS total score.

Minocycline is a second generation tetracycline with
anti-inflammatory properties (129) and a potential for
neuroprotective use for example after stroke (130). It has
been tried for improving symptoms in schizophrenia in
several studies, and the results summarized in meta-analyses
(16, 113, 114). Solmi et al. (114) performed a systematic review
and meta-analysis of studies published up to February 2016
and identified six RCTs with 215 participants randomized to
minocycline and 198 to placebo. Minocyline was superior to
placebo for PANSS total score, and the negative and general
PANSS subscale, the conclusion was in contrast to the earlier
meta-analysis by Sommer et al. (16) that included three studies
with high heterogeneity. Xiang et al. (113) published a meta-
analysis summarizing published RCTs upto January 2016 and
included eight RCTs with 286 participants on minocycline and
262 on placebo. Also in this meta-analysis minocycline was
superior to placebo in improving PANSS total, negative and
general subscale, and here also for the positive subscale. However,
two new RCTs do not find an effect of minocycline vs. placebo
(115, 116). Deakin et al. (116) randomized 207 people with
schizophrenia-spectrum disorder with an illness duration <5
years to minocycline or placebo, half and half. No effect on the
primary outcome PANSS negative subscale or other symptoms
of schizophrenia was identified after 12 months treatment.
Weiser et al. (115) randomized 200 people with schizophrenia or
schizoaffective disorder to 16 weeks treatment with minocycline
or placebo as add-on to antipsychotic treatment. No effects on
the primary outcome PANSS total or the secondary outcomes
PANSS subscales, Clinical Global Impression Scale–Severity
or–improvement scales, Brief Assessment of Cognition in
Schizophrenia and drop out rates were identified. Thus, after
these two negative, but rather large and well performed RCTs
the status of minocycline as an agent to treat patients with
schizophrenia is rather cloudy. However, and related to the
main aim of this paper, the trials did not enrich their sample
for patients with elevated measures of inflammation. It can not
be ruled out that the negative and contrasting findings in the
minocycline literature are caused by applying the minocycline to
an unselected sample (131). Also the results for miscellaneous
drugs are summarized in Table 1.
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Theranostic Biomarkers in Studies With

Anti-inflammatory/Immune-modulating

Drugs for Patients With Schizophrenia
In summary, we did not find any completed studies on anti-
inflammatory treatment or immune-modulating drugs that have
selected patients based on elevated markers of inflammation.
A few studies have analyzed subgroups of participants with
for example elevated CRP, and indications of more beneficial
effects of anti-inflammatory treatment in subgroups with raised
CRP have been identified. However, this applies only to a
minority of studies, and it is conceivable that the influence
of anti-inflammatory treatment could have been stronger if
the treatment were targeted to participants with elevated
markers of inflammation. Several protocols for ongoing add-
on trials have been published at clinicaltrials.gov/ and a few
of these seem to plan selection of participants based on an
elevated CRP level. If this strategy is successful, CRP could
be regarded as a first theranostic biomarker for tailoring anti-
inflammatory/immune-modulating treatment to patients with
schizophrenia, which could pave a way for more sophisticated
markers in the future. An interesting clustering of well-known
and putative immune-modulating drugs based on the in-vitro
influence on cytokine levels were done by Wallner et al. (132).
They identified cyclosporine A and tacrolimus among other
drugs as one group predominately influencing IFN-gamma, IL-
2 and IL-17, while the JAK family of drugs inhibits IFN-γ
and increases IL-2 and the chemokine MIP3-α. Consequently,
if a specific immune/inflammation activation pattern can be
repeatedly identified in patients with schizophrenia, a more
specific and hopefully more effective immune-modulating drug
therapy can be explored in future trials.

CONSTRUCTING THE INFLAMMATORY

SIGNATURE OF SCHIZOPHRENIA FOR

CLINICAL AND RESEARCH PURPOSE

The search for theranostic biomarkers for anti-inflammatory
or immune-modulating treatment is still in its infancy. When
selectively reviewing how inflammation and immunological
dysregulation can be assessed in order to diagnose low-grade
inflammation in patients with schizophrenia, two main issues
need to be addressed. Firstly, the research conducted so far
regarding immune dysregulation in schizophrenia has been
focused to a large extent on finding differences on a group level
comparing patients with schizophrenia and healthy controls,
rather than determining the level of inflammation in the
individual patient. Many advanced methods and bioinformatical
tools are increasingly available and will doubtless be further
developed to uncover cell populations or molecules that could
serve as theranostic biomarkers and help assess the chances
that anti-inflammatory or immune-modulating treatment will
be of help to the individual patient. Secondly, although studies
with proteomics, metabolomics and brain imaging offer exciting
possibilities, presently the less sophisticated option of measuring
the protein level of CRP and pro-inflammatory cytokines—
IL-1β, IL-6, TNF-α, TGF-β–in serum is far more convenient

for identifying patients with low-grade inflammation. Among
the pro-inflammatory cytokines, IL-6 is found most often to
be elevated in patients with schizophrenia (3), and has also
been suggested as a possible state marker for acute relapse (2).
However, as IL-6 seems to be both pro- and anti-inflammatory,
more research is needed to establish the usefulness of IL-6
as a biomarker in schizophrenia (39). The general problem
of assaying cytokines reliably and standardized remains and
constrains further development of the field. Furthermore, and as
discussed by Goldsmith et al. (53), it would be useful to agree
internationally on a panel of cytokine network components to be
studied in order to increase comparability between studies, and
also to evaluate patterns of cytokines for example with cytokine
ratios instead of focusing on individual cytokines.

There is some evidence indicating a link between peripheral
levels of inflammation and symptom severity. For instance, CRP
levels correlates with positive symptoms, negative symptoms,
and cognitive dysfunction (60) and a level of CRP >3.8
mg/L increased the chance of therapeutic response to anti-
inflammatory treatment with aspirin in one study (118). Besides
this unique study, the literature offers little guidance as to the
use of inflammatory parameters as theranostic biomarkers. In
the current protocols for two ongoing studies with monoclonal
antibodies conducted by dr. Brian Miller at Augusta University,
the CRP level of 5 mg/L is chosen. In another study with add-
on prednisolone, sponsored by Erik Johnsen at the Unversity
of Bergen, a CRP level of >3.8 mg/L is chosen as an inclusion
criterion (clinicaltrials.gov), based on the study by Weiser et al.
(118). Adding to this, and based on the in-vitro findings of
Wallner et al. (132), specific drugs could probably use specific
measures to show response of treatment. We are certain that
drug trials with anti-inflammatory or immune-modulating drugs
would benefit from an concenting scientific community on how
to select participants. This would increase comparability and
also the possibility to show effect. Another important aspect
calling for international collaborations is the need to increase
the number of participants in drug trials in order to explore
the fascinating possibility of disease-modifying treatment for
schizophrenia posed by immune-modulating drugs.

Moreover, it seems clear that inflammation in this context
should be regarded more as a dimension rather than a category.
Thus, determining the degree of inflammation that causes or
contributes to increased symptoms or deteriorating function is
essential in the development of novel theranostic biomarkers
(133). This can only be done in large longitudinal studies where
multiple markers are monitored and predictors for increased
symptoms, decreased function and other adverse developments
are identified. Currently, biomarker panels are preferred to single
markers (86), and individual differences must be accounted
for (11).

SUMMARY

• The existing knowledge does not provide evidence to
conclude that all patients with schizophrenia have increased
inflammation, on the contrary; most studies report a low-
grade inflammation in a subset of around 35–50% of patients
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with schizophrenia, and in the transition from descriptives on
a group level to individual diagnosis the best way to diagnose
inflammation in schizophrenia must be defined

• CRP and the pro-inflammatory cytokines are the proteins
that at present should be further validated as biomarkers for
inflammation in schizophrenia. Furthermore, they correlate
at least in some studies with symptoms and phases of illness,
and measurement is standardized and available from clinical
laboratories

• More methods have the potential to develop biomarkers for
inflammation in schizophrenia: immune cell characteristics
measured by flow cytometry, proteins measured by

proteomic methods, or other molecular elements mapped by
metabolomics.

• The ultimal goal would be a panel of molecules with proven
specificity and sensitivity as theranostic biomarkers which
could be supported by brain imaging methods—to select
patients for anti-inflammatory or immune-modulating
treatment. Large longitudinal studies following standard
development for biomarkers are needed to fulfill
this goal.
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Background: Several lines of evidence support a role for astroglial pathology in

schizophrenia. Myo-inositol is particularly abundant in astroglia. Many small sized studies

have reported on myo-inositol concentration in schizophrenia, but to date these have not

been pooled to estimate a collective effect size.

Methods: We reviewed all proton magnetic resonance spectroscopy (1H-MRS) studies

reporting myo-inositol values for patients satisfying DSM or ICD based criteria for

schizophrenia in comparison to a healthy controls group in the medial prefrontal cortex

published until February 2018. A random-effects model was used to calculate the pooled

effect size using metafor package. A meta-regression analysis of moderator variables

was also undertaken.

Results: The literature search identified 19 studies published with a total sample

size of 585 controls, 561 patients with schizophrenia. Patients with schizophrenia

had significantly reduced medial prefrontal myo-inositol compared to controls (RFX

standardized mean difference = 0.19, 95% CI [0.05–0.32], z = 2.72, p = 0.0067;

heterogeneity p = 0.09). Studies with more female patients reported more notable

schizophrenia-related reduction in myo-inositol (z = 2.53, p = 0.011).

Discussion: We report a small, but significant reduction in myo-inositol concentration

in the medial prefrontal cortex in schizophrenia. The size of the reported effect indicates

that the biological pathways affecting the astroglia are likely to operate only in a subset

of patients with schizophrenia. MRS myo-inositol could be a useful tool to stratify and

investigate such patients.

Keywords: myo-inositol, astroglia, schizophrenia, inflammation, spectroscopy

INTRODUCTION

A role for astroglial pathology has been long suspected in schizophrenia (1–3). Astrocytes are
critical for reducing oxidative stress and restoring redox balance in the brain, thus preventing
neurotoxicity (4, 5). Astrocytes enable the crucial glutamate-glutamine cycle that helps clear
extracellular glutamate from synaptic space as well as reduce the deleterious cellular ammonia
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content (6, 7). In addition, two crucial indicators of neuronal
connectivity—synaptic maintenance and myelination—appear
to rely on astrocytic guidance (8–10). Thus, abnormalities in
astrocytic function can produce neuronal dysconnectivity as
well as glutamatergic abnormalities that are known to occur in
schizophrenia (11). Indeed, converging genetic and molecular
evidence now supports the case for a primary role of astroglial
dysfunction in schizophrenia (10, 12).

In vivo imaging of astrocytic integrity holds promise in
clarifying the nature of its dysfunction in schizophrenia.
1H-MRS does not specifically differentiate between brain cell
types; nevertheless, given that myo-inositol is particularly
abundant in astroglia rather than the neurons and other
cells, it can be considered an astroglial marker (13, 14).
The MRS measure of myo-inositol predominantly reflects
astrocytic intracellular compartment, where it has osmotic
functions (15, 16). An increase in MRS myo-inositol resonance
relates to markers of astroglial activation (17, 18), associated
with gliosis (19, 20), and occurs in response to brain injury
(21, 22), thus reflecting an inflammatory response. On
the other hand, myo-inositol also has an important role
as an intracellular second messenger in calcium mediated
glutamatergic signaling (23). Reduced myo-inositol resonance
may relate to astroglial dysfunction and consequently,
aberrant extracellular glutamate clearance from synaptic
space. Thus, low levels of myo-inositol may in turn facilitate
excitotoxic damage and local inflammatory processes that are
currently subjects of investigation in the pathophysiology of
schizophrenia (1).

Many small sized studies have reported on myo-inositol
concentration in schizophrenia, but to date these have not been
pooled to estimate a collective effect size (24). Examining the
state of myo-inositol abnormalities will aid in our understanding
of the role of astroglial cells in schizophrenia. We reviewed
MRS studies reporting myo-inositol resonance in schizophrenia
and conducted a meta-analysis to synthesize the nature of myo-
inositol abnormalities in the medial prefrontal cortex of patients
with schizophrenia. We focussed on the medial prefrontal cortex
as most MRS studies in schizophrenia have placed voxels in this
brain region (24).

METHODS

Search Process
We followed the guidelines set out by the consensus statement
from PRISMA group (25). Our literature search started
with the MEDLINE electronic database to identify journal
articles published until 28 February 2018. We used the
following Medical Subject Headings and freeform search
terms: (schizophrenia OR schizo∗ OR psychos∗ OR psychot∗)
AND (“1H-MRS” OR “1H NMRS” OR “1HMRS” OR “MRS”
OR “Magnetic resonance spectroscopy” OR “Spectroscopy”
OR “proton magnetic resonance spectroscopy”) AND (“myo-
inositol” OR “inositol” OR “myo-inositol”). We noted that in
many reports, myo-inositol was reported as a secondary measure,
and not included in keywords or abstracts. As a result, we used
the terms (“glutathione” OR “NAA” OR “n-acetyl aspartate” OR

“glutamine” OR “GSH” OR “neurometabolic” OR “Glutamate”
OR “Glu” OR “GABA” OR “Lactate” OR “creatinine”) instead
of the 3 terms denoting myo-inositol in order to identify all
eligible studies. We attempted to contact authors whenever
the individual studies indicated that myo-inositol resonance of
adequate quality was measured in the brain region of interest
(see below) but when the data was not published. We also
undertook a manual search of reference lists of review articles
and eligible full text articles. Third, we repeated the search
with Google Scholar to identify journal articles that were not
indexed on MEDLINE. Finally, we also searched the citation
records of Google Scholar for all identified full text articles in
order to locate in press articles that are not yet indexed. Two
authors (AD and PS) undertook independent searches using
the inclusion and exclusion criteria without any exchange of
notes.

Inclusion/Exclusion Criteria
Peer-reviewed articles in English language reporting myo-
inositol concentrations in the brain in patients with
schizophrenia or schizoaffective disorder in comparison
with a healthy control group were included. We did not include
studies that only report on patients with bipolar disorder or
depression related psychosis. We selected studies where the
largest proportion of MRS voxel was placed on the medial
prefrontal cortex, anterior to the posterior commissure, as
per the cingulate boundaries defined by Vogt et al. (26). This
ensured that both caudal and rostral ACC placements were
included, but posterior cingulate voxels were excluded. In line
with Egerton et al. (27), we will use the term medial frontal
cortex (mFC) to describe this region of distributed voxel
placement.

We excluded 1H-MRS studies that reported within-subject
changes in myo-inositol without the required group comparison
contrast and studies that excluded adult samples of age >16. If
a single study was reported as 2 samples, the largest sample was
included. In case of partial overlap, both studies were included
with weighting based only on the non-overlapping sample for
the smaller study (28, 29). We also excluded studies where no
information was available on voxel placement (30) or when
study-specific Cramer-Rao Lower Bound (a measure of MRS
signal quality and reliability) was exceeded for myo-inositol
signal (31).

We extracted the study-specific mean and standard deviation
of 1H-MRS myo-inositol concentration for the control and
patient groups. As the meta-analysis was based on effect size
from group differences, we included absolute as well as ratio
measures of myo-inositol concentrations, as long as both patients
and controls in a dataset had identical metrics reported. When a
study reported on more than 1 demographically stratified patient
group, all contrasts were included in the meta-analysis (29);
when groups were stratified according to clinical characteristics
(e.g., treatment response) but compared against a single control
group, the contrasts were combined to form a single dataset
(weighted mean and pooled SD for a single patient group)
(32). When voxels were split into 2 hemispheres, average values
were computed (mean value from the 2 hemispheres and

Frontiers in Psychiatry | www.frontiersin.org 2 September 2018 | Volume 9 | Article 43839

https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Das et al. Myo-Inositol and Schizophrenia

pooled SD). We contacted authors when these values were not
reported or if moderator variables for meta-regression were not
available.

Meta-analysis was conducted using the metafor package of
R CRAN (33). We used a random-effects model to calculate
the pooled effect size, with 95% confidence limits. This
approach enables more robust inferences when there is a
notable heterogeneity among individual studies. We assessed
heterogeneity using I2 statistics for quantification and Cochran’s
Q for statistical significance test. Potential publication bias was
quantified using Egger’s test. Sensitivity testing was carried out
using a jack-knife approach. During each of the iterations of this
leave-one-out jack-knife testing, one study was left out and the
meta-analytical estimate for (n-1) studies was recalculated. Meta-
regression analyses were undertaken to investigate the effect of
(1) age (based on mean age of patients) (2) gender (based on %
female patients) (3) medication status (based on % unmedicated
patients) (4) scanner strength (in Tesla) and (5) duration of
illness (based on mean years of illness).

RESULTS

Search Results
The literature search identified 19 studies (one with 2 eligible
contrasts (29)), published between 2002 and 2018, with
a total of 561 patients and 585 controls (PRISMA flow
diagram presented Figure 1) (29, 32, 34–49). The sample sizes
ranged from 10 to 75 for controls and 9–72 for patients
(Table 1). Mean illness duration varied between 0.49 and 27.4
years.

The voxel placement of individual studies is shown in
Figure 2. MRS parameters for individual studies are shown in
Table 2.

Meta-Analysis Results
The estimate of heterogeneity had a trend level statistical
significance (I2 = 14.61%; Cochran’s Q = 27.64, p = 0.09)
among the 20 datasets eligible for analysis. Random effects
analysis revealed reduced myo-inositol content in patients

FIGURE 1 | The literature search process.
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TABLE 1 | Clinical and demographic features of studies included in the meta-analysis.

Study Year Number of

patients/controls

Patients

mean mI

(SD)

Controls

Mean mI

(SD)

% Female

patients

Age patient

Mean (SD) in

years

Age controls

Mean (SD) in

years

Unmedicated

patients in

%

Illness

duration

Mean (SD) in

years

Theberge 2002 20/20 8.82 (3.92) 8.72 (2.71) 35.00 25.40 (7.20) 25.52 (7.29) 100 1.75 (2.00)

Delamillieure 2002 17/14 0.63(0.19) 0.66(0.13) 17.65 31.25(6.09) 30.14(6.39) 29.41 8.42(5.45)

Theberge 2003 21/21 9.73 (3.1) 8.74 (3.38) 4.76 37.10 (10.60) 33.30 (11.73) 0 15.6 (8.92)

Yasukawa 2005 15/20 0.98 (0.28) 1.29 (0.24) 46.67 32 (4.9) 36.1 (6.8) 13.33 1.7 (2.10)

Ongur 2008 17/21 0.92(0.33) 1.09(0.32) 41.18 41.8 (9.8) 34.3(10) 0 NA

Tayoshi 2009 30/25 6.73 (2.2) 8.22 (2.35) 53.33 33.8 (9.5) 34.9 (10.7) 0 10.3 (8.7)

Ongur 2010 21/19 0.25 (0.03) 0.27 (0.04) 33.33 39 (10.8) 36.3 (9.8) 13.33 21.1 (7.3)

Shirayama 2010 19/18 5.7 (0.68) 5.55 (0.72) 36.84 30.5 (5.6) 31.4 (8.4) 5.26 7.3 (5.2)

Lutkenhoff 2010 9/21 7.90(1.73) 8.26(2.65) 44.44 48.8(11.5) 55.7(3.8) 0 27.4(11.1)

Bustillo 2014 72/75 10.97 (5.47) 11.03 (4.96) 15.28 36.43 (14.25) 35.04 (12.17) 3.7 15.9 (5.5)

Demjaha 2014 14/10 6.88 (1.66) 6.39 (1.07) 54.17 44.8 (10.9) 44.2 (8.9) 0 16.2(9.4)

Chiappelli 2015 59/69 6.84 (0.84) 6.94 (0.60) 30.51 37.1 (10.6) 33.3 (11.73) 5.08 NA

Brandt 2016 24/24 6.36 (1.34) 6.69 (0.88) 20.83 37.5 (16.7) 36.6 (14.6) 0.00 NA

Rowland 2016a 45/53 6.8 (0.9) 6.90 (0.60) 35.56 37.7 (12.8) 37.1 (13.1) 8.9 14.7 (12.1)

Rowland 2016b 27/29 5.8 (0.64) 5.80 (0.42) 37.04 34.4 (13.1) 29.7 (9.4) 18.52 13.1 (12.1)

Chiu 2017 19/14 5.13 (2.65) 7.71 (1.63) 42.11 29.11 (6.68) 27.71 (5.88) 0 1.47 (1.23)

Taylor 2017 16/18 8.4 (1.3) 8.00 (0.80) 18.75 22.7 (2.9) 23.9 (4.6) 6.06 2.46 (1.31)

Wijtenburg (young) 2017 48/54 6.6 (0.7) 6.72 (0.50) 29.17 25.2 (4.5) 25.2 (4.8) 8.33 6.1 (5.8)

Wijtenburg (older) 2017 47/39 6.82 (0.9) 7.00 (0.80) 44.68 49.5 (5.4) 51.2 (5.7) 4.26 25.4 (9.3)

Reid 2018 21/21 4.88 (0.47) 5.03 (0.50) 23.81 23.2 (4.4) 23.5 (4.5) 4.76 0.49 (0.86)

mI, myo-inositol (absolute or ratio measure of concentration).

FIGURE 2 | Voxel locations in medial frontal cortex for 1H-MRS studies of

myo-inositol included in this meta-analysis. Studies from which a sagittal view

of the MRS voxel could not be obtained are not included in this illustration.

with schizophrenia compared to healthy controls (effect
estimate= 0.19, 95% CI [0.05–0.32], z= 2.72, p= 0.0067). These
results are displayed in the forest plot Figure 3.

Sensitivity/Bias Analysis
All the 16 iterations of the leave-one out analyses were statistically
significant, indicating that the meta-analytical estimates were
reliable and not influenced by any single study. Egger’s test for
funnel plot asymmetry (Figure 4) was not statistically significant
(t= 0.77, p= 0.45), indicating low probability of publication bias.

Meta-Regression Analysis
There was a statistically significant moderator effect of the
percentage of female patients included in the samples in the effect
size for myo-inositol (z = 2.53, p = 0.011). With this moderator,
heterogeneity significantly decreased (Cochran’s Q = 21.2,
p = 0.27). Specifically, studies with more female patients were
more likely to report reduced myo-inositol concentrations in
patients compared to controls (Figure 5). We did not find any
statistically significant moderator effect of the proportion of
unmedicated patients (z = −0.60, p = 0.55), scanner strength
(z = −1.21, p = 0.22), echo time (z = 1.59, p = 0.11), repetition
time (z = 0.13, p = 0.9), age of patients (z = −0.05, p = 0.95),
and duration of illness (z =−0.94, p= 0.34).

DISCUSSION

The main finding from this meta-analysis is the observation of
a small, but statistically significant reduction in myo-inositol
concentration in the medial frontal cortex in schizophrenia.
There is a notable heterogeneity across MRS studies; a substantial
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TABLE 2 | MRS parameters of individual studies.

Study Year Field strength (T) MRS fitting model Voxel size/volume

(cm × cm × cm) or cc

MRS sequences TE/TR (ms)

Theberge 2002 4 fitMAN 1.0 × 1.5 × 1.0 STEAM 20/2,000

Delamillieure 2002 1.5 In-house analysis 3 × 1.5 × 2.5 STEAM 30/1,500

Theberge 2003 4 fitMAN 1.0 × 1.5 × 1.0 STEAM 20/2,000

Yasukawa 2005 1.5 In-house analysis 1.8 cc PRESS 30/1,500

Ongur 2008 4 LCModel 2.0 × 2.0 × 2.0 PRESS 48/2,000

Tayoshi 2009 3 LCModel 1.7 × 1.7 × 1.5 STEAM 18/5,000

Ongur 2010 4 LCModel 2.3 × 2.2 × 2.3 MEGA-PRESS 30/5,000

Shirayama 2010 3 LCModel 2.8 × 3.0 × 2.2 PRESS 68/2,000

Lutkenhoff 2010 3 LCModel 2.0 × 2.0 × 2.0 PRESS 30/3,000

Bustillo 2014 3 LCModel 2.0 × 2.0 × 3.0 PRESS 40/1,500

Demjaha 2014 3 LCModel 2.0 × 2.0 × 2.0 PRESS 30/3,000

Chiappelli 2015 3 LCModel 4.0 × 3.0 × 2.0 PR-STEAM 6.5/2,000

Brandt 2016 7 LCModel 3.0 × 2.0 × 1.2 STEAM 28/3,000

Rowland 2016a 3 LCModel, GannetFit 4.0 × 3.0 × 2.0 PR-STEAM 14/3,000

Rowland 2016b 7 LCModel 3.0 × 2.0 × 2.0 STEAM 6.5/2,000

Chiu 2017 3 GannetFit 3.0 × 3.0 × 3.0 MEGA-PRESS 68/2,000

Taylor 2017 7 fitMAN 2.0 × 2.0 × 2.0 STEAM 10/3,000

Wijtenburg (young) 2017 3 In house analysis 3.0 × 4.0 × 2.0 PR-STEAM 6.5/2,000

Wijtenburg (older) 2017 3 In house analysis 3.0 × 4.0 × 2.0 PR-STEAM 6.5/2,000

Reid 2018 7 LCModel 2.7 × 2.0 × 1.0 STEAM 5/10,000

LCModel, Linear Combination Model; STEAM, STimulated Echo Acquisition Mode; PRESS, Point REsolved Spectroscopic Sequence; MEGA-PRESS, MEshcher-GArwood Point

RESolved Spectroscopy; PR-STEAM, Phase Rotation STimulated Echo Acquisition Mode; TE/TR, Echo Time/Repetition Time.

proportion of this heterogeneity is explained by the sex
distribution in individual studies. In studies with higher number
of female patients, the myo-inositol reduction is much more
pronounced. We found no evidence of publication bias, and
the meta-analytic estimates were sensitive to removal of any of
the individual studies. These results indicate that myo-inositol
reduction in medial frontal cortex occurs in some patients with
schizophrenia, especially in a subset that is more likely to include
female patients.

To our knowledge, this is the first meta-analysis of MRS
myo-inositol studies in schizophrenia. Post-mortem studies in
schizophrenia indicate a reduction in frontal myo-inositol (50)
as well as reduced glial cell count (51), of 32–35% in layer 5
(52, 53) and 20% in layer 6 of the prefrontal cortex (54), though
contradicting results indicating normal (55, 56) or increased glial
cell counts also exist (57, 58). In this context, reduced myo-
inositol resonance reported in our meta-analysis, when taken
together with reduced glutamate levels reported in established
cases of schizophrenia (59), may reflect deficits in astrocyte
activation and recruitment [as proposed in (21)], rather than an
actual reduction in the cell count.

Our meta-regression analysis indicates that studies with
female subjects are more likely to report lower myo-inositol
resonance among patients. An association between sex and
myo-inositol has not been reported so far in schizophrenia
(36, 46). Interestingly, Chiappeli et al. reported that depressive
symptoms, rather than sex, are associated with lower myo-
inositol in schizophrenia (36). Both reductions in myo-inositol

(60) and glial loss (61) in the medial prefrontal cortex are
reported in depressive disorder. Given that one-third of patients
with schizophrenia require antidepressant treatments (62), it is
possible that myoinositol reduction is prominent in a subgroup
of patients prone to depression. We were not able to test this
notion, as except for Chiappeli et al. other MRS studies have not
reported on the distribution of affective symptom severity among
patients with schizophrenia. Nevertheless, it is worth noting
that depression is much more common among women, than
men with schizophrenia (63). Sex-specific epigenetic differences
have been noted in the enzymes that regulate myo-inositol
turnover in rat tissues (64). Importantly, astrocytes exhibit sexual
dimorphism during development (65) and in their response to
inflammation in later life (66, 67). Further investigations in larger
samples of female human subjects, and in patients with and
without affective symptoms are warranted.

Meta-analyses of medial prefrontal MRS studies suggest that
glutamate (68), N-acetyl aspartate levels (69) are reduced in
schizophrenia indicating possible dendritic reduction (70), while
no consistent changes are noted in GABA concentration (27)
or pH levels (71). Glutamate levels are higher during early
stages of schizophrenia, but appear reduced in older cohorts
with more established illness (68). We did not observe any age-
or illness duration related effects on myo-inositol reduction,
suggesting that astroglial dysfunction could be an invariant
feature of schizophrenia, possibly contributing to the observed
course of glutamatergic abnormalities. Preclinical studies suggest
that at excitotoxic levels of glutamatergic signaling, inositol
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FIGURE 3 | Forest plot of MRS myo-inositol studies comparing schizophrenia vs. healthy controls.

FIGURE 4 | Funnel plot of MRS myo-inositol studies comparing schizophrenia

vs. healthy controls.

turnover could be notably reduced. In this context, the putative
dysfunction of synaptic transmission in schizophrenia could
share a common origin, simultaneously affecting the neuron-
astroglia network. Similar to NAA, myo-inositol also reflects
cellular membrane integrity. Thus a combined NAA and myo-
inositol changes could reflect the status of dendritic spine
development or loss, as shown in preclinical studies (72). While
the existing MRS literature cannot be taken as conclusive due to

several technical limitations (as highlighted in the meta-analyses
cited above), the observations to date make a compelling case to
consider astrocytic dysfunction in further detail in schizophrenia.

There are several caveats that need to be considered when
interpreting the results reported here. We limited our analysis
to medial prefrontal cortex, as the number of studies examining
other brain regions is limited and voxel placements are more
diverse. As a result, the observed myo-inositol reduction may
not be generalizable to other brain regions. In fact, an increase
in MRS myo-inositol signal has been reported in regions such
as basal ganglia (73) and parietal lobe (74) in patients with
schizophrenia, while a reduction occurs in medial temporal
white matter (75). Secondly, mood stabilizers acutely deplete
inositol levels (76). None of the included studies reported on
the use of mood stabilizer drugs in the patient samples. The
effect of antipsychotics on myo-inositol concentration is hitherto
unknown. Antipsychotics can reduce astrocyte count, and thus
contribute to reduced myo-inositol concentration (77), though
regional differences can be expected from existing data (78).
We did not find any systematic association between either
unmedicated patient numbers or duration of illness (which
often relates also to cumulative antipsychotic exposure in
clinical settings) to the reported effect sizes. Furthermore, both
schizophrenia and antipsychotics can affect metabolite relaxation
rates (mostly T1, but likely also T2) (79–81). Therefore, the
choice of acquisition technique, at a given field strength, could
affect the ability to detect a difference between patients and
controls. Nevertheless, we did not observe any linear relationship
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FIGURE 5 | Association between proportion of female patients included in individual MRS studies and the effect size of myo-inositol resonance.

between echo time, scanner strength, repetition time and effect
sizes reported in individual studies. We noted several studies
where MRS sequences were suitable to extract myo-inositol
concentrations alongside other metabolites, but myo-inositol
levels were not measured or reported. Though our estimate of
publication bias was low, it is likely that MRS myo-inositol
concentration is largely underreported in the literature. Finally,
we did not include analysis that primarily contrasted bipolar
disorder or depression with psychosis with healthy controls or
patients with schizophrenia. Thus, the observed changes in myo-
inositol cannot be taken to be specific for schizophrenia.

Prenatal exposure to maternal immune activation (MIA)
reduces cingulate cortex myo-inositol in mice, which in turn
relates to physiological markers of schizophrenia phenotype such
as deficits in pre-pulse inhibition and reduced glutamic acid
decarboxylase (GAD67) levels (82). These changes were reversed
when the offspring were exposed to a n-3 polyunsaturated fatty
acid (PUFA) enriched post-weaning diet (82). Consistent with
this observation, healthy human subjects who have reduced
omega-3 fatty acid profile (measured from erythrocytes), show
reduced medial prefrontal myo-inositol and exhibit slower
reaction times in a continuous performance task (83). We
speculate that these observations, considered alongside the
reported reduction in myo-inositol levels in schizophrenia, may
indicate a specific developmental perturbation. It is worth noting
that dietary replacements may not have the same intended
effect across disorders; for example, in major depressive disorder
where myo-inositol level is reduced, inositol supplementation
appears to be beneficial (84, 85), though similar effects have
not been observed in schizophrenia (86, 87). Studies that
investigate the effect of dietary interventions on brain myo-
inositol levels in specific diagnostic subgroups are warranted
to further understand the translational potential of such
approaches.

It is important to note that both increased (21, 22) and
reduced (88–91) brain myo-inositol levels have been noted in
various inflammatory states. Thus, the reduced myo-inositol
level noted in schizophrenia does not contradict the role of
neuroinflammation in this illness. In fact, this observation
adds an important clarification that the inflammatory changes
observed to date may be secondary to a permissive astrocytic
environment, whereby reduced myo-inositol levels in astrocytes
facilitate osmotic damage, as well as glutamatergic excess.
Without longitudinal data that tracks pre-psychotic and post-
psychotic changes in same individuals, this notion of primary
astrocytic dysfunction should be considered to be merely
speculative.

In summary, in patients with schizophrenia, a small but
statistically significant reduction in medial prefrontal myo-
inositol resonance is observable. The size of the reported effect
indicates that the biological pathways affecting the myo-inositol
system are likely to operate only in a subset of patients with
schizophrenia. In this regard, MRS myo-inositol could be a
useful tool to parse heterogeneity as well as to explore treatment
stratification in schizophrenia. Furthermore, combining MRS
myo-inositol measurement with in-vivo probes of astroglial
function (e.g., PET ligands selective for the astrocytic imidazoline
binding sites (92)) could take this investigation further in the near
future.
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Advances in understanding the role of the microbiome in physical and mental health are

at the forefront of medical research and hold potential to have a direct impact on precision

medicine approaches. In the past 7 years, we have studied the role of microbiota-brain

communication on behavior in mouse models using germ-free mice, mice exposed to

antibiotics, and healthy specific pathogen free mice. Through our work and that of others,

we have seen an amazing increase in our knowledge of how bacteria signal to the brain

and the implications this has for psychiatry. Gut microbiota composition and function are

influenced both by genetics, age, sex, diet, life experiences, and many other factors of

psychiatric and bodily disorders and thusmay act as potential biomarkers of the gut-brain

axis that could be used in psychiatry and co-morbid conditions. There is a particular

need in major depressive disorder and other mental illness to identify biomarkers

that can stratify patients into more homogeneous groups to provide better treatment

and for development of new therapeutic approaches. Peripheral outcome measures

of host-microbe bidirectional communication have significant translational value as

biomarkers. Enabling stratification of clinical populations, based on individual biological

differences, to predict treatment response to pharmacological and non-pharmacological

interventions. Here we consider the links between co-morbid metabolic syndrome and

depression, focusing on biomarkers including leptin and ghrelin in combination with

assessing gut microbiota composition, as a potential tool to help identify individual

differences in depressed population.

Keywords: gut-brain axis, microbiome, leptin, ghrelin, major depression (MDD)

Major depressive disorder (MDD) is a debilitating disorder that affects nearly 15% of the general
population and accounts for the greatest disability burden of any disease (1). One of the major
challenges in treating MDD is the lack of understanding of the underlying etiology of the disorder.
The clinical heterogeneity observed inMDDmakes it difficult to select the best treatment approach
for an individual (2). Additionally, upwards of 60% of MDD patients will experience at least some
form of treatment resistance over the course of the disease (3), with only one third of MDD
suffers achieving remission even with optimal pharmacological and patient treatment (4). The
onset and progression of depression is thought to result from a complex combination of genetic,
environmental and neurochemical factors that differ considerably across patient populations
such that the search for robust biomarkers to both characterize depression subtypes and predict
treatment response is at the forefront of clinical psychiatry (5, 6).
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Recent work over the last two decades has revealed the
bidirectional communication between the central nervous
system, enteric nervous system and the gastrointestinal tract,
often referred to as the gut brain axis (7–12). Emerging evidence
now supports the role of the gut microbiota in influencing
behavior with specific links to MDD. The diverse population
of the gut microbiota has been shown to be heterogeneous
between individuals (13, 14), with dominate factors, such as diet
(15), environment and host genetics (16–18) shaping the overall
composition and function. Heterogeneity of depression has
limited the success of efforts aimed at identifying clinical markers
of treatment response and clinical subtypes. Treatment and
diagnosis of MDD is also complicated by increasingly common
comorbidities, resulting in another layer of heterogeneity in
the MDD population. Therefore, the identification of robust
biomarkers to both identify individual differences within the
MDD population, as well as stratify patients into more
homogenous subgroups is of critical importance. This approach
is utilized by the Canadian Biomarker Integration Network in
Depression (www.canbind.ca) that aims to shorten the time that
it takes to match patients with the best treatment. By combining
multiple molecular markers that can be measured in blood
with clinical, imaging, or EEG researchers can identify and link
biomarkers to clinical presentation and help predict treatment
response (5).

Metabolic syndrome (MetS) is a well-documented in MDD
patients, with the risk of MetS in depressed patient at 1.5 times
higher than in the non-depressed population (19). Moreover,
the prevalence of MetS is 58% higher in psychiatric patients
than in the general population (20), with prominent anorexigenic
and orexigenic hormones leptin and ghrelin identified to be
associated with psychiatric disorders including schizophrenia,
bipolar disorder and major depression (21–23). A role for the
microbiome in metabolic syndrome has received attention, with
studies demonstrating a role for gut microbiota in features of
MetS, such as obesity, diabetes, dyslipidemia and hypertension
(24, 25). Here we consider the literature related to leptin
and ghrelin in MDD and how these molecular markers in
combination with gut microbiota have potential to identify
individual differences in patients and provide measures of the gut
brain axis in MDD.

MICROBIOTA-BRAIN INTERACTIONS ARE

IMPORTANT IN DEPRESSION

Research focused on the gut brain axis has gained momentum
in recent years and garnered attention from both the scientific
community, the public, and the media, with particular interest
in understanding how microbes may influence mood.
Accumulating evidence from preclinical work in rodents
supports a connection between stress, microbiota, and stress-
related behaviors (26–36), however, only a handful of studies
have examined gut bacteria in individuals with major depressive
disorder (7–9, 37–39). Using 16S rRNA gene sequencing, the
composition of fecal microbiota in depressed patients was shown
to be different from control samples (Table 1). The specific

taxa differences observed in these studies varied, in part related
to differences in sample size and analytical methods, but also
related to the heterogeneity in the clinical populations recruited
including age, BMI, smoking status, medication, clinical
features, and severity of disease (8, 9, 37, 38). Inter-individual
differences in microbiota composition in healthy individuals is
∼90% (13, 14). Understanding how individual differences in
microbiota influences individual differences in health and disease
including MDD and other psychiatric disorders is needed.

The compositional data gained from utilizing 16S rRNA gene
sequencing in the MDD population represents an accessible
biomarker, that provides both compositional data and, with
recent advances in bioinformatics, can contribute functional
information (40). The potential therapeutic benefits of treatments
that target the microbiome, including probiotic and prebiotic
administration, have begun to gain creditability for the treatment
of psychiatric disorders (41) and the term psychobiotics is
commonly used to classify products, such as probiotics and
prebiotics, that when given in adequate amounts produce
positive psychological effects (42, 43). Several studies show a
benefit of probiotic consumption in healthy individuals including
improvedmood (44), a beneficial effect on anxiety and depressive
measures as well as reduced stress hormone levels (45). Less
work has been conducted in MDD clinical populations (46), and
work to date has not utilized gut-brain biomarkers to identify
subgroups within MDD. Metabolism and metabolic markers are
of interest in the microbiome field. Here we selected two well-
known metabolic markers that have been well-studied in MDD
populations and consider their potential as biomarkers in MDD.

LEPTIN AS A POTENTIAL BIOMARKER OF

GUT-BRAIN INTERACTIONS IN MDD

Leptin is an adipocyte derived hormone, with a known role
in regulating fat mass storage and energy homeostasis. Leptin
circulates as a 16 kDa protein, where it crosses the blood brain
barrier (BBB) and interacts with multiple regions of the brain
including the hypothalamus and hippocampus (47, 48). Over the
last decade there has been increasing evidence of leptin’s role
in regulating mood (23). Work in animal models has revealed
a complex role of circulating leptin along with leptin’s receptor
(lepR) expression levels throughout the brain. Deletion of the
lepR in the hippocampus of rats results in depressive behavior
(49), as well as inhibits the behavioral effect of serotonin reuptake
inhibitor fluoxetine (50). Animal models of chronic stress have
been found to reduce circulating leptin, as well as reliably produce
depressive behavior. Systematic injection of leptin has been found
to have a dose dependent reduction in depressive behaviors in
chronically stress mice (51, 52). A study aimed at exploring
the relationship between obesity and depression found that, a
combination of diet induced obesity and chronic unpredictable
mild stress (CUMS) resulted in increased leptin levels but a
decrease in LepR expression, along with depressive behaviors
(53). The disparity in leptin serum level and receptor expression
may be more representative of what occurs in an obese human
andmay be contributing to the comorbidity of obesity andMDD.

Frontiers in Psychiatry | www.frontiersin.org 2 October 2018 | Volume 9 | Article 51349

www.canbind.ca
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Horne and Foster Gut-Brain Biomarkers

TABLE 1 | Bacterial taxa differences at the family and genus level observed in

individuals with major depressive disorder.

References Family Genus

Differences in relative abundance

Naseribafrouei et al.

(38)

Lacnopiraceae (down) Alistipes (up)

Oscillibacter (up)

Jiang et al. (37) Acidaminoccocaceae (up) Alistipes (up)

Mothur metastats Enterobacteriaceae (up) Blautia (up)

Fusobacteriaceae (up) Clostridibum XIX (up)

Porphyromonadaceae (up) Lachnospiacea (up)

Rikenellaceae (up) Megamonas (up)

Bacteroidaceae (down) Parabacteroides (up)

Erysipelotrichaceae (down) Parasutterella (up)

Lacnopiraceae (down) Phascolarctobacterium

(up)

Prevotellaceae (down) Oscillibacter (up)

Ruminococcaceae (down) Roseburia (up)

Veillonellaceae (down) Bacteroides (down)

Dialister (down)

Faecalibacterium (down)

Prevotella (down)

Ruminococcus (down)

Jiang et al. (37) Polphyromonadaceae (up) Alistipes (up)

LefSe LDA Eneterobacteriaceae (up) Parabacteroides (up)

Alpha leve = 0.05 Rikenellaceae (up) Butyricimonas (up)

Effect size

threshold = 2

Erysipelotrichaceae (up) Flavonifractor (up)

Peptostreptococcaceae

(down)

Haemophilus (down)

Pasterueliaceae (down) Dialister (down)

Ruminococcaceae (down) Faecalibacterium (down)

Escherichia shigella

(down)

Ruminococcus (down)

Kelly et al. (8) Prevoellaceae (down) Prevotella (down)

Mann-Whitney U test Thermoanaerobacteriaceae

(up)

Dialister (down)

FDR adjusted 10% Eggerthella (up)

Holdemania (up)

Gelria (up)

Turicibacter (up)

Paraprevotella (up)

Anaerofilum (up)

Lin et al. (9)

Wilcoxon’s sign rank

test

Prevotella

Steptococcus

Clostridibum XIX

Zheng et al. (39) Actinomycineae (up) Parvimonas (up)

Random forest

classifier

Coriobacterineae (up) Anerostipes (up)

Lactobacillaceae (up) Blautia (up)

Streptococcaceae (up) Dorea (up)

Clostridales incertae sedis

XI (up)

Lachnospiraceae incertae

sedis (up)

(Continued)

TABLE 1 | Continued

References Family Genus

Eubacteriaceae (up) Clostridium IV (up)

Lachnospiraceae (up) Alistipes (down)

Ruminococcaceae (up) Coproccus (down)

Erysipelotrichaceae in

certae sedis (up)

Clostridium XIVa (down)

Bacteroidaceae (down) Phascolarctobacterium

(down)

Rikenellaceae (down) Megamonas (down)

Lachnospiraceae (down) Lachnospiraceae incertae

sedis (down)

Acidaminococcaceae

(down)

Roseburia (down)

Vellonellaceae (down) Faecalibacterium (down)

Sutterellaceae (down)

Human studies examining leptin levels in MDD have been
mixed, some finding elevated leptin in MDD (54, 55) while
others finding decreased levels (56, 57). This may be due to the
varying role of leptin in lean verse obese conditions but also
represents how we expect a biomarker of individual differences
to present in a clinical population. Under lean conditions leptin
acts as an anti-obesity hormone, signaling through activation of
leptin receptors at the hypothalamus to reduce feeding behavior
(58). Obesity is characterized by an increase in circulating leptin
and a decrease in leptin receptor expression, leading to leptin
resistance and disrupted leptin signaling (59). Concurrently,
alterations to appetite, as well as weight changes are known
clinical features of MDD (2). Interestingly, two meta-analyses
have found a significant association of elevated leptin with
depression only when controlling for BMI (60, 61). There
is also evidence to support the association between atypical
features of depression, such as increase appetite and hyposomnia
with elevated leptin levels (62, 63). A recent study aimed at
identifying subgroups of depression, found that grouping un-
medicated patients by increases or decreases in appetite revealed
dramatic differences in metabolic signaling, immune signaling
and functional brain activity differences (64). Leptin levels
were significantly increased in MDD patients with increased
appetite, compared to healthy controls or when compared
to MDD individuals with decreased appetite, an observation
that was not related to BMI (64). The increased appetite
subgroup also had alteration to proinflammatory markers and
decreases in orexigenic gut hormone ghrelin, suggesting that
biological difference may contribute to differences in disease
symptomology. Based on the work to date, leptin may be a useful
biomarker in a particular subset of MDD patients and may aid in
identifying individual differences.

Leptin levels are related to gut microbiota. The secretion
of leptin by adipocytes is regulated by microbial-derived
metabolites, specifically short-chain fatty acids (SCFA) that signal
through GRP41/42 receptors (65). Studies have shown that
the gut microbiota can influence leptin levels independent of
food intake (66), and that prebiotic treatment can improve
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leptin sensitivity (67). Antibiotic use, which has been found
as a risk factor for the development of depression has
also been shown to reduce leptin levels in rodents (68).
In line with the predicted relationship between bacterial
populations and leptin levels, several studies have found
that certain bacterial taxa correlate with circulating leptin
levels. A study by Queipo-Ortuño et al. found that bacteria
genera Lactobacillus and Bifidobacterium positively correlate
with serum leptin levels, whereas Clostridium, Bacteroides, and
Prevotella were negatively correlated. In a different study, obese
and overweight pregnant women were found to have leptin
levels that positively correlated with the abundance of the
families Lachnospiraceae and Ruminococcaceae, highlighting
the association between leptin levels and energy homeostasis
(69). The impact of probiotic treatment on leptin levels
within the context of depression has recently been evaluated
(62). In mice, administration of Pseudocatenulatum reduced
depressive behavior and improved leptin serum levels and
receptor expression in the hippocampus and intestine of mice
(59). Considering circulating leptin as a link to both MDD,
metabolic disorders and the gut microbiota may advance its
use as a biomarker to identify individual differences in MDD
patients.

GHRELIN AS A POTENTIAL BIOMARKER

OF GUT-BRAIN INTERACTIONS IN MDD

Ghrelin is a gut peptide hormone that is produced by cholinergic
cells in the gastrointestinal tract found predominately in the
stomach (70). Acylated ghrelin circulates throughout the body
and crosses the BBB, where it interacts with acylated ghrelin
receptors (GHSR1), expressed by the hypothalamus (71). GHSR1
is also expressed in the dentate gyrus of the hippocampus, CA2
and CA3 regions, substratum nigria and ventral tegmental area
(72). Due to the wide spread expression of GHSR1, ghrelin has
been shown to play a role, in energy homeostasis, eating behavior,
sleeping behavior (73), cognition, reward mechanisms (74), and
mood (75), all of which can be altered in MDD. As with leptin,
a body of work now supports the role of ghrelin in regulating
mood, with close links to depression (73, 76). Ghrelin has a role
in response to acute stress in both animals and humans, with
acute stress resulting in elevated ghrelin levels and activation
of the hypothalamus-pituitary axis (HPA) (77, 78). Preclinical
work has shown that ghrelin inhibited the release of serotonin
(79), as well as increased serotonin turnover (80), providing
evidence of it potential role in serotonin imbalance observed in
MDD. Animal studies have found behavioral effects following
cerebral injection of ghrelin including decreased anxiety and
depressive behaviors (81). It is suggested that ghrelin acts as a
survival mechanism when animals are exposed to acute stress,
to induce feeding behavior. In support of this suggestion, a
study in 2012 showed the elevated ghrelin after acute stress
attenuated anxiety-like behaviors, whereas prolonged stress
led to chronic increased ghrelin levels, dysregulation of HPA
axis and serotonin signaling as well as increased depressive
behaviors (78).

Attempts to associate ghrelin levels in humans with MDD
has also shown mixed results, with older studies indicating
a decrease in ghrelin levels (82) while newer studies are
finding an elevation of ghrelin associated with MDD (83–
85). Ghrelin has been predicted to alter a number of genes
involved in depression with a ghrelin polymorphism found
to be associated with the development of depression (86).
Three previous studies have shown that ghrelin may act as a
measure of treatment response, finding elevated ghrelin levels
in MDD non-responders, and a decrease of serum ghrelin
levels associated with response to treatment (85, 87, 88). Serum
ghrelin has been recently shown to act as a persistent biomarker
for chronic stress exposure in both rodents and humans (89)
with exposure to chronic stressors resulting in elevated acyl-
ghrelin levels for at least 130 days in rats and 4.5 years in
adolescent humans. Indicating that those with elevated ghrelin
and MDD, may have a chronic stressor as an underlying
mechanism of disease progression. Exposure to both chronic
and acute stress results in elevated circulating cortisol levels.
The same study identified subgroups of MDD based on appetite
and found elevated ghrelin and cortisol levels in MDD patients
with decreased appetite (64). This finding indicates that in the
depressed population elevated ghrelin may have roles outside
of increasing eating behavior and may interact to influence the
HPA axis resulting in elevated stress response. Furthermore,
work by Algul et al. found both acylated and deacylated serum
ghrelin level were elevated in MDD patients and increases
in ghrelin concentration significantly correlated with disease
severity (84).

Ghrelin is primarily produced in the gut, with previous
work establishing the role of the vagus nerve in mediating the
communication of the peptide to the brain (90). Due to the
proximity of the gut microbiota to ghrelin’s central location,
work has begun to explore the relationship between the gut
microbiota and ghrelin expression. Notably, germ-free mice have
lower levels of circulating ghrelin, with levels increasing beyond
conventional mice after a period of fasting (91). Additionally,
serum ghrelin levels significantly negatively correlate to genera
Bifidobacterium, Lactobacillus, and B. coccoides-Eubacterium
rectale and positively correlate with Bacteroides and Prevotella
in rodents (92). Treatment with prebiotics has been found
to alter ghrelin levels, with lean and obese mice exhibiting a
positive response in ghrelin following prebiotic treatment (93).
Metabolism of prebiotics by gut bacteria leads to increased SCFAs
and, ghrelin production has been found to be regulated by SCFA
signaling (94, 95). Activation of the fatty acid receptor 3 by
butyrate reduced serum ghrelin levels (94) however; a recent
study identified the role of bacteria-derived acetate in activating
the parasympathetic nervous system and increasing ghrelin
secretion (95). Further, gastric infusion of acetate dramatically
increases ghrelin concentrations in plasma, but the effects were
lost in vagotomised mice (95), indicating potential bidirectional
communication from the gut to the brain in the control
of ghrelin secretion from cholinergic cells. Due to ghrelin’s
increasingly recognize role in mediate mood and potential
biomarker status for MDD, along with its connection to the gut
microbiota, it makes an optimal biomarker to identify treatment
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response to prebiotic and probiotic treatment in the MDD
population.

IMPLICATION AND FUTURE DIRECTIONS

While much excitement has been recently focused on the
role of the gut microbiota in psychiatric disorders, there is
a need to gain a better understand clinical heterogeneity in
depressed individuals. Research on gut the brain axis has been
rapidly progressing, by examining the relationship between the
gut microbiota and metabolic states in healthy and depressed
individuals, a better understanding of how microbes influence
mood will be determine. As MDD commonly occurs with co-
morbidities, it is important to evaluate how related factors
contribute to disease development or progression. As the
relationship between metabolic syndrome and depression is
bilateral and suggested that the development of one often leads
to the other (96) exploring metabolic endocrine signaling in the
context of depression and gut microbiota will enable researchers
and clinicians to gain a broader understanding of the underlying
biological factors that may be contributing to MDD.

As neuroscientists, psychologists, and psychiatrists are
starting to appreciate the importance of gut microbiota to
mental health, there is a great opportunity to identify biomarkers
associated with the gut-brain axis and thereby provide a
better understanding of the aspects that may be modifiable
with proper intervention in individuals with mental illness.

By measuring: leptin and ghrelin levels, both within context
of sex and BMI, and in conjunction with gut microbiota
composition and MDD symptomology, researchers will be
able to stratify the clinical population in more homogenous
subgroups. The ability to identify a subgroup of the clinical
MDD population based on metabolic status and gut microbiota
composition would aid clinical trials to predict treatment
response and for development of therapies that target the
microbiome.
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Omic sciences coupled with novel computational approaches such as machine

intelligence offer completely new approaches to major depressive disorder (MDD)

research. The complexity of MDD’s pathophysiology is being integrated into studies

examining MDD’s biology within the omic fields. Lipidomics, as a late-comer among

other omic fields, is increasingly being recognized in psychiatric research because it

has allowed the investigation of global lipid perturbations in patients suffering from MDD

and indicated a crucial role of specific patterns of lipid alterations in the development

and progression of MDD. Combinatorial lipid-markers with high classification power are

being developed in order to assist MDD diagnosis, while rodent models of depression

reveal lipidome changes and thereby unveil novel treatment targets for depression. In this

systematic review, we provide an overview of current breakthroughs and future trends in

the field of lipidomics in MDD research and thereby paving the way for precision medicine

in MDD.

Keywords: major depressive disorder, depression, lipidomics, machine learning, computational psychiatry,

cortisol, inflammation, prostaglandin

INTRODUCTION

Major depressive disorder (MDD) is a psychiatric illness with devastating consequences with regard
to personal and social functioning as well as physical health (1, 2). According to the Diagnostic and
Statistical Manual of Mental Disorders (DSM-5), MDD is a heterogeneous disorder, defined and
diagnosed on the basis of its core symptoms of a depressed mood or anhedonia and a combination
of four of nine other symptoms, such as changes in appetite, sleep, fatigue, concentration, feelings
of worthlessness and suicidal ideations persisting for the majority of the day over at least a 2
week period (3). The World Health Organization has declared MDD the leading cause of disability
with over 300 million people being affected worldwide (4). Regrettably, no sizeable improvement
in population mental health for MDD has been achieved during the last decade (5). Diagnosing
and treating MDD is complicated due to its heterogeneous illness presentation exemplified by
anhedonia, considered a cardinal feature of MDD, but is truly present in only up to 50% of
patients (6). The subjective nature of the patients’ report of symptoms makes clinical judgment
based on a person’s history and cultural norms a difficult task. The high non-responder rates
to standard antidepressant treatment present further challenges to clinical practice (7, 8). These
factors contribute to low diagnostic reliability and the potential for misdiagnosis (9, 10).
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Therefore, during the last few decades, tremendous efforts
have been undertaken in order to identify a diagnostic biomarker
forMDD, enabling a reliable diagnosis and potentially identifying
treatment targets for novel therapeutic approaches. Although
advancements in elucidating the pathophysiology of MDD
have been achieved (11), one needs to acknowledge that the
reductionist single biomarker approach employed during the
last decades has been a failure (12). It has become increasingly
clear that the pathophysiology of MDD depends on a wide array
of biological parameters that cannot be measured by a single
biomarker and that only a systems approach might be successful
in identifying diagnostic bio-signatures for MDD.

Newly developed high-throughput screening technologies,
which facilitate the quantification of omics data, offer new
approaches for systems analyses with regard to MDD (13). New
computational methods are currently revolutionizing biomarker
research by using unsupervised data driven approaches such
as machine intelligence or deep learning; these provide
increased analytical power in order to come to grips with the
complex pathophysiology ofMDD (14–16). These computational
approaches are capable of delivering multi-parametric disease
signatures based on different omics data sets that can be used to
identify functional networks (17).

Although studies using omics approaches (e.g., genomic,
proteomic, brain connectomics, metabolomics) have increased
exponentially during the last 18 years, achieving breakthroughs
for example in the field of genome-wide or neurophysiological
classification of MDD (18, 19), reproducibility has proved
challenging the field. Lipidomics is no exception (12). However,
this situation is now improving with the developments of
new lipidomics platforms (20) that provide reliable absolute
quantitation and inter-site reproducibility (21), which are the
basis for clinical applications (12). In this systematic review
we will provide an up-to-date overview of existing studies in
lipidomics and MDD or rodent models of depression.

THE LIPIDOME IN MDD

The lipidome—the complete lipid profile of an organism—has
central roles in most aspects of cell biology (22). The human
organism invests substantial resources for the production of
thousands of molecular species attributable to eight different
lipid categories with multiple classes and sub-classes (23).
These classes are strongly interconnected and perturbations in
a lipid species often result in global lipidome changes (23,
24). An enormous variety of different functions is carried
out by lipids, such as energy storage by triacylglycerol (TAG)
in lipid droplets or membrane formation and trafficking
by amphipathic lipids such as glycerophospholipids (e.g.,
phosphatidylcholines [PC], phosphatidylethanolamines [PE],
and phosphatidylinositols [PI]) (25). Lipids also determine the
localization and function of proteins in the cell membranes of
neurons and may further act as neurotransmitters (26). Many
lipid structures have been shown to be essential for neuronal
signaling and survival (27–29), and thereby critically influence
an individuals’ mood and behavior (26). Lipids also function

to sub-compartmentalize cell membranes, forming functional
platforms (lipid rafts) that operate in signaling and many other
membrane activities (30). Finally, lipids act as second messengers
in signal transduction, also regulating glucocorticoid action as
well as inflammatory processes (25). Therefore, there is a plethora
of lipid markers potentially related to MDD. Reviews and meta-
analyses investigating the action of single lipids in MDD suggest
that polyunsaturated fatty acids (e.g., omega-3 and omega-6)
(31), cholesterol (32), as well as lipids of the sphingomyelin-
ceramide (SM-Cer) pathway could be crucially related to mood
disorders (33, 34). However, as outlined above, lipids are strongly
interconnected and hierarchically organized so that a systems
approach based on networks will be an indispensable tool to
reveal the role and mechanisms of the lipidome in MDD. Since
lipid nomenclature is not yet standardized, in the following, we
will report lipid species as in original reports (35).

We will describe the systematic search process for studies
applying lipidomic approaches in MDD or rodent models of
depression (see Figure 1). Subsequently, we will review the
identified studies with regard to their biological interpretation
and discriminative power for MDD classification (see Table 1)
and compare identified lipid species between studies (see
Supplementary Table 1). Finally, we will integrate the findings
into a model in which the relationship between the lipidome
and MDD is mediated via dysregulated processes in the
hypothalamus-pituitary-adrenal (HPA) axis and the immune
system (see Figure 2).

SEARCH STRATEGY AND STUDY

SELECTION

Candidate studies were identified via PubMed/Medline,
EMBASE and PsycINFO using the following search strategy,
whereby separate searches were performed for human and rodent
studies respectively. The applied key terms for human studies
were [(depressive mood OR depressed mood OR depression OR
major depression) AND (lipidomics OR lipidome)], whereas for
rodent studies the key terms [(depressionOR depressive behavior
OR depressive-like behavior OR depressed mood OR depressive
mood OR antidepressant OR chronic unpredictable stress OR
chronic unpredictable mild stress OR learned helplessness OR
inescapable foot shock OR pain-induced depression OR social
defeat) AND (rodents OR rats OR mice) AND (lipidomics
OR lipidome)] were used for searching in the title, abstract
and/or any other field registered in the database. The search
was restricted to English language journal articles published
between database inception and 25th April 2018. The final set
of articles was cross-validated and further completed based on
prior reviews. In sum, 123 records were extracted. The set was
refined by removing (i) duplicate entries (n = 46). Titles and
abstracts were then screened for relevance, removing (ii) reviews,
meta-analyses, case studies, meeting abstracts, study protocols,
practical guidelines and books (n = 27). In a next step, the
full text of the remaining 50 articles was assessed for eligibility,
subsequently excluding all studies that did not deal with (iii)
lipidomics (n = 6) or (iv) MDD or behavioral mouse models
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FIGURE 1 | Flow chart visualization of systematic search process according to PRISMA guidelines.

of depression (n = 29). In a final step, studies (v) with a special
focus on bio-technologies (n = 3) were eliminated. Figure 1
shows the sample development throughout the selection process,
reaching the final set of 12 studies for review including 7 human
and 5 rodent studies (see Table 1). The study selection and
eligibility screening were conducted according to the PRISMA
guidelines (47).

LIPIDOMIC STUDIES IN MDD AND

RODENT MODELS OF DEPRESSION

Human Studies
In humans, a pioneering study by Demirkan et al. using
unsupervised lipidomic analysis of 148 plasma phospho- and

sphingolipid species in a sample of 742 individuals identified
significant associations with a psychometric depression measure
(Center for Epidemiological Studies-Depression Scale: CES-D)
for the ratio sphingomyelin (SM) 23:1 to SM 16:0 and the
absolute amount of PC (alkyl subclass) O 36:4, as well as the
ratio of PC O 36:4 to Cer 20:0 (37). However, subsequent
analysis of an independent replication dataset (N = 753)
only revealed absolute levels of PC O 36:4 to be robustly
inversely related to depressive symptoms. Though being robustly
associated to the CES-D in this study, this lipid structure alone
did not provide sufficient discriminating power to adequately
differentiate between individuals suffering from MDD and
healthy controls. The authors of the study further highlighted
that PC O 36:4 is a potential target of phospholipase A2 (PLA2),
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FIGURE 2 | Pathway linking chronic stress, HPA hyperactivity, increased inflammation, lipidomic dysregulation, and development of MDD. Glucocorticoid positive

spiral pathway A: Chronic stress leads to HPA hyperactivity. Increased levels of glucocorticoids increase PLD activity (48). Increased PLD activity leads to increased

turnover of phosphatidylcholines (PC) and phosphatidylethanolamine (PE) to phosphatidic acid (PA) and also lysophosphatidylcholine (LPC) and

lysophatidylethanolamine (LPE). Due to is chemical properties, PA is swiftly converted to diacylglycerol (DAG). DAG, LPC, and LPE cause membrane bending and

destabilization allowing more influx of glucocorticoids into the cell. Glucocorticoid positive spiral pathway B: Increased levels of glucocorticoids decrease triacylglycerol

hydrolase (TGH) expression. Increased levels of glucocorticoids increase triacylglycerol (TAG) biosynthesis via increase of (diacylglycerol acyltransferase 2) DGAT2.

Reduced TGH expression and increased TAG biosynthesis lead to increased levels of TAG (49). TAG in turn is related to increased levels of glucocorticoids.

Inflammatory positive spiral pathway: Chronic stress leads to inflammatory dysregulation. An excess of proinflammatory cytokines and phase reactants increase

phospholipase A2 (PLA2) (50). Increased PLA2 activity leads to increased turnover of linoleic acid (LA) containing phosphatidylcholines (PCLA ) to arachidonic acid

(AA). AA is subsequently converted to prostaglandins (PG) of which the series 2 is proinflammatory (e.g., PGA2, PGD2, PGE2, PGF2, PGH2, PGI2). PG further

increase inflammatory reactions (40). PC degradation is associated with SM-Cer turn over further increasing PG levels (22). Lipid Nomenclature: following annotations

are used: Lipid class <sum of carbon atoms>:<sum of double bonds>; < sum of hydroxyl groups>, e.g., SM 34:1;2 signifies a SM species with 34 carbon atoms,

1 double bond and 2 hydroxyl groups in the ceramide backbone. Lipid molecular subspecies annotation (35) contains additional information about the exact identity

of their fatty acids, the exact position of which cannot be discriminated in relation to the glycerol backbone (sn-1 or sn-2). This is indicated by a dash: “-.” For example,

PC 18:1;0-16:0;0 denotes a phosphatidylcholine with a 18:1;0 (18 carbon atoms, 1 double bond, 0 hydroxylation) and a 16:0;0 fatty acid. CE 18:1;0 denotes a

cholesteryl ester with a 18:1;0 fatty acid.

which converts PC O 36:4 to lysophosphatidylcholines (LPCs).
When PC O 36:4 is hydrolyzed by PLA2, arachidonic acid
(AA) is produced, which is subsequently rapidly converted into
inflammatory mediators (prostaglandins), potentially leading
to increased neuro-inflammation, which has consistently been
related to MDD (51). AA itself, however, is known to
directly modulate neural cell function via different processes
(e.g., membrane fluidity and polarization) and thereby AA
could negatively affect brain function and contribute directly
to depressive symptomatology (37) [see also the study by
Knowles et al. section Lipidome associations with glucocorticoids
and inflammatory markers. for lipid-inflammation dependent
pathways in MDD (40)].

Liu et al., based on prior work (52), conducted a non-
targeted lipidomic approach comparing 60 patients with
diagnosed MDD with 60 healthy controls (HCs) in a
discovery set and a validation set of a similar size (42). The
authors reported that several differential lipid species were
significantly correlated with depression severity measured by
the Hamilton Depression Scale (HAMD) (42). Total levels
of the following lipid classes were elevated in depressed
individuals LPC, lysophosphatidylethanolamine (LPE), PC,

PE, phosphatidylinositol (PI), DAG, and TAG, while total
PE O and several SM species were decreased in depressed
individuals. The authors, however, did not elaborate on the
molecular mechanisms linking these lipid classes with MDD.
Yet, negative associations between specific SM species and
depressive symptoms were also reported by Demirkan et al.
(37). An experimental study further investigated the effects of
acid sphingomyelinase (Asm), which releases ceramides (Cer)
from SMs (33). In this study, it was shown that therapeutic
concentrations of two different antidepressants reduced Asm
activity and Cer levels, while increased neuroplasticity and
non-depressive behavior was observed (33). This suggests that
SM levels and the turnover to Cer are dysregulated in MDD
and restored with antidepressant medication. Furthermore,
using unsupervised statistical approaches, Liu et al. extracted a
combinatorial lipid marker including five lipids as diagnostic
biomarker with an area under the curve (AUC) between 0.855
and 0.931 suggesting a good discriminative power for MDD
and HCs. However, the identified five lipids LPE 20:4, PC 34:1,
PI 40:4, SM 39:1, and TAG 44:2 were not further validated
in subsequent lipidomic studies on MDD. Unfortunately,
the authors did not provide values for the area under the
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precision/recall curve (AUPR), although unbalanced analysis was
performed when comparing HCs (N = 111) to either moderately
depressed (N = 78) or severely depressed individuals (N = 57).
Here, it is important to note that AUC alone is not a good
measure of performance in unbalanced data sets as represented
by the comparison of moderately or severely depressed vs. HCs.
Thus, combined reporting of AUC and AUPR is required. AUC
alone can present an overly optimistic view of the algorithm’s
performance when there is a skew in the class distribution (53).
Comparing these results, a metabolomics/lipidomic study reports
an accuracy for their extracted combinatorial biomarker of 72.2%
for the discrimination of MDD and HCs, which is significantly
lower (54). The authors subsequently sub-classified MDD
individuals into anxious depressed (N = 58) and melancholic
depressed (N = 21) and compared these groups to HC (N = 97).
Using this approach, an accuracy of 83.8% for melancholic
depressed individuals (72% for anxious depressed individuals)
was achieved. However, the authors neither reported AUC nor
AUPR levels (54). This might therefore still overestimate the
actual discriminative power since the false positive rate was not
considered within the accuracy measure. In this study, of the
lipids, PC and SM levels were decreased and Cer levels were
increased, again indicating increased SM to Cer turnover by Asm
hyperactivity (54).

A study by Kim et al. including 25 currently affected MDD
cases, 25 remitted MDD cases, and 25 HCs, identified a lipid
marker consisting of lysophosphatidic acid (LPA) 16:1, TAG
44:0, and TAG 54:8, discriminating between HCs and MDD
cases with 76% accuracy (HCs vs remitted with 60% accuracy;
LPA16:1, TAG52:6, TAG54:8, TAG58:10) (39). With regard to
differentially elevated lipids in the three groups, an inconsistent
picture emerged with no differential PC and PE species, while
TAG and DAG species showed the most differentiating power
and were significantly increased in MDD patients compared
to controls (39). TAGs are the most abundant lipid species
in the human organism and constitute a major source of
energy, while lipoprotein lipase (LPL) enzymes such as adipose
triglyceride lipase (ATGL) and hormone sensitive lipase (HSL)
are responsible for the breakdown of TAG into DAG and free
fatty acids (FFA) (55). In the brain, TAG degradation by LPL
informs neurons and astrocytes about energy expenditure (56),
while a dysfunction of these enzymes leading to increased TAG
levels may underlie the increased fatigue observed in depressive
disorders.

Chan et al. further investigated the lipidome in patients with
coronary artery disease (CAD) and identified 10 phospholipids,
which showed good discriminative power (84%) to differentiate
between CAD patients with substantial depressive burden (CES-
D ≥ 16) and those without (36). The identified phospholipids
contained several proinflammatory compounds (e.g., linoleic
acid [LA] or AA), which are released by PLA2 and are crucially
implicated in proinflammatory processes (57, 58). This finding
further underlines a lipid-inflammation-dependent pathway in
MDD. In line with this, Hennebelle et al. report that in seasonal
affective disorders (SAD), four oxylipins, which are oxidation
products of polyunsaturated fatty acids, were increased in winter
(38). Since oxylipins are involved in regulating proinflammatory

processes, this suggests that season-dependent changes in omega-
3/-6 metabolism underlie inflammatory states in SAD. However,
it is important to mention that a smaller study by Kuwano
et al. failed to identify any significant differences in the plasma
lipidome of first-episode drug-naïve MDD patients (N = 15)
compared to HCs (N = 19), but identifed two metabolites
(tryptophan and kynurenine) that were significantly reduced in
patients (41).

Therefore, due to the plethora of potential lipid species
and inconsistent results of lipidomic studies in MDD,
uncertainty prevails about which lipids are implicated in
MDD pathophysiology and which lipids best segregate between
MDD and HCs. Furthermore, no data on the time course of
these processes exist in humans, while rodent studies provide
some insight into the causal relation between the lipidome and
depression models.

Rodent Studies
Important insights emerged from recent rodent studies
investigating the lipidome in models of depression. One of
the first rodent studies examining the lipidome in rodents
used a 4 week antidepressant treatment and compared the
prefrontal cortex of the rats with regard to changes in the
lipidome (45). In the prefrontal cortex, robust significant
reduction in the relative abundance of PC species (PC36:1,
PC38:3, PC40:2, PC40:6, PC40:5, PC42:7, PC42:6, and PC42:5)
and increases of LPC species (LPC16:0, LPC18:0, and LPC18:2)
were identified in response to maprotiline and paroxetine,
but not fluoxetine treatment indicating an increase in PLA2
activity and possible release of long-chain fatty acids on the
rat brain lipidome (45). For maprotiline and paroxetine, an
increase in Cer levels (Cer18:1/18:0, Cer18:1/20:0, Cer18:1/22:0,)
was also observed, as well as a decrease in PE levels (PE36:4,
PE36:5) and mixed changes with regard to the direction of
change in SM levels (increase: SM18/16:0; decrease: SM18/24:0,
SM18/24:1). PCs are the major lipids distributed in the cell
membrane, while LPCs directly exert effects on membrane
permeability, and SMs and Cers are also critically integrated
in the membrane formation process. These results indicate
that antidepressant treatments influence membrane formation,
structure and permeability. Here, it is important to mention
that the authors did not experimentally induce depression in the
rodents and then treat them with antidepressant medication,
but instead directly treated the rodents with antidepressant
medication. Although this might be beneficial on a behavioral
level, altering an organism’s homeostasis might be related to
adverse consequences with regard to its lipidome. However, the
same group added behavioral testing to the reported lipidome
changes for maprotiline and showed increased non-depressive
behavior for maprotiline treatment (46). Interestingly, when
rodents concomitantly experienced PLA2 suppression, increased
depressive behavior could be observed indicating a crucial role of
PLA2 activity with regard to antidepressant treatment (46). PLA2
hydrolyses the fatty acid from the sn-2 position of PCs, rendering
the cleavage products available for subsequent biological actions
increasing LPC, DAG, and TAG levels (59). Contrasting these
results in a study using chronic restraint stress, the depressed
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rodents exhibited increased plasma levels of LPC (LPC18:1,
LPC20:1, LPC-O16:2, LPC-O18:3) and decreased levels of PC
(PC32:1, PC36:4, PC37:4, PC38:4, PC40:6, PC-O36:4, PC-O38:5)
compared to control animals (43). However, a rodent study of
chronic unpredictable stress (CUS; a commonly used paradigm
in preclinical depression research) showed significant increases
on brain lipid class level in the relative content of PC and PE
levels in the stressed mice. A significant decrease in the relative
content of PI levels could also be observed indicating membrane
structure and function change due to chronic stress (44). Another
study which used the CUS model revealed somewhat opposing
changes in the rat brain lipidome and mainly in the prefrontal
cortex, with increased LPC, LPE, and Cer levels and decreased
PE, ether phosphatidylcholines (PC E), and SM levels (34).
Interestingly, with regard to serotonin deficiency investigated
in a genetic knockout model TPH2-/-, serotonin-deficient mice
expressed corresponding differences in the lipid profile, with
reduced levels in several PC, PE, PI species and increased levels
in several LPC, LPE, and Cer species (60). Taken together, the
rodent studies, unlike the human studies, form a more consistent
picture, showing that experimentally induced depressive states
reduced PC, PE, PI, and increased LPC, LPE, Cer, DAG and TAG
levels.

LIPIDOME ASSOCIATIONS WITH

GLUCOCORTICOIDS AND

INFLAMMATORY MARKERS

After more than 30 years of biomarker research in MDD,
hypercortisolism and chronic low grade inflammation are
considered to be the two most consistent findings and
the most salient biomarkers in MDD research (11). In the
following, we provide an overview of the functional cross-talk
between glucocorticoid secretion, inflammatory processes and
the lipidome.

Studies byMocking and colleagues have shown that in patients
with recurrent MDD, salivary cortisol was negatively associated
to fatty acid-metabolism in three fatty acids (arachidonic acid
(AA), eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA)
(61). Furthermore, in a longitudinal study including 70 MDD
patients and 51 matched controls, fatty acid-metabolism showed
a significantly stronger negative relationship to salivary cortisol
in patients than in the controls, while a stronger negative
relationship between fatty acid-metabolism and cortisol levels
was predictive for non-response to antidepressants in patients
(62). Importantly, a rodent study examined the lipidome after
exogeneous corticosterone administration and several brain lipid
alterations were observed [decrease in: PCs, PE; increase in:
LPC, Cer, PA, phosphatidylglycerol (PG)], revealing a tight
interconnectedness between glucocorticoids and brain lipids
(34). However, other studies reported contradictory results with
regard to chronic stress (44), or found that there was no
effect of corticosterone administration on Cer levels or acid
sphingomyelinase (Asm), which metabolizes SM to Cer (33).
However, in these contradictory studies, differing forms of
application and dosages were used (oral 0.25mg mL−1 via
drinking water vs. subcutaneous injections of 40mg kg−1)

suggesting that higher doses of corticosterone administration
reveal stronger changes in the rat brain lipidome. In vitro
examinations further showed that dexamethasone-treated M-1
cells (a mammalian cell line from the cortical collecting duct)
express higher phospholipase D (PLD) activity, which hydrolyzes
PC to PA, subsequently leading to vesicle formation, budding,
and fission from neurons (48). Increased PLD activity has also
been related to neuro-inflammatory states via astrogliosis (63).

In line with this, a recently conducted lipidomic and genetic
analysis in patients with MDD identified a shared genetic
etiology between MDD and PC indicating markers of the PC-
inflammation pathway as diagnostic markers for MDD (40).
In addition, MDD patients were shown to demonstrate higher
levels of AA and C-reactive protein (CRP; a marker for systemic
inflammation) than those in HCs. In patients, AA correlates
positively with CRP levels (64). Pro-inflammatory markers such
as CRP have been shown to feature upstream in the inflammatory
process, triggering PCs containing AA, which is subsequently
released from the cell membrane via PLA2. This leaves necessary
fatty acids available for prostaglandin production and further
triggers subsequent pro-inflammatory processes (65). Pro-
inflammatory markers were shown to increase PLA2 activity up
to 14-fold (50). Recently, it has been shown that linoleic acid
administration causes an increase in CRP secretion providing
further evidence for a lipid-inflammation dependent pathway for
MDD (57).

Therefore, it is suggested that lipidomic risk-profiles seem to
predispose individuals to MDD and that these at-risk individuals
subsequently become ill and show intensified glucocorticoid
and inflammatory dysregulations. Thus, a testable model of the
pathophysiology of MDD, as presented in Figure 2, emerges,
suggesting that dysregulated candidate lipid networks increase
the risk of MDD via direct effects on neurosignaling and their
causal influence on hyper-cortisolism and systemic low grade
inflammation (64).

CONCLUSION

Due to the clear integration of multiple identified lipids in
the pathophysiology of MDD based on our systematic review,
lipidomics emerges as a powerful approach to identify a
diagnostic biomarker forMDD, with promising results stemming
from pioneering studies. However, prediction power is currently
insufficient to extract clinically applicable lipid biomarkers
for MDD. Furthermore, several differential lipid species were
identified for MDD, although somewhat inconsistent between
studies (see Supplementary Table 2). However, the emerging
pattern of reduced PC, PE, PI, and increased LPC, LPE, Cer,
TAG, and DAG levels in response to depressed states needs to
be replicated in independent studies using lipidomics analysis
(20). Recent advances in the field of computational psychiatry
may further increase the predictive power of lipidomics for MDD
(66), while quantitative analyses of identified lipid species and
sub-species are needed to evaluate the most predictive lipids.
However, potential pathways linking the lipidome to MDD
highlight the inflammatory system as well as the glucocorticoid
system as important mediators (see Figure 2). Furthermore, the
one problem that all of the presented human lipidomic studies
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in MDD have in common is their cross-sectional nature. Not a
single longitudinal lipidomic study in patients with MDD has
been carried out so far. Thus, no data on possible alterations
of lipid profiles with regard to changes of the disease state
are available to date. Although potential molecular pathways
linking MDD with lipid profiles via inflammatory and steroidal
dysregulations have been suggested (34, 44), only longitudinal
lipidomic studies in large human samples including classical
inflammatory markers as well as glucocorticoids will provide
clarification as to whether the proposed pathophysiologic model
can be validated o r not. Finally, lipid pathway enrichment
analyses of the identified lipids such as provided by LIPEA (67)
will further shed light on the underlying mechanisms of how
perturbed lipid pathways are contributing to MDD paving the
way to precision medicine and thus providing novel drug targets
for more effective treatments in MDD.
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Objective: Epigenetic mechanisms have been described in several mental disorders,

such as mood disorders, anxiety disorders and schizophrenia. However, less is known

about the influence of epigenetic mechanisms with regard to personality disorders (PD).

Therefore, we conducted a literature review on existing original data with regards to

epigenetic peculiarities in connection with personality disorders.

Methods: Systematic literature review using PRISMA guidelines. Search was performed

via NCBI PubMed by keywords and their combinations. Used search terms included

“epigenetic,” “methylation,” “acetylation” plus designations of specified personality traits

and disorders according to DSM-IV.

Results: Search yielded in total 345 publications, 257 thereof with psychiatric topic, 72

on personality disorder or traits, 43 of which were in humans and epigenetic, 23 thereof

were original studies. Lastly, 23 original publications fulfilled the intended search criteria

and were included. Those are 13 studies on gene methylation pattern with aggressive,

antisocial and impulsive traits, 9 with borderline personality disorder (BPD), and 2 with

antisocial personality disorder (ASPD). The results of these studies showed significant

associations of PD with methylation aberrances in system-wide genes and suggest

evidence for epigenetic processes in the development of personality traits and personality

disorders. Environmental factors, of which childhood trauma showed a high impact,

interfered with many neurofunctional genes. Methylation alterations in ASPD and BPD

repeatedly affected HTR2A, HTR3A, NR3C1, and MAOA genes.

Summary: Epigenetic studies in PD seem to be a useful approach to elucidate

the interaction of co-working risk factors in the pathogenesis of personality traits and

disorders. However, the complexity of pathogenesis leads to divergent results and

impedes an explicit interpretation. Differing methylation patterns within the selected

PD could indicate subgroups which would benefit from patient-oriented therapeutic

adjustments. They might play a major role in the future design and observation of early

therapeutic intervention and thus could help to prevent severe dysfunctional conduct or

full-blown personality disorder in risk subjects.

Keywords: epigenetic aberrations, personality disorder, personality trait, early childhood adversity, aggression,

antisocial, molecular pathobiology, personalized therapy

67

https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org/journals/psychiatry#editorial-board
https://www.frontiersin.org/journals/psychiatry#editorial-board
https://www.frontiersin.org/journals/psychiatry#editorial-board
https://www.frontiersin.org/journals/psychiatry#editorial-board
https://doi.org/10.3389/fpsyt.2018.00579
http://crossmark.crossref.org/dialog/?doi=10.3389/fpsyt.2018.00579&domain=pdf&date_stamp=2018-11-19
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles
https://creativecommons.org/licenses/by/4.0/
mailto:dorothee.gescher@med.ovgu.de
https://doi.org/10.3389/fpsyt.2018.00579
https://www.frontiersin.org/articles/10.3389/fpsyt.2018.00579/full
http://loop.frontiersin.org/people/535686/overview
http://loop.frontiersin.org/people/198241/overview
http://loop.frontiersin.org/people/11482/overview
http://loop.frontiersin.org/people/202280/overview
http://loop.frontiersin.org/people/28294/overview


Gescher et al. Epigenetics in Personality Disorders

INTRODUCTION

The epigenetic view on genes presumably associated with
psychiatric disorders is gaining increasing academic interest
and enables auxiliary insights in the pathogenesis of a
particular disease. Severe psychiatric axis-I disorders like major
depressive disorder (MDD) are currently widely investigated
at the epigenetic level, and results account for a substantial
pathogenetic impact of gene epigenetic modifications.

Epigenetic mechanisms in general function to homeostatically
control gene accessibility and transcriptional functionality.
Thus, gene function can be organized in both a highly
programmed and life-enduring, but also in an environmentally-
responsive way (1). The transcriptome as the immediate
representation of genomic activity is regulated by (i) control
of gene access for the transcriptional machinery through
chromatin condensation and histone modification such
as (de-)acetylation, (de-)phosphorylation, sumoylation,
(ii) non-coding and microRNA that influences chromatin
formation, as well as RNA translation and degradation, and
(iii) covalent DNA changes by methylation of the cytosine
nucleotide, which hampers transcriptase accessibility to
the methylated region, and which can activate enzymes
that interact in silencing the specific gene [reviewed in
(2)].

Whereas epigenetic patterns stably determine mitosis-
persistent cell differentiation as a precondition for embryonal
development without changing DNA sequence, the epigenome
also represents a dynamic adaption to environmental conditions.
There is growing evidence in the last two decades that early
life experience can affect long standing somatic and mental
health trajectories in animals and humans by influencing the
epigenetic pattern and thus affects structure and accessibility of
the genome. Studies in rodents demonstrated the decisive impact
of maternal care and early social adversity on the offspring’s
development and adult phenotypes. Early life adversity (ELA)
in rats led to increased hippocampal glucocorticoid receptor
(GR) expression, disturbed hypothalamus-pituitary-adrenal
(HPA) axis functionality, and changed DNA methylation of
the GR gene (NR3C1) in the hippocampus (3), of the brain-
derived neurotropic factor gene (BDNF) promoter in the
prefrontal cortex (4) and of the Arginine Vasopressin gene
(AVP) (5). In humans, ELA was associated with decreased
GR mRNA expression and NR3C1 hypermethylation in post-
mortem human brains (6). Hitherto findings indicate that
epigenetic patterns found in context with ELA in animals
and humans are not restricted to suggestive disease-associated
functional genes but are spread genome-wide (7, 8), and are not
stringently tissue-specific (9), since peripheral blood cells (PBC),
especially T-cell lymphocytes, were shown to reflect epigenetic
patterns similar to neuronal cells in culture and in brain tissue
(9–11).

The translation of environmental signals into epigenetic
information can be triggered by neuronal activity that initiates
intracellular pathways such as cAMP signaling mediated
histone acetylation or that influences and interacts with
other epigenetic processes (12–14). Additionally, activity

of the AVP promoter is regulated by the methyl-CpG-
binding protein 2 (MeCp2), which is phosphorylated and
activated by depolarization of hypothalamic neurons and
in turn moderates demethylation of the BDNF promoter
(5, 15, 16). In sum, although many details of molecular
mechanisms remain unknown, the present insights substantiate
and refine the idea how environmental signals might be
translated into intracellular information and molecular
memory.

Currently, a considerable number of studies explore
epigenetic changes in association with behavior or affect
difficulties like aggression or fear in human and animal subjects,
particularly in connection with disturbances of the serotonergic
system that meanwhile is well-known to be crucial in early
brain development. The objective of this work was to review
the current original publications on epigenetic modifications
associated with personality disorders (PD) in humans.

METHODS

Literature search was performed as a systematic review according
the Preferred Recording Items for Systematic Reviews and Meta-
Analyses (PRISMA-P) guidelines (17). We based our search on
the PubMed Central database of the U.S. National Institutes of
Health’s National Library of Medicine (NIH/NLM) using terms
oriented on the Medical Subject Headings (MeSH) of the NCBI
Library.

For the search keywords were inserted in a double or
triple combination to yield comprehensive hits. The following
keywords were utilized: “personality,” “personality disorder,”
“personality trait,” each of them combined with “epigenetic,”
“methylation,” “acetylation,” “phosphorylation,” “ubiquitation,”
“sumoylation,” “microRNA,” “chromatin” and “chromatin
remodeling,” respectively, as well as with one of the keywords
“aggression,” “anankastic,” “antisocial,” “anxious,” “avoidant,”
“borderline,” “dependent,” “eccentric,” “emotionally unstable,”
“histrionic,” “passive-aggressive,” “impulsive,” “narcissism,”
“narcissistic,” “paranoid,” “schizoid,” and “schizotypal,”
respectively. The search included publications until May
15th 2018.

In total, the search yielded 345 different articles. We secondly
perused the gained articles by reviewing their titles, abstracts and
full texts in order to identify the proper articles matching to
our literal research question. Therefore, studies were sequentially
selected if they met the criteria (1) psychiatric topic [n = 257],
(2) personality disorder or specified personality trait [n = 72
of (1)], (3) human study subjects [n = 61 of (2)], (4)
epigenetic analyses [n = 43 of (3)], and (5) original study
[n = 23 of (4)]. Following these selection criteria, it remained
23 articles according to the intended objective of this review
(Figure 1).

Concomitantly, we used the PubMed search function of
f1000prime (Faculty of 1000 Limited, London, UK). Herewith we
found one further expedient study that met all of the described
inclusion criteria (18). Finally, 24 original studies were included
in this review.
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FIGURE 1 | Flow diagram of study search and sequenced selection.
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RESULTS

Among the included studies, 13 explored the epigenetic influence
on PT (two on impulsiveness, six on antisocial traits, seven on
aggression) and 11 studied epigenetic differences in personality
disorders (two in antisocial personality disorder (ASPD), 9 in
borderline personality disorder (BPD)).

Size, constitution of study groups, and the number of
investigated genes varied between the studies and ranged from
single gene assays to genome-wide methylation analyses (GWA)
with implications for the statistical power.

Personality Disorders
Antisocial Personality Disorder

With regards on antisocial PD, only methylation of the
monoamine oxidase A gene (MAOA) has been examined. The
two studies differed decisively with respect to study design and
methylation results.

Philibert et al. considered the known variable nucleotide
repeat (VTNR) region of MAOA and introduced a new VTNR
region upstream of the transcriptional start site (TSS) of the
gene (MAOA VTNR P2). They found a genotype-dependent
methylation level and gene activity, but only in females (19).
Within a total of well characterized 571 subjects (312 female) of
the Iowa Adoption Study (IAS) they measured ASPD lifetime
symptom counts in a linear mode according to DSM-IV
criteria. Methylation patterns were analyzed at two promoter-
associated CpG islands of MAOA in DNA extracted from
EBV transformed lymphoblast cell lines from peripheral blood.
Sequence analyses of the VTNR P2 revealed five genotypes
with each seven to 11 eleven repeats (7R, 8R, 9R, 10R, 11R),
of which the 9R genotype showed the lowest methylation in
homozygous females, and the greatest gene activity in the
functional analysis via luciferase essay. Presence of the low
activity allele 10R was associated with higher vulnerability
to the harming effects of childhood sexual and physical
abuse and it accounted significantly for variances in symptom
severity of ASPD in women. In male subjects no significant
effect of the P2 genotype on MAOA methylation status was
found.

In contrast, in a population of incarcerated men (n = 86)
fulfilling the DSM-IV criteria for ASPD, Checknita et al. found
a significant overall hypermethylation of the MAOA promoter
region in the ASPD group compared with healthy controls
(n = 93) with significant differences in methylation levels at
34 of 71 distinct MAOA promoter CpG sites. In their analysis,
they did not consider symptom severity or childhood adversity.
Methylation of MAOA promoter was associated with decreased
gene activity (luciferase-assay) and positively correlated with 5-
hydroxytryptophane levels in blood, thus suggesting functional
relevance (20).

Borderline Personality Disorder

With respect to epigenetic modifications in BPD, different genes
were suggested to be involved during individual development as
well as in phenotypic characteristics of the disorder (Table 1).
Apart from genome wide analyses (GWA), the main focus of

theory-driven epigenetic studies was in gene regions coding
for BDNF, glucocorticoid receptor (NR3C1), dopamine and
serotonin receptors, MAOA, and catechol-O-methyltransferase
(COMT). Most of the studies that focused on targeted genes
considered a history of an early child trauma as a confounding
factor in their analyses. The diversity in control group definition
in the individual studies reflects the struggle for a suitable study
design that allows for isolating disorder-specific characteristics.
Methylation aberrations were mostly evaluated with diagnostic,
but also with predictive concerns (21).

Perroud et al. studied methylation status of the BDNF gene
in peripheral blood leucocytes and its modulation by a focused
therapeutic intervention with intensive dialectical behavior
therapy (I-DBT) comprising 4 weeks in outpatients with BPD
(n = 115). Contrasted with healthy subjects, CpG-rich regions
in exon 1 and exon 4 were significantly more highly methylated
in BPD subjects before the therapeutic intervention. The number
of different types of childhood trauma (CT) according the
Childhood Trauma Questionnaire (CTQ) correlated positively
with the mean methylation percentage of both CpG-regions.
After intensive DBT, methylation status of the considered CpG
sites was significantly increased in BPD patients. This effect could
be traced back to the non-responders, whereas the responders
showed a methylation decrease. However, the comparison of
BDNF methylation status with peripheral serum protein levels of
BDNF revealed no significant association (21).

Regarding studies onNR3C1methylation and PD, two studies
focused on exon 1F promoter, which is functionally crucial. In a
cohort of BPD outpatients (n = 281) Martin-Blanco et al. (22)
found a significant positive correlation between overall NR3C1
exon 1F methylation level of peripheral blood leucocytes and
clinical severity. Exon 1F methylation was further significantly
associated with childhood physical abuse. Individual CpG sites
were associated with particular subscores of CTQ.

Perroud et al. (23) considered that a current severe
mental illness might have epigenetic implications per se and
could confound analyses that aim to isolating methylation
characteristics specific for BPD. Therefore, in a comparison of
subjects with BPD (n = 101) to those with MDD (n = 99) their
results showed higher overall NR3C1 exon 1F methylation levels
in BPD than in MDD subjects in peripheral blood leucocytes.
Further, methylation was associated with CT scaled by the CTQ,
and correlated with childhood sexual, physical and emotional
abuse, and physical and emotional neglect, respectively, and the
number of these types of CT. NR3C1 exon 1F hypermethylation
in subjects with BPD was still significant when corrected for
childhood maltreatment.

Regarding monoamine receptor genes, within a large-scaled
study on subjects with bulimia spectrum disorders (BSD)
with and without comorbid BPD Groleau et al. (24) found
significant but marginally increasedmethylation of the dopamine
D2 receptor gene (DRD2) exon 1 promoter region in whole
peripheral blood cell (PBC) DNA of subjects with BSD and BPD
compared with that of subjects with BSD only.

Methylation of the serotonin receptor 3A gene (5HTR3A)
was found by Perroud et al. (25) to be correlated to clinical
severity of BPD and other psychiatric disorders. The authors
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compared PBCDNAmethylation levels of eight CpG sites within
the 5HT3A gene in subjects with BPD (n= 116), attention deficit
hyperactivity disorder (ADHD) (n = 111) and bipolar disorder
(BD) (n = 122). They also considered single nucleotide variants
(SNP) of the gene and CT history as additional factors and
explored associations with methylation levels of the particular
CpG sites.

Methylation levels between the patient groups differed
significantly in most of the CpG sites and showed a distinct
pattern of hyper- and hypomethylation in the several disorders in
selected CpG sites. For BPD, subjects showed the highest scores
in the CTQ and the highest methylation level between the patient
groups. CT was associated with mean methylation status, and
CTQ total score and physical abuse each with different selected
CpG sites. CT was further associated with higher severity of
disease. Carrying the CC-allele was significantly associated with
methylation at one specific CpG site independent of CT (in all
disorders).

Dammann et al. (26) analyzed five neuropsychiatric
genes assumed to be of significance for psychopathological
phenotype, in particular genes coding for soluble catechol-O-
methyltransferase (s-COMT), serotonin receptor 2A (HTR2A),
NR3C1, and X-chromosomal MAOA and MAOB. Methylation
levels of each gene promoter were quantified in PBC DNA
of individuals with BPD (n = 26, 24 female) and in healthy
controls (n = 11, all female). In comparison to healthy controls,
quantitative DNA methylation analysis showed significant
elevated overall methylation levels in BPD subjects within
HTR2A, NR3C1, and s-COMT. Gene methylation of MAOA
and MAOB could only be analyzed in female subjects, and
methylation of MAOA was significantly higher in BPD (of
MAOB only by trend). Considering all 27 individual CpG sites,
across the five genes that were investigated, average methylation
level across all quantified regions was significantly higher in BPD
patients compared to controls. Implications of attendant data as
trauma history of the subjects weren’t presented as part of the
study, but it was noted that aberrant methylation had not been
associated with traumatic experience in appropriate statistical
tests.

Meanwhile epigenetic assays include genome-wide
association studies (GWA) that indicate specific CpG sites
of aberrant methylation levels across the whole genomic
DNA and facilitate comprehensive aspects within epigenetic
evaluations.

In extension to the aforementioned study, Teschler et al.
(27) performed a GWA in PBC DNA between female BPD
(n= 24) and HC (n= 11) subjects. Results showed a total of 256
significantly hypermethylated CpG sites in BPD, but significance
of any of each didn’t persist post Bonferroni correction.
The research group selected seven hypermethylated genes for
validation analyses and could endorse increased methylation
in five of the genes, with specified CpG sites related to the
amyloid beta (A4) precursor protein-binding family A member
2 (APBA2) and member 3 (APBA3) genes, potassium voltage-
gated channel KQT-like subfamily member 1 gene (KCNQ1),
MCF2 cell line derived transforming sequence gene (MCF2) and
the ninjurin 2 gene (NINJ2). GATA binding protein 4 (GATA4)

and holocarboxylase synthetase (HLCS) genes showed increased
methylation in BPD in the GWA, but not in the validation
analysis.

Methylation studies of the ribosomal RNA gene (rDNA)
promoter, 5′ external transcribed spacer gene (5′ETS) and of
the proline rich membrane anchor 1 gene (PRIMA1) promoter
in PBC DNA of female subjects with BPD (n = 24) and HC
(n = 11) revealed significantly less methylation of the rDNA
promoter region in BPD compared with HC subjects, and
hypomethylation of the 5′ETS in BPD by trend. PRIMA1 showed
a higher methylation in BPD subjects (28).

Another GWA with PBC DNA was performed by Prados
et al. (29) on BPD subjects affected with high levels of
childhood adversity (n = 96) and subjects with MDD and
a history of low levels of childhood adversity (n = 93).
Uni- and multivariate analyses revealed significant methylation
differences in a significant number of particular CpG sites
associated with BPD compared with MDD subjects or related
to childhood maltreatment, respectively. Contrasting BPD with
MDD subjects, most significant results of multivariate analyses
resulted in significantly different methylated CpG sites located
e.g., within the gene coding for a ligand of Eph-related
receptor tyrosine kinases (EFBN1), closely to the gene coding
for a suppressor of cytokine signaling (SOCS) family member
(SPSB2) and near the gene coding for a protein similar
to mouse cystatin 9 (CST9L). Univariate analyses detected
hypomethylated CpG sites in BPD i.e., near the encoding
region of microRNA 124 (miR124-3), which targets several
genes that have been described to be correlated with BPD
(including NR3C1), near the gene coding for the WD repeat
domain 60 (WD60), and a CpG site within the gene of the
family with sequence similarity 163 member A (FAM163A).
Many of the significantly hypermethylated sites were found on
chromosome X. Targeting on CT, results of multivariate analyses
with the CTQ revealed strong associations with loci within or
near the genes of human homolog of the mouse p (pink-eyes
dilution) (OCA2), microfibrillar-associated protein 2 (MFAP2),
CST9L, E1A binding protein p400 (EP400), KCNQ2, alpha-2-
macroglobulin-like 1 (A2ML1), 5′-nucleotide domain containing
2 (NT5DC2) and rabphilin 3A-like (RPH3AL). Univariate
analyses yielded most significant alterations located within the
gene coding for the interleukin 17 receptor A (IL17RA), in an
intergenic region on chromosome 6p22.1, and closed bymiR124-
3 andmiR137.Methylation ofmiR124-3was associated with both
severity of childhood adversity (higher methylation) and with
BPD (lower methylation).

In summary, large part of the studies in PD focused on single
genes, including MAOA in ASPD, and BDNF, NR3C1, DRD2,
and HTR3A in BPD, or on a set of theory-driven suggestive
genes (26). They revealed significant methylation differences
in blood cell DNA of subjects with the respective PD. Within
all independent gene-targeted studies, NR3C1 hypermethylation
was most frequently and consistently found to be associated with
BPD; therefore, current results most strongly indicate NR3C1
to be implicated in BPD. NR3C1 further was the only gene
that was as well affected in one of the GWA (29), however
this was mediated by methylation differences of miR124-3 which
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targets, among other genes, onNR3C1. In contrast, GWA studies,
as performed by Teschler and Prados, found large number of
genes that were differentially methylated in BPD, indicating a
system-wide involvement in PD including genes associated with
immune-response, cell-signaling or transcription control (27–
29). The transcriptional relevance of the respective methylation
differences was only verified by two authors. Thus, Checknita
et al. found an indirect negative association of MAOA promoter
hypermethylation with 5-HT serum level in vitro (20). Otherwise,
Perroud et al. (21) didn’t found an association of BDNF promoter
methylation and the peripheral protein serum level of BDNF.
All studies were based on DNA extracted from PBC, in most
cases from whole blood cells, partly from only leucocytes (21–
23), or selective from lymphocytes (19). However, the studies
particularly differ in their design of study subjects and controls,
and at least in the consideration of environmental factors that
have impact on epigenetic modulation like early childhood
adversity, which impedes a well-defined interpretation in most
of the studies (Table 1, col. “Limitations”).

Personality Traits
Most original publications on methylation and personality
traits were found with antisocial or aggressive features in
connection with epigenetic alterations associated with the
functionality of the serotonergic system or the hypothalamic–
pituitary–adrenal (HPA-) axis functionality, which is the main
neuroendocrine system for regulation of stress reaction and
adaptation. Accordingly, theory-driven studies examined genes
associated with these systems, such as the serotonin transporter
gene (SLC6A4), dopamine and serotonin receptor genes (DRD1,
HTR1B, HTR1D, HTR3A), MAOA, and NR3C1 promoter exon
1F. With respect to its role in socio-affective perception and
processing, some studies exist that pertain to antisocial behavior
and oxytocin and oxytocin receptor genes (OXT,OXTR). Further,
the role of cytokines and other factors were considered.

Antisocial Traits

Consistent with a large body of literature that implicates the
serotonergic system in the regulation of anxiety, aggression,
and stress response, epigenetic alterations in the serotonin
transporter gene (SLC6A4) were found to be related to a history
of child sexual abuse as well as to antisocial behavior in adulthood
by Beach et al. (30). The authors performed methylation analyses
on the participant’s peripheral blood lymphocyte DNA that
was EBV transformed into lymphoblast cell lines. Participants
(n = 155, all female) were gradually diagnosed by means
of symptom score of ASPD. Child sexual abuse was highly
associated with mean methylation level and methylation was
highly significantly associated with symptoms of ASPD, thereby
playing a modulating role to develop antisocial traits after
childhood sexual abuse. Interestingly, influence of SLC6A4
methylation on ASPD severity was impacted by genotype, since
association of methylation with the ss and the sl genotype of
SLC6A4 was significant, but not with the ll genotype. These
results suggest an aggravating effect of methylation in SLC6A4
risk (s) alleles for ASPD, further, methylation was increasingly
associated with ASPD in carriers with greater number of s alleles.

Moul et al. found antisocial traits being associated with
genetic and epigenetic modulation of the rs11568817 SNP in
the HTR1B promoter region (31). In an investigation with
boys (n = 117) exhibiting callous-unemotional (CU) traits
and antisocial behavior problems, and grouped by high and
less strong CU traits, they found lower methylation levels of
HTTR1B in saliva cell DNA in the high CU trait group. In
turn, methylation was decisively moderated by rs11568817 SNP
genotype and carried by two exclusive CpG sites (CpG12 and
CpG14), which individual methylation levels were negatively
associated with overall methylation levels in this gene region. The
authors assume two ways of risk for high CU traits, first, carrier
of the risk (minor) allele (s) with low levels of methylation at CpG
sites 12 and 14 (what was associated with high overall promoter
methylation) and second, carrier without risk allele but with high
methylation at CpG 12 and CpG14 (what was associated with low
overall methylation) and high expression of HTR1B (31).

In the same sample of participants stratified by CU score
level and by age, the aforementioned research group analyzed
methylation characteristics of the ocytocin receptor gene (OXTR)
in PBC DNA. They revealed high CU traits being associated
with increased methylation at two of the six analyzed CpG loci
within the OXTR promoter and being correlated with decreased
oxytocin blood levels. Yet, when divided in age group, these
findings reached significance only in the older group (age 9–16
years), not in the prepubertal children (age 4–8 years) (here only
by trend). Similarly, oxytocin serum levels significantly were
negatively correlated with gene methylation level in the older
boys (32).

Further, in a prospective, longitudinal study, Cecil et al.
(18) studied 84 youth with early-onset and persistent conduct
problems with regard to early life risks and to methylation
changes of OXTR in PBC DNA. Clinical surveys took
place at birth, age 7, 9, and 13 years, and collected an
environmental risk score (kind and time of risk factor), diagnosis
of conduct problems, CU traits and internalizing problems.
Equally, methylation analyses were performed longitudinally
with sampling at birth (cord blood), and at age 7 and 9 years
(peripheral blood). Finally, for evaluation subjects were divided
by severity of internalizing problems, collected by maternal
reports at each study time.

Results for youth with low internalizing problems revealed
that OXTR hypermethylation at birth was significant related to
higher CU traits at age 13. OXTR methylation at birth further
was associated with decreased experience of victimization during
early childhood, specifically direct victimization. The only
environmental risk factor associated with OXTR methylation at
birth was a prenatal parental risk i.e., maternal psychopathology,
criminal behaviors, and substance use. Within the youth with
high internalizing problems, CU traits showed no significant
association with OXTR gene methylation, but were positively
correlated with prenatal, specifically interpersonal, risks like
intimate partner violence or family conflicts. Interestingly,
CU traits were negatively correlated with postnatal risks,
specifically life events as the death of a relative, an accident
or illness. These different correlation results are suggestive for
discriminative pathways in the development of CU traits, the
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one epigenetically co-determined, and the other influenced
by different environmental factors. If associated with OXTR
hypermethylation at birth, CU traits may protect for internalizing
problems and for experienced victimization, as discussed by the
authors as a possible evocative correlation (18).

In view of ASPD symptoms, Philibert et al. (33) explored the
MAOA VTNR polymorphism genotype and methylation status
in EBV transformed lymphoblast cell lines with respect to lifetime
symptom severity of ASPD and substance use disorder as defined
as alcohol or nicotine dependence in a collective of 191 subjects
(96 female). Methylation level was consistently higher in the
female subjects than in males at each analyzed CpG site. There
was only a statistical trend for women homozygous for the 3,3
allele showing higher average methylation than for the 4,4 allele.
The research revealed no association between symptom counts
for ASPD andmethylation levels in neither men nor women (33).

With attention to multifaceted features in subjects with
early-onset behavior problems as i.e., higher irritability, anxiety,
impulsivity, possibly associated with an impaired hypothalamic-
pituitary-adrenal (HPA) function, Dadds et al. (34) examined
the methylation patterns of the NR3C1 promoter exon 1F in
whole blood and saliva cell DNA and themorning plasma cortisol
levels within a study collective (n = 241, 51 female) with full
criteria or features of conduct disorder (CD) or oppositional
defiant disorder (ODD) in contrast to an Australian normative
sample as control (35). Psychopathologic symptoms were scaled
into more internalizing disorders in contrast to features of
externalizing disorders like CU traits or conduct problems.
Overall methylation levels of NR3C1 exon 1 in blood and saliva
DNA probes were associated with higher levels of internalizing
disorders. Distinctly, CpG10 showed an association of increased
methylation with higher scores of internalizing symptoms. In
contrast, methylation levels of CpG3 and CpG4 in saliva DNA
probes predicted externalizing severity (34). Peripheral morning
cortisol plasma levels were associated with hypermethylation of
CpG9 in PBC DNA only.

Additionally, Radtke et al. (36) investigated the mutual
influences of childhood maltreatment history, methylation of
the NR3C1 promoter in peripheral blood lymphocytes and
psychopathological load in subjects of a convenience sample
(n = 46, 28 female). Their findings didn’t indicate a significant
correlation between average methylation of the NR3C1 promoter
region with childhood maltreatment severity or with scores of
the collected psychometric data. Though, by single analyses
they depicted two of 41 selected CpG sites that interacted with
childhood maltreatment and vulnerability to psychopathology.
One of the two mentioned CpG site was located in exon 1F
promoter and its methylation was highly significantly correlated
with the number of experienced childhood adversities according
to the CTQ as well as with BPD symptoms. With performing a
linear model the authors revealed an independently strong effect
of both childhood maltreatment and methylation status of this
CpG site on the development of BPD-associated symptoms, and
they found an additive effect of both of these factors (36).

In summary, studies on epigenetic associations with antisocial
traits all focused on single genes. Each one study revealed
significant methylation modifications in the SLC6A4 promoter

(30) and in HTR1B (31), both in interaction with genotype
variants of the concerned gene. Two studies focused on OXTR,
with different results. In the first study, high CU traits were
associated with OXTR hypermethylation, which was correlated
with lower serum OXT level (32). In another, longitudinally
performed study,OXTR hypermethylation at birth was associated
with higher CU traits at prepubertal age in youth with
low internalizing problems, but OXTR methylation was not
associated with CU traits in youth with high internalizing
problems, in which they were positively correlated with prenatal
interpersonal risks and negatively with negative life events (18).
This suggests a different (epi-)genetic pathogenesis of CU traits.
In contrast, mean methylation of MAOA was not associated
with ASPD symptom scores (33), nor was it significantly
related to the MAOA VTNR genotypes. However, differentiated
results exist in the two independent studies with NR3C1.
Therefore, hypermethylation of distinct CpG-Sites withinNR3C1
promoter exon 1F, but not overall methylation, was associated
with externalizing symptoms (34). This is consistent with the
results of another study, in which NR3C1 promoter exon
1F methylation showed no correlation with psychometric
scores, but in consideration with childhood maltreatment both
factors interacted in predicting vulnerability to psychopathology
(36). Interestingly, NR3C1 was most investigated in BPD (->
Borderline Personality Disorder). Only two studies considered
ELA as an independent factor (30, 36). All studies fail to provide
a healthy control group; most of the studies are restricted to
only male or female study subjects. Only one study analyzed the
transcriptional relevance of the detected methylation alterations
by means of the protein level (32). Hence, the represented studies
in antisocial and BPD-associated personality traits yet cannot
provide a base for general conclusions.

Aggression

Within a 21 year longitudinal study on early onset aggression
the research group Wang et al. specified children by severity and
persistence of aggressive behavior during their age of 6–15 years
and established four states of childhood aggression trajectories:
the first consisted in subjects with no physical aggression at any
time points (no physical aggression, NPA), a second in subjects
with low to moderate aggression that declined between age 10–
15 (low physical aggression, LPA), the third in subjects with high
rates of aggression that subsequently declined (childhood-limited
high physical aggression, CLHPA) and finally in subjects with
consistently high physical aggression until age 15 (chronic high
physical aggression, CPA).

Among the described study cohort, Wang et al. (37) studied
SLC6A4 methylation in comparison of healthy male young
adult subjects with childhood-limited high physical aggression
(CLHPA, n= 7) and those with no and low physical aggression in
childhood, combining the latter as a control group (n= 18). They
analyzed DNA extracted from isolated peripheral monocytes
and in T cells. Not in T cells but in monocytes the authors
found a significantly higher average methylation level across
all CpG sites and the authors suggest monocytes to be
more reliably in their association study. However, functional
analysis in a luciferase assay showed significantly decreased
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SLC6A4 gene transcriptional activity for both T cells and
monocytes in the CLHPA group. Regarding particular CpG sites
individually, methylation at CpG11 and CpG12 were highly
positively correlated and significantly higher in the CLHPA
group. Individual methylation at CpG5 and CpG6 were highly
correlated and higher in the CLHPA subjects. No association
was found between mean methylation levels of SLC6A4 with
mRNA level, and with the existing serotonin-transporter-linked
polymorphic region (5-HTTLPR) genotype. Amendatory, in a
cranial PET scan, the authors observed a significant negative
association between methylation levels at CpG 11 and CpG12
in T cells or at CpG5 and CpG6 in monocytes, respectively, and
in vivo 5-HT synthesis in the lateral left and right orbitofrontal
cortex (OBFC), indicating long-term functional effects in vivo.
The authors discuss their results with caution due to the small
sample size (37). In connection with the aforementioned study,
Provençal et al. (38) compared male adult subjects with chronic
high physical aggression (CPA, n = 8) with subjects of a
conjoint cohort of the other three above defined aggression
groups (37) which had developed normal aggression trajectories
in adulthood (n = 12). They surveyed the methylation status
in extracted DNA from peripheral monocytes and T cells with
a comprehensive microarray encompassing the entire genomic
region including the cytokines IL1A, IL6, IL8, IL4, and IL10
and the transcription factors nuclear factor kappa B subunit 1
(NFkB1), nuclear factor of activated T cells 5 (NFAT5), signal
transducer and activator of transcription 6 (STAT6) in both study
groups. The results showed significant methylation differences
concerning each of the analyzed cytokine gene loci. In CPA
subjects overall methylation levels were significantly decreased
in IL1A, IL4, IL6, and IL8, and were significantly increased in
IL10. Methylation was positively correlated with serum protein
levels of IL1A (significant), IL4, and IL-6, and was negatively
correlated for IL-8 and IL-10, respectively. In regard to the
transcription factors, two regions closely located to the TSS
of each STAT6 isoform were significantly higher methylated in
the CPA group, which was significantly associated with lower
transcription of IL4. Next, Provençal et al. conducted a GWA
(39) in connection with CPA by comparing male young adult
subjects with early development of CPA (n = 8) with subjects
without any history of high physical aggression in childhood
(NPA, n = 16) according to the former study definition (37,
38). They analyzed DNA from peripheral T cells and found
early onset CPA being associated with clustered and genome-
wide methylation differences at 900 sites within 448 distinct
gene promoters. The detected genes comprised several that have
been associated with aggression earlier: arginine vasopressin
receptor 1A (AVPR1A), serotonin receptor 1D (HTR1D) and
glutamate metabotropic receptor 5 (GRM5) genes with less
methylation in the CPA group, and the dopamine receptor
D1 gene (DRD1) and SLC6A3 with higher methylation in the
CPA group. In total, most functional categories of genes with
different methylation in CPA included behavior (hyperactivity),
metabolic and neurological diseases, inflammatory response
(chemotaxis and phagocytes), cellular growth and proliferation,
and gene expression (transcription factors, signal transducer
as STAT6). Concerned specific canonical pathways included
cytokine signaling and G-protein coupled receptor signaling.

In a further GWA Guillemin et al. studied methylation
aberrancies in DNA from isolated peripheral T-cells in female
subjects with CPA trajectories since childhood (n= 5) compared
to women without any aggression history (n = 16) (40).
A total of 917 probes corresponding to 430 distinct gene
promoters were differentially methylated, of which many are
involved in immune and inflammatory responses such as
FOS, GATA1, GATA3, hepatocyte growth factor (HGF), TNF,
IFNG, IL1A, IL1B, IL10, IL13, IL17R, and IL18. Thereof, some
had previously been shown to be associated with aggressive
behavior, including Tryptophan hydroxylase 2 (TPH2), NR3C1,
and Corticotrophin-releasing hormone-binding protein
(CRHBP), all of them were significantly less methylated in the
CPA subjects.

In a second step, the researchers compared their results with
their previous data of a GWA in male subjects out of the
same underlying longitudinal study by Provençal et al. (39).
Methylation levels of 31 gene promoters emerged to associate
with physical aggression in both women and men and therewith
constituted a significant overlap, including TPH2, CRHBP,
and NR3C1. In the region within the zinc finger protein 366
gene (ZNF366) promoter, aggression-associated methylation was
differentially directed in both women and men (40).

Van Dongen et al. (41) studied methylation differences with
respect to aggressive behavior in 40 monozygotic twins (20
pairs) highly discordant for aggressive traits. They performed a
GWA with PBC DNA and received about 24 methylation sites
with high methylation difference, yet differences were generally
twin pair-specific; thus, statistically no genome-wide significant
methylation differences were identified in this sample.

Subsuming the main results of studies on aggressive
traits, four of the five studies derived from the same study
group. Two studies were theory-driven and gene-targeted.
Their results indicate increased methylation of SLC6A4 in
healthy men with a history of CLHPA with implications for
the transcriptional activity in vitro, and showed associations
with brain 5-HT in the left lateral OBFC (37). A more
comprehensive genome region analysis including IL1A, IL4,
IL6, IL8, IL10, and transcription factors NFkB1, NFAT5, and
STAT6 revealed significant methylation differences in men with
CPA in transcriptional relevant sites near or within each of
the investigated genes. However, correlations with interleukin
serum plasma levels only were significant for IL1A. Many of
the identified methylation aberrances concerned sites outlying
the intrinsic gene sequences, underlining the relevancy of
methylation analyses that are not restricted to targeted gene
sequences (38). A complementary study in women with CPA
revealed similar results for immune and inflammatory genes
(40). GWA results confirmed genome-wide involvement of
methylation differences with respect to aggressive traits in men
(39). The mentioned studies were performed in a small sample
size of 8 (men) and 5 (women) subjects, respectively, in the
aggression group. None of the studies considered the experience
of childhood trauma.

Overall, the depicted studies confirm the need of genome-
wide methylation assays, or at least a focus on a comprehensive
set of functional associated genes. Future studies should consider
childhood trauma, and specify an applicable control group.

Frontiers in Psychiatry | www.frontiersin.org 12 November 2018 | Volume 9 | Article 57978

https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Gescher et al. Epigenetics in Personality Disorders

Impulsiveness

By performing a GWA Ruggeri et al. (42) studied methylation
aberrancies in PBC DNA of monozygotic twin pairs (n = 18)
discordant for alcohol use disorder. The authors received 77
differentially methylated regions associated with 62 genes.
Replication of these findings in a microarray only revealed
significant methylation changings at one CpG site in the 3′UTR
of 3′-protein-phosphatase-1G gene (PPM1G). Hypermethylation
in PPM1G was positively correlated with lower mRNA levels
of PPM1G and significantly associated with early escalation
of alcohol use, as well as with increased impulsiveness.
Further analyses evidenced that PPM1G hypermethylation
was independently associated with both trait impulsiveness
and right subthalamic nucleus activation, presumptively
due to an increased effort to carry out control inhibition.
Since PPM1G is assembled with five SNP’s, the authors
performed regression analyses which could rule out significant
influences of genotype variations on PPM1G methylation.
Further, no correlation was found for the SNP’s with the trait
impulsiveness (42).

Studies on personality traits are summarized in Table 2.

DISCUSSION

The objective of this review was to summarize the first complete
number of current original publications on human personality
disorders and personality traits in connection with epigenetic
modifications and to discuss the results as to pathogenetic impact
and treatment-relevant insights. Remarkably, literature search
yielded no single study of epigenetic evaluations in narcissistic,
histrionic, anankastic, avoidant, dependent, eccentric, paranoid,
schizoid and schizotypal personality aspects. Neither there was
any result with any keyword on histone modification, nor
results with studies on microRNA, but only on methylation
aberrancies. Aggression and antisocial traits were prevalently
explored, possibly preferred since these behavioral characteristics
have a high genetic loading [e.g., (43)].

Most of the theory-driven studies focussed on gene loci
involved in the serotonergic, dopaminergic or noradrenergic
neurotransmitter system, e.g., serotonin receptor and transporter,
dopamine receptor, and MAOA. Further crucial interest was
in epigenetic modulation of the functionality of neurotrophic
factors, the HPA-axis circuit, and the oxytocinergic system. This
seems consequent, since these gene products are constitutive for
brain function. Thusly, MAOA, a X-chromosomal encoded
enzyme, is responsible for the oxidative breakdown of
monoamine neurotransmitters, that is in the brain specifically
serotonin, epinephrine, norepinephrine, and dopamine.
Mutations in the MAOA gene with impaired gene activity lead
to excess of serotonin and norepinephrine which is associated
with disturbed control of an affected subject’s impulsivity and
aggression (NIH, Genetics Home Reference). BDNF is involved
in growth, maturation and maintenance of nerve cells and
plays a crucial role in building up synapses and in synaptic
plasticity. Polymorphisms in the BDNF gene are associated
with an increased risk of psychiatric disorders like bipolar

disorder, anxiety, and eating disorders. However, results from
genome-wide association studies refer to epigenetic alterations
of genes that, besides neurofunctional genes, include genomic
regions affecting genes involved in inflammation, cell-signaling,
metabolism, and genes coding for proteins of the transcriptional
machinery themselves (27, 29, 39–42). Methylation differences
therefore represent a complex pattern that precludes feasible
functional verification tests of the concerned gene loci, as it
complicates a conclusive interpretation. The here reviewed
GWA studies all, except for Prados et al., lack the consideration
of additional factors possibly influencing the epigenetic
configuration, especially early childhood experiences, which
is also of main interest in understanding the development of
a PD. For example, early life adversity was associated with
methylation of SLC6A4 that in turn showed association to brain
structure and function (44). In contrast, most of the studies
on PD and single gene analyses respected childhood trauma as
a confounding factor in their epigenetic analyses. According
to previous data, these gene targeted studies confirmed the
relevance of the serotonergic system for affective regulation and
revealed methylation aberrances of the serotonin transporter
(SLC6A4) and receptor genes (5HTR1B, 5HTR2A, and 5HTR3A)
to be linked with antisocial traits (30, 31) and BPD (25, 26). As
well for DRD2, methylation status was shown to be associated
with BPD (24). Based on its effect on the pathway of each
serotonin, dopamine and norepinephrine, epigenetic changes of
MAOA congruently were found to be associated with antisocial
personality traits, ASPD and BPD (19, 20, 26, 33). Studies also
indicate a significant role ofNR3C1 promoter exon 1methylation
status in antisocial traits, as well as, in combination with early
life adversity, in BPD (22, 26). Indeed, with the insight in a
genome-wide involvement of epigenetic modified gene loci, the
validity of the studies on particular genes today seems to be
restricted.

Aside from a general association of epigenetic changes in
personality disorders and traits, the study results highly differ
regarding the particular gene sites of epigenetic differences. One
major reason could be the lack or the incomparability of the
respective control group in each study. Another methodical
deficit is the inconstant consideration of environmental factors,
particularly early child adversity. Epigenetically vulnerable
influences further include exposure to intimate partner violence
during pregnancy as well as mood, smoking or diet habits
of the mother during pregnancy, and stress of the subject
as a fetus or in its early life (45–49). Notably, in many
studies, the sample size is very small and might impact the
results.

All studies used extracted DNA from peripheral blood
cells for methylation analyses, albeit different cell fractions,
preferably whole blood cells, leucocytes, lymphocytes, T cells.
There is evidence that peripheral mononuclear cells, particularly
lymphocytes, show similar epigenetic pattern with brain tissue
[i.e., (9)], and the use of peripheral blood cells has gained
acceptance for epigenetic studies of neuropsychiatric disorders.
But results also indicate differences of epigenetic patterns
between blood leucocyte lines (37, 38) which also could account
for discrepancies within the studies. Future studies should
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consider cell type and preparation from whole blood, since cell
stress can cause epigenetic changes in the cells (50).

High requirements in the technical methods and in an
expedient study design make the disentangling of personality-
specific methylation patterns a sensitive challenge, especially
since there might be more than one way to (epi-)genetically
forward the development of a PD. This also might be a reason
for the diversity of the final clinical epiphenotypes of these
disorders. Conversely, the variety of pathogenesis and of the
individually developed clinical shapes impedes the attribution of
possibly identified genetic or epigenetic aberrances to a specific
personality trait or disorder.

If the functional attribution of epigenetic aberrations to
personality disorders is so highly impeded, which benefit can we
gain in doing so?

The possibility of epigenetic subtyping helps to assess
the individual pathophysiologic condition as well as to
improve deductive therapeutic approaches. The identification
of someone’s epigenetic risk profile could initiate efforts
to establish standards for intensified clinical watching in
afflicted children, and methods for early parental coaching
or for premature intervention in order to prevent further
development of a full-blown clinical picture of a PD. As
impressively shown by Cecil et al., divergent epigenetic
conditions within psychopathologically similar subjects can
elicit different implications for the individual treatment
requirements (18).

As in other mental disorders, epigenetic patterns can help
to predict medical response. Thus, in depression, selected
methylation aberrations could predict different therapy response
to escitalopram and between escitalopram and nortriptyline
(51, 52). In BPD, methylation levels of APBA3 and MCF2 were
predictive for psychotherapy outcome (53).

In cancer, advanced therapy today comprises epigenetic drugs
targeting i.e., on silenced tumor suppressing genes. Due to
the plurality and individual diversity of involved genes in
psychiatric disorders, the use of demethylating drugs cannot
be targeted to distinct genes. Adverse effects with general
hypomethylation might conflict with the aimed benefits. But
there is evidence that methyldonor components as valproic or
folic acid have positive therapeutic effects in mental disorders
by themselves as well as by increasing the effect of fluoxetine
(54–57).

Aside from their primary neurobiological effect, psychotropic
drugs can further exert direct epigenetic effects. Studies
on antidepressants and antipsychotic drugs i.e., evidenced
their possibility to modulate the epigenome by acetylation
of gene-associated histones, by methylation changes in
dopamine pathways (58), by increasing expression of DNA-
methyltransferases, and by inducing chromatin remodeling
(58, 59). Methylation aberrations also can be remodulated by
psychopharmacological treatment or psychotherapy (60, 61).

These merely exemplary findings suggest a high dynamic
in epigenetic processes in mental disorders and their
course. The interaction of psychotropic drugs and other
therapeutic interventions with epigenetic remodeling seems
still understudied. Finally, the fact of this interaction then
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could be utilized as an intraindividual control of lasting therapy
response.

IMPLICATIONS AND FUTURE OPTIONS

The pathophysiological principle of gene-environment-
interaction not only explains the obvious differences in the
severity or combination of a person’s personality traits but

further implicates the existence of genetic and epigenetic
risk and protective factors during the formation of the

ultimate personality structure. Hitherto epigenetic studies
underline the impact of early life adversity on the multifactorial

pathway to PD. They reveal several relevant gene loci that

are epigenetically affected in PD but differ in between the
studies. This can partially be explained by the multifactorial and
multi-step genesis of each PD, leading to different pathogenetic
subtypes.

Epigenetic analyses in connection with PD represent a
complex, but suitable amendment in the elucidation of
personality development, and pose as valuable diagnostic step in
the specification of an individual’s premorbid risks, and for the
development of individually tailored therapeutic strategies. They
might play a valuable role in the future design and observation of
early and personalized therapeutic intervention and thus could
help to prevent the unfolding in severe dysfunctional conduct or
personality disorder in risk subjects.

AUTHOR CONTRIBUTIONS

DG conducted the full literature search process, read all
found articles, wrote the manuscript. KK critically overworked
focus and manuscript. TH and HF provided expert advice in
epigenetics. JK and TF reviewed the manuscript and collaborated
in the interpretation of the results and for the discussion.

REFERENCES

1. Szyf M, McGowan P, Meaney M. The social environment and the epigenome.

Environ Mol Mutagen. (2008) 49:46–60. doi: 10.1002/em.20357

2. Szyf M, Bick J. DNA methylation: a mechanism for embedding

early life experiences in the genome. Child Dev. (2013) 84:49–57.

doi: 10.1111/j.1467-8624.2012.01793.x

3. Weaver IC, Cervoni N, Champagne FA, D’Alessio AC, Sharma S, Seckl JR,

et al. Epigenetic programming by maternal behavior. Nat Neurosci. (2004)
7:847–54. doi: 10.1038/nn1276

4. Roth TL, Lubin FD, Funk AJ, Sweatt JD. Lasting epigenetic influence of

early-life adversity on the BDNF gene. Biol Psychiatry (2009) 65:760–9.

doi: 10.1016/j.biopsych.2008.11.028

5. Murgatroyd C, Patchev AV, Wu Y, Micale V, Bockmuhl Y, Fischer D, et al.

Dynamic DNA methylation programs persistent adverse effects of early-life

stress. Nat Neurosci. (2009) 12:1559–66. doi: 10.1038/nn.2436
6. McGowan PO, Sasaki A, D’Alessio AC, Dymov S, Labonte B, Szyf M, et al.

Epigenetic regulation of the glucocorticoid receptor in human brain associates

with childhood abuse. Nat Neurosci. (2009) 12:342–8. doi: 10.1038/nn.2270
7. McGowan PO, Suderman M, Sasaki A, Huang TC, Hallett M, Meaney MJ,

et al. Broad epigenetic signature of maternal care in the brain of adult rats.

PLoS ONE (2011) 6:e14739. doi: 10.1371/journal.pone.0014739

8. Suderman M, McGowan PO, Sasaki A, Huang TC, Hallett M, Meaney MJ,

et al. Conserved epigenetic sensitivity to early life experience in the rat and

human hippocampus. Proc Natl Acad Sci USA. (2012) 109(Suppl. 2):17266–72.
doi: 10.1073/pnas.1121260109

9. Provençal N, Suderman MJ, Guillemin C, Massart R, Ruggiero A, Wang

D, et al. The signature of maternal rearing in the methylome in rhesus

macaque prefrontal cortex and T cells. J Neurosci. (2012) 32:15626–42.

doi: 10.1523/JNEUROSCI.1470-12.2012

10. Klengel T, Mehta D, Anacker C, Rex-Haffner M, Pruessner JC, Pariante CM,

et al. Allele-specific FKBP5 DNA demethylation mediates gene-childhood

trauma interactions. Nat Neurosci. (2013) 16:33–41. doi: 10.1038/nn.3275
11. Auta J1, Smith RC, Dong E, Tueting P, Sershen H, Boules S, et al.

DNA-methylation gene network dysregulation in peripheral blood

lymphocytes of schizophrenia patients. Schizophr Res. (2013) 150:312–8.

doi: 10.1016/j.schres.2013.07.030

12. Yuan LW, Gambee JE. Histone acetylation by p300 is involved in CREB-

mediated transcription on chromatin. Biochim Biophys Acta (2001) 1541:161–
9. doi: 10.1016/S0167-4889(01)00141-0

13. Weaver IC, Hellstrom IC, Brown SE, Andrews SD, Dymov S, Diorio J,

et al. The methylated-DNA binding protein MBD2 enhances NGFI-A (egr-

1)-mediated transcriptional activation of the glucocorticoid receptor. Philos
Trans R Soc Lond B Biol Sci. (2014) 369:20130513. doi: 10.1098/rstb.2013.0513

14. Weaver IC, D’Alessio AC, Brown SE, Hellstrom IC, Dymov S, Sharma S, et al.

The transcription factor nerve growth factor-inducible protein a mediates

epigenetic programming: altering epigenetic marks by immediate-early genes.

J Neurosci. (2007) 27:1756–68. doi: 10.1523/JNEUROSCI.4164-06.2007
15. Zhou Z, Hong EJ, Cohen S, Zhao WN, Ho HY, Schmidt L, et al.

Brain-specific phosphorylation of MeCP2 regulates activity-dependent Bdnf

transcription, dendritic growth, and spine maturation.Neuron (2006) 52:255–
69. doi: 10.1016/j.neuron.2006.09.037

16. Chen WG, Chang Q, Lin Y, Meissner A, West AE, Griffith EC,

et al. Derepression of BDNF transcription involves calcium-

dependent phosphorylation of MeCP2. Science (2003) 302:885–9.

doi: 10.1126/science.1086446

17. Shamseer L, Moher D, Clarke M, Ghersi D, Liberati A, Petticrew M, et al.

Preferred reporting items for systematic review and meta-analysis protocols

(PRISMA-P) 2015: elaboration and explanation. BMJ (2015) 349:g7647.

doi: 10.1136/bmj.g7647

18. Cecil CA, Lysenko LJ, Jaffee SR, Pingault JB, Smith RG, Relton CL, et al.

Environmental risk, oxytocin receptor gene (OXTR) methylation and youth

callous-unemotional traits: a 13-year longitudinal study. Mol Psychiatry
(2014) 19:1071–7. doi: 10.1038/mp.2014.95

19. Philibert RA, Wernett P, Plume J, Packer H, Brody GH, Beach SR. Gene

environment interactions with a novel variable monoamine oxidase A

transcriptional enhancer are associated with antisocial personality disorder.

Biol Psychol. (2011) 87:366–71. doi: 10.1016/j.biopsycho.2011.04.007
20. Checknita D, Maussion G, Labonté B, Comai S, Tremblay RE, Vitaro F,

et al. Monoamine oxidase A gene promoter methylation and transcriptional

downregulation in an offender population with antisocial personality

disorder. Br J Psychiatry (2015) 206:216–22. doi: 10.1192/bjp.bp.114.144964
21. Perroud N, Salzmann A, Prada P, Nicastro R, Hoeppli ME, Furrer S,

et al. Response to psychotherapy in borderline personality disorder and

methylation status of the BDNF gene. Transl Psychiatry (2013) 3:e207.

doi: 10.1038/tp.2012.140

22. Martín-Blanco A, Ferrer M, Soler J, Salazar J, Vega D, Andión

O, et al. Association between methylation of the glucocorticoid

receptor gene, childhood maltreatment, and clinical severity in

borderline personality disorder. J Psychiatr Res. (2014) 57:34–40.

doi: 10.1016/j.jpsychires.2014.06.011

23. Perroud N, Paoloni-Giacobino A, Prada P, Olié E, Salzmann A, Nicastro R,

et al. Increasedmethylation of glucocorticoid receptor gene (NR3C1) in adults

with a history of childhood maltreatment: a link with the severity and type of

trauma. Transl Psychiatry (2011) 1:e59. doi: 10.1038/tp.2011.60
24. Groleau P, Joober R, Israel M, Zeramdini N, DeGuzman R, Steiger H.

Methylation of the dopamine D2 receptor (DRD2) gene promoter in women

with a bulimia-spectrum disorder: associations with borderline personality

disorder and exposure to childhood abuse. J Psychiatr Res. (2014) 48:121–7.
doi: 10.1016/j.jpsychires.2013.10.003

25. Perroud N, Zewdie S, Stenz L, Adouan W, Bavamian S, Prada P, et al.

Methylation of serotonin receptor 3A in ADHD, Borderline Personality,

Frontiers in Psychiatry | www.frontiersin.org 19 November 2018 | Volume 9 | Article 57985

https://doi.org/10.1002/em.20357
https://doi.org/10.1111/j.1467-8624.2012.01793.x
https://doi.org/10.1038/nn1276
https://doi.org/10.1016/j.biopsych.2008.11.028
https://doi.org/10.1038/nn.2436
https://doi.org/10.1038/nn.2270
https://doi.org/10.1371/journal.pone.0014739
https://doi.org/10.1073/pnas.1121260109
https://doi.org/10.1523/JNEUROSCI.1470-12.2012
https://doi.org/10.1038/nn.3275
https://doi.org/10.1016/j.schres.2013.07.030
https://doi.org/10.1016/S0167-4889(01)00141-0
https://doi.org/10.1098/rstb.2013.0513
https://doi.org/10.1523/JNEUROSCI.4164-06.2007
https://doi.org/10.1016/j.neuron.2006.09.037
https://doi.org/10.1126/science.1086446
https://doi.org/10.1136/bmj.g7647
https://doi.org/10.1038/mp.2014.95
https://doi.org/10.1016/j.biopsycho.2011.04.007
https://doi.org/10.1192/bjp.bp.114.144964
https://doi.org/10.1038/tp.2012.140
https://doi.org/10.1016/j.jpsychires.2014.06.011
https://doi.org/10.1038/tp.2011.60
https://doi.org/10.1016/j.jpsychires.2013.10.003
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Gescher et al. Epigenetics in Personality Disorders

and bipolar disorders: link with severity of the disorders and childhood

maltreatment. Depress Anxiety (2016) 33:45–55. doi: 10.1002/da.22406
26. Dammann G, Teschler S, Haag T, Altmüller F, Tuczek F, Dammann

RH. Increased DNA methylation of neuropsychiatric genes occurs

in borderline personality disorder. Epigenetics (2011) 6:1454–62.

doi: 10.4161/epi.6.12.18363

27. Teschler S, Bartkuhn M, Künzel N, Schmidt C, Kiehl S, Dammann

G, et al. Aberrant methylation of gene associated CpG sites occurs

in borderline personality disorder. PLoS ONE (2013) 8:e84180.

doi: 10.1371/journal.pone.0084180

28. Teschler S, Gotthardt J, Dammann G, Dammann RH. Aberrant DNA

Methylation of rDNA and PRIMA1 in borderline personality Disorder. Int
J Mol Sci. (2016) 17:E67. doi: 10.3390/ijms17010067

29. Prados J, Stenz L, Courtet P, Prada P, Nicastro R, Adouan W, et al.

Borderline personality disorder and childhood maltreatment: a genome-

wide methylation analysis. Genes Brain Behav. (2015) 14:177–88.

doi: 10.1111/gbb.12197

30. Beach SR, Brody GH, Todorov AA, Gunter TD, Philibert RA. Methylation at

5HTT mediates the impact of child sex abuse on women’s antisocial behavior:

an examination of the Iowa adoptee sample. Psychosom Med. (2011) 73:83–7.
doi: 10.1097/PSY.0b013e3181fdd074

31. Moul C, Dobson-Stone C, Brennan J, Hawes DJ, Dadds MR. Serotonin

1B receptor gene (HTR1B) methylation as a risk factor for callous-

unemotional traits in antisocial boys. PLoS ONE (2015) 10:e0126903.

doi: 10.1371/journal.pone.0126903

32. Dadds MR, Moul C, Cauchi A, Dobson-Stone C, Hawes DJ, Brennan J,

et al. Methylation of the oxytocin receptor gene and oxytocin blood levels

in the development of psychopathy. Dev Psychopathol. (2014) 26:33–40.

doi: 10.1017/S0954579413000497

33. Philibert RA, Gunter TD, Beach SR, BrodyGH,MadanA.MAOAmethylation

is associated with nicotine and alcohol dependence in women. Neuropsychiatr
Genet. (2008) 147B:565–70. doi: 10.1002/ajmg.b.30778

34. Dadds MR, Moul C, Hawes DJ, Mendoza Diaz A, Brennan J. Individual

differences in childhood behavior disorders associated with epigenetic

modulation of the cortisol receptor gene. Child Dev. (2015) 86:1311–20.

doi: 10.1111/cdev.12391

35. Mellor, D. Normative data for the strengths and difficulties questionnaire in

Australia. Aust Psychol. (2005) 40:215–22. doi: 10.1080/00050060500243475
36. Radtke KM, Schauer M, Gunter HM, Ruf-Leuschner M, Sill J, Meyer A, et al.

Epigenetic modifications of the glucocorticoid receptor gene are associated

with the vulnerability to psychopathology in childhood maltreatment. Transl
Psychiatry (2015) 5:e571. doi: 10.1038/tp.2015.63

37. Wang D, Szyf M, Benkelfat C, Provençal N, Turecki G, Caramaschi D, et al.

Peripheral SLC6A4 DNA methylation is associated with in vivo measures of

human brain serotonin synthesis and childhood physical aggression. PLoS
ONE (2012) 7:e39501. doi: 10.1371/journal.pone.0039501

38. Provençal N, SudermanMJ, Caramaschi D, Wang D, Hallett M, Vitaro F, et al.

Differential DNA methylation regions in cytokine and transcription factor

genomic loci associate with childhood physical aggression. PLoS ONE (2013)

8:e71691. doi: 10.1371/journal.pone.0071691

39. Provençal N, Suderman MJ, Guillemin C, Vitaro F, Côté SM, Hallett M,

et al. Association of childhood chronic physical aggression with a DNA

methylation signature in adult human T cells. PLoS ONE (2014) 9:e89839.

doi: 10.1371/journal.pone.0089839

40. Guillemin C, Provençal N, Suderman M, Côté SM, Vitaro F, Hallett

M, et al. DNA methylation signature of childhood chronic physical

aggression in T cells of both men and women. PLoS ONE (2014) 9:e86822.

doi: 10.1371/journal.pone.0086822

41. Van Dongen J, Nivard MG, Baselmans BM, Zilhão NR, Ligthart L, BIOS

Consortium, et al. Epigenome-wide association study of aggressive behavior.

Twin Res Hum Genet. (2015) 18:686–98. doi: 10.1017/thg.2015.74
42. Ruggeri B, Nymberg C, Vuoksimaa E, Lourdusamy A, Wong CP,

Carvalho FM, et al. Association of protein phosphatase PPM1G with

alcohol use disorder and brain activity during behavioral control in a

genome-wide methylation analysis. Am J Psychiatry (2015) 172:543–52.

doi: 10.1176/appi.ajp.2014.14030382

43. Viding E, Blair RJR,Moffitt TE, Plomin R. Evidence for substantial genetic risk

for psychopathy in 7-years-olds. J Child Psychol Psychiatry (2005) 46:592–7.

doi: 10.1111/j.1469-7610.2004.00393.x

44. Frodl T, Szyf M, Carballedo A, Ly V, Dymov S, Vaisheva F, et al. DNA

methylation of the serotonin transporter gene (SLC6A4) is associated with

brain function involved in processing emotional stimuli. J Psychiatry Neurosci.
(2015) 40:296–305. doi: 10.1503/jpn.140180

45. Reik W. Stability and flexibility of epigenetic gene regulation in mammalian

development. Nature (2007) 447:425–32. doi: 10.1038/nature05918
46. Feil R, Fraga MF. Epigenetics and the environment: emerging patterns and

implications. Nat Rev Genet (2012) 13:97–109. doi: 10.1038/nrg3142
47. Radtke KM, Ruf M, Gunter HM, Dohrmann K, Schauer M, Meyer A, et al.

Transgenerational impact of intimate partner violence on methylation in

the promoter of the glucocorticoid receptor. Transl Psychiatry (2011) 1:e21.

doi: 10.1038/tp.2011.21

48. Zeilinger S, Kühnel B, Klopp N, Baurecht H, Kleinschmidt A, Gieger C,

et al. Tobacco smoking leads to extensive genome-wide changes in DNA

methylation. PLoS ONE (2013) 8:e63812. doi: 10.1371/journal.pone.0063812

49. McGowan PO, Meaney MJ, Szyf M. Diet and the epigenetic (re)programming

of phenotypic differences in behavior. Brain Res. (2008) 1237:12–24.

doi: 10.1016/j.brainres.2008.07.074

50. Philibert R, Caspers K, Beach SRH, Bakermans-Kranenburg MJ, van

Ijzendoorn MH. Reply to: epstein-barr virus transformed DNA as a source

of false positive findings in methylation studies of psychiatric conditions. Biol
Psychiatry (2011) 70:e27–8. doi: 10.1016/j.biopsych.2011.02.029

51. Domschke K, Tidow N, Schwarte K, Deckert J, Lesch KP, Arolt V,

et al. Serotonin transporter gene hypomethylation predicts impaired

antidepressant treatment response. Int J Neuropsychopharmacol. (2014)

17:1167–76. doi: 10.1017/S146114571400039X

52. Uher R, Huezo-Diaz P, Perroud N, Smith R, Rietschel M, Mors O, et al.

Genetic predictors of response to antidepressants in the GENDEP project.

Pharmacogenomics J. (2009) 9:225–33. doi: 10.1038/tpj.2009.12
53. Knoblich N, Gundel F, Brückmann C, Becker-Sadzio J, Frischholz

C, Nieratschker V. DNA methylation of APBA3 and MCF2 in

borderline personality disorder: potential biomarkers for response

to psychotherapy. Eur Neuropsychopharmacol. (2018) 28:252–63.

doi: 10.1016/j.euroneuro.2017.12.010

54. Morris DW, Trivedi MH, Rush AJ. Folate and unipolar depression. J Altern
Complement Med. (2008)14:277–85. doi: 10.1016/j.jad.2011.04.032

55. Farah A. The role of L-methylfolate in depressive disorders.CNS Spectr. (2009)
14:2–7. doi: 10.1017/S1092852900003473

56. Coppen A, Bailey J. Enhancement of the antidepressant action of fluoxetine

by folic acid: a randomised, placebo controlled trial. J Affect Disord. (2000)
60:121–30. doi: 10.1016/S0165-0327(00)00153-1

57. Godfrey PS, Toone BK, Carney MW, Flynn TG, Bottiglieri T, Laundy M,

et al. Enhancement of recovery from psychiatric illness bymethylfolate. Lancet
(1990) 336:392–5. doi: 10.1016/0140-6736(90)91942-4

58. Swathy B, Banerjee M. Understanding epigenetics of schizophrenia in the

backdrop of its antipsychotic drug therapy. Epigenomics (2017) 9:721–36.

doi: 10.2217/epi-2016-0106

59. Zimmermann N, Zschocke J, Perisic T, Yu S, Holsboer F, Rein T.

Antidepressants inhibit DNA methyltransferase 1 through reducing G9a

levels. Biochem J. (2012) 448:93–102. doi: 10.1042/BJ20120674
60. Vialou V, Feng J, Robison AJ, Nestler EJ. Epigenetic mechanisms of depression

and antidepressants action. Ann Rev Pharmacol Toxicol. (2013) 53:59–87.

doi: 10.1146/annurev-pharmtox-010611-134540

61. Yehuda R, Daskalakis NP, Desarnaud F, Makotkine I, Lehrner AL, Koch

E, et al. Epigenetic biomarkers as predictors and correlates of symptom

improvement following psychotherapy in combat veterans with PTSD. Front
Psychiatry (2013) 4:118. doi: 10.3389/fpsyt.2013.00118

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2018 Gescher, Kahl, Hillemacher, Frieling, Kuhn and Frodl. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Psychiatry | www.frontiersin.org 20 November 2018 | Volume 9 | Article 57986

https://doi.org/10.1002/da.22406
https://doi.org/10.4161/epi.6.12.18363
https://doi.org/10.1371/journal.pone.0084180
https://doi.org/10.3390/ijms17010067
https://doi.org/10.1111/gbb.12197
https://doi.org/10.1097/PSY.0b013e3181fdd074
https://doi.org/10.1371/journal.pone.0126903
https://doi.org/10.1017/S0954579413000497
https://doi.org/10.1002/ajmg.b.30778
https://doi.org/10.1111/cdev.12391
https://doi.org/10.1080/00050060500243475
https://doi.org/10.1038/tp.2015.63
https://doi.org/10.1371/journal.pone.0039501
https://doi.org/10.1371/journal.pone.0071691
https://doi.org/10.1371/journal.pone.0089839
https://doi.org/10.1371/journal.pone.0086822
https://doi.org/10.1017/thg.2015.74
https://doi.org/10.1176/appi.ajp.2014.14030382
https://doi.org/10.1111/j.1469-7610.2004.00393.x
https://doi.org/10.1503/jpn.140180
https://doi.org/10.1038/nature05918
https://doi.org/10.1038/nrg3142
https://doi.org/10.1038/tp.2011.21
https://doi.org/10.1371/journal.pone.0063812
https://doi.org/10.1016/j.brainres.2008.07.074
https://doi.org/10.1016/j.biopsych.2011.02.029
https://doi.org/10.1017/S146114571400039X
https://doi.org/10.1038/tpj.2009.12
https://doi.org/10.1016/j.euroneuro.2017.12.010
https://doi.org/10.1016/j.jad.2011.04.032
https://doi.org/10.1017/S1092852900003473
https://doi.org/10.1016/S0165-0327(00)00153-1
https://doi.org/10.1016/0140-6736(90)91942-4
https://doi.org/10.2217/epi-2016-0106
https://doi.org/10.1042/BJ20120674
https://doi.org/10.1146/annurev-pharmtox-010611-134540
https://doi.org/10.3389/fpsyt.2013.00118
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


REVIEW
published: 13 November 2018
doi: 10.3389/fpsyt.2018.00580

Frontiers in Psychiatry | www.frontiersin.org 1 November 2018 | Volume 9 | Article 580

Edited by:

Brisa S. Fernandes,

University of Toronto, Canada

Reviewed by:

Fleur Margaret Howells,

University of Cape Town, South Africa

Tianmei Si,

Peking University Sixth Hospital,

China

*Correspondence:

Jaana Suvisaari

jaana.suvisaari@thl.fi

Specialty section:

This article was submitted to

Molecular Psychiatry,

a section of the journal

Frontiers in Psychiatry

Received: 15 June 2018

Accepted: 23 October 2018

Published: 13 November 2018

Citation:

Suvisaari J, Mantere O, Keinänen J,

Mäntylä T, Rikandi E, Lindgren M,

Kieseppä T and Raij TT (2018) Is It

Possible to Predict the Future in

First-Episode Psychosis?.

Front. Psychiatry 9:580.

doi: 10.3389/fpsyt.2018.00580

Is It Possible to Predict the Future in
First-Episode Psychosis?

Jaana Suvisaari 1*, Outi Mantere 1,2,3,4, Jaakko Keinänen 1,4, Teemu Mäntylä 1,5,6,

Eva Rikandi 1,5,6, Maija Lindgren 1, Tuula Kieseppä 1,4 and Tuukka T. Raij 1,5

1Mental Health Unit, National Institute for Health and Welfare, Helsinki, Finland, 2Department of Psychiatry, McGill University,

Montreal, QC, Canada, 3 Bipolar Disorders Clinic, Douglas Mental Health University Institute, Montreal, QC, Canada,
4Department of Psychiatry, Faculty of Medicine, University of Helsinki, Helsinki, Finland, 5Department of Neuroscience and

Biomedical Engineering, and Advanced Magnetic Imaging Center, Aalto NeuroImaging, Aalto University School of Science,
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The outcome of first-episode psychosis (FEP) is highly variable, ranging from

early sustained recovery to antipsychotic treatment resistance from the onset of

illness. For clinicians, a possibility to predict patient outcomes would be highly

valuable for the selection of antipsychotic treatment and in tailoring psychosocial

treatments and psychoeducation. This selective review summarizes current knowledge

of prognostic markers in FEP. We sought potential outcome predictors from clinical

and sociodemographic factors, cognition, brain imaging, genetics, and blood-based

biomarkers, and we considered different outcomes, like remission, recovery, physical

comorbidities, and suicide risk. Based on the review, it is currently possible to predict the

future for FEP patients to some extent. Some clinical features—like the longer duration

of untreated psychosis (DUP), poor premorbid adjustment, the insidious mode of onset,

the greater severity of negative symptoms, comorbid substance use disorders (SUDs), a

history of suicide attempts and suicidal ideation and having non-affective psychosis—are

associated with a worse outcome. Of the social and demographic factors, male gender,

social disadvantage, neighborhood deprivation, dysfunctional family environment, and

ethnicity may be relevant. Treatment non-adherence is a substantial risk factor for

relapse, but a small minority of patients with acute onset of FEP and early remission

may benefit from antipsychotic discontinuation. Cognitive functioning is associated with

functional outcomes. Brain imaging currently has limited utility as an outcome predictor,

but this may change with methodological advancements. Polygenic risk scores (PRSs)

might be useful as one component of a predictive tool, and pharmacogenetic testing is

already available and valuable for patients who have problems in treatment response

or with side effects. Most blood-based biomarkers need further validation. None of

the currently available predictive markers has adequate sensitivity or specificity used

alone. However, personalized treatment of FEP will need predictive tools. We discuss

some methodologies, such as machine learning (ML), and tools that could lead to the

improved prediction and clinical utility of different prognostic markers in FEP. Combination

of different markers in MLmodels with a user friendly interface, or novel findings from e.g.,

molecular genetics or neuroimaging, may result in computer-assisted clinical applications

in the near future.
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INTRODUCTION

Naturalistic follow-up studies have found highly
divergent outcomes in first-episode psychosis (FEP) (1, 2).
While an episodic course is the most common (1) and the
majority of patients with FEP initially achieve remission (2),
a minority experience early sustained recovery (3), or have an
antipsychotic treatment-resistant illness from the onset of the
illness (4). The challenge for the clinician treating patients with
FEP is how to predict these different disease trajectories and
make the best treatment choices for individual patients.

A growing concern in recent years has been the multiple
physical comorbidities in people with schizophrenia and other
psychotic disorders (5) and the premature mortality caused by
these comorbidities (6, 7). Antipsychotic medication contributes
to these problems by causing weight gain, impaired glucose
tolerance and dyslipidemias. However, antipsychotics differ in
their propensity to cause these side effects (8), and there is also
considerable individual variation in the sensitivity to these side-
effects. Moreover, other factors, possibly even shared etiological
mechanisms, contribute to the development of comorbidities like
diabetes (9). The personalized treatment of FEP would benefit
from biomarkers identifying the patients at greatest risk for
medication side effects and comorbidities.

While cardiovascular and pulmonary diseases are overall the
most important causes of premature mortality (6), in the first
years of illness increased mortality is mainly caused by suicide
(10). Suicide prevention is one of the key goals in the treatment
of FEP (11), and yet another important outcome for which the
clinician needs to identify relevant risk factors.

In addition to these main areas where outcome prediction is
needed—remission, recovery, physical comorbidities, and suicide
risk—some domains in the psychosis phenotype, for example
cognitive functioning, can be considered both as predictors of the
long-term course and as relevant long-term outcomes.

This selective review aims to provide a synthesis of the
current literature on outcome prediction for FEP.We also discuss
some methodologies and tools that could enhance possibilities to
predict the future in FEP.

OUTCOME PREDICTION: CURRENT

EVIDENCE

Clinical and Sociodemographic Factors
Remission in FEP refers to symptomatic remission; the
Remission in Schizophrenia Working Group defined it as
maintaining a symptom level of mild or less regarding positive,
negative, and disorganized symptoms over a 6-month period
(12). Recovery is a broad concept that should take both clinical
symptoms and psychosocial functioning into account, with
subjective recovery being an important component (13). While
the Remission in Schizophrenia Working Group criteria for
remission have achieved gold standard status in research, no
uniform criteria exist for recovery. In a recent meta-analysis
of longitudinal FEP studies, the pooled proportion of patients
achieving remission after an average of 5.5 years follow-up was
58%, and studies conducted in more recent years found higher

remission rates (2). However, the proportion achieving recovery
after an average of 7.2 years follow-up was only 38%, and this
was lower in both more recent studies and in studies with longer
follow-up times (2). After 2 years of follow-up, the proportion
achieving recovery was stable, suggesting that the poor outcome
trajectory is already apparent during the early stages of illness
(2). Recovery rates were also lower in studies requiring a longer
duration of good functioning and the absence of symptoms (2).
Schizophrenia was associated with lower remission and recovery
rates than other psychotic disorders (2).

Clinical features related to the first psychotic episode were
surprisingly poor predictors of remission and recovery in the
meta-analysis by Lally et al. (2). Remission status was not
predicted by the severity of psychotic symptoms at baseline, the
duration of untreated psychosis (DUP), treatment adherence,
employment status, or marital status (2). In another meta-
analysis focusing on relapse risk following the first psychotic
episode, significant risk factors were medication non-adherence,
persistent substance use disorder (SUD), the carer’s critical
comments and poor premorbid adjustment (14). In the
Etiology and Ethnicity in Schizophrenia and Other Psychoses
(AESOP) study, patients with an initial diagnosis of non-
affective psychosis, patients living in a deprived area, and male
patients had a poorer 10-year outcome than other patients
(1). Some ethnic minorities had a worse outcome, which
was partly explained by social disadvantage (15). In another
large longitudinal FEP study, deterioration in premorbid social
functioning, DUP of ≥26 weeks, a core schizophrenia spectrum
disorder and no remission within the first 3 months all
predicted a longer time in psychosis during a 10-year follow-
up (16). Regarding shorter-term outcomes, unemployment,
poor education, functional deficits, unmet psychosocial needs,
previous depressive episodes, male sex, and suicidality predicted
poor 1-year outcomes in a machine learning (ML) study that
utilized data from the European First Episode Schizophrenia
Trial (17).

Recent studies have reported inconsistent findings regarding
the effects of the discontinuation of antipsychotic treatment
after achieving remission of FEP. A meta-analysis of treatment
discontinuation vs. maintenance treatment strategies in
FEP clearly showed that the relapse risk is higher in the
discontinuation group (18). In a recent register-based follow-up
study, the discontinuation of antipsychotic medication was
a strong predictor of both rehospitalization and premature
mortality even after several years of continuous outpatient
antipsychotic treatment (19). While one study found that early
dose reduction or the discontinuation of antipsychotic treatment
following a 6-month remission were both associated with a better
long-term outcome (20), another recent randomized clinical trial
(RCT) found that discontinuation after 1 year of antipsychotic
maintenance treatment was associated with a poorer 10-year
clinical outcome (21). However, in the AESOP study, 12.5%
of FEP patients had early sustained recovery with no relapses
over a 10-year follow-up period, and their median duration of
antipsychotic treatment was only 53 days (3). Predictors of early
sustained remission were female gender, being employed, being
in a relationship, having have a short DUP, and having mania
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or a brief psychotic disorder diagnosis (3). Unfortunately, all
these predictors are relatively common and not specific enough
to evaluate who would possibly benefit from antipsychotic
discontinuation after FEP.

About a quarter of FEP patients are treatment-resistant, that
is, they show little or no improvement in psychotic symptoms
after two consecutive treatments with different antipsychotics of
adequate dose and duration (4, 22). The majority of treatment-
resistant patients are treatment resistant from the onset of illness
(4, 22). In two large FEP studies, treatment resistance was
predicted by a younger age at onset, a schizophrenia diagnosis,
negative symptoms, and a longer DUP (4, 22).

Insight and Resilience
Insight has been of special interest as a predictor of the outcome
of FEP, as defects in insight may possibly arise from the same
functional and structural brain pathology as psychosis itself (23,
24). Cognitive insight at baseline, including measures of both
self-reflectiveness and self-certainty, has been shown to predict
overall psychopathology at 1-year follow-up (25). However,
after a 4–year follow-up, only the self-reflectiveness subscale
was associated with symptom remission (26). In FEP, cognitive
insight has been associated with cortical thickness (27), and the
self-certainty subscale has been associated with changes in a
frontal network (28). However, greater insight has also predicted
suicidality after FEP (29).

Impaired clinical insight, which is somewhat separable
from cognitive insight, has been associated with poorer
social functioning, more re-hospitalizations and treatment non-
adherence (30). In one study, the best predictors of relapse
within 2 years after FEP were cannabis use before relapse and
poor insight (insight being measured at a 2-month follow-
up) (31). Poor insight may prolong the DUP (32) and predict
non-adherence to medication treatment in FEP patients (33),
although the results in prospective studies with FEP samples
are somewhat mixed with regards to treatment adherence (34).
Interestingly, baseline self-rated insight and objective insight at
6 weeks predicted hospital readmission in a sample consisting
mostly of first-episode non-affective psychosis patients, whereas
baseline objective insight and self-rated insight at 6 weeks were
not significant predictors (35). Clinical insight changes over
time in FEP, and likewise its correlation with symptoms and
psychosocial functioning is not consistent in the early course of
illness and the later course of illness (36). In a 3-year follow-up of
a large FEP cohort, improvement in insight in the early course
of illness was associated with increasing depressive symptoms,
but this association disappeared later (36). Improving insight
was associated with improving psychosocial functioning in the
early course of the illness, but later the relationship became more
complex (36). This reflects a complex social identity process that
occurs after a first psychotic episode, in which insight is more
than just a simple trait or state feature (36).

Resilience, a personality trait manifesting in a response to
adversity, also plays a role in recovery, as it implies successful
adaptation despite difficult experiences. Resilience is linked to
psychological well-being or positive mental health, which is
increasingly seen as an important treatment target on its own

and which tends to be at a low level, particularly for patients
with active delusions (37). Fully recovered patients with first
episode schizophrenia—defined as patients living independently,
working or studying, having absent or stably mild symptoms for
2 years, and having social contacts and participation—showed
a significant increase in resilience at 4-year follow-up (20, 38).
These results indicate that individual differences in resilience
will differently affect the recovery process (20), stressing the
importance of taking resilience into account in outcome studies
and using resilience-building strategies. Measures of resilience
and psychological well-being might be important as outcome
predictors, but currently they have rarely been studied in large
FEP cohorts.

Cognition
Cognitive deficits are common in FEP throughout all phases of
the illness, including impairment in workingmemory, processing
speed, verbal and visual learning, reasoning, and social cognition.
Cognitive deficits are already present during the prodromal
phases of the illness (39) and are not correlated with the DUP
(40). Although it is widely believed that symptom fluctuation
usually does not affect cognitive performance (41), an association
between the level of negative symptoms and cognitive deficits
has been reported several times, with cognitive performance
improving when negative symptoms ease off (42).

There does not seem to be a cognitive decline in the first
years of illness (39), a possible exception being progressive
verbal memory deterioration (42). However, with longer follow-
up times, cognitive functioning may continue to decline
following the first episode. Over a lifespan, periods of cognitive
deterioration in schizophrenia appear to be a period before the
first episode and another at approximately 65 years of age (43).
In the long term, people with schizophrenia are also at increased
risk of dementia (11). Dementia is a very long-term outcome
and not very relevant for the treatment of FEP. Recent research
suggests that the increased risk of dementia may be mediated
through comorbidities like cardiovascular disease (CHD) (44),
whereas there is no genetic correlation between schizophrenia
and Alzheimer’s disease (45).

Cognitive functioning at the beginning of the psychotic illness
may predict the illness course and functional outcome such
as self-care, work performance and social functioning (46).
Remission and relapses of FEP within the first 2 years of illness
may be predicted by verbal fluency, memory and social cognition,
and persistent negative symptoms and functional outcomes may
be predicted by verbal memory (47). Social cognition has been
found to specifically predict everyday community functioning,
such as independent living skills, and social and work functioning
(48). Of the social cognitive domains, the theory of mind
might be an especially important treatment target due to its
associations with functional outcome (48). In one study, FEP
patients with preserved intelligence quotient (IQ) at psychosis
onset had better outcomes at 3 years than other patients in terms
of disorganization and negative symptoms, index admissions,
and occupational outcome (49). Severe cognitive impairment
by the time of the first psychotic episode may thus predict a
more severe illness. Deficits in cognitive functions may affect
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adherence, insight, social skills, and one’s overall capacity to
take care of oneself thus, leading to a worse symptomatic and
functional outcome. On the other hand, premorbid adjustment,
motivation, negative symptoms, and insight may moderate the
impact of cognition on these functional outcomes (46).

The functional outcome of FEP has also been predicted with
premorbid cognitive reserve (50, 51). Higher premorbid IQ and
educational attainment may help a person to cope with the effects
of the disease, thus affecting the neuropsychological, functional
and clinical outcome of FEP. High cognitive reserve may help
the individual use compensatory abilities and is associated with
better insight (49).

Brain Imaging
Brain imaging methods have been used to differentiate patients
from healthy controls and to predict the long-term outcome of
FEP. In recent years, several studies have used either structural
or functional brain imaging, sometimes together with clinical
information and other biomarker information, to classify FEP
patients or patients with clinical high-risk symptoms from
healthy control subjects (52–58). Accuracies in these ML studies
that use one imaging modality have ranged from 66% (52,
55) to 87% (53), and the combination of structural magnetic
resonance imaging (MRI) and diffusion tensor imaging data has
been reported to result in enhanced accuracy: 93% (54). These
classification studies have built the grounds upon which to study
whether FEP patients can be further classified into subgroups
with different outcomes.

Early multivariate ML studies suggested that continuous and
remitting courses of illness were predictable based on structural
MRIs alone, with accuracies of 58% (59) and 70% (60). However,
these findings were not replicated in other research centers nor in
the data pooled across centers (60). In a follow-up study by Pina-
Camacho and co-workers, brain volumetric measures did not
enhance the classification accuracy of schizophrenia spectrum vs.
other psychoses beyond the 81% classification accuracy achieved
using clinical symptoms alone (61).

Most earlier brain imaging studies on outcome prediction
have used univariate methods. Univariate findings which may
predict outcomes include alterations in rhythmic activity
in electroencephalogram (EEG) (62); a prefrontal MRI
spectroscopic marker of neuronal integrity (63); striatal
dopamine-2 receptor binding potential (64); the integrity of the
frontotemporal white matter tracts (65); abnormal gyrification of
the cerebral cortex (66, 67); white matter network organization
(68); and the volumes of the ventricles (69) and the temporal
lobe in general (70), and the volumes of the hippocampus
(71, 72) and the superior temporal gyrus (73) in particular. For
a review on structural MRI measures as predictors of outcome,
see Dazzan et al. (74). Outcome prediction based on any of
the univariate findings is too inaccurate to be clinically useful
(75). An exception might turn out to be using a lack of elevated
dopamine synthesis capacity, which has been associated with
antipsychotic treatment resistance in two studies (76, 77). These
findings, however, provide important information for more
complex ML models with potential for clinically sufficient
prediction accuracy.

Genetics
The etiological significance of genetic factors in psychotic
disorders is substantial: the heritability of schizophrenia
spectrum and bipolar disorders is around 65–85% (78–80).
Numerous studies have correlated variants in schizophrenia
candidate genes with phenotypic features, sometimes also
with outcome measures. However, recent genetic studies have
questioned the validity of previously suggested schizophrenia
candidate genes (81, 82). Therefore, we focus here on
the potential value of genome-wise significant findings
from genome-wide association (GWA) studies and rare
damaging variants identified from GWA or exome/whole
genome sequencing studies in predicting the outcomes of
psychosis.

The number of identified, genome-wide significant genetic
loci associated with schizophrenia in GWA studies currently
increases in proportion to sample size, being already over
100 in 2014 (83) and 145 in the most recently reported
GWA study (84). Consequently, polygenic risk score (PRS)
estimates derived from GWA studies have become increasingly
accurate. They have been used to predict both treatment
response and long-term outcome. A higher schizophrenia PRS
has been associated with worse treatment response (85), a
higher likelihood of being in clozapine treatment (86), more
frequent hospital admissions (87), and more severe negative
symptoms (88) in patients with schizophrenia. One fairly large
study, however, failed to find an association between PRS and
poor treatment response in schizophrenia (89). In patients
with bipolar disorder, a high schizophrenia PRS is associated
with an increased risk of having psychotic symptoms (88),
particularly mood-incongruent psychotic symptoms (90). In a
FEP study sample, the schizophrenia PRS was predictive of a
future schizophrenia diagnosis (as opposed to the diagnosis of
other psychotic disorders), although its discriminatory accuracy
was relatively modest (91). The bipolar disorder PRS, in turn,
is associated with having more severe manic symptoms in
patients with schizophrenia, but also with psychotic symptoms
in patients with bipolar disorder, and a PRS calculated from
the variants shared between bipolar disorder and schizophrenia
is associated with psychotic symptoms in bipolar disorder and
more severe negative symptoms in schizophrenia (88). The
schizophrenia PRS has been associated with lower hippocampal
volume in FEP patients (92), but overall the associations
between the schizophrenia PRS and psychosis endophenotypes
are modest (93). The benefit of a PRS is that it is a
stable trait feature. It could be a useful component of larger
predictive algorithms in the future, but this still needs more
research.

Besides the polygenic background of common variants
which individually have a very small effect, rare variants
have been identified which are present in a very small
proportion of the population but have a substantially larger
effect on schizophrenia/psychosis risk. The Psychiatric Genomics
Consortium recently validated six deletions and two duplications
of significant risk factors for schizophrenia, and identified
several novel ones (94). However, while these copy number
variants (CNVs) are associated with an up to 60-fold elevated
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risk of schizophrenia in case-control studies (94), general
population-based studies have also identified people carrying
the same CNVs who have normal functioning and only
minimal problems in cognitive tests (95). In exome and
whole-genome sequencing studies, the first rare mutations
in single genes that are associated with a substantially
increased schizophrenia risk have been identified (96, 97). In
addition, it has been shown that there is a burden of rare
variants in genes intolerant of loss-of-function variants in
schizophrenia (98). It is likely that the number of identified
rare mutations in single genes in schizophrenia will increase
considerably in the near future, and more information will
be available from the phenotypic spectrum associated with
them.

A common feature in CNVs and rare mutations is an
association with a variety of neurodevelopmental problems,
including intellectual disability, and patients with schizophrenia
who have these rare variants have worse cognitive functioning
than other patients with schizophrenia (96–98). Therefore,
genetic testing for these rare variants may be useful for FEP
patients who have a history of neurodevelopmental problems,
poor cognitive functioning, and neurological symptoms. In
contrast, there is currently no evidence on whether these variants
are also predictive of treatment response or the long-term
outcome.

There is also evidence of specific genes that are associated
with both antipsychotic treatment response and side-effect risk
which differ from those associated with disease risk. Alleles in the
dopamine D2 receptor and in the glutamate ionotropic receptor
delta type subunit 2 (GRID2) are associated with antipsychotic
treatment response (99), and several genetic variants that
predispose to antipsychotic-induced weight gain have been
identified (100). In addition, pharmacogenetic tests related to
drug metabolism are already in clinical use (101).

Blood-Based Biomarkers
Besides genetics, other potential blood-based biomarkers for
psychotic disorders have been studied extensively (102), and
several reviews and meta-analyses have been published (102–
106). Some of the main lines of research are presented below.
In general, there is much more research on whether certain
biomarkers cross-sectionally separate patients from healthy
controls than there is research about the possible predictive value
of the biomarkers in patient treatment.

The association of a dysregulated immune response and
psychosis is well-established. Several pro-inflammatory cytokines
are elevated in FEP patients (107–109), including drug-naïve
patients (110). The changes are similar in the cerebrospinal
fluid (CSF) and blood, and they occur across severe mental
disorders (109). There are also changes in the levels of
distinct lymphocyte subtypes (111). While meta-analyses initially
suggested that antipsychotic medication might decrease pro-
inflammatory activation (108), a later meta-analysis did not find
a significant medication effect (110). Further signals of a change
in immune response come from associations with markers of
oxidative stress (112) and the activation of the complement
system (113). While various markers of immune response have

been found to correlate with clinical features, such as structural
brain abnormalities, symptoms and cognitive deficits (114–116),
less is known about their predictive value. These biomarkers
are part of a dynamic signaling network, and we currently do
not fully understand their temporal patterns and variation in
early psychosis. For other medical conditions, concentrations of
immunological molecules in different tissues have been shown
to be quite rapidly changing (117), which is understandable
given their role in the coordination of immune response. In
early psychosis, there may also be other factors, like sleep
deprivation (118), whichmay contribute to the pro-inflammatory
activation. The question remains open regarding to what extent
inflammation might be secondary to metabolic changes, or vice
versa. More information is needed on such confounding factors
before inflammatory markers can be introduced as diagnostic or
prognostic biomarkers.

C-reactive protein (CRP) has been the most commonly used
measure of inflammation. In the largest meta-analysis on CRP
levels and psychotic disorders, CRP levels were increased in both
drug-naïve and unmedicated patients, as well as after the onset
of psychosis (119), although one study with only drug-naïve
FEP patients did not detect any difference in CRP between cases
and controls (120). In Mendelian randomization studies, genetic
variants leading to increased CRP levels are not associated with
an increased risk of schizophrenia (121, 122), suggesting that
the association between elevated CRP and schizophrenia is not
caused by a common genetic mechanism. CRP is associated with
increased mortality risk but not with the risk of rehospitalization
in patients with depression, bipolar disorder or schizophrenia
(123). However, CRP has been studied and suggested as a
biomarker for numerous acute and chronic diseases, and it
remains to be studied whether its best value in treating patients
with psychotic disorders would actually be found in assessing
the risk of comorbidities (e.g., in cardiovascular risk assessment)
(124).

The anti-N-methyl-D-aspartate-type glutamate receptor
(anti-NMDAR) encephalitis can in some cases present with
prominent psychotic symptoms (125, 126). The identification
of encephalitis in patients with early psychosis is crucial, as
over 75% of patients with classic anti-NMDAR encephalitis
have substantial recovery with specific treatments, while
antipsychotic treatment is not effective (125). Based on several
reports, however, the diagnostic evaluation of autoimmune
encephalitis in FEP can be focused on those presenting specific
neurological symptoms (125). Other than anti-NMDAR
antibodies, autoantibodies detected in autoimmune encephalitis
seem to remain negative in patients with isolated early psychotic
symptoms (127). However, a recent study found that patients
with schizophrenia and NMDAR antibodies suffer from more
severe symptoms than other patients with schizophrenia despite
a negative test for encephalitis (128). Therefore, the role of
autoantibodies as biomarkers of longer-term outcomes deserves
attention in future studies.

Several endocrine markers have also been studied in FEP, but
it is unclear whether they reflect primary changes or secondary
effects. They correlate with inflammation and metabolic changes,
and the link to early trauma and stress response is strong for all
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of them. For instance, Misiak et al. have reviewed evidence for
increased levels of testosterone and dehydroepiandrosterone in
FEP (129) and suggest that these alterations might be related to
a stress response. In drug-naïve FEP patients, there is evidence
for an increased level of morning cortisol, cortisol awakening
response, and increased prolactin levels, all of which may refer
to a dysregulated hypothalamic-pituitary-adrenal (HPA) axis
(130). In clinical high-risk patients, elevated cortisol predicted
transitioning to psychosis (131), and in FEP patients it is
correlated with the severity of symptoms and aggression (102). Its
predictive value is less clear (102). Increased leptin in psychosis
is mostly explained by a medication effect on weight gain, and
a meta-analysis did not find significant changes in drug-naïve
patients (132).

Peripheral monoamines and their metabolites have been
studied as candidate biomarkers for treatment response in
FEP. Elevated levels of plasma homovanillic acid, the principal
dopamine metabolite, and the norepinephrine metabolite 3-
methoxy-4-hydroxyphenylglycol have been associated with a
better treatment response in a few, relatively small, studies
(102). Tryptophan metabolite kynurenine acid (KYNA) has been
studied extensively in recent years. A meta-analysis found that
KYNA levels are elevated in CSF, but not in plasma, in patients
with schizophrenia (133), and KYNA elevation is linked to
proinflammatory activation (134). In addition, ratios of different
tryptophan metabolites have predicted treatment response in
patients with schizophrenia (135).

In the search for biomarkers, “omics”-based methodologies
are becoming widely used. Proteomic methods have been used
to identify the biomarkers that differentiate FEP or first-episode
schizophrenia patients from controls (104). There tends to be
consistency between studies in the identified biological pathways,
many of which have already been mentioned before; the
most important were the acute-phase pathway, communication
between innate and adaptive immune cells, lipid and glucose
metabolism, blood formation and clotting, and the stress
response (104). Studies using the metabolomics and lipidomics
approaches in schizophrenia research were recently reviewed
by Davison et al. (106). The most consistent findings across
studies have been elevated 3-methoxy-4-hydroxyphenylglycol,
glutamate, lipid peroxidation metabolites, and triglycerides
(triacylglycerols), and decreased creatinine, vitamins (B6, D, E,
and folate), phosphatidylcholines, phosphatidylethanolamines,
and polyunsaturated fatty acids (106). Several groups have
suggested biomarker panels that differentiate patients with
schizophrenia from healthy controls, but there is little overlap in
individual metabolites in these panels (106). Fewer studies have
investigated whether these biomarkers have prognostic value. As
examples of such studies, 3-hydroxykynurenine was predictive
of symptom improvement in first-episode schizophrenia in one
study (136), and the higher baseline levels of triacylglycerols with
a low carbon number and double-bond count were predictive
of weight gain in FEP in another study (137). Of note is that
low levels in some biomarkers of nutrition, like vitamin D,
require supplementation, and it may be relevant to monitor
them as a part of the general health assessment of patients with
FEP.

Increasingly, various biomarkers are combined into panels
in order to have better predictive value, resembling the PRS
of genetic studies. Typically, individual biomarkers and their
analytical methods differ between research groups, and therefore
this line of work is difficult to summarize. One example is given
in the following. Sabine Bahn’s group developed and validated
a biomarker panel using five independent study samples (138).
Their panel consisted of 26 analytes measuring lipid transport,
inflammation, the immune system, hormonal signaling, growth
factor signaling and the clotting cascade (138). The predictive
power of the panel to identify patients who later developed
psychosis from two independent at-risk cohorts was good (the
area under the curve 0.82–0.90) (138). In the North American
Prodrome Longitudinal Study, a classifier was built that was
able to predict psychosis conversion with an accuracy of 0.90
using 15 analytes measuring lipid transport, immune system,
hormonal signaling and the clotting cascade (139). Of note is
that, while the profile of analytes were fairly similar in these
two studies, only three individual analytes (interleukin 8, thyroid
stimulating hormone, and factor VII) were the same in both
panels (138, 139). While this example is not about prognostic
biomarkers, it illustrates the challenges in replicating this type of
biomarker panels.

Physical Comorbidities and Their

Predictors
CVDs are a leading cause of excess mortality in schizophrenia
(6, 7), and preventing CVD risk factors (such as impaired glucose
tolerance and diabetes, obesity and dyslipidemia) in patients with
FEP is an important target.

Weight gain affects a significant proportion of individuals
using antipsychotic medication and is associated with almost all
antipsychotics (8, 140). However, there is considerable individual
variation in antipsychotic-induced weight gain. Various risk
factors for antipsychotic-induced weight gain have been reported
in the literature but only with limited consistency. Several studies
have found that a young age and low BMI before antipsychotic
treatment predict a larger increase in weight (141–144). Other
reported risk factors for weight gain include female sex, a
non-white ethnic background, negative symptoms, poor social
functioning, and co-medications, while smoking and cannabis
use have been associated with less weight gain (141–146). A
dysregulated glucosemetabolismmay alsomark an increased risk
of weight gain (147, 148). Early weight gain predicted further
weight increase in a longer follow-up (149). In a meta-analysis of
the genetic factors affecting antipsychotic-induced weight gain,
13 single-nucleotide polymorphisms (SNPs) in nine genes were
significant predictors, with the most significant effect sizes for
SNPs in ADRA2A, DRD2, HTR2C, and MC4R (100). However, a
PRS computed from the 6 SNPs with the largest effect on weight
gain only explained 5.6% of the variance in weight gain in two
cohorts of FEP patients, showing that the predictive value of
genetic markers is modest (100). Combining the genetic findings
with clinical risk factors for weight gain has resulted in modest
improvements when compared to only using clinical factors.
Whereas, in one study genetic data (SNPs from GWA studies
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of BMI and candidate gene studies) increased the prediction
accuracy compared to using clinical data alone (150), in another
study adding data from PRSs did not improve the prediction of
weight gain compared to the clinical information (148).

Regarding impaired glucose tolerance and dyslipidemias,
antipsychotic medication contributes to them, but many markers
of prediabetes—including insulin resistance, impaired glucose
tolerance, and elevated triglycerides—are more common in
drug-naïve patients with FEP than in age- and gender-matched
controls (130, 151, 152). Insulin resistance seems to precede
obesity in FEP (153, 154), and antipsychotic-naïve FEP patients
do not differ in BMI from controls (155). Antipsychotics have
a more rapid effect on insulin sensitivity than on weight,
which has also been shown in healthy volunteers exposed to
antipsychotics (156). Furthermore, insulin resistance predicts
more increase in weight in patients with FEP during the first year
of antipsychotic treatment (147). A rare, unpredictable adverse
effect of several second-generation antipsychotics is type 2
diabetes manifesting as diabetic ketoacidosis (9). Similarly, there
are case reports of severe triglyceridemia and acute pancreatitis
related to antipsychotics (157, 158). Predictors of progression to
diabetes or the risk of severe dyslipidemias in FEP are currently
lacking.

The overall risk of CVDs may not be elevated in drug-naïve
patients with FEP but it already increases significantly during
the first 6–12 months of antipsychotic treatment (159, 160).
Besides the classical risk factors, also elevated total white blood
cell count and CRP levels have been associated with increased
CVD risk, and increased CRP levels have been associated
with mortality in psychotic disorders (123, 161). Of the other
predictors of mortality, smoking increases the mortality risk
due to associated diseases and medical conditions (7, 162).
Antipsychotic use is associated with a lower mortality risk in
several studies (23, 163), but using doses of antipsychotics that
exceed the recommended dose may increase CVD mortality
(164). The prediction of CVD risk for people with severe
mental illness is more accurate if the traditional risk factors—
smoking, diabetes, hypertension, obesity, and dyslipidemia—are
complemented with information on psychiatric diagnosis, the use
of antipsychotics and antidepressants, and harmful alcohol use
(165).Many studies have evaluated the CVD risk for patients with
psychotic disorders compared to the risk for healthy controls
using traditional algorithms like the Framingham risk score
(166), but it has not been studied in large, prospective cohorts
whether these risk algorithms should be tailored to patients with
psychotic disorders.

Suicide Risk and its Predictors
Up to 90% of clinical high-risk patients report suicidal ideation,
between 15 and 26% of FEP patients have made at least one
suicide attempt by their first treatment contacts, and 2–11%
attempt to end their lives over the first year after treatment
onset (167). The risk for an attempt is highest during the month
preceding treatment seeking and the first 2 months following
that (10, 168). Suicide attempts in the early course of illness are
characterized by methods of high lethality and include most of
the suicide completions (168). Long-term follow-up studies and

register studies also show that most suicides occur during the first
2 years after the onset of FEP (10, 169, 170).

The predictors of a higher suicide risk include the earlier age
of onset; a history of previous suicide attempts; the severity of the
symptoms of depression, anxiety, and psychosis; substance abuse;
being male; a high IQ and better neurocognitive functioning;
a high level of education; high socio-economic status; poor
premorbid adjustment; living alone; a longer DUP; insight; and
a family history of suicide (29, 167, 170, 171). Compliance with
treatment has been demonstrated to reduce the suicide risk (171),
whereas the highest OR for suicides has been found for patients
with a previous history of suicide attempts and a history of
alcohol abuse (172).

The neurobiology of suicidality was recently reviewed (173);
the presented biological mechanisms have all also been of interest
in the etiological research of early psychosis. Several investigators
have also presented ML algorithms to identify suicidal patients in
a retrospective setting. The prediction has been done based on the
information from health records, either through an expert review
(154) or using language analysis (155). Applications predicting
the future in the predictive models could detect half of the suicide
attempts and deaths during the next 60 days (156). These models
were not developed specifically for FEP patients, however.

Substance Use
Continuing substance use is predictive of several adverse
outcomes in FEP patients. It is associated with a higher risk of
relapse and a poorer 10-year outcome, whereas patients who
discontinued substance use within 2 years after the first psychotic
episode had similar 10-year outcome as those who had no history
of substance use (174). Sustained cannabis use in FEP patients is
associated with higher relapse rates, longer hospital admissions,
and more severe positive symptoms (175, 176). As reviewed
above, substance abuse is a risk factor for suicidal behavior. In
addition, smoking is a major risk factor for premature mortality
in patients with psychosis, as it is in the general population
(7, 162). To summarize, the outcome is worse across many
domains in FEP patients with persistent SUD but not for those
who discontinue substance use. Therefore, treating a comorbid
SUD should be an integral part of treatment of FEP.

Limitations
In order to build reliable prediction tools, large and
representative patient samples are needed. Clinical follow-
up studies, which require good collaboration and interest
from the participants, always have some attrition. In the Oslo
Schizophrenia Recovery study, 10% of those fully recovered
were no longer in any contact with mental health services (38).
These individuals are easily lost in follow-up, which should
be taken into account when estimating the recovery rates and
predictors of remission and recovery (38). On the other hand,
patients with prominent disorganized symptoms may be too ill
to give an informed consent in the first place. In retrospective
studies where complete information has been available (e.g.,
from a lifetime review of medical records), about 15–20% of
patients with schizophrenia have had the disorganized subtype,
which is characterized by poor functioning from the onset of
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illness and a considerably poorer long-term outcome compared
to other schizophrenia subtypes (177, 178). If these patients
are underrepresented in clinical studies which have intensive
protocols and require the capacity to give informed consent, this
could explain why disorganized symptoms have not emerged
as notable outcome predictors in many studies. Register-based
studies are able to overcome selective attrition, but clinical data
available in health care registers is often superficial and the
information available from those who have dropped out from
treatment is limited, even in countries where different types of
nationwide registers exist (e.g., registers on sociodemographic
factors like work and income).

A problem related to blood-based biomarkers is that
psychiatric research rarely fully considers what is already known
about these biomarkers in other medical fields. Many suggested
biomarkers have stronger research evidence from another
medical field and are affected by various confounding factors, like
stress, sleep, nutrition, smoking, exercise, and BMI. There may
be substantial effects of antipsychotic and other psychotropic
medication on various biomarkers, and these have not yet been
fully characterized. On the other hand, some biomarkers may
only be relevant for a specific subtype of FEP. These factors
should be carefully examined before recommending any blood-
based biomarker for clinical use.

FUTURE DIRECTIONS

Methodological advancements may lead to better biomarkers
from one modality or to improved prediction by an optimal
combination of various markers. Clinicians also need better tools
for interpretation of predictive information.

Prediction Strategies and Tools
Disease risk calculators have been available in many medical
fields for decades (179, 180) but are only now emerging in
psychiatry. As an example, a risk calculator for predicting the
psychosis conversion risk in patients with a clinical high-risk state
was recently published (181). The calculator combined scores
on prodromal symptom severity, decline in social functioning,
and verbal learning andmemory (181). However, with increasing
predicted risk, the sensitivity of the test became quite modest
(181).

Outcome prediction tools for FEP do not currently exist.
Two recent studies have used simulated data to illustrate an
approach to developing such tools. Schubert et al. illustrated how
multimodal sociodemographic, clinical, psychological, imaging,
and other neurobiological information could be used to develop
a prediction tool for the different disease trajectories of FEP
(47). Schmidt et al. (105) suggested sequential testing as another
method to improve outcome testing. They presented such a
model in the context of clinical high-risk research, where it
was shown that sequential testing, first with clinical markers
and then with different biological markers—including MRI,
EEG, and blood biomarkers—was able to markedly improve the
accuracy of predicting future psychosis (105). Of the patients
who showed increased risk in all three tests, only 2% did
not convert to psychosis (105). The challenge of sequential

testing is compromised sensitivity as each known test misses
true converters. ML provides promising tools for increasing
sensitivity.

Machine Learning
ML refers to various tools that learn to classify or score new data
once given a training data set (182). Thus, it offers a technique
with which to attain a computer-assisted clinical decision-making
tool. In unsupervised ML, the algorithm differentiates naturally
occurring classes in the data set. In supervised ML, the ML
algorithm is given a known outcome, for example a diagnosis
or a level of functioning. ML algorithms can handle enormous
quantities of data and find, in addition to linear associations,
non-linear associations, including those between an outcome
and different combinations of data features (182). The resulting
complexity of the model easily leads to overfitting, that is,
high accuracy in the training set, but poor generalizability to
independent data sets. The goal of ML analysis is to optimize
the model so that the algorithm performs optimally, both in the
training set and in an independent test set (182, 183).

There are multiple ML methods available, including neural
networks and support vector machine. By some analogy to the
brain’s functioning, neural networks use a set of hierarchical
layers that correspond to different levels of abstraction (182).
A support vector machine finds the largest marginal between
the data points that separates the defined outcomes (184).
By using a matrix of similarities between data points (the
kernel), high dimensional data sets, such as brain images,
can be used efficiently even in small samples (184). ML tools
are not restricted to a single modality, such as a clinical
data set or a brain image, and different modalities can be
combined. They may have complementary information, and
emerging evidence suggests multimodal methods are likely to
enhance accuracy (185). Results from ML analyses in a single
modality can be used as either a concatenated or separate
input to a new ML model, or they can be used in sequential
testing.

Novel Imaging Methods
Non-invasive brain imaging methods are developing constantly.
For example, an increase in MRI field strengths increases the
signal-to-noise ratio and benefits translational research in FEP.
New imaging methods can reveal new aspects of the brain (186).
Such methods may provide complementary data that increase
the accuracy of predictive models either alone or combined with
other data.

In addition to the development of devices and radioligands,
functional imaging may benefit from task development. Tasks
are necessary in addition to resting-state imaging as they
synchronize mental states and related brain functions, resulting
in imaging signals that are comparable across subjects and
time points. A limitation in common tasks—such as sensory,
motor, or cognitive tasks—is that while they are well-
controlled, they only activate a very limited set of brain
circuitries. In contrast, psychotic disorders are related to
multiple functional alterations across the brain (187). Therefore,
predictive models would likely benefit from rich naturalistic
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stimuli—such as music, stories, or movies—that activate most
of the brain across subjects in a synchronous manner (188,
189).

Biomarkers
Novel methodologies may lead to new biomarker discoveries.
Methodologies are developing rapidly in genetics and various
fields of “omics” research. An example of a novel strategy
is untargeted screening for IgG reactivity to fragments of
human proteins, which has identified potentially interesting
novel autoantibodies in FEP (190). However, in order to have new
biomarkers for clinical use, several steps are needed after initial
discovery (191). As noted by Fond et al. (102), biomarkers need
to be “accurate, reproducible, acceptable to the patient, easy to
interpret, and have an adequate sensitivity and specificity.” This
means that the procedures for assays need to be optimized and
their reproducibility within and between laboratories ensured
(191). Possible important covariates affecting the biomarker
level, like age or sex, need to be identified and taken into
account (191). The frequency of true-positive and false-positive
results must be determined in different clinical settings, after
which the criteria for a positive screening test need to be
defined (191). If biomarkers are combined as risk scores, this
process is needed both for the individual components and
the combined score (191). Finally, the cost-effectiveness of
biomarkers needs to be demonstrated (191). For the great
majority of biomarkers presented in this review, the critical steps
regarding reproducibility and accuracy in clinical settings have
not yet been accomplished.

The Validation of Multimodal Predictive

Models
To be implemented clinically, multimodal predictive models
need to be validated. Discovery studies tend to be small and
need to be replicated in larger samples. Multicenter studies
can provide the necessary evidence that a model functions
independently of certain samples and investigators. It has
been shown, however, that the high heterogeneity of a sample
decreases the performance of the model in multicenter studies
(192). Thus, the model may need to be finally optimized in
the local population. Finally, it is not enough to predict the
future for those with FEP, but the predictions need to serve the
patients’ needs. Thus, the ultimate goal is to show that validated
predictive models help to enhance the outcomes of the patients
in randomized controlled settings.

No predictive model can be deterministic as the future of
many internal and environmental factors is impossible to predict.
Thus, to optimize predictive models, they should be updated
based on follow-up data. Such updates may not need costly
examinations by the health care system. Knowledge about daily
experiences can be collected by mobile applications (193) and
information about changes in movements and communication
can be collected frommobile phones without the need of a patient
actively inputting the data. Such information may help to update
the multimodal prediction models of the future.

User Interface
Multimodal prediction models need visualization tools in
order to be clinically useful. Naturally, before such tools are
incorporated into clinical practice, there has to be robust
evidence that the prediction model itself is valid. An example of
a computer-assisted clinical decision-making tool is the Disease
State Index (DSI) and the Disease State Fingerprint tool, which
were initially developed to predict Alzheimer’s disease risk in
elderly people with mild cognitive impairment and they have
been expanded for use in differentiating the separate types of
dementias (194–196). Two important features in the DSI are
that full information from all potential predictors is not needed
from an individual patient to use the prediction model and
also that the visualization of different risk components is easy
to interpret. Furthermore, the tool illustrates whether there are
inconsistencies between different predictors, in other words if
some outcome predictors point out to a poor, other predictors
indicate a better outcome. Such tools would be very useful
especially for enhancing the use of brain imaging and cognitive
data in outcome prediction for FEP.

Conclusions
The personalized treatment of FEP will need predictive tools.
At a group level, there are already many clinical parameters
that predict different outcomes, but these should be transformed
into an individual-level prediction, where patients typically
have mixed features—some predicting a better outcome, others
a worse outcome. Methodological advancements such as ML
will help in developing multimodal prediction tools and in
transforming the research findings into clinical practice. User-
friendly interfaces are needed for such tools. The possibility to use
such platforms with incomplete information is also important.
At the same time, it has to be remembered that scientific
breakthroughs are often unpredictable. The research field needs
to ensure that novel findings, for example those emerging from
genetic studies, are thoroughly investigated—it is possible that
the biomarkers available within 10 years are completely outside
the lists mentioned in this review.
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Due to advances over the last several decades, many fields of medicine are moving

toward a precision medicine approach where treatments are tailored to nuanced patient

factors. While in some disciplines these innovations are commonplace leading to unique

biomarker-guided experimental medicine trials, there are no such analogs in psychiatry. In

this brief review, we will overview two unique biomarker-guided trial designs for future use

in psychiatry: basket and umbrella trials. We will illustrate how such trials could be useful

in psychiatry using schizophrenia as a candidate illness, the EEG measure mismatch

negativity as the candidate biomarker, and cognitive impairment as the target disease

dimension.

Keywords: schizophrenia, mismatch negativity, biomarker, clinical trial, cognitive impairment

INTRODUCTION

In stark contrast to our growing understanding of mental illnesses, diagnoses and treatments
heavily rely on the clinical interview rather than direct, reliable assays of brain function. The results
are hardly surprising: we have not meaningfully improved clinically relevant endpoints for many
serious mental illnesses in the last several decades (1). Recent advances in biomarker development,
however, hold promise for ushering in a new era of precision medicine-style trials for treating
psychiatric illnesses.

Biomarker-informed clinical trial approaches are becoming common in other fields of medicine
[(2); for reviews see (3), (4)]. As one example, anti-neoplastic agents are currently selected not only
based on what type of cancer a patient has and its stage, but also on the molecular phenotype
and genetic aberrations unique to the cancer. Such biomarker-informed approaches are best
exemplified by two conceptually related clinical trial designs: “basket” and “umbrella” trials (5, 6).
Basket trials assess the effectiveness of a candidate drug based on the mechanism rather than the
underlying cancer type. For example, a neoplastic drug which targets a specific genetic mutation
would be given to cohorts, or “baskets,” of patients with cancers of different origin (i.e., prostate,
breast, lung, etc.) who share molecular signatures, vastly expanding the number of patients that
could benefit from such a precision intervention (7). Umbrella trials take patients with the same
type of cancer, and assign them to treatment arms based on unique mutations—thus, every
single arm is one spoke of the large “umbrella” of therapeutic interventions. As the prototypical
example, the National Cancer Institute’s MATCH trial recruits patients with advanced solid tumors,
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lymphomas and myelomas, performs extensive genotyping and
molecular stratification, and places participants into one of over
a dozen different treatment arms (8).

While psychiatry currently has no candidate biomarkers
which have graduated from academic laboratories to guide
treatments in real-world settings, the stage is being set for
a future which successfully leverages a precision psychiatry
approach. In this brief review, we provide an overview of what
a precision psychiatry approach could look like using a well-
validated translational electroencephalography (EEG) measure
calledmismatch negativity (MMN) as a candidate biomarker, and
neurocognitive impairment in schizophrenia as a target disease
dimension.

SCHIZOPHRENIA AND NEUROCOGNITIVE

IMPAIRMENT

Schizophrenia (SZ) is characterized by positive (e.g.,
hallucinations, delusions, etc.) and negative (e.g., avolition,
diminished emotional expressivity etc.) symptoms which
contribute to functional impairment. Beyond these defining
symptoms of SZ, hundreds of studies have suggested that
neurocognitive impairments are both core features of the
illness and robust determinants of psychosocial disability
(9–12). Neurocognitive deficits in SZ are broad, and include
abnormalities in perceptual functioning, attention, verbal and
non-verbal memory, language, and executive functioning (13).
The severity of deficits on these neuropsychological domains
are directly linked to diminished community functioning and
impaired activities of daily living (14, 15).

Indeed, recent analyses of over 1,400 patients with chronic
psychoses recruited for the multi-site Consortium on the
Genetics of Schizophrenia (COGS) provided strong empirical
support for a hierarchical model linking cognition with
functional outcome in SZ (16). In this study, structural
equation modeling was used to better understand how functional
outcome in SZ could be better understood in relation to
symptoms, cognition and early auditory information processing
(EAIP). Interestingly, abnormalities in EAIP, as indexed by EEG
biomarkers, had a direct and causal effect on cognition, which
in turn directly affected negative symptoms, impacting overall
functional outcome. Particularly noteworthy was the finding
that abnormalities in EEG biomarkers linked to EAIP also
independently affected functional outcome in SZ patients.

Neurophysiological indicators have indexed abnormalities
in EAIP in SZ for several decades, and differences in EAIP
in patients are prominently featured as endophenotypes in
genomic studies. The above analyses confirmed that the
neurocognitive impairments in SZ appear to be a core
disease component, reliably able to be measured and directly-
linked to the symptoms and functional outcomes. Despite this
advance, decades of clinical trials testing the effectiveness of
currently approved antipsychotic medications and other novel
therapeutics as putative pro-cognitive agents have failed to
improve cognitive symptoms in SZ in any durable, meaningful
way (17, 18). The development of novel pro-cognitive treatment

strategies is therefore of paramount importance but remains a
critical unmet need (19). These elements provide the ground
on which biomarkers can be used to guide research and
clinical implementation of novel precision-medicine therapeutic
strategies in SZ.

MISMATCH NEGATIVITY: A

NEUROPHYSIOLOGICAL BIOMARKER

FOR EARLY AUDITORY INFORMATION

PROCESSING

The usefulness of EEG measures in guiding new treatments
depends on their ability to serve as biomarkers. Useful
biomarkers must be accessible and measurable in preclinical
models of disease; should be sufficiently well-characterized such
that those biomarkers are linked to relevant underlying neural
circuits and known mechanisms of dysfunction in psychiatric
disease; and are able to be assessed in both healthy subjects and
affected individuals. For usefulness in human trials biomarkers
must be insensitive to practice or order effects, reliable, and
responsive to interventions. To succeed in real-world settings,
biomarker acquisition should also be scalable, low-cost, and
suitable for use in multi-center studies.

All of the above criteria have been identified for biomarker
development for neurocognitive impairment in SZ by a variety
of expert consensus panels (20–23). The first panel, the
Measurement and Treatment Research to Improve Cognition
in Schizophrenia (MATRICS) initiative, agreed that there was a
lack of consensus on a well-accepted instrument for measuring
neurocognition in clinical trials (20), on the best molecular
targets for drug development, on the optimal trial design for
studies of those targets, and how regulatory agencies ought to
approve and label novel agents. The outcome of this initiative
identified the following criteria as desirable in an FDA-approved
battery for use in clinical outcome measures: high test-retest
reliability, utility as a repeatedmeasure, relationship to functional
outcome, tolerability and practicality, and responsivity to pro-
cognitive therapeutics. The Cognitive Neuroscience Treatment
Research to Improve Cognition in Schizophrenia (CNTRICS)
initiative, launched after MATRICS, further expanded on the
MATRICS criteria by adding thatmeasures should have construct
validity, be mechanistically related to relevant neural circuitry,
and be measurable in animal models (21, 22).

At the time of CNTRICS, mismatch negativity (MMN) was
already considered a mature neurophysiologic biomarker based
on meeting the above criteria, and generally believed to be ready
for widespread implementation in clinical trial studies (21, 23).
In fact, as a real-world readiness demonstration, MMN has been
extensively characterized in multi-center trials without the use of
highly-trained specialists or centers (16, 24).

MMN is an event-related potential and a neurophysiological
measure of EAIP that is evoked when a train of “standard”
auditory stimuli is interrupted by an oddball or “deviant”
stimulus that differs from standards as shown in Figure 1

(25–27). Differences from standard stimuli in pitch, duration,
intensity, or spatial location can elicit a deviant MMN response.
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FIGURE 1 | Mismatch negativity. The left graph represents the event related potentials evoked by trains of standard stimuli (S; in red) with interposed rare deviant

stimuli (blue) in both healthy subject (solid lines) and patients with schizophrenia (dashed lines). The right graph represents the difference waveform, a negative

inflection 100–200ms after stimulus onset which is called mismatch negativity (MMN). Patients with schizophrenia show a reduction in the amplitude of MMN when

compared to healthy subjects.

MMN is pre-attentive, primarily reflects an automatic response
to sensory stimuli, and is able to be evoked without effort,
behavioral response, or conscious awareness (26–31). After
auditory deviant stimuli presentation, MMN onset begins after
∼50ms and peaks after an additional 100–150ms (32, 33).
Localization studies have consistently revealed cortical sources
located in broadly distributed temporal, frontal, and parietal
brain regions (34–36).

Reduction of auditory MMN amplitude was reported over
two decades ago in SZ and has been replicated numerous times
(37). MMN deficits are found in those with chronic psychosis
(27, 37–50), in unmedicated SZ patients (29, 40, 46, 47, 51, 52),
and are shown to be resistant to antipsychotics (46, 53–58).
Abnormal MMN is also found in recent-onset psychosis as well
as prodromal illness (30, 51, 59–66). Baseline MMN amplitude
appears to be smaller in clinically high risk populations who
eventually develop psychosis at follow up, and MMN in those
who do not convert appears to be similar to age-matched controls
(30, 51, 63). Strikingly,MMNamplitude seems to anticipate time-
to-convert to psychosis—more severe MMN deficits relate to
shorter time for psychosis to declare (51, 63).

Mechanistically, auditory MMN is thought to be an index of
N-methyl-D-aspartate receptor (NMDA) functioning (67, 68).
NMDA receptor antagonists diminish MMN in non-human
primates, and ketamine, an NMDA antagonist, reduces MMN
in healthy control human subjects (69–75). Lower baseline
MMN is also associated with psychotic-like behavioral effects
experienced by healthy subjects when exposed to ketamine
(72). Furthermore, MMN has shown to be highly heritable
with amplitude reductions present in asymptomatic first-degree
relatives of those with SZ (76–80). MMN deficits are also found

in patients with chromosome 22q deletion, which result in
congenital syndromes associated with SZ-like psychoses (81).

Arguably, the most important metric of biomarker
applicability in psychiatric illnesses is the ability to track
functional outcome. In patients with SZ, several studies have
detailed that MMN deficits are able to account for a large
degree of variance in cognitive and psychosocial functioning,
as well as the ability to achieve or maintain independent living
(17, 34, 46, 64, 82–86).

BIOMARKER-INFORMED INSIGHTS FOR A

PRECISION MEDICINE APPROACH: MMN

AND COGNITIVE ENHANCEMENT

STRATEGIES IN SCHIZOPHRENIA

Given the cognitive deficits observed in SZ, many studies have
attempted to use pro-cognitive drugs to help attenuate this
dimension of illness (87). In particular, there has been great
interest in the NMDA receptor antagonist, memantine, which has
been approved for use in Alzheimer’s disease (88, 89).

Memantine is a non-competitive moderate affinity NMDAR
antagonist (90, 91). It is thought to bind the same site as
magnesium, an endogenous blocker of the NMDA receptor
channel, and impedes current flow only if the NMDA
receptor channel is open. Upon depolarization, memantine
rapidly leaves the NMDA receptor channel. Thus, functionally,
memantine is thought to block sustained and pathological
activation of NMDA receptors, but not affect physiological
activity. In this sense, memantine is unique from other NMDA
receptor antagonists which have slower un-blocking kinetics,
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(i.e., ketamine, phencyclidine). Interestingly, ketamine and
phencyclidine are well-known to produce psychotogenic effects
but memantine does not exacerbate psychosis or cognitive
deficits in antipsychotic medicated patients (92–96). This
discrepancy remains an area of active investigation.

In clinical trials with Alzheimer’s disease patients, memantine
has been found to have a modest pro-cognitive impact (97,
98). However, clinical trials using memantine in SZ targeting
cognitive impairment have been inconsistent.Meta-analyses have
suggested that memantine is associated with improvement in
cognitive tests such as the Mini-Mental State Exam (94). While
some double blind randomized clinical trials where memantine
has been added on to antipsychotic medications also report
reduction in cognitive deficits, others have not, including a
study which showed cognitive improvement reported at 12
weeks was lost at 52 weeks (99–101). Given these discrepancies,
it has been speculated that patient factors may be obscuring
signals of memantine effects on cognition in SZ. Indeed, there
is evidence that suggests that within the spectrum of illnesses
in chronic psychotic disorders like SZ there exist separable
cognitive “biotypes” which have different profiles of cognitive
impairment (102, 103). Thus, without a clearer understanding of
knowing which patients with SZ are able to experience benefits of
memantine, results from clinical trials using such a pro-cognitive
intervention—and more broadly, all pro-cognitive interventions
in SZ—are difficult to interpret.

However, recent work assessing the effect of memantine on
MMN could provide insights into a precision-medicine approach
(94, 96, 103, 104). For example, our group has used a double
blind single-dose placebo-controlled trial assessing the effects
of memantine on MMN in patients with SZ (95, 96). This
study employed a within-subject cross-over design such that
all participants were randomized to receive either placebo or
memantine, and 7 days later, receive the other intervention,
thus allowing for each subject to serve as his or her own
baseline. MMN was assessed ∼ 6 h after placebo or memantine
ingestion, which is the approximate Tmax of memantine, on
both testing days. We found that memantine enhanced MMN
in patients with SZ; since improved MMN is associated with less
cognitive impairment and greater psychosocial success, this type
of signal suggests that MMN could be a biomarker of treatment
engagement in pro-cognitive interventions. While only a single
dose of memantine would not be expected to durably improve
cognition, the ability of memantine to alter MMN in a patient
could signify that such an individual has the neural plasticity to
benefit from pro-cognitive interventions (96, 103, 105). Indeed,
not all patients in the cohort showed MMN enhancement—but,
these results suggest that for future trials which aim to test the
effectiveness of pro-cognitive medications, MMN malleability in
response to early exposure to a putative pharmacologic agent
could be important for enriching trials to maximize a therapeutic
signal.

Beyond medication interventions, MMN also has the
potential to predict gains in non-pharmacologic pro-cognitive
interventions in SZ. For example, there has been significant
interest in using targeted cognitive training (TCT) for enhancing
cognition in patients with chronic psychoses (106, 107). TCT

is an emerging computerized, auditory-based intervention
which aims to improve EAIP through adaptive exercises with
participants (105, 108). TCT is typically delivered in 1 h sessions
3–5 h a week for ∼20–40 h. At the group level patients with
SZ show reduction in cognitive deficits which are linked to
improved functional outcomes. However, 20–40% of subjects
with SZ fail to show benefit, even in some cases, after 100 h of
training (108–111). A biomarker measure that would identify
which patients could benefit (or, conversely, which patients have
a high likelihood of not benefitting) would be critical in scaling
such a pro-cognitive intervention as part of a comprehensive
neurorehabilitation strategy (112). As with malleability of MMN
following initial exposure tomemantine,MMN also appears to be
a sensitive index of the neural systems engaged by the first “dose”
of TCT exercises. In this context, Perez et al. found that MMN
was a sensitive index of the perceptual learning that takes place
in the first hour of training, with amplitude of MMN correlating
with gains in auditory perceptual learning (113). More work has
better elaborated this relationship, finding that on an individual
level MMN changes in the direction of normalization after 1 h of
TCT predict benefit from TCT after a full course (114).

UMBRELLAS AND BASKETS IN

PSYCHIATRY: A POSSIBLE FUTURE FOR

CLINICAL TRIALS IN PSYCHIATRY

With what is currently known about MMN and neurocognitive
impairment in SZ, we can consider how EEG biomarkers can be
used in the service of a precision medicine approach to clinical
trials in psychiatry.

While pro-cognitive interventions for psychotic illnesses
tend to focus on single diseases like SZ, cognitive impairment
has been noted in related illnesses, including schizoaffective
disorder and bipolar disorder with psychotic features. This
parallels genetic evidence which supports a link between SZ,
schizoaffective disorder and bipolar disorder. Despite this link,
in traditional drug development pro-cognitive interventions
are generally assessed in one population first (i.e., SZ), and
then subsequent trials assess if such an intervention is useful
in other related conditions. However, a basket-style precision
medicine approach using EEG biomarkers could offer a more
streamlined way to discover drugs targeted at transdiagnostically-
related illness domains like cognitive impairment. For example,
as shown in Figure 2A, a novel pro-cognitive trial testing a
new Drug X could recruit patients with SZ, schizoaffective
disorder and bipolar disorder and include only those who have
MMNmalleability. Since MMNmalleability is a strong indicator
of target engagement and neural plasticity, such an approach
would enrich the study population to benefit from a pro-
cognitive intervention. Furthermore, such a trial would test the
effectiveness of a new intervention and would not necessarily be
limited by traditional criteria, and have relevance across multiple
illnesses (115).

Similarly, using EEG-guided umbrella designs in psychiatry
would better improve pragmatic trials matching interventions to
patient strengths. For example, in a SZ trial comparing different
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FIGURE 2 | Using EEG biomarkers to design basket and umbrella trials. (A) Using EEG-guided basket trials could allow for different psychiatric populations who share

the same disease dimension to be given a therapeutic intervention, allowing more patients to potentially benefit. In this scheme subjects are separated by different

colors to denote different diseases. Those who have favorable EEG biomarker profiles are indicated by solid coloring while those are not responsive are in outline.

EEG-guided basket trials have the potential to select subjects for clinical trials assessing novel drugs for optimal response. (B) Similarly, using EEG-guided umbrella

trials could allow for patients with the same illness to be assigned to different treatments, allowing for a more specific intervention strategy. In this scheme, subjects with

different biological mechanisms underlying a particular illness domain are indicated by different gradations in coloring. EEG biomarkers can be used to assess which

patients may be suitable for which intervention. EEG-guided umbrella trials have the potential to improve pragmatic clinical trials assessing treatment effectiveness.

pro-cognitive interventions, positive response to particular EEG
biomarkers would help stratify different treatment strategies (see
Figure 2B). In such a trial, SZ patients with favorable auditory
MMNmalleability could receive TCT aimed to improve auditory
sensory processing, while those with equivocal or poor MMN
malleability could respectively receive pro-cognitive medications
or specialized behavioral therapy.

These new trial designs are not without limitations. First,
due to their relative novelty such designs have not yet been
attempted in psychiatry, and thus there is little precedent for
how these trials would be staged. Such trials require greater
logistical burdens, require larger cohorts of patients, and are
costlier to run. Furthermore, such trials may face barriers in
recruiting enough patients with specific biomarker profiles, and
experience challenges in balancing treatment arms. Both basket
and umbrella trials would require new collaborative frameworks,
and require nuanced statistical and administrative support.

Despite these potential limitations, using biomarkers to
inform clinical trials in psychiatry holds the potential to improve
our current understanding of psychiatric illness, and creates an
additional way to determine the effectiveness of novel therapeutic
strategies. Just as how various cancers are currently molecularly
phenotyped, neurophysiologically-guided basket and umbrella
trials could help “EEG-phenotype” cognitive impairment in
illnesses like SZ. This precision-medicine approach would
enhance the development of not only novel drugs, but also other
comprehensive rehabilitation strategies in SZ like TCT.

While this mini-review has focused on neurophysiological
biomarkers in SZ, the rationale described could broadly
apply to other psychiatric illnesses and other types of
biomarkers, including genetic and imaging biomarkers.
We anticipate that as the tools of neuroscience allow us
to understand complex diseases in a more nuanced way,
further development of biomarker-informed precision
medicine approaches to clinical trials will help further
optimize matching the right treatment to the right
patient.
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Studies reported a strong genetic correlation between the Big Five personality traits 
and major depressive disorder (MDD). Moreover, personality traits are thought to be 
associated with response to antidepressants treatment that might partly be mediated by 
genetic factors. In this study, we examined whether polygenic scores (PGSs) derived from 
the Big Five personality traits predict treatment response and remission in patients with 
MDD who were prescribed selective serotonin reuptake inhibitors (SSRIs). In addition, 
we performed meta-analyses of genome-wide association studies (GWASs) on these 
traits to identify genetic variants underpinning the cross-trait polygenic association. The 
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PGS analysis was performed using data from two cohorts: the Pharmacogenomics 
Research Network Antidepressant Medication Pharmacogenomic Study (PGRN-AMPS, 
n = 529) and the International SSRI Pharmacogenomics Consortium (ISPC, n = 865). 
The cross-trait GWAS meta-analyses were conducted by combining GWAS summary 
statistics on SSRIs treatment outcome and on the personality traits. The results showed 
that the PGS for openness and neuroticism were associated with SSRIs treatment 
outcomes at p < 0.05 across PT thresholds in both cohorts. A significant association 
was also found between the PGS for conscientiousness and SSRIs treatment response 
in the PGRN-AMPS sample. In the cross-trait GWAS meta-analyses, we identified eight 
loci associated with (a) SSRIs response and conscientiousness near YEATS4 gene and 
(b) SSRI remission and neuroticism eight loci near PRAG1, MSRA, XKR6, ELAVL2, 
PLXNC1, PLEKHM1, and BRUNOL4 genes. An assessment of a polygenic load for 
personality traits may assist in conjunction with clinical data to predict whether MDD 
patients might respond favorably to SSRIs.

Keywords: pharmacogenomics, polygenic score, personality traits, major depression, antidepressants, selective 
serotonin reuptake inhibitors

inTrODUcTiOn

A major depressive disorder (MDD) is the most common and 
disabling mental health diseases worldwide (1, 2) with a lifetime 
prevalence of ~12% (3). Studies estimated a 61.6 million years 
of life lived with disability caused by MDD accounting for 2.5% 
of the total disability-adjusted life years and for 8.1% of the total 
years lived with disability resulted from all diseases (2, 4).

Selective serotonin reuptake inhibitors (SSRIs) are commonly 
used as the first-line pharmacological treatment for MDD (5). 
However, treatment efficacy with SSRIs varies widely between 
individual patients and is inadequate in many cases. Clinical 
response rates range from 48 to 64% (6, 7) and reported remis-
sion rates are as low as 23.5% (7, 8). To improve this situation, an 
investigation of the biological and psychosocial factors that drive 
heterogeneity in treatment outcomes is necessary.

There is growing evidence from genetic studies that antide-
pressant treatment response is substantially influenced by genes 
(7, 9–17). A study involving nearly 3,000 MDD patients estimated 
that genetic factors explain 42% of the differences in the level of 
treatment response (18). A number of genes and single nucleotide 
polymorphisms (SNPs) that could influence antidepressant treat-
ment outcomes have been reported, including polymorphisms 
within the COMT (9), HTR2A (10), HTR1A (11), CNR1 (11), 
SLC6A4 (12), NPY (13), MAOA (14), and IL1B (15) genes. A 
pharmacogenomic study on SSRIs response by the International 
SSRIs Pharmacogenomics Consortium (ISPC) identified several 
SNPs with suggestive association after 4  weeks of treatment, 
including the neuregulin-1 gene, which is involved in many 
aspects of brain development, such as neuronal maturation (7).

In addition to genetic factors, multiple demographic, 
clinical, and psychological predictors of SSRI response in 
MDD have been identified, collectively explaining 5–15% 
of the variance in treatment outcomes (19–23). Among the 
psychological predictors, personality traits defined by the 
Five-Factor Model of Personality (“Big Five”: extraversion, 

agreeableness, conscientiousness, neuroticism, openness) (24) 
have previously been reported to influence antidepressant 
treatment response and remission (25–29). Of these, neuroti-
cism is a frequently reported predisposing factor for depression 
and was shown to negatively affect antidepressants treatment 
response (30, 31). In a recent study, MDD patients resistant to 
antidepressants were more likely to report high clinical scores 
for neuroticism, but low scores for openness, conscientious-
ness, and extraversion (26). In a large study of patients with 
MDD (n  =  8,229), pre-existing personality dysfunction was 
associated with poor response to antidepressants (27). Further, 
some studies have suggested that SSRIs have a direct positive 
impact on scores for neuroticism or extraversion in MDD 
patients, and that part of the antidepressant effect might be 
explained through these adjustments (28, 29, 32, 33). Moreover, 
shared genes are thought to play a key role in the association 
between personality factors and MDD (34). For example, stud-
ies have estimated the genetic correlation between MDD and 
neuroticism at 55–75% (35, 36). However, no previous work 
has directly addressed the question whether there is a genetic 
relationship between the Big Five personality traits and SSRI 
treatment response and remission in MDD. It has been shown 
that the genetic architecture of personality traits is highly 
polygenic, in which several genes of small effect contribute to 
the overall phenotype (35, 37). Thus, a polygenic score (PGS) 
analysis approach proposed by the schizophrenia consortium 
(38) and later applied in several studies (16, 39), is potentially 
powerful to investigate the genetic influence of each of the Big 
Five personality traits on antidepressant treatment outcomes. 
A PGS for each of the Big five personality traits quantifies the 
combined effects of genetic variants across the whole genome, 
computed as a weighted summation of effect sizes obtained 
from genome-wide association studies (GWASs). A successful 
multi-trait polygenic model may assist for an early screening of 
diseases risk, clinical diagnosis, and the prediction of treatment 
response and prognosis (38, 39).
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TaBle 1 | Baseline characteristics of major depressive disorder patients and 
their treatment outcomes with selective serotonin reuptake inhibitors after 
4 weeks of follow-up.

Patient characteristics Pgrn-aMPs
N = 529

isPc
N = 865

Total
N = 1,394

Responders, N (%) 206 (44.4) 416 (48.1) 622 (46.8)
Remitters, N (%) 128 (27.6) 226 (26.1) 354 (26.7)
Age, mean (SD) 39.6 (13.7) 43.7 (14.7) 42.2 (14.5)
Sex, female, N (%) 335 (63.3) 561 (64.9) 896 (64.3)

PGRN-AMPS, the Pharmacogenomics Research Network Antidepressant Medication 
Pharmacogenomics Study; ISPC, the International SSRI Pharmacogenomics 
Consortium study.
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Implicitly, one could also interpret a polygenic association as 
a biological relationship partly explained by the role of shared 
genes and common molecular mechanisms. With this in mind, 
we conducted GWAS meta-analyses by combining GWAS sum-
mary statistics on the Big Five personality traits and SSRIs treat-
ment outcome to identify shared genes involved in the cross-trait 
association.

MaTerials anD MeThODs

The characteristics of the clinical and genetic data, as well as the 
sources of the GWAS summary statistics used in our analysis are 
described below.

study samples
Pharmacogenomics Research Network 
Antidepressant Medication Pharmacogenomic Study 
(PGRN-AMPS)
The PGRN-AMPS is a clinical trial on the response to escit-
alopram or citalopram of 529 MDD patients over 8  weeks of 
treatment. The baseline and follow-up assessment of depression 
severity were performed using the 16-item Quick Inventory of 
Depressive Symptomatology (QIDS-C16) (40).

ISPC Study
The ISPC is an International Consortium established to discover 
genes that are responsible for SSRIs treatment response in patients 
with MDD. For our study, we used data from 865 MDD patients 
recruited in the USA, Germany, Thailand, Taiwan, and Japan 
who received SSRI treatment. The 17-item Hamilton Depression 
Rating Scale was used as a measurement tool to assess and follow-
up the treatment progress (7).

genotyping and Quality control
The genotype and clinical data for the PGRN-AMPS were avail-
able via a controlled access system at the database of Genotypes 
and Phenotypes: dbGaP1 and the ISPC data were obtained from 
the ISPC consortium (7).

For the genotype data of both samples, we implemented qual-
ity control (QC) steps using PLINK (41) and samples with low 
genotype rates <95%, sex inconsistencies (X-chromosome het-
erozygosity), and genetically related individuals were excluded. 
We also excluded SNPs that had poor genotyping rate <95%, 
an ambiguity (A/T and C/G SNPs), a minor allele frequency 
(MAF  ≤  1%), or showed deviation from Hardy–Weinberg 
Equilibrium (p < 10–6).

imputations
Genotype data passing QC criteria were imputed in the Michigan 
server2 (42), separately for each study samples using 1000 
Genomes project reference panel.

After excluding the low-frequency SNPs (MAF  <  10%), 
poor-quality variants (imputation INFO <0.9 and indels), the 
imputed dosages were converted to best guess genotypes. The 

1 http://www.ncbi.nlm.nih.gov/gap.
2 https://imputationserver.sph.umich.edu

subsequent PGS analyses were performed using the best guess 
genotypes.

gWas summary statistics Data
The PGSs were calculated using the approach previously described 
by the International Schizophrenia Consortium (38). This 
method requires an estimated effect size for each SNP to compute 
weighted PGS. The effect estimates (betas) for this study were the 
summary statistics obtained from previously published GWASs 
on extraversion, openness, agreeableness, conscientiousness (37), 
and on neuroticism (35). The data were publicly available for 
download at http://www.tweelingenregister.org/GPC/ and http://
www.thessgac.org/data, respectively. The effect size estimates for 
each SNP—quantified as beta was extracted from the download 
file and used to compute weighted PGS in the PGRN-AMPS and 
ISPC cohorts.

Definition of ssri Treatment Outcomes
Treatment response and remission to SSRIs were defined after 
4 weeks of treatment follow-up of MDD patients in both cohorts. 
In addition, PGS associations were evaluated at 8  weeks in 
PGRN-AMPS. While treatment response was determined as a 
≥50% reduction from baseline in the HRSD-17 or QIDS-C16 
total scores, SSRI treatment remission was defined as achieving 
a HRSD-17 score ≤7 or a QIDS-C16 score ≤5 at 4 or 8 weeks of 
treatment.

Data on the covariates—age, gender, and type of SSRIs medi-
cations were also collected and the details can be found in earlier 
publications (7, 40, 43).

statistical analyses
PGS Computation and Association Analyses
The PGSs were computed for each of the Big Five personality 
traits using imputed genetic data weighted by GWAS summary 
statistics of the respective personality traits, separately for 
the two cohorts: PGRN-AMPS (n = 529) and ISPC (n = 865) 
(Table 1; Figure 1). First, quality-controlled SNPs were clumped 
for linkage disequilibrium (LD) using genome-wide association 
p-value informed clumping with r2 = 0.1 in a 250-kb window to 
create an independent SNP-set using PLINK software run on 
Linux. Next, weighted PGSs were calculated for each individual 
at a range of p-value thresholds (PT) as a weighted sum of allele 
dosages (0, 1, or 2). The PT refers to the p-values associated 
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with the effect size of each of the SNPs, as listed in the GWAS 
summary statistics (35, 37). The weighting was performed by 
multiplying the dosage of each effect increasing allele by its effect 
size derived from the GWAS summary statistics (β-coefficient), 
then divided by the total number of SNPs in each threshold. The 
PGS was computed at a range of PT (<1 × 10–2, <5 × 10–2, <0.1, 
<0.2, <0.3, <0.4, <0.5, and <1.0) separately for each of the two 
cohorts. Performing the PGS at different PT provides a range 
of alternative scores to choose the most significantly associated 
(optimal) PGS that will be used for prediction modeling. At 
each PT, a logistic regression modeling was applied to response/
remission to SSRIs (dependent variables) using the PGS for each 
of the Big Five personality traits as the main predictor variable 
and adjusting for common covariates, such as age, sex, and 
cohort-specific covariates including four principal components 
in the PGRN-AMPS and “study sites” in the ISPC. A statistically 
significant association between the PGSs for the Big Five per-
sonality traits and response/remission to SSRIs was determined 
at p < 0.05, across the PT in both study samples. The prediction 
accuracy, the percentage of variance explained, Nagelkerke R2, 
by the PGSs were calculated as the Nagelkerke R2 of the full 
model with PGS and covariates minus the Nagelkerke R2 of the 
model with only covariates. To determine the effect of high or 
low polygenic load on treatment outcomes, the study subjects 
were grouped into PGS quartiles (Q1–Q4) at the optimal PT. 
Then, we estimated the odds of treatment response/remission to 
SSRIs for MDD patients within the group with a high polygenic 
load for the Big Five personality traits (Q2, Q3, Q4) compared to 
patients in the lowest PGS quartile (Q1).

Cross-Trait Meta-Analyses of GWASs
In the cross-trait meta-analyses, we applied the O’Brien’s (OB) 
method and the direct Linear Combination of dependent test 
statistics (dLC) approach (39, 44, 45), which are implemented 
in the C++ eLX package. Briefly, the OB method and the dLC 
approach help to combine GWAS effect estimates of genome-
wide SNPs, obtained from univariate GWASs and generated two 
test statistics and associated p-values—one for the OB method 
and one for the dLC method. More details can be found elsewhere 
(44, 45). The eLX package is available at https://sites.google.com/
site/multivariateyihsianghsu/.

Here, GWAS on personality traits that have shown a signifi-
cant association in the PGS analysis were combined with GWAS 
on SSRIs treatment outcome. The GWAS summary statistics 
on SSRIs treatment response (7) were combined with those on 
(i) conscientiousness (34) and (ii) openness personality (34). 
Similarly, the GWAS summary statistics on SSRIs treatment 
remission (7) was meta-analyzed with (i) openness personality 
(34) and (ii) neuroticism (35).

Statistical significance was determined based on the smaller of 
the OB or the dLC p-values. A significant association was deter-
mined if (1) the p-value for the cross-trait meta-analysis reached 
genome-wide significance (p < 5 × 10−8) and (2) the univariate 
GWAS effects were at least nominally significant (p < 0.05). For 
each cross-trait meta-analysis, only one lead SNP per locus was 
reported. Nearby SNPs in LD (r2 > 0.1) with the lead SNP were 
considered dependent and belonging to the same locus.

resUlTs

Patient characteristics and Treatment 
Outcomes
In this study, we analyzed data from 1,394 MDD patients who had 
SSRI treatment divided into PGRN-AMPS (n = 529) and ISPC 
(n = 865) samples. The average age of the patients was 42.2 years 
and the majority of them (64.3%) were females (Table 1).

Of all patients, 622 (46.8%) were classified as treatment 
responders with a slight variation across the study samples 44.4% 
in the PGRN-AMPS and 48.1% in the ISPC. Remission rates were 
27.6 and 26.1% in the PGRN-AMPS and ISPC samples, respec-
tively. The rate of remission combined across the two studies was 
26.7% (Table 1).

association of the Pgs for the Big Five 
Personality Traits with ssris Treatment 
Outcomes
Polygenic scores were computed for each of the Big Five person-
ality traits, and we investigated their association with two SSRI 
treatment outcomes—response and remission, after 4  weeks 
(PGRN-AMPS and ISPC) and 8  weeks (PGRN-AMPS) of 
treatment.

After 4 weeks of treatment, genetic predisposition to openness, 
conscientiousness, and neuroticism were associated with SSRIs 
treatment response and/or remission at p < 0.05 across PT thresh-
olds, in at least one of the two assessed cohorts (Figures 1A–C). 
Genetic loading for openness was associated with response and 
remission in both cohorts (Figure 1A1,2). An elevated PGS for 
conscientiousness was associated with treatment response, but 
not remission, in the PGRN-AMPS sample only (Figure 1B). A 
PGS association for neuroticism with remission, but not treat-
ment response, was shown in both cohorts (Figure 1C). The PGSs 
for extraversion and agreeableness were associated with neither 
response nor remission.

We also assessed the level of observed variation in SSRI 
treatment outcomes accounted for by these personality traits, 
and found that personality traits at the most significant thresh-
olds explained a considerable amount of variance in treatment 
outcomes. For example, the PGS for openness accounted for 
~1.5% of the observed variation in SSRIs treatment response 
and ~2.8% of the variance in remission. The PGS for neuroticism 
explained ~1.5% of the variance in remission and the PGS for 
conscientiousness contributed to ~1.5% of the variability in SSRI 
treatment response.

The status of treatment response and remission for patients 
in personality trait quartiles (Q2–Q4) was compared with those 
in the lowest personality trait PGS quartile (Q1) (Figure  2). 
Our analysis revealed that MDD patients with a high polygenic 
load for openness personality had initially poorer remission and 
response rates at 4 weeks of treatment, with Q4 versus Q1 odds 
ratios (ORs) ranging from 0.30 [ISPC: 95%CI, 0.15–0.59] to 0.52 
[PGRN-AMPS: 95%CI, 0.29–0.90] (Figure  2A1,2, green and 
brown graphs). After longer treatment duration, we observed a 
reverse effect. Here, a higher polygenic load for openness was 
associated with a better SSRIs treatment response at 8  weeks 
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FigUre 1 | The bar graphs (a–c) show the association of the PGSs for the Big Five personality traits with SSRIs response or remission at different p-value 
thresholds (PT) after 4 weeks of treatment in the PGRN-AMPS (n = 529) and ISPC (n = 865) samples. The y-axis (Nagelkerke’s Pseudo-R2) refers to the percentage 
of variance in SSRIs treatment response/remission accounted for the PGSs of the Big Five personality traits at a particular PT in each sample. On the x-axis, plotted 
from left to right, are the GWAS PT for personality traits used to group the SNPs for the PGSs. The *sign on the top of each bar signify the statistical significance of 
the PGS association as *p < 0.05, **p < 0.01, ***p < 0.001. Abbreviations: PGRN-AMPS, the Pharmacogenomics Research Network Antidepressant Medication 
Pharmacogenomic Study; ISPC, the International SSRI Pharmacogenomics Consortium study; SNP, single nucleotide polymorphism; PGS, polygenic score; SSRIs, 
selective serotonin reuptake inhibitors.
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in the PGRN-AMPS, with OR of 1.58 [95%CI, 1.10–2.90] 
(Figure 2A1,2, blue graphs).

Major depressive disorder patients with a higher polygenic load 
for conscientiousness personality had 1.95 [95% CI, 1.13–3.36] 
times better SSRIs treatment response compared to those patients 
in the lowest PGS, although this association was only significant 
in the PGRN-AMPS sample at 4 weeks of treatment (Figure 2B).

Conversely, MDD patients with a higher polygenic load for 
neuroticism personality had poorer treatment outcomes with 
SSRIs. After 4 weeks of treatment, patients in Q4 based on the 
PGS for neurotic personality had about 50% lower odds of 
remission compared to patients in Q1 with OR ranging from 
0.50 [PGRN-AMPS: 95%CI, 0.28–0.90] to 0.54 [ISPC: 95%CI, 
0.33–0.89] (Figure 2C). Constantly, results after 8 weeks of treat-
ment showed a trend inverse association between the PGS for 
neurotic personality and SSRIs treatment remission, although 
this was not statistically significant (Figure 2C).

To assess the potential effect of false-positive findings, the 
association p-values were corrected for multiple testing at each PT 
for SSRIs treatment response and remission using the Benjamini 
and Hochberg (BH) method. Each of the p-values was adjusted 
assuming a conventionally accepted level of 5% false discovery 

rate (FDR) (46). After FDR adjustment, the associations of the 
PGS for openness personality with SSRIs treatment response 
remained statistically significant (in the ISPC sample: FDR 
adjusted p-value  =  0.02 at PT  <  1  ×  10−2) and with remission 
(in the PGRN-AMPS sample: FDR adjusted p-value  =  0.04 at 
PT < 5 × 10−2). The PGSs for conscientiousness and neuroticism 
were not associated with SSRIs treatment outcome after imple-
menting the FDR adjusted p-value <0.05.

cross-Trait Meta-analyses of gWass
For personality traits that showed a significantly associated PGS, 
cross-trait GWAS meta-analyses was performed by combining 
summary GWAS data on SSRIs treatment outcomes and per-
sonality traits. Table 2 and Figure 3 summarize the cross-trait 
meta-analyses findings, including the list of genetic loci and 
nearest genes that are potentially overlapping between the traits. 
At a p-value of <5 × 10−8, we identified eight genetic loci located 
within or near to protein-coding genes with possible overlapping 
effects on SSRIs treatment outcomes and personality traits. We 
found (i) one locus associated with conscientiousness and SSRI 
response near the YEATS4 gene (Table  2; Figure  3A) and (ii) 
seven loci associated with remission and neuroticism located at 
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FigUre 2 | The line plots represent the ORs for favorable response or remission to selective serotonin reuptake inhibitors treatment in patients with MDD with a 
high personality traits polygenic load (Q2, Q3, and Q4) compared to patients with the lowest polygenic load (Q1), estimated at the most significant p-value 
thresholds. The quartile-based polygenic scores analyses were performed using data at 4 weeks in the ISPC and at 4 and 8 weeks in the PGRN-AMPS. A polygenic 
loading for openness personality trait was initially associated with poor response and remission to selective serotonin reuptake inhibitors (SSRIs) in the first 4 weeks 
of treatment (ISPC, PGRN-AMPS at 4 weeks). After a longer (8 weeks) treatment follow-up, the genetic loading for openness had shown a favorable effect to SSRIs 
response and remission (PGRN-AMPS at 8 weeks). The polygenic loading for conscientiousness personality was favorably associated with response to SSRIs 
treatment. However, a polygenic loading for neuroticism personality had shown a negative impact on SSRIs remission. The ORs are reported on the lines and the 
*sign indicates the statistical significance of the ORs as *p < 0.05, **p < 0.01, ***p < 0.001. Abbreviations: PGRN-AMPS, the Pharmacogenomics Research 
Network Antidepressant Medication Pharmacogenomic Study; ISPC, the International SSRI Pharmacogenomics Consortium study. OR, odds ratio; Q1, quartiles 1; 
Q2, quartiles 2; Q3, quartiles 3; Q4, quartiles 4; MDD, major depressive disorder.
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or near PRAG1, MSRA, XKR6, ELAVL2, PLXNC1, PLEKHM1, 
and BRUNOL4 genes (Table  2; Figure  3B). From the meta-
analyses of SSRIs treatment outcomes with openness personality, 
we identified only suggestive evidence at significance p < 1 × 10−6 
(Table 2).

DiscUssiOn

In this study, we analyzed data from 1,394 MDD patients who 
had been treated with SSRIs and assessed whether it is possible 
to predict antidepressants treatment outcomes—response and 
remission, using PGS for the Big Five personality traits. To fur-
ther validate the PGS association findings and provide additional 
evidence, cross-trait meta-analyses of GWASs on SSRIs treatment 
outcomes versus GWASs on the Big Five personality traits were 
performed. Our findings from both analyses found complemen-
tary evidence that the association of the Big Five personality traits 
with SSRIs treatment outcomes is partly genetic.

Among the Big Five personality traits, the PGS for openness, 
conscientiousness, and neuroticism were significantly associated 

with SSRI treatment outcomes in patients with MDD. A high 
polygenic load for openness predicted poorer odds of response 
and remission to SSRIs after 4  weeks of treatment. However, 
after 8 weeks of treatment, the odds of response and remission 
was reversed and high loading for openness was associated with 
favorable outcomes. Patients with a high polygenic load for 
conscientiousness had a better odd of response to SSRIs after 
4  weeks of treatment, but were neither more nor less likely to 
have good outcomes after 8  weeks. In contrast, patients who 
possessed a higher polygenic load for neuroticism risk genetic 
variants responded poorer to SSRIs treatment at both time points.

The discrepancy between short-term and intermediate-term 
treatment outcomes in patients with high polygenic loading for 
openness was unexpected in the context of the previous litera-
ture (26, 27), and raises the question whether statements about 
personality impact on SSRI treatment outcomes can be reliably 
reached on the basis of assessments conducted within the first 
month. While longitudinal studies of treatment outcomes in 
MDD suggest that treatment response within the first month 
occurs for a majority of patients who will eventually remit (47), 
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TaBle 2 | Significant loci resulting from the cross-trait meta-analyses of genome-wide association studies (GWASs) on selective serotonin reuptake inhibitors (SSRIs) 
treatment response/remission and GWAS on the Big Five personality traits at univariate GWAS p-value <5 × 10−2 and Cross-trait meta-analysis p-value <5 × 10−8.

snP chr Position 
ch37

a1 a2 gWas p-value for cross-trait
gWas p-value

nearest 
gene

effect
direction

ssris response  
(N = 865) (7)

Openness
(N = 260,861) (34)

rs7555693 1 106838539 A G 6.46 × 10−3 4.485 × 10−5 1.37 × 10−6 PRMT6 −−
rs9321987 6 145030284 A G 7.49 × 10−3 1.056 × 10−5 5.05 × 10−7 UTRN −−
rs352759 8 15599714 T A 6.16 × 10−4 2.820 × 10−4 5.52 × 10−7 TUSC3 +−
rs7828021 8 50640014 C G 3.68 × 10−3 2.913 × 10−6 7.43 × 10−8 SNTG1 −−
rs11591827 10 82887882 A G 1.87 × 10−2 4.643 × 10−6 8.70 × 10−7 SH2D4B −−
rs7189979 16 12630187 C A 2.28 × 10−3 1.659 × 10−5 1.77 × 10−7 SNX29 +−

SSRIs response (N = 865) (7) Conscientiousness (N = 260,861) (34)
rs3825243 12 69750839 A G 5.78 × 10−4 1.41 × 10−5 4.04 × 10−8 YEATS4 −−

SSRIs remission (N = 865) (7) Neuroticism (N = 170,911) (35)
rs2979204 8 8298857 T C 3.24 × 10−3 5.48 × 10−10 8 × 10−11 PRAG1 ++
rs11990063 8 10165195 T C 4.00 × 10−2 6.77 × 10−9 9 × 10−9 MSRA −−
rs35792458 8 10822431 C G 1.00 × 10−2 5.25 × 10−10 1 × 10−12 XKR6 −+
rs12555870 9 23347724 G A 4.00 × 10−2 1.25 × 10−6 1 × 10−8 ELAVL2 +−
rs4761545 12 94426468 G T 2.00 × 10−2 3.54 × 10−7 8 × 10−10 PLXNC1 ++
rs144733372 17 43564222 G T 1.00 × 10−2 1.23 × 10−9 3 × 10−11 PLEKHM1 −+
rs11082011 18 35145122 C T 1.00 × 10−2 8.60 × 10−9 4 × 10−8 BRUNOL4 −+

SSRIs remission (N = 865) (7) Openness (N = 260,861) (34)
rs55679149 1 89534338 T C 2.77 × 10−3 6.31 × 10−5 8.25 × 10−7 GBP1 +−
rs11728985 4 130036435 T C 1.93 × 10−2 1.24 × 10−6 4.03 × 10−7 C4orf33 −+
rs11155372 6 145019738 T G 5.11 × 10−4 5.85 × 10−5 1.28 × 10−7 UTRN −+
rs7828021 8 50640014 C G 1.23 × 10−2 2.91 × 10−6 4.18 × 10−7 SNTG1 −−
rs1411216 9 24520194 A G 7.81 × 10−3 6.88 × 10−6 4.53 × 10−7 CRIPAK ++
rs7189979 16 12630187 C A 2.82 × 10−3 1.66 × 10−5 2.73 × 10−7 SNX29 +−

A1, effect allele; A2, another allele; SNP, single nucleotide polymorphism.
The effect direction represents the SNPs effect on SSRIs treatment response or remission for the effect allele based on the ISPC GWAS (7) versus its effect on the GWASs of 
personality traits as listed in the table.
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they also indicate that there is a considerable proportion of 
patients who achieve response and remission after much longer 
treatment periods (48, 49). In this context, our finding raises the 
possibility that the different Big Five personality traits could have 
differential effects on early- versus delayed responses to treatment 
in MDD.

Moreover, the inconsistences in the direction of the relationship 
between the Big Five personality traits and response to long-term 
versus short-term treatment to SSRIs might be explained by a 
psychological theory (50–52). Studies suggested that antidepres-
sants have a primary effect on emotional processing, providing 
a platform for long-term cognitive and psychological recovery 
(50), and the clinical effects of antidepressant treatment may be 
mediated by early changes in emotional processing (51, 52).

In our data, consistency between the outcome parameters—
treatment response and remission was variable. Only the PGS for 
openness showed a significant association with both treatment 
response and remission. The PGS for conscientiousness was 
associated with better treatment response, but not with remis-
sion. The PGS for neuroticism predicted lower odds of treatment 
remission, but not poorer treatment response. At face value, these 
findings suggest that openness and neuroticism could play more 
important roles in predicting ultimate remission from depressive 
episodes, whereas conscientiousness might drive early treatment 
effects rather than longer term outcomes. However, another 
explanation is that our cohorts might have been underpowered 

to detect more consistent effects, or that some of the observed 
associations were chance findings, perhaps driven by multiple 
testing. Indeed, only the associations of the PGS for openness 
personality with SSRIs treatment response remained statistically 
significant after FDR adjustment. Therefore, future genetic stud-
ies with higher patients’ numbers are required to confirm our 
findings.

In all, our genetic findings are in line with previous clinical 
investigations of the influence of personality characteristics on 
antidepressant treatment response in MDD. A study in Japan 
revealed as depressed patients who were resistant to treatment 
had a higher neuroticism score and lower scores for openness, 
conscientiousness, and extraversion than patients who remit-
ted and healthy controls (26). In another study, higher clinical 
scores for openness at baseline were associated with improved 
treatment response to antidepressants, whereas a higher score for 
neuroticism was associated with poor treatment outcomes (53). 
More generally, poor treatment response was associated with per-
sonality dysfunction in a large sample study of more than 8,000 
antidepressant-treated adults with MDD (27). Similarly, a meta-
analysis of 34 clinical studies concluded that MDD patients with 
a comorbid personality disorder had double the risk of overall 
poor clinical and treatment outcomes, compared to patients no 
co-occurring personality disorder (54).

Additionally, previous studies have shown genetic correlations 
between Big Five personality traits and psychiatric disorders and 
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FigUre 3 | The Manhattan plots show the results of the cross-trait meta-analysis of genome-wide association studies (GWASs) on selective serotonin reuptake 
inhibitors treatment outcomes (response or remission) with GWASs on: (a) conscientiousness personality trait; (B) neuroticism personality, highlighting the loci that 
showed genome-wide significance (orange), and the nearest genes. The −log10 (cross-trait p-value) is plotted against the physical position of each SNP on each 
chromosome. The threshold for genome-wide significance (cross-trait p-value <5 × 10−8) is indicated by the red dotted horizontal line.
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the PGS for neuroticism was significantly associated with MDD 
(55).

Since the PGS association reflects a shared genetic etiology, 
we applied cross-trait GWAS meta-analyses by combining 
summary statistics on SSRI treatment outcomes with person-
ality traits, and identified eight overlapping genetic loci. The 
YEATS4 gene locus was associated with treatment response 
to SSRIs and conscientiousness. Previously, a gene expression 
analysis in depressed patients further replicated in mice found 
lower levels of YEATS4 in depressed patients compared to 
healthy controls. Moreover, the expression level of this gene 
was correlated with the dose of imipramine (a tricyclic anti-
depressant) (56).

The second gene locus (rs144733372) in PLEKHM, which 
was found in the cross-trait meta-analysis of neuroticism and 
SSRIs treatment remission, is highly linked (LD: r2 > 0.8) with 
several other SNPs located within the CRHR1 gene. The CRHR1 
gene encodes a G-protein coupled receptor that binds with the 
neuropeptides of the corticotrophin-releasing hormone family, 
a major regulator of the hypothalamic–pituitary–adrenal path-
way (57). Functional gene polymorphisms in the CRHR1 gene 
have been associated with SSRIs treatment response (58), and 
it moderates the association of maltreatment with neuroticism 
(59). Corticotrophin-releasing hormone signaling has previously 
been implicated in mood disorders and treatment response to 
antidepressants (60).
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Another gene showing shared associations with SSRI 
treatment response and neurotic personality is MSRA, which 
has shown the highest levels of expression in brain tissue 
(61). Previous studies reported that genetic variants within 
the MSRA gene could be associated with schizophrenia, 
bipolar disorder (62, 63), executive cognitive function (64), 
fluid intelligence (63), and self-reported irritable tempera-
ment (65).

Further, loci within the PRAG1 and PLXNC1 genes have 
shown overlapping influence on SSRI treatment and neuroticism 
personality. A genetic polymorphism rs706895C/T within the 
FYN gene belonging to the same family of genes (tyrosine protein 
kinase family) was significantly associated with personality traits 
(66). SNPs within the plexin family gene PLXNA2 have previously 
been implicated in neuroticism, depression, and psychological 
distress (67).

Overall, these findings lend further weight to our PGS analy-
ses and reinforce the idea that certain gene polymorphisms have 
a dual impact on personality structure and antidepressant treat-
ment outcomes in MDD. Studying the individual mechanism of 
each significant genetic locus in relation to antidepressants in 
the future studies might lead to novel insights in the molecular 
underpinnings of these drugs. In conclusion, our study pro-
vides evidence in the potential ability of the PGS for the Big Five 
personality traits to elucidate shared biological mechanisms 
and to predict SSRI treatment outcomes. Whether these PGSs 
could be applied to everyday clinical practice in the future 
relies on their ability to stratify MDD patients into categories 
of good treatment responders versus nonresponders. Further 
research is required to determine if this is the case. However, 
the small effect sizes found in our study give rise to cautious 
interpretation. In our view, their full clinical value likely lies in 
their contribution to multi-variable models that also comprise 
clinical and environmental factors influencing medication 
response.
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Background: The clinical and etiological heterogeneity of mood disorders impede

identification of effective treatments for the individual patient. This highlights a need for

early neuronal and behavioral biomarkers for treatment efficacy, which can provide a

basis for more personalized treatments. The present systematic review aimed to identify

the most consistent neuronal and behavioral predictors of treatment efficacy on mood

symptoms and cognitive impairment in mood disorders.

Methods: We identified and included 60 original peer-reviewed studies investigating

neuroimaging and behavioral predictors of treatment efficacy within the domains of

emotional and non-emotional cognition, structural neuroimaging, and resting state

functional connectivity in patients with unipolar or bipolar disorder.

Results: Lower baseline responsivity in limbic regions coupled with heightened

medial and dorsal prefrontal responses to emotional stimuli were the most consistent

predictors of response to pharmacotherapy for depression. In contrast, heightened

limbic and ventral prefrontal reactivity to emotional stimuli seemed to predict efficacy

of psychological interventions. Early modulation of fronto-limbic activity and reduction

in negative bias were also associated with treatment response. Better performance on

non-emotional tests at baseline was relatively consistently associated with efficacy on

mood symptoms, whereas the association between neural activity during non-emotional

tests and treatment response was less clear. Other baseline factors associated

with treatment response were greater white matter integrity, resting state functional

connectivity, more prefrontal gray matter volume as well as an early increase following

short administered treatment. Finally, emerging evidence indicates that baseline cognitive

deficits are associated with greater chances of achieving treatment efficacy on cognition.

Conclusions: Patients’ profile of emotional and non-emotional cognition and

neural activity—and the early treatment-associated changes in neural and cognitive

function—may be useful for guiding treatments for depression. While cognitive deficits

at baseline seem to improve chances of treatment efficacy on cognition, more studies of

this association are urgently needed.

Keywords: mood disorders, treatment, biomarker, cognition, neuroimaging, treatment efficacy, personalized

medicine, precision medicine
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INTRODUCTION

Unipolar depression (UD) and bipolar disorder (BD) are
among top contributors to the global burden of disease, with UD
being the single largest contributor to global disability worldwide
(1). At a global level, more than 300 million people suffer from
UD and 60 million from BD (1) and the economic cost of these
affective disorders is estimated to be e113 billion in Europe
and $128 billion in the United States per year (2, 3). Despite
the major economic imperatives to optimize treatment for these
disorders, current treatment options are limited by insufficient
efficacy on depressive symptoms for 30–40% of patients, general
time lag of several months before an effective treatment can
be identified for the individual patient, and frequent residual
cognitive impairments (4–6). Specifically, cognitive impairment
has emerged as a new treatment target based on evidence for
persistent mild to moderate cognitive impairments beyond the
acute illness episodes in both UD and BD that impede patients’
functional recovery and quality of life (7, 8).

Presently, first-line treatments for mood disorders include
pharmacological treatment with selective serotonin reuptake
inhibitors (SSRI) and/or evidence-based psychotherapy, such as
cognitive-behavioral therapy (CBT) (9). However, it is often
unclear which treatment is optimal for the individual patient
until after several weeks of treatment given the delay in the
onset of response to pharmacotherapy and psychotherapy of 4–
6 weeks (10). Therefore present clinical practice and guidelines
for best treatment strategy relies on a trial and error approach
and a pragmatic advice on switching to a different treatment after
4–6 weeks of continued treatment with a therapeutic dose. As
most patients do not respond to their first prescribed treatment,
this leads to a substantial time lag of several months before an
effective treatment can be identified for the individual patient. In
this time, patients’ ability to work and function in everyday life is
severely affected, resulting in great personal and socioeconomic
costs. Notwithstanding, there is no clinically useful guideline
as to which specific treatment would be the most optimal
for the individual patient based on their particular symptom
presentation (9–11).

The clinical and etiological heterogeneity of patients with
mood disorders implicates distinct pathophysiological profiles
for each individual patient (12, 13). This highlights a pressing
need for identification of biomarkers of treatment efficacy
that can serve as a platform for personalized treatments. A
major focus of recent research has therefore been to identify
associations between biological or psychological measures and
treatment response. Clinical predictors of treatment efficacy,
such as severity or depressive clinical subtypes, have so far
shown disappointing predictive value of improvement on mood
symptoms. Genetic testing, neuroimaging, psychological and
psychophysiological approaches have therefore been employed
(9, 14). In particular, identification of early predictors of
antidepressant response at neural and cognitive level seems
an essential step to more effectively personalized treatment
options (10). However, the findings from the large number of
neuroimaging and behavioral studies of efficacy markers vary,
and there is no clear understanding of what are the most

robust neurocognitive biomarkers of treatment efficacy on mood
symptoms.

More recently, studies have begun to investigate treatments
that directly target residual cognitive impairments in mood
disorders. Specifically, recent studies have found global or
selective cognitive difficulties in 50–70% remitted patients with
mood disorders, and poorer quality of life, more stress and
impaired work capacity in cognitively impaired patients relatively
to those who are “cognitively intact” (8). While there is currently
no clinically available treatment for cognitive impairment in
mood disorders, there is strong preliminary evidence for
several candidate treatments including, modafinil, vortioxetine,
erythropoietin, lurasidone and cognitive remediation (15–20).
Nevertheless, treatment development targeting cognition is
hampered by the lack of insight into the neurobiological
underpinnings of cognitive improvement and lack insight into
baseline predictors of efficacy on cognition.

Taken together, there is a need for insight into what are the
most robust biomarkers of treatment efficacy onmood symptoms
and cognition to aid more effective, personalized treatments.
The aim of the present systematic review is therefore to
provide a “landscape” view of putative functional and structural
neuroimaging and behavioral predictors of treatment efficacy on
depressive symptoms and cognition in mood disorders. Based
on this, a discussion will be formed on the identified putative
biomarkers and how they may be integrated in the clinical
assessments of patients to aid speed and efficacy of future
treatment strategies.

METHODS

Selection Criteria
The initial search criteria were defined in accordance to
PICO framework (Population, Intervention, Comparison,
Outcome). We included original peer-reviewed articles
involving predictive intervention studies on patients with
a mood disorder (unipolar or bipolar disorder) and no
comorbid schizophrenia/schizoaffective disorder. The primary
criterion was a focus on prediction of treatment response or
remission using either neuroimaging (fMRI or MRI) or objective
neurocognitive testing as a measure. We excluded articles
that were naturalistic in design with no control of treatment;
involved pediatric, adolescent or geriatric participants; only
assessed cognitive measures with subjectively informed ratings;
only looked at single drug administrations (with no follow-up
of treatment efficacy following longer term treatment). Other
reasons for exclusion were: other languages than English;
meeting abstract, case report or study protocol; animal studies;
comorbid schizoaffective disorder.

Search Strategy
A systematic computerized search was performed on
PubMed/MEDLINE, EMBASE and PsychInfo databases from
inception up until October 2017. The search profile included
three elements: “biomarker,” “neuroimaging OR cognition”
and “mood disorder AND therapy/treatment” with each their
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combinations in the respective databases (see supplementary
material for more details).

Two of the authors (IS and HLK) independently performed
a primary title/abstract screening for potentially eligible
articles and, following this, a secondary full-text screening
was conducted. In both primary and secondary screening,
we considered each of the unique references according to
inclusion/exclusion criteria, but only provided information on
the specific reasons for exclusion of papers in the secondary
screening. Finally, a hand search was performed by tracking and
screening the citations of the included articles for possible extra
inclusions. Agreement between the two authors who performed
the screening (IS and HK) was good (primary: 94%, secondary:
87%), and any disagreements were discussed and consensus was
reached in all cases. This systematic review has followed the
procedures of the Preferred reporting items for systematic reviews
and meta-analysis (PRISMA) statement (21), and a PRISMA
flowchart can be seen in Figure 1.

RESULTS

The initial screening identified 2030 articles (duplicate hits
excluded). Out of these, 158 articles were included for
titles/abstracts screening, resulting in 89 full-text articles
evaluated for eligibility. Of these, 60 met inclusion criteria
and were included in this review. In total, 58 studies explored
different predictors of treatment efficacy on mood symptoms:
26 investigated “hot” (emotional) cognition with behavioral
and functional neuroimaging measures, 15 investigated
neuroimaging and behavioral measures of “cold” (non-
emotional) cognition as predictors of treatment response on
mood symptoms, ten investigated resting-state functional
neuroimaging measures, and eight investigated structural
neuroimagingmeasures. Only two studies investigated predictors
of treatment efficacy on cognition using demographic variables
and behavioral measures of cognition.

Emotional Cognition to Predict Treatment

Response on Mood Symptoms
The 26 studies of “hot” cognition as a putative biomarker of
treatment response examined behavioral and neuroimaging
measures of facial emotion processing and regulation, implicit
processing of emotion pictures, emotional self-referential
processing, and reward processing (see Supplementary Table 1
for study details).

Behavioral Measures of Emotion Processing

Only one published study to date examined early change in
behavioral assays of emotion processing as a predictor of
subsequent treatment response (22). The study revealed that
early increase in the recognition of happy facial expressions
in the first 2 weeks of treatment with the SSRI citalopram or
the SNRI reboxetine predicted clinical improvement indicated
by reduction in total score on Clinical Outcome in Routine
Evaluation (CORE). In contrast, early treatment-associated
improvements in the recognition of disgust and surprise were not
associated with treatment response.

Neuroimaging Data on Emotion Processing

Neural response to emotional faces
Fourteen studies explored whether treatment response was
associated with baseline neural activity to emotional faces or with
the early effects of treatment on neural response to emotional
faces in UD or BD (23–36).

Overall, the studies found that those patients who went
on to respond to antidepressant treatment (i.e., treatment
responders) exhibited amygdala hypo-activity to negative facial
expressions at baseline compared to healthy controls (32, 34).
Further, one study compared responders to healthy controls
and specified that the association between baseline amygdala
hypo-activity to facial emotions signaling reward and threat and
treatment response was independent of medication type (SSRIs
escitalopram or sertraline vs. SNRI venlafaxine). In keeping
with this, the study reported an association between amygdala
hyper-activity to sad facial expression and non-response to
venlafaxine compared to healthy controls (32). One study found
that this association between amygdala hypo-activity to sad
faces and subsequent treatment response to the anticholinergic
antidepressant scopalomine could only be observed when
patients were required to attend to the faces (i.e., instructed
to focus explicitly on the faces’ portion of the picture) in the
presence of meaningful distractor stimuli (34). Consistent with
this, one study reported that lowered baseline activity in middle
occipital cortex (i.e., visual processing area) during encoding and
recognition of faces with (task-irrelevant) emotional expressions
was associated with better treatment response to scopalomine
(29). Notably, Redlich et al. (36) did not find any significant
predictors of treatment response to electroconvulsive therapy
(ECT), though reported that both treatment groups (ECT and
pharmacotherapy) showed increased amygdala reactivity to sad
faces at baseline compared to healthy controls.

Studies have also found consistent associations between
responses to either drug treatment or chronotherapy
(combinations of repeated total sleep deprivation and light
therapy) and baseline prefrontal activity in UD and BD
(23, 27, 31). Specifically, UD responders to SSRIs fluoxetine
or sertraline exhibited greater anterior cingulate cortex (ACC)
response to fearful, angry and sad faces compared to non-
responders (23, 30, 31). In keeping with this, BD-I responders to
chronotherapy showed greater ACC andmedial prefrontal cortex
(MPFC) response during implicit processing of fearful and angry
facial expressions compared to non-responders (31). Further,
greater dorsomedial PFC (DMPFC) and posterior cingulate
cortex (PCC) response to sad faces in UD was associated with
better response to treatment with the noradrenergic and specific
serotonergic antidepressant (NaSSA) mirtazapine or venlafaxine
(27).

Finally, three studies reported an association between greater
functional connectivity (FC) (i.e., closer to healthy controls)
and treatment response to chronotherapy or pharmacotherapy
(26, 31, 35). In particular, two studies found that responders to
either chronotherapy or SSRI showed greater baseline activity
and FC within fronto-limbic networks during implicit processing
of fearful and angry faces (31, 35). In accordance with this,
responders to either venlafaxine or mirtazapine had increased
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FIGURE 1 | PRISMA flow-chart.

FC of the orbitofrontal cortex (OFC) in the left precentral gyrus
and internally within the right middle OFC during an emotional
face-matching task at baseline (26).

Notably, two studies of CBT revealed the opposite
association between baseline neural activity and treatment
response (24, 25). Specifically, responders to CBT displayed
lower dorsal ACC (DACC) activity to sad faces at baseline
compared to non-responders (24). In fact, responders’
DACC response to sad faces was more “normal” (i.e.,
more similar to the activity in healthy controls) than non-
responders’. Moreover, one study reported that the FC during
processing of sad faces at the lowest and highest intensities
identified patients who had a full clinical response to CBT
(25).

Only a few studies (all conducted on patients with UD)
explored whether early changes in neural response to emotional
faces can predict subsequent treatment efficacy (28, 29, 33).

Nevertheless, these studies provide consistent evidence for
early modulation of limbic-subcortical-prefrontal brain networks
being predictive of subsequent treatment efficacy. One study
found that early treatment-related decrease (toward normal
levels) in ACC, insula, amygdala, and thalamus reactivity to
fearful faces after 1 week characterized responders vs. non-
responders to escitalopram (33). In contrast, responders to the
SSRI paroxetine showed an early treatment-related decrease
in amygdala response to negative faces (relative to baseline)
compared to non-responders, as well as an increase in lower
dorsal regions (DLPFC and DMPFC) to negative faces (toward
“normal” levels) after six weeks of treatment relative to non-
responders (28). This suggests that paroxetine exposure over
time improves dorsal prefrontal regulation of abnormal limbic
activity. Another study found that following short-term (1 week)
scopalomine administration, responders exhibited increased
response (closer to “normal”) in bilateral middle occipital cortex
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(relative to baseline) during encoding and recognition of faces
with (task-irrelevant) emotional expressions (29).

Neural response to emotional pictures
Five fMRI studies investigated the predictive value of baseline
neural activity during emotional reactivity and emotional
regulation using emotion-laden picture stimuli for efficacy of
pharmacotherapy in UD (37–41). Responders to a combination
treatment with fluoxetine and antipsychotic olanzapine or to
venlafaxine were characterized by greater baseline activity to
negative images in the ACC and premotor cortex and to positive
images in the posterior cingulate gyrus and precuneus than non-
responders (37, 40). Further, lower ventrolateral PFC (VLPFC)
activity at baseline during attempts to suppress positive emotions
elicited by pleasant pictures was associated with greater reduction
in anhedonia after venlafaxine or fluoxetine treatment (38).
Finally, a study of CBT found that greater pre-treatment activity
in the DLPFC and anterior temporal lobe (ATL) to negative
images and to pictures in general (emotional and neutral)
predicted symptom improvement after CBT (39).

Only one study investigated the predictive value of early
changes in neural activity in response to the mood-stabilizer
lithium or the atypical antipsychotic quetiapine for subsequent
treatment efficacy (41). Patients with BD-I who later achieved
remission exhibited an early increase in MPFC, temporal, and
posterior cortical areas to emotional (unpleasant) pictures after
1 week of either lithium or quetiapine treatment. Also, while
amygdala activity at baseline and after short-term treatment
administration did not predict treatment remission, non-
remission was associated with baseline hypo-activity in the
amygdala in comparison to healthy controls and remitted
subjects (41).

Neural response during emotional self-referential processing
Four fMRI studies explored the predictive value of neural
response during emotional self-referential processing at baseline
(i.e., in which patients were instructed to judge the personal
relevance of a picture or word) (42–45). Delaveau et al. (45) found
that UD remitters to treatment with the atypical antidepressant
agomelatine (melatonin and serotonin receptor antagonist)
displayed lower baseline activation in the rostral DMPFC, PCC,
and DLPFC during self-referential processing of emotional and
neutral pictures compared to non-remitters. Consistent with this,
Miller et al. (44) found that UD responders to escitalopram
displayed lower baseline responses to negative self-referent words
in midbrain, DLPFC, paracingulate, ACC, thalamus and caudate
nuclei compared to non-responders.

Two studies of baseline neural activity predictors for
response to CBT revealed a somewhat different pattern
(42, 43). Specifically, patients with amygdala hyper-activity
and low subgenual ACC (sgACC) reactivity during self-
referent processing of negative emotional words displayed the
most improvement after CBT (42, 43). In addition sgACC
activity remained low for patients in remission after treatment,
suggesting that successful treatment did not operate by
normalizing this mechanism but rather by remaining more
like healthy individuals from pretreatment to posttreatment

measurements (43). Notably, no studies of self-referent
processing explored the association between early neural activity
changes and subsequent clinical improvement in response to
pharmacological or psychological interventions.

Neuroimaging and behavioral measures of reward processing
Two studies of reward processing as a putative biomarker
for response to behavioral activation therapy for depression
(BATD) (46, 47) found that neural response to monetary awards
at baseline was predictive of treatment efficacy. Specifically,
increased frontostriatal connectivity during reward anticipation
and increased capacity to sustain ACC activity when receiving
rewards, were found to be associated with greater treatment
response (46, 47). Consistent with this, Carl et al. (46) reported
that greater change in reaction time during reward trials (i.e.,
faster response at run 2) at baseline predicted treatment response.

Interim Summary

In sum, responders to pharmacotherapy tend to be characterized
by heightened PFC top-down control as well as greater
recruitment of ACC and/or lowered limbic and visual cortical
reactivity during the processing of emotional stimuli than non-
responders. Accordingly, particularly less limbic and occipital
reactivity to task-irrelevant emotional aspects of faces in
preference for cognitively demanding tasks was associated
with better antidepressant efficacy. In contrast, responders to
psychological interventions seem to be characterized by a
pattern of greater baseline limbic reactivity, less PFC response to
emotional stimuli and greater neural response to reward stimuli.

Additionally, the small number of studies investigating change
in neural activity after 1–6 weeks of pharmacological treatment
consistently indicate that treatment-related reduction in limbic
activity and increase in DPFC top-down control to negative
valence emotional stimuli are putative early predictors of
response to distinct biological interventions.

Non-emotional Cognition to Predict

Treatment Response on Mood Symptoms
A total of 13 studies investigated “cold” cognition as a putative
biomarker for treatment response on mood symptoms (see
Supplementary Table 2 for study details). Five studies assessed
neuroimaging measures, while eight studies examined purely
behavioral assays of non-emotional cognition as biomarkers of
treatment efficacy (7, 15, 48–58).

Combined Neuroimaging and Behavioral Measures of

Non-emotional Cognition

Five studies used a combination of neuroimaging and
neurocognitive assessment to investigate baseline predictors for
treatment response on mood symptoms in patients with UD
(51, 52, 55, 57, 58). Two studies of inhibitory control found
that aberrant neural activity within prefrontal regions during
a parametric Go/No-go task predicted subsequent treatment
efficacy. In one study, patients who responded well to duloxetine,
escitalopram or citalopram treatment showed more unsuccessful
inhibition (i.e., more performance errors) at baseline as well as
less recruitment (i.e., lower activation) of brain areas important
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for cognitive control and/or interference resolution, including
the ACC, left VMPFC and right VLPFC (58). In contrast, the
other study found that greater rostral ACC activation during
unsuccessful inhibition was associated with subsequent treatment
response (51).

Two studies of patients with UD found an association
between aberrant neural activity during verbal working memory
and clinical response to fluoxetine and rTMS, respectively (52,
57). Specifically, the fluoxetine study reported lower DACC
during verbal n-back working memory at baseline in responders
vs. non-responders (52). In contrast, the rTMS study found
that responders displayed a combination of lower activity in
perigenual, medial OFC, and middle frontal cortices, and a
greater activation in the ventral-caudal putamen during a word-
generation task at baseline compared to non-responders (57).
Notably, a third study (55) found no significant associations
between treatment response to rTMS and structural or behavioral
measures at baseline.

Behavioral Measures of Non-emotional Cognition

Seven studies explored purely behavioral assays of non-emotional
baseline cognition (i.e., performance accuracy and speed)
as potential predictors of treatment response on depression
symptoms in patients with UD and BD (7, 15, 48–50, 53, 54).

Four studies reported that better cognitive performance across
several domains predicted response to antidepressant treatment
(7, 48, 50, 53). In particular, two studies of UD patients found that
responders to fluoxetine displayed better baseline performance
in executive functioning and mental processing speed than
non-responders (48, 50). The third study showed that greater
attention performance at baseline was associated with better
clinical outcome in UD patients treated with agomelatine (7).
Finally, the fourth study found that UD and BD patients with less
over-general memory (i.e., lack of memory for specific episodes,
which is a key feature of depression) recovered faster from
depression and were at lower risk for relapse after ECT (53).

In contrast, one study found that poor cognitive performance
predicted subsequent clinical response. Specifically, UD
responders to the new norepinephrine–dopamine reuptake
inhibitor bupropion displayed visual memory deficits and slowed
mental processing speed at baseline (15).

Finally, two studies showed that a combination of high and
low performance within different cognitive domains predicted
treatment response to SSRIs (49, 54). In particular, one
study found that a combination of good sustained attention
performance and poor psychomotor speed and planning
performance predicted response to fluoxetine (54). A similar
pattern of good cognitive performance on “simple” tasks
and poor performance in “complex” tasks (requiring more
demanding effort and maintenance) was observed in responders
vs. non-responders to SSRI (drug not specified) (49).

Only one study investigated early change in cognition as a
biomarker for treatment response in patients with UD and BD
(56). This study revealed that early improvement in visuospatial
memory after 2–3 weeks of rTMS treatment predicted eventual
treatment response. Interestingly, the initial cognitive changes
appeared to be independent of antidepressant efficacy, since

patients’ cognitive improvement occurred before any mood
changes. In contrast, early treatment-related improvements in
verbal learning and memory and attention span were not related
to subsequent treatment response (56).

Interim Summary

Taken together, findings from functional neuroimaging studies
highlight aberrant neural activity during non-emotional
cognition tasks as a putative prognostic biomarker. The most
consistent marker of treatment response seems to be less
recruitment of dorsal PFC during cognitive performance.
Studies of behavioral performance measures on non-emotional
cognitive tests in UD and BD patients provided more consistent
findings. Specifically, it was demonstrated in several studies
that high performance across attention, executive function, and
memory tests was a predictor of response to pharmacological
interventions (SSRI and SNRI), rTMS, and ECT for depression
(7, 48, 50, 53). Additionally, a couple of other studies found that
a combination of good performance on simple tests and poor
performance on complex tests might predict treatment efficacy
(49, 54).

Combined Emotional and Non-emotional

Cognition to Predict Mood Improvement
Two studies investigated whether a pattern of emotional and
non-emotional cognitive performance could be used to identify
the individual patients who would achieve clinical remission
in response to escitalopram, sertraline, or venlafaxine (11,
59) (see Supplementary Table 3 for study details). Using a
novel pattern classification analysis, Etkin et al. (59) and
colleagues showed poorer treatment outcomes for a subgroup of
depressed participants (approximately one-quarter of patients)
with impairment across most cognitive and emotional capacities.
High task performance predicted remission after escitalopram
treatment (but not other medications) with 72% accuracy. The
other study investigated whether predictions of remission could
be made with a larger cognitive assessment battery, including
eight non-emotional tests tapping into several cognitive domains
and one emotional identification test (11). The study reported
that the test battery thresholds established a negative predictive
value of≥80%, which identified 41% of participants not remitting
on escitalopram, 77% of participants not remitting on sertraline,
and 39% of participants not remitting on venlafaxine (all
including 20% false negatives). These findings provide promising
ways to predict treatment efficacy with a high sensitivity and
specificity for each individual patient, although replication is
needed to establish an applicable tool for clinical use.

Resting State Functional Connectivity to

Predict Treatment Response on Mood

Symptoms
Ten studies investigated the association between resting state and
FC at baseline and treatment response in UD and BD (9, 10, 60–
67) (see Supplementary Table 4 for study details).

Four of these found that greater baseline resting-state FC in
the PFC predicted response to treatment with rTMS applied
to either DLPFC or DMPFC (60–62, 67). Specifically, Ge et
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al. (67) found that both UD and BD patients who responded
well to treatment displayed enhanced contributions to functional
connectivity, namely hyper-connectivity in ACC/VMPFC within
the anterior default mode network (DMN) and DACC/insula
within the salience network. Downar et al. (60) found that at
baseline, UD and BD responders showed increased connectivity
within reward pathways, including left VMPFC, the ventral
tegmental area, and striatum compared with non-responders.
Liston et al. (61) found that baseline hyperconnectivity between
the sgACC and multiple areas of the DMN and central executive
network independently predicted greater clinical improvements
after TMS. Finally, Salomons et al. (62) found that higher
baseline FC between DLPFC and a medial prefrontal cluster
spanning the subgenual cingulate gyrus and DMPFC was
associated with better response to treatment in UD and BD. In
addition, patients with low baseline cortico-thalamic (DMPFC-
medial dorsal thalamus), cortico-striatal (DMPFC-putamen),
and cortico-limbic (sgACC-amygdala and sgACC-hippocampus)
connectivity also experienced a greater response to the treatment
(62).

Among UD patients treated with BATD, responders were
characterized by greater baseline connectivity between the right
insula and right middle temporal gyrus (63). For UD patients
given CBT, remission was predicted by greater positive FC
at baseline with the subcallosal cingulate cortex and three
regions: the dorsal midbrain, VLPFC/insula, and VMPFC (9).
The latter study also compared patients receiving CBT with
those treated with antidepressant medications (escitalopram or
duloxetine). This revealed that negative FC (i.e., anti-correlations
of activity over time) between the same regions was associated
with remission in medication-treated patients (9). The study
thus suggests that the direction of baseline FC can be used to
predict whether an individual is more likely to benefit from
psychotherapy or pharmacotherapy. Finally, assessment of UD
patients with treatment-resistant depression (TRD) receiving
ECT (64) revealed that the brain areas in which resting-
state activity provided the largest contribution in predicting
subsequent remission were the cingulate cortex, medial- and
orbitofrontal cortices, although the direction of connectivity
(increased vs. decreased) was not specified.

Four studies of both UD and BD patients found evidence of
early change in neural activity during resting state that predicted
subsequent response to various biological treatments (10, 62, 65,
66). Specifically, efficacy of rTMS and ECT was associated with
early increase in positive/negative fronto-limbic connectivity,
respectively (62, 65). Also, another study using transcutaneous
vagus nerve stimulation (tVNS) for treatment of UD found that
treatment responders exhibited early increase in left anterior
insula activity after the first treatment session (66). In contrast,
Cheng et al. (10) found that responders to escitalopram were
characterized by early decrease in occipital cortex activity and
increase in DLPFC, DMPFC, andmiddle cingulate cortex activity
only 5 h after initial treatment administration. However, the best
predictor of clinical remission was increased activity in ACC,
midcingulate cortex, and right superior temporal gyrus (STG)
5 h after administration of escitalopram to endpoint. Moreover,
aberrant (increased and decreased, respectively) FC between

cingulate and limbic areas was predictive of response in patients
who were treated with either ECT or rTMS (62, 65).

Interim Summary

Taken together, the findings support the idea that greater positive
fronto-limbic connectivity during resting state at baseline
is predictive of treatment response to a psychotherapeutic
intervention. In contrast, decreased fronto-limbic connectivity is
predictive of response for antidepressant medication treatment.
Additionally, response to antidepressant treatment was
associated with early increase (positive and negative) in
fronto-limbic connectivity during resting state.

Structural Abnormalities to Predict

Treatment Response on Mood Symptoms
Grey Matter

Four studies investigated the association between gray matter
(GM) and treatment response in UD (23, 68–70) (see
Supplementary Table 5 for study details). Two studies found
that at baseline, decreased hippocampal volume and increased
subgenual cingulate gyrus volume, respectively, were associated
with better clinical response to electroconvulsive therapy
(ECT) (69, 70). In addition a study of patients undergoing
pharmacotherapy with fluoxetine found that greater GM volume
at baseline in the ACC, insula, and right temporo-parietal
cortex predicted faster and better symptom improvement (23).
In keeping with this, one study of patients undergoing either
pharmacotherapy with fluoxetine or CBT found that clinical
remission to pharmacotherapy was predicted by greater GM
volume density in the right rostral ACC, left PCC, whereas
no prediction was found for CBT (68). Two studies have
investigated the association between early change in GM and
treatment efficacy to ECT (69, 70). These revealed early increase
in hippocampal and amygdala volume (as well as in clinical
symptoms) that is observable already after two ECT sessions
and that this increase in volume (and the improved symptoms)
predicted subsequent response to ECT (69, 70). Redlich et al. (70)
also found increased GM volume in left hippocampus in patients
receiving ECT over time (mean 6 weeks), pointing to a reversal
of hippocampal volume loss in these patients.

White Matter

Four studies investigated whether white matter (WM) integrity
is predictive of treatment efficacy (71–74) (see Supplementary
Table 5 for study details). A study of WM integrity in BD patients
undergoing treatment with the atypical antipsychotic lurasidone
showed that greater baseline fractional anisotropy (FA) in
multiple regions, including tracts in the frontal and parietal lobes,
predicted greater reduction in depressive symptoms (74). The
other two studies investigated WM integrity in UD undergoing
treatment with escitalopram (71, 72). One study found that
remission was predicted by a pattern of higher FA in the
cingulum cingulate tract (that connects the cingulate gyrus to
the hippocampus) and lower FA in the stria terminalis tract (that
connects the hippocampus to the hypothalamus and the rest of
the limbic system) (72). The other study (71) found that lower
baseline FA in the right amygdala tracts originating from the
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mid-brain could distinguish non-remitters from remitters. The
study also showed a correlation between average FA in tracts
to the right amygdala and SSRI treatment response. One final
study examiningWM integrity in BD undergoing chronotherapy
(a combination of total sleep deprivation and morning light
therapy) observed how the degree of reduction of WM integrity
also biases the efficacy of treatment, so that clinical improvement
negatively correlated with WM integrity (73).

Interim Summary

Overall, findings from structural neuroimaging studies point to
lower hippocampal GM volume and greater ACC volume at
baseline being predictors of response to pharmacotherapy and
ECT in UD.

Non-emotional Cognition to Predict

Clinically Relevant Cognitive

Improvements
Only two studies to date have explored the impact of cognitive
performance at baseline on treatment efficacy on cognition
(18, 19) (see Supplementary Table 6 for study details). Both
were based on a randomized controlled study of erythropoietin
(EPO) treatment of patients with BD in partial remission or
with treatment-resistant UD patients. The reports revealed that
patients with cognitive dysfunction at baseline—as reflected by
cognitive performance levels that were ≥1 SD below the norm
on the targeted memory domain (18) or ≥1 on two or more
domains (19) were substantially more likely to achieve treatment
efficacy on cognition than those who were less impaired. This
was not related to simple regression toward the mean with
repeated cognitive testing since no such effect of baseline
deficits was observed in the placebo group (18). In contrast,
subjectively self-reported cognitive difficulties were only weakly
(albeit statistically significantly) associated with better chances
of achieving treatment efficacy on cognition in one (18) but not
the other study (19). Taken together these two studies highlight
the importance of baseline deficits in cognition for treatment
efficacy on cognition. However, further studies with different
interventions are necessary before any firm conclusions can be
drawn regarding the impact of baseline cognition on the chances
of treatment efficacy on cognitive impairment.

DISCUSSION

Overall Findings
There is a pressing need for insight into how we can
most effectively adapt treatments for mood disorders to the
individual patient. This systematic review identified sixty
functional or structural neuroimaging and/or behavioral studies
of baseline and early change biomarkers that were predictive
of subsequent clinical efficacy on either depressive symptoms
or cognitive impairments. An overview of the results is
presented in Figure 2. The vast majority of studies (58 of
60) focused on delineating predictors of treatment response
on depressive symptoms. The most consistent predictors of
mood improvement were heightened PFC top-down control
and greater recruitment of ACC and/or lowered limbic

reactivity to negative emotional stimuli as well as high
behavioral performance on non-emotional cognitive tests
at baseline. Specifically, lower baseline reactivity in limbic
and occipital regions coupled with greater recruitment of
dorsal and medial PFC regions seems to predict better
response to pharmacotherapy. Further, early treatment-related
increase in happiness recognition and modulation of neural
activity to negative stimuli in the cortico-limbic circuitry
were found in several studies to predict response to several
biological treatments. In contrast, greater baseline reactivity
in limbic regions and lower PFC response to negative
information, greater fronto-striatal connectivity as well as
sustained ACC activity to reward stimuli were the most
consistent predictors of response to psychological interventions.
In addition, resting state fMRI studies showed some evidence
for lower fronto-limbic connectivity at baseline and for an
early increase in fronto-limbic connectivity predicting response
to pharmacological interventions. In contrast, more positive
fronto-limbic connectivity was found in resting state fMRI
studies to predict response to psychotherapeutic interventions.
Finally, lower baseline hippocampal GM volume, greater ACC
volume and greater FA were found in structural neuroimaging
studies to predict response to pharmacotherapy and ECT, while
one study found that increased volume in hippocampus and
amygdala after only two ECT sessions predicted later clinical
response. In contrast to the large number of studies investigating
predictors of mood improvement, only two studies investigated
baseline predictors of treatment efficacy on cognition. These
randomized, controlled studies revealed preliminary evidence
for a strong association between objectively measured cognitive
deficits at baseline and subsequent clinically relevant cognitive
improvement. Notably, no published studies explored whether
improvement in cognition could be predicted by neuronal
response during cognitive testing, resting state functional
connectivity or structural neuroimaging measures.

Emotional Cognition and Resting State

Neural Activity as Biomarkers of Efficacy

on Mood
Neural responses to emotional stimuli as well as functional
connectivity during resting state seem to differentially predict
treatment response to pharmacotherapy vs. psychological
interventions and thereby aid treatment selection. For
pharmacotherapy, the studies showed the best treatment
response for patients exhibiting close to “normal” neural
responses (i.e., low limbic reactivity and high PFC top-down
control). Pharmacotherapy is hypothesized to normalize
aberrant fronto-limbic activity to emotional stimuli by reducing
the overwhelming influx of automatic negative cues early in
treatment (75). This may explain why pharmacotherapy is
more effective for patients with less aberrant neural network
dysfunction. Regarding psychotherapy, the findings support
the notion that heightened neural and cognitive reactivity (i.e.,
enhanced functional connectivity between limbic and prefrontal
regions) are predictors of treatment response. It is tempting
to speculate that patients with such greater limbic reactivity
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FIGURE 2 | An overview of identified main predictors of treatment response.

to emotional stimuli may also engage more emotionally in
psychotherapy and thereby benefit more from this type of
intervention. Further, therapy can help patients restore the
network dysfunction by strengthening their conscious PFC
top-down control through cognitive reappraisal and cognitive
restructuring of negative automatic thoughts (42, 76). This
is interesting as functional neuroimaging studies of PTSD
patients treated with CBT show that excessive fear processing
of emotional stimuli in the limbic system is associated with
poor clinical improvement (77). This is opposite to our findings
on mood disorders and therefor underlines the importance of
differentiating the profiles of the patients with affective disorders
including anxiety disorders.

Non-emotional Cognition, Neural Activity

and Structural Measures as Biomarkers of

Efficacy on Mood
Overall, the included studies reported highly consistent evidence
for better performance on non-emotional cognitive tests as
a predictor of antidepressant treatment efficacy on mood
symptoms. In addition, greater ACC volume and FA at baseline,
as well as early volume increase in limbic regions, were
predictors of response to biological treatments. Taken together,
the greater cognitive performance and PFC volume in treatment
responders may reflect greater capacity for neuroplasticity
and is consistent with evidence for a link between good
treatment prognosis and a cognitive reserve (i.e., the brain’s
capacity to compensate for neuropsychological damage and
ability tomaximize performance through recruitment of different
brain networks and cognitive strategies) (8). Notably, lower
hippocampal volume at baseline was also a predictor of
treatment response (69, 70). This is interesting since longer
duration and greater severity of depression are associated
with more hippocampal volume reduction (78, 79). In light

of these findings, the association between lower hippocampal
volume and better treatment response could suggest that
enhancement of hippocampal plasticity and neurogenesis
may be key mechanisms of antidepressant drug treatment
(80).

The findings from fMRI investigations on neural activity
during non-emotional tests were generally unclear. Specifically,
some studies found that lower task-related PFC activity during
unsuccessful inhibition as well as a verbal working memory tasks
at baseline predicted treatment response (52, 58), while other

studies found that greater task-related PFC activity predicted
treatment response (51), or that a combination of lower and
higher task-related activity at baseline were predictors (i.e.,

lower activity in perigenual, medial OFC, and middle frontal
cortices with greater activation in ventral-caudal putamen) (57).
However, the overall most consistent predictor of treatment

response seems to be lower response in prefrontal regions (in
the absence of differences in cognitive performance) suggesting

that those patients with the most efficient brain functioning (i.e.,
closer to normal with less recruitment of prefrontal resources
during cognitive testing) responded better to pharmacological

treatment. This adds to the notion that better brain function at
baseline is a predictor of treatment response. Considering this,
the discrepancies in results are likely due to the features of the
different cognitive tasks employed (e.g., tests of psychomotor
speed vs. executive functioning), as well as task difficulty,
which have considerable effects on the strength and extent
of the neural response (52). Other possible reasons for the
discrepancies are patient selection (e.g., the severity of the
depressive illness, illness course, inpatients vs. outpatients)
and treatment modalities (different medications and clinical
trial methodologies), as different pharmacological interventions
might have subtle differences in mechanisms and therefore also
different neuropsychological profiles for the responders.

Frontiers in Psychiatry | www.frontiersin.org 9 July 2018 | Volume 9 | Article 337130

https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Seeberg et al. Treatment Predictors in Mood Disorders

Non-emotional Cognition as an Emerging

Biomarker of Efficacy on Cognition
The emerging evidence for an association between cognitive
dysfunction at baseline and patients’ chances of achieving
treatment efficacy on cognition has potential significance for
future trials targeting cognition and for future clinical treatment
of patients’ cognitive deficits. Specifically, this association
suggests that future intervention studies may improve their
chances of demonstrating treatment efficacy by pre-screening
patients for cognitive impairments before trial entry (18, 19).
In addition, the use of a brief objective cognitive screener
seems feasible for clinical decisions regarding which patients
should be given a treatment for neurocognitive impairments
rather than mood symptoms. However, notably this evidence
comes from only two studies, and there is a remarkable
absence of research into functional and structural neuroimaging
predictors of treatment efficacy on cognition. This is a major
impediment for development of better treatment strategies to
target cognition. This issue and other major methodological
challenges in cognition trials in mood disorders were recently
addressed by a global task force of international experts in the
field under the International Society for Bipolar Disorders (ISBD)
(8, 16). The absence of insight into neuroimaging biomarkers for
efficacy on cognition impedes insight into neurobiological targets
of pro-cognitive interventions (8). Future cognition trials are
therefore encouraged to implement neuroimaging assessments
to increase our insight into the neurobiological predictors of
cognitive improvements.

Limitations
A limitation of this systematic review was that the included
studies did not consistently report on patient demographics (e.g.,
the severity of the depressive illness, illness course, inpatients
vs. outpatients), and hence these factors were not controlled
for. Also, the inclusion criterion for study design was non-
specific and did not only include randomized controlled studies,
adding to a question of study quality. Adding to this, another
methodological limitation to the present systematic review is
that only original peer-reviewed articles were included, and
a current matter in neuroimaging literature is that studies
with small sample sizes or negative results may be prone
to publication bias (81, 82). However, the present systematic
review followed the PRISMA guidelines including multiple
procedures for identification of articles, thus limiting risk of
bias (21). Nevertheless this review provides a landscape overview

of prediction biomarkers for treatment efficacy on depressive
symptoms and cognition in both unipolar and bipolar depression
by combining neuroimaging and behavioral findings. This
integrated understanding of pre-treatment and early change
biomarkers are only preliminary, though very promising andmay
have a great impact in the clinical assessments of patients to aid
in efficient treatment strategies.

CONCLUSION

In conclusion, this systematic review revealed several
promising baseline biomarkers for prediction of treatment
efficacy on mood symptoms including behavioral and neural
measures of emotional and non-emotional cognition as
well as cortico-limbic functional connectivity. The review
also highlights a need for more studies of early treatment-
related changes in these measures, since recent emerging
evidence points to informative early change in emotional
and non-emotional cognition before any clinical response
in symptom reduction. While cognition is a new important
treatment target in mood disorders, only two studies assessed
the predictors of treatment response on cognition. These
two reports found greater chances of treatment efficacy on
cognition in patients presenting objective cognitive deficits at
baseline. Nevertheless, there is a paucity of studies examining
predictors of treatment-associated cognitive improvement.
This highlights a pressing need for further investigation of
cognitive measures and associated neuronal networks that can
guide in the development of new treatment strategies targeting
cognition.
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Background: Since the neurotrophic hypothesis of depression was formulated,

conflicting results have been reported regarding the role of growth factor proteins in

depressed patients, including whether there are state or trait alterations found in patients

compared to controls and whether they represent predictors of treatment response.

Recently it has been hypothesized that heterogeneity of findings within this literature

might be partly explained by participants’ history of treatment-resistant depression.

This study aimed to investigate the role of growth factor proteins in patients with

treatment-resistant depression (TRD) undergoing an inpatient intervention.

Methods: Blood samples were collected from 36 patients with TRD and 36 matched

controls. Patients were assessed both at admission and discharge from a specialist

inpatient program. We examined serum biomarker differences between patients and

non-depressed matched controls, longitudinal changes after inpatient treatment and

relationship to clinical outcomes. Additionally, the influence of potential covariates on

biomarker levels were assessed.

Results: Patients displayed lower serum levels of brain-derived neurotrophic factor

(OR= 0.025; 95% CI= 0.001, 0.500) and vascular endothelial growth factor-C (VEGFC;

OR = 0.083, 95% CI = 0.008, 0.839) as well as higher angiopoietin-1 receptor

(Tie2; OR = 2.651, 95% CI = 1.325, 5.303) compared to controls. Patients were

stratified into responders (56%) and non-responders (44%). Lower VEGFD levels at

admission predicted subsequent non-response (OR = 4.817, 95% CI = 1.247, 11.674).

During treatment, non-responders showed a decrease in VEGF and VEGFC levels, while

responders showed no significant changes.

Conclusion: TRD patients demonstrate a deficit of peripheral growth factors and our

results suggest that markers of the VEGF family might decline over time in chronically
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depressed patients in spite of multidisciplinary treatment. The action of angiogenic

proteins may play an important role in the pathophysiology of TRD, and pending

comprehensive investigation may provide important insights for the future of precision

psychiatry.

Keywords: depression, neurogenesis, growth factor, brain derived neurotrophic factor, treatment-resistant

depression, biomarker, precision medicine

INTRODUCTION

Major Depressive Disorder (MDD) is now considered the
leading cause of disability worldwide (1). Understanding the
pathophysiology of this disorder is essential to optimizing
treatment, however the underlying neurobiological mechanisms
are still not fully understood. The neurotrophic and neurogenic
hypothesis of depression (2) postulates that stress-induced
alterations in neurotrophic action mediate reduced adult
neurogenesis and volume reductions in the hippocampus which
ultimately increase risk for mood disorders (3). Antidepressant
use is hypothesized to reverse this process and increase the
proliferation of progenitor cells by stimulating the production
of growth factors, molecules responsible for neurogenesis and
maintenance of neural networks (4, 5).

Evidence for a role of growth factors in the pathophysiology
of depression has come from clinical studies mainly investigating
brain derived neurotrophic factor (BDNF), a neurotrophin
involved in processes of neuronal maturation, synapse formation
and synaptic plasticity (3), and vascular endothelial growth
factor (VEGF or VEGFA), an angiogenic factor also possessing
neurotrophic and neuroprotective properties (6, 7).

Research has reported lower BDNF levels in post-mortem
brains of depressed patients compared to non-depressed controls
(8–10), although these appear to be higher in those patients who
had taken antidepressants (11). Low levels of BDNF have also
been found in the blood of depressed patients, with increases
reported following antidepressant treatment (12–14).

On the contrary, levels of VEGF tend to be elevated in
depressed patients (15, 16), although a number of studies have
reported no significant differences compared with non-depressed
controls (see (17) for a review). The effects of antidepressants
on VEGF are also not clear-cut, with some studies reporting
no changes (18–21), one reporting a decrease (22) and one
reporting an increase correlated with improvement of depressive
symptomatology (23).

Recently, resistance to treatment has been suggested as
a potential confounding factor in this field of research
(17). Treatment-resistant depression (TRD) is common and
contributes substantially to the burden of depression (24). More
pronounced reductions of proteins central to cellular growth and
proliferation might be expected in patients with TRD, which
could be a risk factor and/or consequence of an unsuccessfully
treated affective illness. Indeed, limited research has found lower
BDNF levels in TRD than both non-depressed controls and
treatment-responsive patients (25). Measuring a similar cohort
to the present study, Carvalho et al. identified non-significantly
lower VEGF levels in participants with TRD who did not go

on to respond to an inpatient treatment package than responder
participants [p= 0.058; (26)].

Research to date has not identified sufficiently consistent
effects to progress the pathway toward precision medicine,
perhaps in part due to studying heterogeneous depressed groups
and limited trophic biomarker panels. We aimed to address these
drawbacks by examining a severe TRD population (alongside
non-depressed, matched controls) and monitoring them during
a naturalistic course of inpatient treatment in addition to
a long-term follow-up. Alongside the well-researched BDNF
and VEGF, we also considered six growth factors that play a
role in neurogenesis and maintenance of neural connections
but have never been investigated in TRD; due to the scant
evidence in our possession surrounding their role in depression,
these comparisons were exploratory in nature. We therefore
test three main two-tailed hypotheses: First, that patients and
controls would differ in levels of growth factors; second, that
growth factor levels would change between pre- and post-
treatment assessments; and third, that protein levels would differ
between subsequent responders and non-responders to inpatient
treatment.

MATERIALS AND METHODS

This study was approved by the Camberwell & St. Giles NHS
Research Ethics Committee (TRD patients; reference 322/03)
and King’s College London Research Ethics Committee (non-
depressed controls; reference PNM/12/13-152). In accordance
with the recommendations of the Declaration of Helsinki,
all participants provided written informed consent prior to
participation.

Participants
TRD Patients

A cohort of 36 TRD patients were naturalistically recruited and
treated within a specialist inpatient unit for treatment-resistant
mood disorders (National Affective Disorders Unit, South
London andMaudsley NHS Foundation Trust, UK). Assessments
took place as close as possible after admission, and before
discharge; mean treatment duration 6 months. Patients met
inclusion criteria if they had a primary diagnosis of an affective
disorder (unipolar or bipolar) and were currently depressed,
defined as a score≥8 using theHamiltonDepression Rating Scale
[HDRS-17; (27)]. The diagnosis was defined following DSM-
IV and ICD-10 criteria, assessed using the Mini International
Neuropsychiatric Interview [MINI; (28)] and confirmed by
two psychiatrists and a screening of patients’ records. Upon
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admission, all patients were treatment-resistant, defined by a
score >7.5 using the Maudsley Staging Method [MSM; (29)],
and taking medications. Patients underwent a multidisciplinary
intervention, including pharmacological, psychological and
occupational treatment, as well as electroconvulsive therapy
(ECT) in some cases, however not all participants underwent
all types of treatment. All patients completed non-biological
measures at both time points, and blood collection at admission;
7 patients were unavailable for venepuncture measurement at the
discharge time point.

Control Participants

36 non-depressed controls were selected from the South East
London Community Health study (SELCoH) based on closeness
of matching to the TRD sample in age, gender and BMI
[see (30) for more information regarding the SELCoH study].
Control participants did not meet criteria for current psychiatric
disorders measured using the Clinical Interview Schedule-
Revised (31) and did not have significant depressive symptoms
as indicated by a score <10 on the Patient Health Questionnaire
(32).

Measures
Biomarkers

Levels of eight different biomarkers were measured:
angiopoietin-1 receptor (Tie2), brain-derived neurotrophic
factor (BDNF), vascular endothelial growth factor (VEGF),
vascular endothelial growth factor-C (VEGFC), vascular
endothelial growth factor-D (VEGFD), placental growth factor
(PlGF), basic fibroblast growth factor (bFGF), and soluble
fms-like tyrosine kinase-1 (sFlt1; also termed soluble VEGF
receptor-1). Blood for serum samples (1 × 5ml tube) was
collected in the morning between 9 and 11 a.m. Following
complete clotting, the tubes were centrifuged and serum
extracted, transferred into cryovials and frozen (between −40◦

and −80◦C). Serum concentrations of biomarkers were assayed
in duplicate with ultra-high sensitivity Meso Scale Discovery
(MSD) V-plex kits (Meso Scale Diagnostics, Maryland, USA),
shown to be a reliable measurement tool (33). Unless otherwise
stated, protein levels are reported in pg/ml.

Non-biological Assessments

These were conducted in the TRD group only. Depression
severity was measured using a clinician-administered rating scale
[HDRS-17; (27)], with treatment response defined as more than
50% reduction in scores between admission and discharge time
points. Severity of treatment resistance was assessed at admission
using the Maudsley Staging Method [MSM; (29)]. History of
childhood adversity was measured using the Childhood Trauma
Questionnaire [CTQ; (34)]. Cognitive impairment was assessed
at admission using the Mini-Mental State Examination [MMSE;
(35)]. Physical health was assessed at admission using the
Modified Cumulative Illness Rating Scale [MCIRS; (36)], with
the total score calculated excluding the item pertaining to mental
health. Demographic data was obtained at admission. Number
of medications were recorded at each time point, and changes
during treatment were noted at discharge.

Statistical Analyses
Raw biomarker data was standardized using logarithmic
transformation (base log10) before undergoing analyses. All
data analyses were carried out using bootstrapping, with 1000
generated samples.

Primary Analyses

Logistic regressions and paired t-tests were used to test the
primary null hypotheses, testing differences between responders
and non-responders. Conditional logistic regressions compared
the differences in biomarker levels between individually matched
TRD patients and controls at each time point, accounting
for gender, age and BMI. Other covariates were individuated
using correlational analyses (see below; secondary analyses) and
added to the relevant regression model if both correlations
and unadjusted analyses were significant. Repeated measures
ANOVAs were performed to identify changes in biomarker levels
after treatment, using time as the within-subject variable.

Due to the number of comparisons, a False Discovery Rate
(FDR) control for multiple testing was applied to primary
analyses to reduce the probability of type I error. Thus,
uncorrected p values< 0.05 are reported as tentatively significant
findings and q values < 0.1 as significant (37).

Secondary Analyses

Paired sample t-tests were performed to examine longitudinal
changes in the responder and non-responder groups individually.
Pearson’s correlations tested for possible association between
different biomarkers, as well as between biomarkers and
potential covariates in the TRD group, namely depression
severity at admission and discharge, childhood trauma, cognitive
impairment, physical health, severity of treatment-resistance,
number of medications, and number of medication changes
during inpatient treatment (i.e., starting or stopping an
antidepressant medication, but not changes in dosage).

RESULTS

Sample Characteristics
There was a preponderance of female participants (n = 42;
male = 30). Mean age at admission was 54.54 (SD = 13.85).
Mean BMI was 28.19 (SD = 5.16). Descriptive statistics for
demographic and biomarker data can be found in Table 1. 20
patients (55.6%) were classified as responders, and 16 patients
as non-responders (44.4%). The two subgroups did not differ in
other clinical or sociodemographic factors. Mean values for all
measures, including scores from questionnaires, can be found in
supplementary material (Supplementary Table 1).

Biomarker Characteristics
As BDNF levels obtained for one participant in the control group
did not reach the lowest limit of detection (LLOD, 30 pg/mL;
Meso Scale Diagnostics, Maryland, USA), this datumwas initially
replaced by half of the LLOD (38), but the dataset became highly
skewed, thus this datum was excluded from the dataset. No
other biomarker data was outside of detectable limits. Several
variables had slightly skewed or kurtotic distributions; where
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TABLE 1 | Participant characteristics.

Non-depressed controls (n = 36) TRD patients (n = 36) p-value

Log-mean (SD) Range Log-mean (SD) Range

Age 54.48 (13.78) 28–80 54.55 (14.30) 26–83 0.970

BMI 28.11 (4.64) 20.20–41.60 28.22 (5.75) 18.00–46.00 0.930

Biomarker levels (log-pg/ml)

Pre-treatment Tie2 3.57 (0.12) 3.32–3.84 3.66 (0.07) 3.38–3.84 0.006*

PlGF 1.44 (0.15) 1.16–1.82 1.43 (0.13) 1.04–1.71 0.547

VEGF 2.50 (0.30) 1.84–3.05 2.53 (0.41) 1.55–3.31 0.652

VEGFC 2.55 (0.15) 2.30–2.91 2.45 (0.29) 1.72–2.85 0.045*

VEGFD 2.87 (0.19) 2.29–3.16 2.77 (0.20) 2.21–3.46 0.087

bFGF 0.70 (0.31) −0.10–1.23 0.53 (0.63) −1.22–1.94 0.084

sFlt1 1.90 (0.13) 1.65–2.30 1.89 (0.12) 1.51–2.17 0.627

BDNF 4.28 (0.17) 3.68–4.63 4.04 (0.37) 3.02–4.42 0.012*

Biomarker levels (log-pg/ml)

Post-treatment Tie2 3.68 (0.08) 3.57–3.88 0.010*

PlGF 1.48 (0.08) 1.30–1.64 0.295

VEGF 2.44 (0.57) 1.57–3.37 0.728

VEGFC 2.28 (0.48) 1.07–2.80 0.007*

VEGFD 2.79 (0.19) 2.08–3.22 0.196

bFGF 0.66 (0.53) −0.39–1.77 0.572

sFlt1 1.87 (0.13) 1.52–2.10 0.354

BDNF 4.10 (0.25) 2.98–4.40 0.126

*Different between patients and controls (p < 0.05)

Other factors did not differ between patient and control groups, as indicated by p-values. For TRD patients as a whole group, no biomarker changes occurred during treatment.

this affected statistical test assumptions, the relevant variable was
standardized using z scores prior to regression analyses.

Differences Between Patients and Controls
Conditional logistic regressions demonstrated three biomarkers
as significantly different between the TRD and control groups at
both time points. Tie2 was significantly higher in TRD patients
[admission: X²(1) = 11.67, p = 0.006, q = 0.048; discharge:
X²(1) = 11.82, p = 0.010, q = 0.070]. VEGFC was significantly
lower in the TRD group [admission: X²(1) = 3.33, p = 0.045,
q = 0.270; discharge: X²(1) = 7.85, p = 0.007, q = 0.056].
Lower BDNF was also found in TRD participants [admission:
X²(1) = 11.92, p = 0.012, q = 0.084) but was not significant
at discharge [X²(1) = 5.56, p = 0.126]. Visual representations
of these differences are depicted in Figure 1. Table 2 details
the conditional logistic regressions used to compare protein
levels between these matched groups of TRD and non-depressed
groups. Finally, due to the wide age range we presented scatter
plots of BDNF, Tie2 and VEGFC in correlation with age in
patients and controls; these were not significantly related (see
Supplementary Figure 1).

Biomarkers as Predictors of Response
High admission VEGFD predicted response with tentative
significance (responder 2.83 ± 0.17 vs. non-responder 2.69 ±

0.21, respectively), as shown in Figure 2 [X²(1) = 5.38, p =0.014,
q = 0.112]. A trend for higher BDNF levels in responders at

admission was also found, however it did not reach significance
(p= 0.067, q= 0.462).

Changes Following Inpatient Treatment
Analyses revealed no significant overall differences between
biomarker levels at admission and discharge (pre- and post-
treatment protein levels are outlined in Table 1). However, after
stratifying based on response, paired samples t-tests showed that
non-responders experienced a decrease in VEGF and VEGFC
during treatment [VEGF: t(11) = 2.87 p = 0.015, q = 0.120;
VEGFC: t(11) = 2.71, p = 0.020, q = 0.140], while responders’
levels did not change (VEGF: p =.491; VEGFC: p =.957); see
Figure 3.

Secondary Analyses
Two independent samples t-tests compared biomarker
levels between patients diagnosed with unipolar and bipolar
depression, both at inpatient admission and discharge. bFGF
levels at admission were higher in unipolar (M =.69, SD =.58)
compared to bipolar patients (M= 0.22, SD= 0.65); t(34) = 2.19,
p=0.038. No significant differences were identified at discharge.

Most biomarkers were inter-correlated, with the exception of
BDNF which was not correlated with any other proteins.

Importantly, levels of biomarkers were not associated with
depression severity at either time point. Significant correlations
were found between biomarkers and other covariates: Tie-2
levels at admission positively correlated with BMI (r = 0.46,
p = 0.024), while admission VEGFC levels were negatively
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FIGURE 1 | Comparison of protein levels between controls (white bar) and TRD patients on admission (black bar) and discharge (gray bar) from the inpatient unit, for

(A) Tie2, (B) VEGF C and (C) BDNF. Error bars show standard error. Note that axes have been cut according to protein levels expressed to clearly depict group

differences. *, significantly different from controls at p < 0.05. **, significantly different from controls at p < 0.01.

correlated with both BMI (r = −0.45, p = 0.027) and poorer
physical health score (r = −0.47, p = 0.022). PlGF levels at
admission positively correlated with both number of medications
(r = 0.50, p= 0.013) and number of changes in medications that
occurred subsequently during treatment (r = 0.44, p = 0.029).
Similarly, bFGF levels at admission positively correlated with
number of medications taken (r = 0.50, p = 0.013) and levels
at discharge negatively correlated with number of changes in
medication that had taken place since the baseline research
assessment (r = −0.55, p = 0.014). Non-biological variables
did not differ between responders and non-responders (see
Supplementary Table 1).

DISCUSSION

The findings from this study may have notable implications for
more personalized, predictive approaches to treatment selection
for people with depression who have not responded to multiple
treatments. Results from the main analyses showed that Tie2
levels were higher in TRD patients than controls, while VEGFC
and BDNF were lower in the TRD participants. The BDNF
finding replicates two previous clinical studies on TRD (25, 39),
which appear to indicate an association between resistance to

pharmacological treatment and extremely low levels of BDNF,
with implications for the role of neurogenesis and neuroplasticity
in therapeutic response. If BDNF expression mediates the action
of antidepressants on neural birth and maintenance, patients
with low availability of this growth factor may necessitate other
forms of therapy in order to elicit a meaningful response. The
minimisation of this difference by discharge from this specialist
inpatient program support this theory, although we note there
were not differences identified between responders and non-
responders.

Interestingly, levels of VEGF were not significantly different
between patients and controls. Previous work has found levels of
VEGF in depressed patients to be either higher than or the same
as those found in controls (15–17), and TRD has been proposed
as a potential confounder responsible for this heterogeneity. It
has been suggested that patients with non-resistant depression
display higher VEGF levels, representing a neuroprotective
attempt by specific brain structures in response to stress (17). On
the other hand, patients with TRD fail to present this automated
reaction, preventing response to antidepressants. Our data could
support this hypothesis by indicating no difference between
VEGF levels in TRD patients and controls, though responders
and non-responders also did not differ in VEGF levels.
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TABLE 2 | Conditional logistic regression of biomarker levels (TRD vs. control

group; N = 72).

Biomarker OR X2 95% Confidence intervals p

Lower Upper

PRE-TREATMENT

Tie2 2.651 11.672 1.325 5.303 0.006*

PlGF 0.344 0.383 0.011 10.386 0.547

VEGF 1.365 0.216 0.366 5.089 0.652

VEGFC 0.159 3.327 0.018 1.362 0.045*

VEGFD 0.118 3.738 0.011 1.220 0.087

bFGF 0.288 2.949 0.124 1.209 0.084

sFlt1 0.377 0.273 0.009 15.098 0.627

BDNF 0.025 11.921 0.001 0.500 0.012*

POST-TREATMENT

Tie2 3.008 11.823 1.308 6.917 0.010*

PlGF 1.326 1.156 0.781 2.251 0.295

VEGF 0.818 0.123 0.266 2.519 0.728

VEGFC 0.083 7.853 0.008 0.839 0.007*

VEGFD 0.128 2.064 0.007 2.475 0.196

bFGF 0.681 0.413 0.209 2.220 0.572

sFlt1 0.201 0.809 0.006 7.007 0.354

BDNF 0.028 5.557 0.001 1.338 0.126

*Different between patients and controls, at both p < 0.05 and q < 0.1.

OR, odds ratio; x2, Chi-square.

Other factors did not differ between patient (n = 36) and control groups (n = 36) following

FDR control for multiple comparisons.

FIGURE 2 | VEGF D levels in controls, responders and non-responders before

starting treatment. Error bars show standard error. Note that axes have been

cut according to protein levels expressed to depict differences clearly. Lower

VEGFD predicted subsequent non-response to treatment (p = 0.014).

*, subsequent non-responders significantly different from responders at p <

0.05.

VEGFC levels were lower in TRD patients than controls.
VEGFC has not yet, to our knowledge, been investigated in
depression, however it belongs to the same protein family of

FIGURE 3 | Protein changes in non-responders and responders pre- and

post-treatment, for (A) VEGF and (B) VEGF-C levels. Error bars show standard

error. Note that axes have been cut according to protein levels expressed to

depict differences clearly. *, The interactions of response status were

significant at p < 0.05, rather than cross-sectional differences between

responder and non-responder patients.

VEGF, and the two were highly correlated (p< 0.001). This could
indicate that low availability of growth factors belonging to the
VEGF network may be associated with TRD.

Finally, Tie2 was found to be higher in TRD patients
compared to controls. Despite the paucity of data surrounding
Tie2’s function in depression (and absence of data in TRD), this
result may be representative of increased inflammatory signaling
(40), as would be expected in these patients (41, 42).

After stratifying participants based on treatment response,
analyses indicated a decrease of VEGF and VEGFC over time,
only in non-responders. Previous studies have found response
not to interact with VEGF changes during pharmacological
treatment for non-TRDdepressed samples (18, 19, 21). Our result
could suggest that while an increase in VEGF is not necessary
for the therapeutic effects of antidepressants, the non-responders’
decrease may represent a progressive loss of neurotrophic action.
It is notable here that the treatment period averaged at 6 months,
which is of longer duration than themajority of previous research
studies within this literature.

No changes were seen in levels of BDNF following
antidepressant treatment, contrasting theories that an increase
in the availability of this biomarker is a key mechanism in
antidepressant action (43). It is likely that these inconsistencies
stem in part from heterogeneity of type of treatment, as well
as clinical profile and time length between measurement points,
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as appears to pervade biological research in depression (44).
Specifically, all patients were taking multiple pharmacotherapy
throughout the admission and for the majority of patients this
included mood stabilizer medications, which in this sample were
far more frequently taken (27/36 patients) than monoaminergic
medications (20/36 patients), although both have been posited to
upregulate BDNF (43).

Non-responders displayed significantly lower levels of
VEGFD at admission compared to responders. This is, to
our knowledge, the first study to examine VEGFD levels in
patients with depression, but in addition to its angiogenic and
lymphangiogenic functions, this protein also helps to restore
and maintain dendritic complexity in the hippocampus (45).
Thus, lower levels before antidepressant treatment may have
contributed to the reduced clinical benefits for non-responder
patients. In similar vein, VEGF has been studied as a potential
predictor of antidepressant response, twice in TRD samples.
In a recent study by Clark-Raymond et al. (18) involving 38
MDD patients, higher VEGF levels were found in remitters,
compared to patients who did not respond to pharmacological
therapy. Likewise, Carvalho et al. (26) found a trend for lower
levels of VEGF in a small sample of non-responder TRD
patients, and Minelli et al. (46) found that lower levels of
VEGF predicted lack of response to ECT in a large cohort
of 67 TRD patients. In the latter study, VEGF predicted
response to ECT but not for another subgroup of MDD patients
receiving pharmacological treatment. The authors argue that
these results indicate a predictive potential of VEGF specific to
TRD. Interestingly, higher levels of VEGF have been found to
downregulate the activity of multi-drug resistance transporter at
the blood-barrier (47), resulting in increased concentrations of
exogenous compounds in the brain, including antidepressants
(48). Thus, a greater availability of VEGF may result in larger
quantity of antidepressant reaching the brain, while low levels
of VEGF in TRD patients (discussed above) may contribute to
a low cerebral concentration of antidepressants, insufficient to
produce a therapeutic response (46). The authors argue that ECT
boosts VEGF availability, thus increasing the effectiveness of
antidepressants. However, a challenge to this hypothesis comes
from the observation that amelioration of symptoms following
ECT is not associated with an increase in VEGF (49). Thus, the
temporal relationship between these two events with regards to
the blood-barrier hypothesis need to be further investigated, as
well as the role played by VEGFD.

Limitations and Future Directions
Not all potentially significant results survived the FDR control
for multiple comparisons. It may be that the smaller effects
of biomarkers predicting response in this study were false
positive findings, or that the small sample size and lack of
consistently strong inter-correlations between proteins caused
these comparisons to be non-significant after FDR control. It is
our hope that future studies will help to elucidate this.

The naturalistic approach adopted in this study allowed
for an unbiased observation of patients within a realistic
clinical environment. The methodological challenges that this
presents should be considered when interpreting these findings.

Particularly, data on the type of medication prescribed for
each patient and which treatments were undertaken during the
inpatient program were highly variable and thus challenging
to model. The vast majority of TRD participants were
undergoing concomitant treatment with antipsychotics and/or
mood stabilizers in addition to monoaminergic antidepressants,
and such combinations may have unknown and unpredictable
effects on growth factor levels. Moreover, data on participation
in ECT would have been essential to explore the hypothesis
that ECT leads to greater percentage of medication entering the
brain following a moderation of the permeability of the blood-
barrier by VEGF (46). These issues require further clarification
and should be addressed by future studies on TRD. It is also
important to consider that growth factor levels are known to
fluctuate in response to a number of variables, including food
intake (50), exercise and sedentary behavior (51, 52), and even
the menstrual cycle (53), representing a common limitation
in this type of clinical study. Furthermore, it is important
to consider that the TRD and control samples were obtained
from two separate studies; as such, differences in sampling
conditions may have affected the results. Finally, reduced follow-
up biomarker data for patients and the small sample size of our
study represent clear limitations. Thus, future research should
focus on replicating these findings in larger samples to confirm
the importance of the VEGF protein family and Tie2, as factors
displaying angiogenic properties have the potential to play a
role in the psychopathology of TRD. Furthermore, in order
to shed light on potential differences between TRD and non-
refractory depression, controlled studies comparing these two
clinical groups are desirable, possibly adopting a longitudinal
design to monitor changes following discharge. Finally, it has
been suggested that our current lack of information on TRD
stems mainly from the post-hoc design of many studies. To solve
this issue, it would be helpful to examine patients at the time of
their initial contact with mental health services, and follow them
to identify whether biomarker levels represent a predictor of risk
of TRD (54).

In conclusion, the present study provides support that
compounds such as BDNF and VEGF are important markers in
treatment-resistant depression and provides new information on
the dynamics of growth factors in TRD. Specifically, longitudinal
activity of VEGF-family members might represent candidates for
stratifying patients based on likelihood of response. Results have
highlighted the importance of angiogenic proteins, which have
the potential to represent unique biomarkers of TRD and may
be involved in mechanisms of response. Although replication
studies in larger samples are needed before definitive conclusions
can be drawn, findings from this study characterize novel trophic
biomarkers that hold promise as new targets for mood disorder
treatment strategies.
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Personalized treatment is defined as choosing the “right treatment for the right person

at the right time.” Although psychiatry has not yet reached this level of precision, we

are on the way thanks to recent technological developments that may aid to detect

plausible molecular and genetic markers. At the moment there are some models that

are contributing to precision psychiatry through the concept of staging. While staging

was initially presented as a way to categorize patients according to clinical presentation,

course, and illness severity, current staging models integrate multiple levels of information

that can help to define each patient’s characteristics, severity, and prognosis in a more

precise and individualized way. Moreover, staging might serve as the foundation to create

a clinical decision-making algorithm on the basis of the patient’s stage. In this review we

will summarize the evolution of the bipolar disorder staging model in relation to the new

discoveries on the neurobiology of bipolar disorder. Furthermore, we will discuss how

the latest and future progress in psychiatry might transform current staging models into

precision staging models.

Keywords: bipolar disorder, staging, biomarkers, personalized psychiatry, prevention

INTRODUCTION

Bipolar disorder is a chronic psychiatric condition characterized by mood swings with both
manic and depressive symptoms (1). Despite this general picture, bipolar disorder is a highly
heterogeneous condition regarding clinical presentation, response to treatment and functional
outcome (2, 3). Subsequent DSM and ICD versions have increasingly reflected this heterogeneity,
for instance, by adding diagnosis and course specifiers (4). Still, the focus of current systems of
classification remains largely cross-sectional and limited to clinical features (5). Moreover, these
criteria apply to people with established disorder, but miss people in the prodromal phases of the
illness (4).
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Emerging data points to the need of a broader approach
to bipolar disorder. There is increasing evidence that bipolar
disorder is a neuroprogressive disorder, meaning that longer
duration of the disease entails more pronounced changes at
the clinical and neuropathological level, which may lead to
treatment refractoriness and neuropsychological deficits (6, 7).
Moreover, several studies support the notion of a prodromal
stage before illness onset (8). In an attempt to introduce a
longitudinal perspective of the illness in the diagnostic process
which would include the earliest phases of bipolar disorder and
guide treatment and prognosis, some authors have suggested
incorporating the staging model in psychiatry (9–13).

The staging model is based on the concept that an illness
progresses following an identifiable temporal progression, from
at-risk or prodromal stages to chronic ones (10). Moreover,
considering the neuroprogressive course of psychiatric disorders,
the staging model assumes that treatment needs and response
may differ according to stage. While early stages of the disease
might show a better response to simpler treatment regimens,
chronic stages might need more complex treatments and still
show less clinical improvement (14). Consequently, defining the
stage in which the patient is located may help clinicians to choose
the treatment that is better adapted to the patient’s needs (14).
Additionally, the administration of a timely treatment precisely
adapted to the stage in which the patient is located might modify
or even prevent the progression to subsequent stages of the
disease (10).

The staging model in bipolar disorder has been in constant
development since its introduction in psychiatry. As new
evidence on bipolar disorder has emerged, staging models were
refined according to these new findings. In spite of this, experts
supporting the staging model still warn that this model gives a
standard vision of the progression of the disorder that might not
suit every patient (15, 16).

New advances in the field of biological markers (e.g.,
molecular and neuroanatomical markers of illness vulnerability
and/or progression), genetics (e.g., genetic markers or
pharmacogenomics) or computer science (e.g., machine
learning approaches) might provide current staging models
of a higher level of precision regarding diagnosis, prognosis,
and treatment choice (15, 16), allowing a more personalized
approach to the patient.

The aim of this review is to summarize the evolution of
the staging model in bipolar disorder in relation to the new
discoveries on the course and neurobiology of the disease.
Furthermore, we will discuss how the latest and ongoing
progresses in psychiatry might transform current staging models
into precision staging models.

THE EVOLUTION OF STAGING MODELS IN
BIPOLAR DISORDER

The Dawn of Staging in Psychiatry: Fava
and Kellner Staging Model (1993)
Fava and Kellner, in 1993, first proposed the application of the
concept of staging to psychiatric disorders (9), as staging had

shown to be useful in other complex diseases potentially severe
if untreated, such as diabetes mellitus, cardiovascular diseases
and neoplastic diseases. However, their staging model faced a
major limitation in psychiatry research, which was the dearth
of longitudinal studies assessing the progression of psychiatric
disorders and the scarce data available on prodromal symptoms.

As a result, the staging model proposed by Fava and Kellner
did not focus on the longitudinal course of bipolar disorder, but
described the different stages that can be seen in a manic episode
based on symptom severity (Table 1). Although their model
referred only to the manic phase of the disease, Fava and Kellner
provided the basis for future staging models in psychiatry.

The Spread of the Concept of Staging in
Psychiatry: McGorry et al. (10)
In 2006, McGorry and colleagues introduced a staging model
which highlighted the longitudinal course of psychiatric diseases
in the psychotic spectrum, also integrating mood disorders
(10). They underlined that the staging model does not imply
that every patient needs to go through every stage. The main
characteristic of McGorry and colleagues’ model is that it is
built on evidence on major psychiatric disorders jointly and not
exclusively on data on bipolar disorder. Importantly, compiling
evidence emerging from research on neurobiological correlates of
psychotic disorders, allowed McGorry and colleagues to go one
step forward and include some biological and endophenotypic
markers in the earlier stages of their model (Table 1). They
warned, though, that evidence on biological markers arose from
studies that evaluated patients with long-established disease,
raising the question whether these biological markers were
inherent to psychiatric disorders or a consequence of illness
duration.

They also incorporated some indicators of illness extent and
progression -that is, functioning and cognitive impairment-
in their staging model. They defended the importance of
addressing social adaptation when assessing patients, as they
noted that a person who already presents a great deal of collateral
academic or social damage at illness onset may be less likely to
respond to treatment and hence is more prone to have a worse
prognosis. McGorry and colleagues have continued to progress
a transdiagnostic staging model, arguing that the early stages
are non-specific, although the later courses of different major
psychiatric disorders can have divergent course and outcome
patterns (17).

New Insights on Bipolar Disorder
Progression: Berk et al. (11)
Although similar to and adapting from McGorry and colleagues’
model (10), Berk and colleagues’ model focused exclusively
on bipolar disorder (11). At that moment, a growing body
of evidence on a prodromal state for bipolar disorder started
to appear (11). Besides identifying risk factors for bipolar
disorder, mainly a positive family history of mood disorder and
stressful life events (18–20), emerging studies on high-risk youth
described a series of prodromal symptoms (21–23), therefore
supporting the notion of a traceable at-risk stage.
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Moreover, at that moment there was increasing evidence
emerging from clinical, neuroimaging and neurocognitive
studies that supported a progressive and deteriorating course
of bipolar disorder (11). For instance, it had been reported
that inter-episode periods were longer after the first episodes,
but tended to shorten as the number of episodes increased
(24). It had also been found that longer duration of the
illness with multiple relapses seemed to be associated with
increased medical comorbidities and increased suicidal risk
(25). Furthermore, available evidence suggested that response
to psychological and pharmacological treatments might not be
the same over the illness course (26–29). Response to lithium,
for example, seemed to be better if started early after illness
onset (30, 31) and before multiple relapses had taken place (32).
The number of episodes had also been found to be related to
neuroanatomic changes in the brain (33). In 2002, Strakowski
et al. (33) described increased lateral ventricular size in bipolar
patients with multiple manic episodes, but not in first-episode
patients. Likewise, evidence supported that a longer duration
of illness and a larger number of episodes was associated
with cognitive dysfunction which, in turn, seemed to involve a
worse clinical course and functional disability (34). The authors
hypothesized that all those alterations observed in the later
stages of bipolar disorder were a consequence of progressive
changes in the central nervous system due to subsequent mood
episodes (6, 7). This phenomenon was called neuroprogression
(6). Berk and colleagues suggested several possible pathways
involved in neuroprogression including inflammation, oxidative
stress, neurotrophins imbalance, mitochondrial dysfunction and
epigenetics (6, 7).

Drawing all this evidence together, Berk and colleagues
described a staging model with a special focus on the initial
phases of the disease and number of episodes (Table 1).

The Ascendance of Biological Psychiatry:
Kapczinski et al. (12)
Kapczinski and colleagues’ model appeared at a moment when
biological explanations gained prominence and risk phases were
explained based on a gene-environmental (GxE) approach (12).
For early stages, the GxE perspective suggested that individual
genetic differences determine distinct resilience or vulnerability
to environmental stress, placing individuals at different risk
levels to develop bipolar disorder (35, 36). For late stages, this
approach suggested that every individual has a different neuronal
resilience to the deleterious effect of repetitive mood episodes
(12). Along this line, Kapczinski et al. (37) adapted McEwens’
notion of allostatic load to bipolar disorder (38). This concept
implies that the interaction of neuroprogressive changes, somatic
comorbidities and substance abuse leads to a dwindling resilience
to life stress, especially if coping skills are poor (37). Hence,
according to Post’s kindling hypothesis (36), while stressful life
events are an important trigger for first affective episodes, later
on the course of the disease recurrences might take place without
a clear environmental factor (37).

At that time, studies focusing on the pathophysiology of
bipolar disorder reported a deregulation of oxidative and

inflammatory pathways in bipolar disorder, especially during
mood episodes (39–43), which came with a decrease in
neurotrophic factors, like brain-derived neurotrophic factor
(BDNF) (44–46). Importantly, it was also described that levels
of neurotrophins, oxidative and inflammatory markers differed
depending on illness stage (47, 48). For instance, compared to
controls, the serum levels of the pro-inflammatory cytokine IL-
6 were increased both in the early and late stages of bipolar
disorder, while levels of BDNF and the anti-inflammatory
cytokine IL-10 were decreased in late stages (meaning patients
with 10–20 years of illness duration) but not in early stages (47).
TNF-alpha levels appeared to be elevated throughout the illness
course but were even higher in later stages (47). In addition,
some parameters of oxidative stress, such as 3-nitrotyrosine,
were found to be altered in the early and late stages of bipolar
disorder, but not in controls (48). The activity of key enzymes
in the glutathione pathway was found to be increased in late-
stage patients compared with early-stage patients and controls
(48). Hence, these data supported the hypothesis presented by
Berk and colleagues indicating that neurotrophic, inflammatory
and oxidative pathways may be involved in neuroprogression (6).
Furthermore, neuroimaging findings also supported the concept
of neuroprogression, as although some cerebral structures were
shown to be already altered in early stages (49–51), longitudinal
studies indicated that patients with repetitive mood episodes
showed a progressive brain gray matter loss (52, 53). All these
findings implied the identification of putative biomarkers that
could be useful to distinguish between patients in early and late
stages of bipolar disorder (54).

Psychosocial functioning was also gaining momentum as
an outcome measure in bipolar disorder, since it had been
demonstrated that symptomatic recovery is not equivalent
to functional recovery (55). Psychosocial functioning involves
domains such as work and education, leisure time, social and
affective relationships or independent living (56), and it can
be negatively affected by clinical variables and neurocognitive
impairments (57).

Accordingly, Kapczinski and colleagues presented a model
based on functioning that, moreover, incorporated cognition and
biomarkers (12) (Table 1).

A Broader Vision of Bipolar Disorder: Duffy
(13)
Duffy proposed a more integrative clinical staging model which
described the natural history of bipolar disorder according to
illness subtypes: the classical form of bipolar disorder (alternant
manic-depressive episodes) vs. the broader bipolar spectrum
(13). Duffy claimed that, while the classical form of bipolar
disorder tended to follow the progressive course described in
previous staging models (i.e., a recurrent and deteriorating
course with an increasingly shorter inter-episodic period),
other subtypes of bipolar disorder might present a different
evolution (13). Evidence, for instance, supported that lithium
non-responders showed a more chronic course and a higher-
risk of non-affective disorders in family members (58, 59).
Neuroimaging and genetic differences between classical lithium
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responsive bipolar patients and lithium non-responsive bipolar
patients were also reported (60, 61). Moreover, her model was
supported by longitudinal data showing differences between
offspring of lithium responders and lithium non-responders
regarding the prodromal period and longitudinal course of
bipolar disorder. Offspring of lithium responders had a personal
history of anxiety and sleep disorders before illness onset and,
once bipolar disorder was established, tended to show an episodic
remitting course with good response to lithium (62–64). In
contrast, offspring of lithium non-responders manifested higher
rates of early developmental alterations, attention deficits and
cluster A personality traits (62–64) and, for those who developed
bipolar disorder, illness course tended to be more torpid and
response to anticonvulsant or atypical antipsychotic seemed to
be better than to lithium (63). Thus, Duffy aimed to present an
integrative stagingmodel that describes the expected longitudinal
course of classical episodic bipolar disorder and of bipolar
spectrum disorder (Table 1).

WHEN STAGING IS NOT ENOUGH

Although different staging models have been proposed in
bipolar disorder over the last 25 years, they still need to
be better operationalized and validated by empirical research
(14). The idea behind the different staging models is to allow

defining, for every individual, the extent of illness progression
in the moment of the evaluation (65). This can help to refine
diagnosis, adjust prognosis and choose the best treatment
according to illness stage (66). In this regard, authors have
suggested some treatment approaches adapted to every stage:
most models agree that prodromal stages would benefit from
interventions targeted toward reducing stressors and increasing
coping skills; early stages would benefit from patient and family
psychoeducation and simpler pharmacological regimens; while
mid-stages would needmore intensive psychotherapies andmore
complex pharmacotherapies (12, 15). Clozapine or functional
remediation therapies would be reserved for more chronic stages
(15). Some individuals with highly refractory illness may need
more “palliative” approaches focusing on reduction of side-
effects and unnecessary polypharmacy, limited symptom control,
identifying and targeting psychological and social problems, and
setting realistic goals to aim for the best quality of life for people
and their families within the envelope of their disability (67).

However, even if the staging model proposes stage-targeted
treatments that might provide a better clinical outcome with
less side effects, there are still differences among the patients
of a particular stage. In consequence, “standard stage-adapted
treatments” may not be useful for every patient at a particular
stage (15) and increasing the level of precision in every stage
would be desirable in order to achieve an even more personalized
way of approaching the patient (16) (Figure 1).

FIGURE 1 | From DSM/ICD to precision staging models. The DSM/ICD model classifies patients into particular conditions according to clinical-based criteria.

DSM/ICD diagnosis can be refined by course specifiers. The staging model allows placing the patient in a particular stage according to the extent of illness

progression, starting from at-risk stages (stage 1) to more chronic ones (stage 3). However, there can still be differences between patients within a particular stage. A

precision staging model would then use the new advances on precision medicine to better characterize the patients and offer them a more personalized treatment.
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FROM STAGING TO PRECISION STAGING
MODELS

The aim of precision psychiatry is to offer the patient tailored
medical decisions and treatments (68). For that purpose,
precision psychiatry needs to integrate biographical, clinical
and biological information regarding each individual (69). In
addition, precision psychiatry is envisaged to benefit from
the coming advances in technological, data, and computer
science to aid diagnostic processes and treatment provision. A
precision stagingmodel would ideally incorporate all these recent
progresses into the appropriate stage (Table 2).

Many advances in precision medicine are related to genomics.
Genomics have led to improvements in staging models in
some branches of medicine, especially cancer (70). However,
psychiatric disorders are genetically complex conditions and
their genetic underpinnings remain to be determined. Still,
international consortia that comprise samples from several
countries have brought some light on risk loci associated
with bipolar disorder (71, 72). These collaborative genome-
wide association studies (GWAS) allow overcoming replication
difficulties often seen in genetic studies due to small sample sizes.
One of these studies analyzed genomic data on a sample of 40,000
bipolar patients and replicated the discoveries of previous GWAS
studies regarding several single-nucleotide polymorphisms
(SNPs) statistically associated with the disease, including variants
within the genes CACNA1C, ANK3, MAD1L1, and SYNE1
(73). Two new risk loci were also identified (73). Moreover, the

Psychiatric Genomics Consortium has recently identified specific
loci that distinguish between bipolar disorder and schizophrenia
(74). Genetic markers promise to be valuable at the earliest stages
of bipolar disorder, as the main aim of mental health approaches
at at-risk and early stages is to predict disease vulnerability and
make accurate diagnosis. So far, though, little of the advances in
genomics have translated into clinically useful tools.

Besides genetic markers, screening for risk factors and
epigenetic modifications may be another useful tool at at-risk
stages of the disease, given that stressful life events, particularly
childhood trauma, can alter DNA methylation and may increase
the risk of developingmood disorders (75). Concordant with this,
childhood verbal, physical, or sexual abuse has been related to a
worse illness course (76).

Risk calculators are another promising tool for at-risk stages
(77), as the multifactorial and polygenic nature of bipolar
disorder makes it improbable that a single factor can accurately
predict its onset (78). The Pittsburgh Bipolar Offspring Study
group (BIOS) has recently developed a risk calculator to predict
the 5-year risk of bipolar disorder onset in offspring of parents
with bipolar disorder combining dimensional measures of mania,
depression, anxiety, mood lability, psychosocial functioning, and
parental age of mood disorder onset (79). Although their findings
need to be replicated, themodel seemed to be able to predict onset
of bipolar disorder with an area under the curve (AUC) in the
receiver operating characteristic curve analysis of 0.76 and might
be of potential value for youth at ultra-high risk for BD. Machine
learning, a field of computer science that studies and constructs

TABLE 2 | Potential precision staging model in bipolar disorder.

Clinical

stage

Definition Potential precision tools and precision

interventions

Domains to be assessed and general

interventions

At-risk stages Increased risk of severe mood

disorder (e.g., family history,

abuse, substance use)

Asymptomatic or non-specific

symptoms of mood disorder

Individualized evaluation of risk/protective factors

Genetic and epigenetic markers

a) Clinical domain

b) Cognitive domain

c) Functional domain

d) Comorbidities domain:

- Substance use

- Physical comorbidities

- Psychological comorbidities
Prodromal features: ultra-high

risk

Genetic and epigenetic markers

Risk Calculator

Risk biomarkers (molecular, neuroimaging)

Machine learning approaches (risk for bipolar

disorder)

Cognitive enhancers

Early stages First-episode threshold mood

disorder

Genetic markers of treatment response

Epigenetics (illness course)

Biomarkers of treatment response and illness

progression

Machine learning approaches (suicide risk)

mHealth (Psychoeducation, monitoring)

Pharmacotherapy and psychological

interventions adapted to each individual

physical and psychological comorbidities

Mid stages Clinical relapse Pharmacogenetic tests

Biomarkers of treatment response and illness

progression

Machine learning approaches (suicide risk)

mHealth (psychoeducation, monitoring)

Functional remediation tailored to patients’ profile,

cognitive enhancers

Substance use intervention

Late stages Persistent unremitting illness Functional remediation tailored to patients’ profile
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algorithms that can learn from large number of data, find patterns
and make predictions (80), might also be useful to estimate the
individual probability of a particular outcome (80, 81). Mourao-
Miranda et al. (82), for instance, found that machine learning
approaches using functional magnetic resonance imaging (fMRI)
data could differentiate between adolescents genetically at-risk
for mood disorders and healthy controls with a 75% accuracy
(sensitivity = 75%, specificity = 75%). Moreover, those at-risk
adolescents who developed an anxiety or depressive disorder at
follow-up showed significantly higher predictive probabilities,
therefore suggesting that predictive probabilities could be used
as a score to predict which at-risk adolescents would develop a
mood disorder in the future (82).

Early and middle stages of bipolar disorder may benefit
from progress in the field of pharmacogenomics. This is the
study of genetic variations that affects individual response to
drugs and vulnerability to adverse effects (83). After the first
acute episode, selecting the best treatment for the patient,
both in terms of efficacy and tolerability is a necessary but
complex task. International consortiums in genetics, such as
the International Consortium of Lithium Genetics (ConLiGen)
(71), have worked to disentangle genetic variants associated
with treatment response, mainly response to lithium. In 2016,
the ConLiGen consortium uniformly phenotyped 2,563 bipolar
patients and reported a genome-wide significant association
with a locus of four linked SNPs on chromosome 21 and
lithium response (84). Another recent GWAS performed by
the ConLiGen consortium displayed that bipolar patients
with a low genetic load for schizophrenia showed a better
response to lithium (85). Pharmacogenetic screening for hepatic
cytochrome P450 genetic polymorphisms can also be helpful
in the near future to predict tolerability and side effects of
psychiatric treatments (86). While the precise patient profile
that would benefit from these tests remains to be elucidated,
pharmacogenetic tests are kept for selected patients with unusual
patterns of drug response or unexpected adverse reactions
(83, 87).

Less progress has been made in the field of biological
markers in the last few years and data on molecular and
neuroimaging biomarkers is still contradictory and limited by
the heterogeneity between studies and the poor specificity of
the putative biomarkers (88). Although evidence is not yet
compelling, some biological markers have been suggested to be
associated with increased risk of conversion to bipolar disorder,
and therefore may be useful when assessing subjects at at-
risk stages. fMRI studies report that frontal hyperactivation
during working memory paradigms may be associated with
genetic risk for bipolar disorder (89, 90). In more established
stages, neuroimaging might be useful to monitor treatment
response (91). Also, a preliminary study using a voxel-
based morphometry-pattern classification approach was able
to distinguish between patients with unipolar and bipolar
depression based on structural gray matter differences (92).
Studies on biological markers have also suggested that peripheral
concentrations of BDNF could be used to discriminate unipolar
depression from bipolar depression (93, 94), but evidence is not
clear (95). This would be of the utmost importance in the earliest

stages of the disease, considering that bipolar disorder is often
misdiagnosed since the index episode is frequently depressive. In
consequence, patients are treated with antidepressants and the
introduction of a mood stabilizer is delayed until the first manic
episode is detected, whichmay negatively affect illness course and
prognosis (8).

Regarding other molecular markers, hypothalamic-pituitary-
adrenal (HPA) axis dysfunction is thought to be one of the
pathways involved in neuroprogression in bipolar disorder (96),
but it has also been suggested to be a useful trait marker in
high-risk individuals (97, 98). Alterations in neurotransmitters
transporters have been suggested as markers of bipolar disorder
(96), but there is no evidence on changes in neurotransmitters
according to illness stage. Regarding later stages of bipolar
disorder, recent studies have reported higher levels of TNF-alpha
and IL-6 in late stages of bipolar disorder (99, 100). Similarly,
Soeiro-de Souza and colleagues described that patients with
recurrent episodes showed increased oxidative and inflammatory
markers, which were related to the number of manic episodes
(101). Further, increased inflammation, increased oxidative stress
and reduced telomere length have been suggested as possible
mechanistic links between psychiatric diseases like bipolar
disorder and other systemic diseases, such as endocrine or
cardiovascular diseases (102–105). Hence, the identification of a
deregulation on those pathways related to both psychiatric and
somatic diseases may have therapeutic implications (106). For
instance, bipolar patients exhibiting persistently increased low-
grade inflammation (107) might benefit from anti-inflammatory
treatment strategies and from periodic screening of systemic
conditions like metabolic syndrome (106). Considering these
data, screening for physical comorbidities seems especially
important in middle and late stages of the disease, albeit
protecting against complications like physical comorbidities or
substance abuse should be a priority at every stage of the disease.

Cognition is another important domain that needs an
individualized evaluation throughout all the stages of bipolar
disorder (108). On one hand, cognitive reserve, defined as the
ability of a brain to cope with brain pathology in order to
minimize symptoms (109), may be useful in early stages to
predict neurocognitive performance in patients with bipolar
disorder (110), as it has been found that lower estimated
cognitive reserve is associated with worse performance in
neuropsychological tests and more functional impairment (110,
111). Similarly, a recent study on first-episode psychosis has
found that those patients with affective psychosis with a greater
cognitive reserve showed a higher socioeconomic status, better
functioning and greater verbal memory performance (112). This
study also emphasizes the need to explore the impact of specific
interventions, like physical activities and hobbies, on cognitive
reserve, since it could be useful to guide the development of
personalized treatment programs (112). Therefore, cognitive
enhancing strategies might be key in the early stages and not
necessarily in the late stages of the disease. On the other
hand, evidence points to a heterogeneous cognitive profile in
bipolar patients both in “cold” and “hot” cognition (113–115).
The presence of such heterogeneous cognitive profiles among
patients with bipolar disorder might be taken into account to
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design more tailored cognitive remediation therapies adapted
to each individual needs (116–118). Cognitive deficits may
also limit long-term psychosocial functioning, which means
that patients with greater cognitive impairment are more likely
to experience poorer outcomes. Previously, we showed that
patients in stage I and healthy controls had similar functioning
patterns. In addition, a strong linear association was found
between functioning and clinical stages, suggesting a progressive
functional decline from stage I through to stage IV of bipolar
disorder. These findings provide further support to the clinical
staging model in bipolar disorder, indicating that bipolar patients
lie on a continuum of disorder progression ranging from periods
of favorable functioning to others of incomplete functional
recovery (118). The link between variables related to the course
of the illness, cognitive deficits and functioning suggests that
early intervention is crucial to prevent illness progression and
to improve cognitive/functional outcome. Some studies have
also found different profiles of psychosocial functioning in
patients with bipolar disorder, which should also be taken into
consideration in the framework of a personalized approach (3,
119).

All these advances should complement regular clinical
practice, which already contains elements of staging and
precision psychiatry. The assessment of the patient’s particular
symptoms, such as his/her distinctive early signs of relapse,
predominant polarity (i.e., the “tendency” to present more
depressive or manic relapses) (120) or individual suicide risk
(121) is regularly done in clinical settings and is essential to
monitor the patient evolution and guide treatment selection.
Technological advances used in everyday life, encompassed in
the concept of mobile Health (mHealth), might be a valuable
tool to help clinicians to collect individualized data on illness
course and monitor illness progression (122). For instance,
changes in activity, geolocation or sleep patterns may help to
detect early signs of mood relapse (123, 124). Additionally,
smartphone apps can be used to empower patients with bipolar
disorder to detect prodromal symptoms of relapse by providing
them personalized psychoeducational messages (125, 126). New
methods like machine learning approaches might also be useful
in the future to help predict suicide risk (127, 128).

DISCUSSION

In this review we describe the evolution of the staging model
in bipolar disorder since its introduction into psychiatry. The
first staging models in bipolar disorder were initially based on
evidence derived from cross-sectional studies, but longitudinal
studies and data on neuroimaging, peripheral biomarkers,
cognition, psychosocial functioning, and prodromal symptoms
have successively enriched the staging models (66). We have also
described several elements of precision psychiatry that could be
incorporated in future precision staging models.

The main advantage of staging and precision medicine is the
recognition that a reductionist clinical approach based on the
presence or absence of a series of symptoms is not enough to
design an adequate therapeutic strategy. These symptoms need

to be considered in the light of the illness progression and, most
importantly, of the patient’s own clinical evolution. For instance,
the presence of a switching or non-switching pattern should
be considered when evaluating a patient, as it has prognostic
implications and therefore might impact staging. As highlighted
in a review by Salvadore et al. (129), patients showing a switching
pattern [i.e., patients showing a “sudden transition from a mood
episode to another episode of the opposite polarity” (129)]
usually spend less time in remission, show higher comorbidity
rates and substance abuse and are at a higher risk of suicide
attempt (129). While mood symptoms will of course still be
the cornerstone of bipolar disorder diagnosis, other elements
should be likewise considered as they can be as informative as
clinical symptoms (9, 10, 12, 15). As such, everyday difficulties,
cognitive complains, substance abuse or comorbidities can be
markers of illness severity or stage specifiers and merit an
individualized assessment and treatment. Social and personal
losses due to the illness and previous personality should also
be included in a standard evaluation throughout the stages and
be given the attention they deserve (10). Patients’ insight and
perception of the disease should be carefully assessed, as these
are important prognosis and therapeutic factors, especially in
early stages (8). Medication load, treatment satisfaction, and
compliance should be also carefully assessed, as it might influence
disease progression. While this way of approaching the patient
is naturally adopted by most clinicians and many guidelines, it
remains underrepresented in diagnostic manuals (5). In any case,
this approach is more in line with theWorld Health Organization
definition of health: “Health is a state of complete physical,
mental and social well-being and not merely the absence of
disease or infirmity”1. The inclusion of self-report measures of
well-being in research and clinical care in bipolar disorder may
contribute to take into consideration the patient’s perspective
when assessing the efficacy and usefulness of pharmacological
and psychological interventions (130).

Another important point of clinical staging is the assumption
that prodromal phases of the disease can be also identified
and targeted. The possibility of making an early diagnosis
radically changes the way how bipolar disorder in particular, and
psychiatric diseases in general, have hitherto been managed. At-
risk stages are rather non-specific, though. In consequence, the
prodromal period has also been preferably defined as “at risk
mental states” (17), as a prodrome is defined as “any symptom
that signals the impending onset of a disease” (131) and evidence
does not support this definition. On one hand, data from the field
of ultra-high risk in psychosis shows that disease onset is not
deterministic and a significant proportion of the at-risk youth
show a remission of these early symptoms (132). On the other
hand, these early symptoms are not specific to any disease but can
progress into several possible psychiatric conditions (64). In the
absence of specific genetic markers for bipolar disorder or very
precise risk calculators, transdiagnostic preventive interventions
aimed to reduce stress, educate on mental-well-being and
prevent substance abuse are preferable at these at-risk stages
(133). Implementing early interventions that include enhancing

1WHO. http://apps.who.int/gb/bd/PDF/bd47/EN/constitution-en.pdf?ua=1. 1946
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cognitive reserve by increasing mental stimulation (reading and
cognitive exercises), introducing physical exercise and leisure
activities or building social skills and social interaction, may
provide a set of skills that can help to cope better with the disease
(134–136). This kind of preventive interventions or “positive
habits” could even be implemented at school or primary care,
which could help to reduce stigma on mental health by educating
the population on the importance of taking care of mental well-
being (133).

In this regard, it has been suggested that a transdiagnostic
staging model might be more adequate for the study of at-
risk phases, while disorder-specific models are more useful once
the fully-develop disorder emerges (15). It is necessary to bear
in mind that psychiatric disorders are dynamic and clinical
symptoms may evolve over time, requiring a change in diagnosis
(137). Nevertheless, the general staging approach supported by
stage specifiers should still be useful to assess illness severity
regardless of changes in DSM or ICD diagnosis.

Biomarkers also face the problem of lack of specificity.
Alterations in the inflammatory or oxidative systems have been
found across several psychiatric and medical diagnoses (138).
Again, biomarkers could be more stage-specific than illness-
specific and be conceived as an additional tool for the assessment
of illness risk or treatment outcome. Low sensitivity and
replicability seems a bigger handicap. Moreover, most published
data on biomarkers are based on the currently commercially
available ELISA kits, which is also a limiting factor. State-of-the-
art techniques widely used in precision medicine might help to
overcome these limitations. A multi-omic approach, meaning
using genomic, epigenomics, transcriptomics, proteomics,
metabolomics, metagenomics, and lipidomics data, combined
with environmental information gathered, for instance, through
mobile devices, could help to identify more sensitive biomarkers
panels to guide diagnosis and treatment choice (69). However,
as these “omic” platforms cannot be used in regular clinical
practice, the potential discoveries arising from these platforms
need to be translated into an immuno-based assay, which is
a more viable option. New strategies with a more integrative
approach between clinical factors and biological markers are
being proposed in biomarker research of lithium response, which
are expected to shed some light on precision drug prescription
(139).

Precision in psychiatry implies embracing the
multifactoriality of psychiatric diseases and the need to
incorporate in the patient’s assessment a range of biological
and environmental factors that interact with each other in a
dynamic way. Moreover, the biological and environmental
factors involved in illness onset and progression are particular
to every patient, as it is the way they interact (17). The use
of personal devices to monitor the trajectories of patients at
anytime and anywhere might help to deepen our knowledge on
the complex interaction between biological and environmental
factors. They can also allow evaluating less studied markers, such
as sleep or chronobiological markers, which may turn out to be
very informative (140). Moreover, further studies on epigenetics
or mitochondrial genomes might identify novel factors involved
in this complex disease (141). Similar to what is being developed

in the field of psychosis, research on bipolar disorder could
benefit from consortia sharing data to develop machine learning
algorithms to help the prediction of bipolar disorder onset
(17, 142).

A major limitation of current staging models is the absence
of an agreement on the definition of stages. Moreover,
operationalized cut-off points are lacking, probably due to the
lack of longitudinal studies assessing patients according to
stages, the absence of clear and reproducible neurobiological
markers defining every stage and the intrinsic heterogeneity
of psychiatric illnesses (15, 16, 143). Therefore, the current
proposed models of staging are mainly theoretical and need
to be validated for the moment. Additionally, participants of
the available studies assessing differences between early and late
stages of bipolar disorder include subjects attending specialized
clinics, hence probably representing more severe forms of bipolar
disorder (16). Moreover, it should be noted that precision
medicine is still in its early beginnings, meaning that findings
on genomics, genetic markers, and epigenetics are preliminary
and need to be replicated before being integrated in any model of
classification.

Until more solid information is available on the biology of the
disease, though, the staging models can be based on pragmatic
variables, like number of episodes and impact on cognition and
functionality. A staging system based on characteristics that can
be easily measured allows to standardize it and make it available
and applicable in a broader number of clinical settings and
countries worldwide (144).

Regardless of what the future brings, personalized medicine
means “patient-centered care,” therefore the choice among those
new diagnostic techniques or treatments should be subject to
a consensus between the clinician and the patient, especially
considering the new ethical challenges that precision psychiatry
brings with it (145). While psychiatrists can offer their expertise,
patients opinions and preferences should play a central role in
treatment decisions through shared decision-making (145).
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This is the first study to identify lipidomic markers in plasma associated with response

of acutely ill schizophrenia patients in response to specific antipsychotic treatments. The

study population included 54 schizophrenia patients treated with antipsychotics for 6

weeks. Treatment led to significant improvement in positive and negative symptoms for

34 patients with little or no improvement for 20 patients. In addition, 37 patients showed

an increase in body mass index after the 6 week treatment period, consistent with

effects on metabolism and the association of such effects with symptom improvement.

Profiling of plasma samples taken prior to therapy using liquid chromatography tandem

mass spectrometry (LC-MS/MS) resulted in identification of 38, 10, and 52 compounds

associated with the olanzapine, risperidone, and quetiapine treatment groups, which

could be used to distinguish responders from non-responders. Limitations include the

retroactive active nature of the study and the small sample size. Further investigations

with larger sample sets could lead to the development of a molecular test that could be

used to help psychiatrists determine the best treatment options for each patient.

Keywords: schizophrenia, drug response, antipsychotics, lipidomics, biomarkers

INTRODUCTION

Disease management of acute schizophrenia is achieved by administration of antipyschotics.
However, ∼40% of patients do not respond adequately to these medications and around 60%
end up abandoning treatment due to intolerable side effects (1). As a consequence, the mood-
related and cognitive functions of the patients may not improve, making these individuals less
capable of functioning adequately in society. The side effects of second-generation (atypical)
antipsychotics like olanzapine, risperidone, and quetiapine include metabolic-related responses
such as hyperglycaemia, insulin resistance, and weight gain (2). Interestingly, some researchers
have suggested that weight gain and other metabolic effects may be linked to the improvement of
symptoms (3). These side effects are most likely related to the high affinity of these compounds
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for other receptor systems in the brain, which are involved in
regulation of appetite and food intake (4–6). Such effects can
have a deleterious impact on the overall health of patients and
can potentially lead to conditions such as insulin resistance,
type 2 diabetes, obesity, and cardiovascular complications (7, 8).
These issues have led to recommendations for clinicians to closely
monitor antipsychotic-treated psychiatric patients for early signs
of such side effects (9–11). This has included concerted efforts
by researchers from academia and the pharmaceutical industry
to identify biomarkers that can be used to predict or monitor
treatment responses (8, 12).

These issues have led academic and pharmaceutical industry
researchers to embark on biomarker discovery initiatives
to help guide treatment decisions and potentially pave the
way toward novel therapeutic approaches. A number of
molecular studies have already been carried out using multiplex
immunoassay profiling of serum/plasma proteins to identify
potential relationships between antipsychotic treatment
responses and biomarker levels (12–14). However, none of
these studies attempted to identify biomarker profiles that are
predictive of response in cohorts treated separately with different
antipsychotics. This is critical since different patients may show
a better response to a distinct drug. In a recent publication,
we reported on the analysis of plasma samples from a cohort
of 58 schizophrenia patients using shotgun mass spectrometry
proteomic profiling (15). Our objective was to identify proteins
and protein pathways involved with an effective response to
atypical antipsychotics, although, as with the above studies, no
attempt was made to identify treatment-specific signatures.

Given the effects on metabolic functions mentioned above, we
have carried out a lipidomic profiling study of plasmasamples
obtained from the same schizophrenia patients prior to
their treatment with the different antipsychotics. The analysis
consisted of ultra-performance liquid-chromatography tandem
mass spectrometry (UPLC-MS/MS) followed by the multivariate
data analysis of the overall lipidomic profiles from all patients
simultaneously (16). The main objective was to identify lipid
profiles that could be used to predict response to treatment with
either olanzapine, risperidone, or quetiapine. This is the first
study which has attempted to assign specific biomarker profiles
for predicting response to distinct antipsychotics. This study
provides the groundwork for development of objective clinical
tests that can be used to help psychiatrists in the choice of
treatments for individuals presenting with acute schizophrenia in
line with personalized medicine objectives.

METHODS

Samples
The samples had already been obtained from a cohort comprised
of 54 acute schizophrenia patients who were treated with either
olanzapine (n = 17), risperidone (n = 23), or quetiapine
(n = 14) (Supplementary Table 1), as described previously
(15). Diagnoses were performed using DSM-IV criteria and the
Structured Clinical Interview (SCID-I) (17). Blood samples had
been collected by venous puncture in the psychiatric clinic at
the University of Magdeburg, Germany, as part of naturalistic
study of acutely ill in-patients who were un-medicated for at

least 6 weeks prior to inclusion. Citrate plasma samples were
prepared and analyzed at a time when the patients were suffering
from acute illness [designated time zero (T0)]. Individuals
with other medical diseases were not included in the study.
After the 6-week treatment period, all samples were grouped
according to whether (n = 34) or not (n = 20) the patients
responded favorably to the treatment. A favorable response
was defined as a 50% reduction of total Positive and Negative
Syndrome Scale (PANSS) scores. These scores were corrected by
subtraction of the minimum the scores which represented no
symptoms (7, 7, and 16 for PANSS positive, negative and general
scores, respectively) (15). Exclusion criteria included substance
abuse disorder or symptoms induced by a non-psychiatric
medical illness or treatment, including immune diseases,
immunomodulatory treatment, cancer, chronic terminal disease,
cardiovascular disorders, dyslipidemia, diabetes, and severe
trauma. The institutional review board (ethics commission of the
University of Magdeburg) approved the study, (process 110/07,
from November 26th, 2007 amended on February 11th, 2013).
Written informed consent was obtained from all participants.

Sample Preparation
Lipids from 25 µL plasma samples taken at T0 were extracted by
addition of 100 µL isopropanol. Samples were vortexed for 1min
and then incubated 10min at room temperature. The samples
were kept at −20◦C for 18 h and centrifuged at 14,000g for
20min. The pellet was discarded and the supernatant dried in
a vacuum centrifuge and reconstituted in 100 µL isopropanol
(IPA)/acetonitrile (ACN)/water (2:1:1 v:v:v) (18). Ten quality
control (QCs) injections were run along with the clinical samples.
These were composed by equal aliquots of each of the plasma
sample to monitor the preparation and LC-MS/MS performance.

Liquid Chromatography
All chemicals were purchased from Sigma-Aldrich (Seelze,
Germany) and were of high performance liquid chromatography
(HPLC) grade, or higher, purity. An Acquity H-Class UPLC
(Waters Corporation, Milford, MA, USA) was used as the inlet
for mass spectrometry. The column used was an ACQUITY
UPLC R© CSH C18, 2.1 × 100mm, 1.7µm particle size (Waters
Corporation), operating at a flow rate of 0.4 mL/min and at 55◦C.
The chromatographic separation was performed in gradient
mode using a mobile phase system consisted by two solvents,
A and B. Solvent A was ACN/water (60:40, v:v) with 10mM
ammonium formate and 0.1% formic acid, and phase B was
IPA/ACN (90:10, v:v) with 10mM ammonium formate and 0.1%
formic acid. The gradient steps started with 60% A and 40% B,
changing linearly to 57% A and 43% B in 2.0min, to 50% A and
50% B in 2.1min, to 46% A and 54% B in 12.0min, to 30% A
and 70% B in 12.1min, to reach 1% A and 99% B in 18.0min and
then returning to the initial composition (60% A and 40% B) in
18.1min. The buffer remained at this composition until 20min
prior to preparing the system for the next injection. The injection
volume was 1.0 µL.

Mass Spectrometry
The inlet system was coupled to a hybrid quadrupole orthogonal
time-of-flight mass spectrometer, Xevo G-2 XS QT of (Waters
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Corporation, Manchester, UK), controlled by MassLynx 4.1
software. Data were acquired in positive electrospray ionization
(ESI+) with the capillary voltage set to 2.0 kV, cone voltage
to 30 eV and source temperature to 150◦C. The desolvation
gas was nitrogen, with flow of 900 L/h and temperature
of 550◦C. Data were acquired from m/z 100 to 2,000 in
MSE mode, during which the collision energy was alternated
between low (2 eV) and high (ramped from 20 to 30 eV).
Leucine-enkephalin (Waters Corporation, Milford, MA, USA),
C28H37N5O7, ([M+H]+ = 556.2771 m/z) was used as lock
mass reference at concentration of 0.2 ng/L with flow rate of
10µL/min.

Data Processing and Statistical Analyses
Progenesis QI 2.2 (Nonlinear Dynamics, Indianapolis, IN, USA)
software was used to process data for peak detection, multivariate
analysis and identification. All samples were normalized using
the total ionic current. After that, data filtering was performed
by removing ions present in blank samples. The ion abundance
threshold filtering was also applied, which evaluated the minimal
ion abundance that could provide a good precursor ion signal
with a consistent isotopic pattern. A final filtering step was made
based on retention time by checking sample chromatograms
to define the retention time window over which the lipids
eluted. After the data filtering steps, the normalization option
was changed from total ion current to the summed ion
abundance of all compounds. For compound identification, the
Lipidmaps database was used, with searching parameters as
follows: precursor mass error ≤ 10 ppm, fragment tolerance ≤

10 ppm. Other parameters such as fragmentation score were also
considered for disambiguation.

Data Analysis
The output variables were the ion abundance of the
chromatographic signals from the lipids according to their
corresponding mass/charge (m/z) obtained from the mass
spectrometer. Approximately 1,600 m/z signals with different
elution times were detected in total. To identify the appropriate
adducts for data processing, a spectral evaluation of different
lipid classes and ion abundances were carried out. The selected
adducts were [M+H-H2O]+, [M+H]+, [M+Na]+, [M+K]+,
[2M+H]+ and [2M+Na]+. The normalized m/z signals were
imported into Matlab R© R2013b (The Matworks, Natick, MA,
USA) as single data matrices Xi(I × J) for each treatment, with
i= 1 (risperidone), 2 (olanzapine), or 3 (quetiapine), I= number
of samples in the corresponding treatment, and J = number
of m/z signals: risperidone = 1,610; olanzapine = 1,632; and
quetiapine = 1,628. Multivariate analyses were performed with
the autoscaled data using Partial Least Squares-Discriminant
Analysis (PLS-DA) and Principal Component Analysis (PCA),
employing the Pls Toolbox 8.1 (Eigenvector Research Inc.,
Wenatchee, WA, USA). One-way ANOVA F-Test analyses were
performed in Matlab using in-house scripts.

PLS-DA
The most relevant m/z signals from baseline samples used to
distinguish the patients who did or did not respond to the
treatmentswereextractedfromeachXidatamatrixusingavariable

selection approach based on double cross-validation (CV2) PLS-
DA (19). For CV2, Xi matrices were randomly split into 2
submatrices Xical (A, J) andXitest (B, J), withA= 17, 12, or 9, and
B = 5, 4, or 2, for either risperidone, olanzapine, and quetiapine,
respectively. This approach helped to keep the proportion of the
overall m/z signals between responders and non-responders in
the submatrices similar to the corresponding Xi matrices. PLS-
DA was performed only for Xical, using 4-fold Venetian blind
cross-validation for model optimization. Xical submatrices were
also arranged to allow simultaneous extraction of rows from both
responder and non-responder groups of patients during the inner
cross-validationprocess,andthecorrectnumberof latentvariables
(LVs) for themodels was obtained in the lowest rootmean squares
error of cross-validation (RMSECV). After model optimization,
only the Variable Importance for Projection (VIP) scores upon
a threshold were selected while extracting the most informative
m/z signals for the classification from Xical submatrices. This
threshold was defined iteratively based on reaching the point
belowwhich the PLS-DAmodels did not increase their RMSECV.
This was computed for new models each time a new threshold
was established. The overall CV2 procedure was performed 500
times, and only those m/z signals that were selected in at least
80% (risperidone and olanzapine) and 95% (quetiapine) of the
iterations were considered relevant for distinguishing between
responders and non-responders. The remaining m/z signals were
discarded, since the contrary approach resulted in an overall
increase of theRMSECVandmisclassification of predictions from
the Xitest. No additional variable selection step was performed
once the Xi matrix contained only the most frequent m/z
signals selected previously from the histograms. This approach
of combining variable selection into double cross-validated PLS-
DA models provided the most important m/z signals from the
pooled data without fitting overly-optimistic PLS-DA models.
This is due to the fact that the final m/z signals were selected
based onnon-biasedhistogramsof random iterations andbecause
model performances were strictly evaluated, given that they were
computed for independent samples. A similar approach using
PLS-DA for analyte selection has been published elsewhere (20).
Here we intended to apply a high stringency model, so that only
themost robust data are selected. The drawback is that some valid
signals may be filtered out.

One-Way ANOVA F-Test and PCA
The final m/z signals selected from the PLS-DA modeling were
ranked individually according to their ability to distinguish
between responder and non-responder patients, using one-way
ANOVA F-test analysis. False discovery rates (FDR) were also
estimated for the respective m/z signals according to a null
distribution ANOVA F-test approach, as described previously
in metabolomics studies (21, 22). Next, PCA was performed to
highlight the separation between responders and non-responders
to each antipsychotic treatment when considering only the
selected compounds in which FDR ≤ 0.05 (i.e., probability of
type-I error ≤ 5%).

Data Sharing
The ethics committee approval for this project does not include
sharing the mass spectrometry raw files obtained here, as these
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are pertinent information to the participants of the study.
Interested researchers should look for us in order to sign a non-
disclosure agreement to be submitted to the ethics committee.

RESULTS

Patient Response to Treatment
According to the criteria set in the Methods section, 34 out
of 54 total patients showed a good response to treatment (see
Supplementary Table 1). There were no significant differences
observed for age, illness duration, BMI, gender, smoking, PANSS
negative, or PANSS general scores at baseline between the
responders and non-responders (Table 1). However, significantly
higher PANSS positive scores (P = 0.005) were observed at
baseline for the responders compared to the non-responders.
In addition, 38 out of the 54 patients showed an increase in
BMI following the treatment. In the responder group, 27 out
of the 34 patients showed an increase in BMI with an average
increase of 1.22 ± 1.42 kg/m2 (mean ± sd; n = 34). In the non-
responder group, 11 out of the 20 patients had an increased BMI
(0.22 + 1.43; n = 20). There difference in the BMI gain across
the responders and non-responders was significant (p = 0.033;
Mann–Whitney test).

Selection of m/z Peaks for Best Separation
of Responders and Non-responders for
Each Treatment Group
PLS-DA models were used to extract the most relevant m/z
signals from the pooled data for the best separation of responders

TABLE 1 | Assessment of baseline variables, comparing patients in the responder

(R, n = 34) and non-responder (NR, n = 20) groups.

Median (Q1, Q3) P-value

Age (years) R 36.0 (30.3, 47.3) 0.199a

NR 31.5 (25.0, 43.3)

Illness duration (years) R 1.5 (0.0, 9.3) 0.689a

NR 1.5 (0.0, 9.3)

BMI (kg/m2) R 23.8 (21.6, 29.8) 0.484a

NR 23.5 (22.0, 26.8)

PANSS positive scores R 26.0 (16.3, 21.0) 0.005a

NR 21.0 (16.8, 24.5)

PANSS negative scores R 9.5 (5.0, 18.0) 0.429a

NR 11.5 (6.0, 22.3)

PANSS general scores R 27.0 (22.0, 32.8) 0.255a

NR 30.0 (21.0, 39.8)

Gender (male/female) R 19/15 0.821b

NR 13/7

Smoking (yes/no) R 23/11 0.807b

NR 15/5

As the data were unevenly distributed, Shapiro-Wilk tests were use to determine

significance values for continuous variables (median and quartiles 1 and 3 shown) and

Fisher’s exact test was applied for contingency variables. Values which were significantly

different are indicated using bold font.

a, H-test; b, Fisher’s exact test.

and non-responders in each treatment group. This resulted in
selection of 134, 36, and 119 m/z signals for the olanzapine,
risperidone, and quetiapine treatment groups, respectively out
of more than 1,600 compounds in total (Table 2). Due to
the fact that the PLS-DA extracts linear correlations in the
multivariate data to maximize discrimination of the samples in a
supervisedmanner, some false positive signals might be included.
For this reason, the ability of each m/z signal to distinguish
between responders and non-responders was tested using one-
way ANOVA F-test analysis combined with FDR estimations.
The F-ratio thresholds for estimating the FDR (confidence
level ≥ 99%), obtained from the null-distribution ANOVA F-
ratio approach, considered all possible null class comparisons
in both groups (i.e., response or non-response) of patients,
for each antipsychotic treatment group. The compounds for
which the FDR was <5% are more likely to be associated to
the medication effectiveness. Therefore, these compounds were
tentatively identified for the selected olanzapine, risperidone, and
quetiapine signals (Supplementary Tables 2–4; non-identified
m/z signals are provided in Supplementary Table 5). The PCA
plots considering only those m/z signals for which the FDR
≤ 5% resulted in clear discrimination between responders and
non-responders for the olanzapine (Figure 1A), risperidone
(Figure 1B), and quetiapine (Figure 1C) treatments. These
separations were associated with a total (i.e., identified and non-
identified) of 66 compounds for olanzapine (Figure 1A), 24
compounds for risperidone (Figure 1B) and 52 compounds for
quetiapine (Figure 1C).

DISCUSSION

This is the first study to use a lipidomic profiling approach in
an attempt to detect lipid-based molecules in plasma samples
taken from patients prior to treatment that could be used
for prediction of response to specific antipsychotic treatments.
The PLS-DA models resulting in low root mean squares
error of cross-validation and misclassifications infers robustness
(non-biased) of the final selected lipid signals, given that the
models correctly classified most of the patients independently
throughout the random cross validation iterations. These
results, along with the ranking of the signals according
to their respective ability to distinguish between responder
and non-responder patients, was provided by the one-way
ANOVA F-test analysis combined with the corresponding false-
positive probability estimations. This guided the biological

TABLE 2 | Performance of double cross-validated PLS-DA models after N = 500

random iteration (average values and standard deviations in the brackets) to select

the main m/z signals while classifying between responders and non-responders

for each treatment group.

Risperidone Olanzapine Quetiapine

# of latent variables 1.06 (0.40) 1.23 (0.46) 1.12 (0.33)

RMSECV 0.005 (0.024) 0.04 (0.06) 0.03 (0.05)

Misclassified 0.4 (4.5) % 0.3 (2.3) % 0

M/Z selected 36 134 119
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FIGURE 1 | PCA plots showing separation of patients who either responded or did not respond to (A) olanzapine, (B) risperidone, and (C) quetiapine treatment using

baseline plasma lipid levels (each symbol represents a patient sample). Responders and non-responders are represented in red and green, respectively.

investigation toward only those potential hits closely related
to the responses of patients to treatment with the specific
antipsychotics. The m/z signals that were not designated as
potential hits do not necessarily infer non-relevance to the study.
Instead, they have a higher probability (>5%) of being false-
positives in these datasets, according to the adopted statistical
metric.

The brain is rich in lipids, which act within specific brain
regions to regulate processes that can impact complex processes
such as behavior, emotions, cognition, and learning (23).
Evidence has accrued that phospholipids play an important role
in the structure and function of membranes and the associated
pathways appear to be impaired in schizophrenia (24). Therefore,
counter changes in phospholipids may be associated with the
therapeutic response to antipsychotics in schizophrenia patients.
Recent developments in the field of lipidomics have allowed
characterization of hundreds of individual lipid species in human
blood which may be altered in disease states (25). For example,
deregulation of cholesterol has been associated with altered levels
of some steroid hormones and development psychiatric disorders
including autism (26), altered metabolism of sphingolipids such

as ceramide has been observed in some cases of depression (27)
and patients with psychosis often show subclinical dyslipidemia
(28).

Most antipsychotics in current use act as dopamine and
serotonin blockers and. the circulating levels of drugs such
as risperidone and quetiapine are metabolized in the liver to
produce the active metabolites (29) and some classes of lipids
can inhibit the activity of the metabolizing enzymes. Altered
phospholipid content in the membrane can affect metabolism
through the cytochrome P450 family of metabolic enzymes
by altering protein conformation and interactions essential
for activity (30). Cirulating nutritional factors including lipids
can also affect the efficiency of these metabolizing enzymes
(31). This may be important as response of schizophrenia
patients to antipsychotics may be related to metabolism
of these drugs in the liver. For example, olanzapine is
normally metabolized to its 10-and 4′-N-glucuronides, 4′-
N-desmethylolanzapine [cytochrome P450 (CYP)1A2] and
olanzapine N-oxide (flavin mono-oxygenase 3) (32), risperidone
is metabolized primarily by CYP2D6 and to a lesser extent by
CYP3A4, and quetiapine is known to undergo an N-dealkylation
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catalyzed by CYP3A4/5 (33). Furthermore, olanzapine is
metabolized by direct glucuronidationby CYP1A2 and by
CYP2D6 and CYP3A4, although the later two enzymes play
a smaller role in this conversion. In addition, quetiapineis
metabolized by CYP3A4 although aldehyde oxidase is the
enzyme responsible for most of its metabolism (34). Thus, an
altered composition of lipid in blood could lead to changes in the
levels of some of these metabolites and thereby affect treatment
response. Further studies should investigate the effect of specific
lipids on metabolism of each of these antipsychotics, given the
potential link to treatment response. This study has provided a
list of lipids associated with treatment response to olanzapine,
risperidone, and quetiapine which could be used as potential
starting point in such an investigation.

LIMITATIONS

There are a number of limitations of this study. Firstly, this
was a retroactive analysis of samples provided from a previous
naturalistic study and there was only a limited sample size
for determining effects of each separate drug treatments. Thus,
replication is required using a different sample set with larger
numbers for each treatment group. Also, patients who showed
a good response to the treatment also had the most severe
symptoms at baseline, as assessed by the PANSS positive scoring
system. Although the small sample size was a limitation of
this study from a statistical point of view, the data treatment
strategy comprising variable selection and statistical double
cross-validation presented here assured the non-biased selection
of only the most robust m/z signals that distinguish responders
and non-responders groups of patients in the dataset. Finally,
the natural heterogeneity of schizophrenia makes identification
of biomarkers challenging (35). Further studies should be carried
out using patient populations that have been stratified strictly
using either clinical or molecular biomarkers. Finally, although
the results give high confidence on identification of the lipid class,
size of carbon chains and number of double bonds, it was not
possible to distinguish between isomer candidates. Specifically,
the observed fragmentation helped to define the size and number
of double bonds of each carbon chain for many compounds,
considering the sn-1 and sn-1-H2O (and sn-2 and sn-2-H2O
for lipids with more than one carbon chain). However, the
position of the double bonds could not be determined using
the current mass spectrometry approach as this would require
comparison with analytical standards. Finally, it is important to
highlight that our aim here is to look for a molecular signature
to predict antipsychotic responsiveness. As it can be seen in
the Supplementary Tables, among the compounds we analyzed,
a number of them are unidentified. We are not focusing here
in their identification. If these are consistently present in the
samples analyzed and are able to separate responders from non-
responders, we reached our objective. We are currently working
on their identification, in order to describe which of these
compounds are triggering molecular pathways associated to an
effective antipsychotic response and which are involved with
poor response. This data will provide, in the future, biological
leads that may be useful for the development of new treatments.

CONCLUSIONS

Previous studies have demonstrated that first onset schizophrenia
patients may also show signs of metabolic syndrome (7, 36).
This includes elevated levels of insulin-related peptides (37, 38),
increased insulin resistance (39, 40) and altered lipid profiles (28)
in the blood. This is the first study to identify specific lipidomic
signatures for prediction of response to specific antipsychotics.
Given further validation of these findings, the signatures could
be developed into a rapid assay using a platform such as
selective reaction monitoring (SRM) mass spectrometry to aid
the process of antipsychotic selection in the treatment of patients
with acute psychosis. This fits in with ongoing strategies of
translational and personalized medicine for improved treatment
outcomes of patients suffering from this debilitating psychiatric
disease.
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26. Gillberg C, Fernell E, Kočovská E, Minnis H, Bourgeron T, Thompson L,

et al. The role of cholesterol metabolism and various steroid abnormalities in

autism spectrum disorders: A hypothesis paper. Autism Res. (2017) 10:1022–
44. doi: 10.1002/aur.1777

27. Dinoff A, Herrmann N, Lanctôt KL. Ceramides and depression: a

systematic review. J Affect Disord. (2017) 213:35–43. doi: 10.1016/j.jad.2017.
02.008

28. Misiak B, Stanczykiewicz B, Łaczmanski Ł, Frydecka D. Lipid profile

disturbances in antipsychotic-naive patients with first-episode non-affective

psychosis: A systematic review and meta-analysis. Schizophr Res. (2017)
190:18–27. doi: 10.1016/j.schres.2017.03.031

29. Maier W, Zobel A. Contribution of allelic variations to the phenotype

of response to antidepressants and antipsychotics.Eur. Arch Psychiatry
Clin Neurosci. (2008) 258(Suppl. 1):12–20. doi: 10.1007/s00406-007-

1004-z

30. Brignac-Huber LM, Park JW, Reed JR, Backes WL. Cytochrome P450

organization and function are modulated by endoplasmic reticulum

phospholipid heterogeneity. Drug Metab Dispos. (2016) 44:1859–66.

doi: 10.1124/dmd.115.068981

31. Bidlack WR, Brown RC, Mohan C. Nutritional parameters that alter hepatic

drug metabolism, conjugation, and toxicity. Fed Proc. (1986) 45:142–8.
32. Callaghan JT, Bergstrom RF, Ptak LR, Beasley CM. Olanzapine.

Pharmacokinetic and pharmacodynamic profile. Clin Pharmacokinet.
(1999) 37:177–93. doi: 10.2165/00003088-199937030-00001

33. Zanger UM, Schwab M. Cytochrome P450 enzymes in drug

metabolism: Regulation of gene expression, enzyme activities, and

impact of genetic variation. Pharmacol Ther. (2013) 138:103–41.

doi: 10.1016/j.pharmthera.2012.12.007

34. Urichuk L, Prior TI, Dursun S, Baker G. Metabolism of atypical

antipsychotics: involvement of cytochrome p450 enzymes and relevance

for drug-drug interactions. Curr Drug Metab. (2008) 9:410–18.

doi: 10.2174/138920008784746373

35. Fond G, d’Albis MA, Jamain S, Tamouza R, Arango C, Fleischhacker WW,

et al. The promise of biological markers for treatment response in first-

episode psychosis: a systematic review. Schizophr Bull. (2015) 41:559–73.

doi: 10.1093/schbul/sbv002

36. Meyer J, Koro CE, L’Italien GJ. The metabolic syndrome and schizophrenia: a

review. Int Rev Psychiatry (2005) 17:173–80. doi: 10.1080/09540260500071798

Frontiers in Psychiatry | www.frontiersin.org 7 May 2018 | Volume 9 | Article 209165

https://doi.org/10.1016/j.schres.2010.05.025
https://doi.org/10.2165/00023210-200519001-00001
https://doi.org/10.1177/0269881105058378
https://doi.org/10.1073/pnas.0611417104
https://doi.org/10.1007/s00213-016-4324-8
https://doi.org/10.1111/obr.12638
https://doi.org/10.1016/j.psyneuen.2012.09.009
https://doi.org/10.1093/schbul/sbw058
https://doi.org/10.1016/j.molmed.2010.10.010
https://doi.org/10.2174/1871530315666150623092031
https://doi.org/10.1517/14740338.2015.974549
https://doi.org/10.3109/15622975.2013.817685
https://doi.org/10.1038/tp.2012.3
https://doi.org/10.1016/j.bbi.2015.10.019
https://doi.org/10.1038/npjschz.2015.50
https://doi.org/10.1016/j.chroma.2016.10.044
https://doi.org/10.1021/ac500317c
https://doi.org/10.1007/s11306-011-0330-3
https://doi.org/10.1021/acs.jproteome.6b00109
https://doi.org/10.1021/ac504472s
https://doi.org/10.1016/j.chroma.2016.06.067
https://doi.org/10.3390/nu9030298
https://doi.org/10.1038/sj.mp.4002000
https://doi.org/10.3233/JAD-161215
https://doi.org/10.1002/aur.1777
https://doi.org/10.1016/j.jad.2017.02.008
https://doi.org/10.1016/j.schres.2017.03.031
https://doi.org/10.1007/s00406-007-1004-z
https://doi.org/10.1124/dmd.115.068981
https://doi.org/10.2165/00003088-199937030-00001
https://doi.org/10.1016/j.pharmthera.2012.12.007
https://doi.org/10.2174/138920008784746373
https://doi.org/10.1093/schbul/sbv002
https://doi.org/10.1080/09540260500071798
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Aquino et al. Lipidomic Signatures of Antipsychotic Response

37. Guest PC, Wang L, Harris LW, Burling K, Levin Y, Ernst A, et al.

Increased levels of circulating insulin-related peptides in first-onset,

antipsychotic naïve schizophrenia patients. Mol Psychiatry (2010) 15:118–9.

doi: 10.1038/mp.2009.81

38. Guest PC, Schwarz E, Krishnamurthy D, Harris LW, Leweke

FM, Rothermundt M, et al. Altered levels of circulating insulin

and other neuroendocrine hormones associated with the onset

of schizophrenia. Psychoneuroendocrinology (2011) 36:1092–6.

doi: 10.1016/j.psyneuen.2010.12.018

39. Ryan MC, Collins P, Thakore JH. Impaired fasting glucose tolerance in

first-episode, drug-naive patients with schizophrenia. Am J Psychiatry (2003)
160:284–9. doi: 10.1176/appi.ajp.160.2.284

40. Spelman LM, Walsh PI, Sharifi N, Collins P, Thakore JH. Impaired glucose

tolerance in first-episode drug-naive patients with schizophrenia.Diabet Med.
(2007) 24:481–5. doi: 10.1111/j.1464-5491.2007.02092.x

Conflict of Interest Statement: AG and MM are employees of Waters

Corporation (São Paulo, SP, Brazil).

The other authors declare that the research was conducted in the absence of

any commercial or financial relationships that could be construed as a potential

conflict of interest. Results here led to a patent request in Brazil (BR 10 2017

025852 1 - pending). Documents 110/07 and 67/10.

Copyright © 2018 Aquino, Alexandrino, Guest, Augusto, Gomes, Murgu, Steiner
and Martins-de-Souza. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner are credited and that the original publication in this journal is cited,
in accordance with accepted academic practice. No use, distribution or reproduction
is permitted which does not comply with these terms.

Frontiers in Psychiatry | www.frontiersin.org 8 May 2018 | Volume 9 | Article 209166

https://doi.org/10.1038/mp.2009.81
https://doi.org/10.1016/j.psyneuen.2010.12.018
https://doi.org/10.1176/appi.ajp.160.2.284
https://doi.org/10.1111/j.1464-5491.2007.02092.x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


SYSTEMATIC REVIEW
published: 12 June 2018

doi: 10.3389/fpsyt.2018.00187

Frontiers in Psychiatry | www.frontiersin.org 1 June 2018 | Volume 9 | Article 187

Edited by:

Stefan Borgwardt,

Universität Basel, Switzerland

Reviewed by:

Raimo Kalevi Rikhard Salokangas,

University of Turku, Finland

Drozdstoy Stoyanov Stoyanov,

Plovdiv Medical University, Bulgaria

*Correspondence:

Cathy Davies

cathy.davies@kcl.ac.uk

Specialty section:

This article was submitted to

Molecular Psychiatry,

a section of the journal

Frontiers in Psychiatry

Received: 04 March 2018

Accepted: 23 April 2018

Published: 12 June 2018

Citation:

Davies C, Radua J, Cipriani A, Stahl D,

Provenzani U, McGuire P and

Fusar-Poli P (2018) Efficacy and

Acceptability of Interventions for

Attenuated Positive Psychotic

Symptoms in Individuals at Clinical

High Risk of Psychosis: A Network

Meta-Analysis.

Front. Psychiatry 9:187.

doi: 10.3389/fpsyt.2018.00187

Efficacy and Acceptability of
Interventions for Attenuated Positive
Psychotic Symptoms in Individuals at
Clinical High Risk of Psychosis: A
Network Meta-Analysis
Cathy Davies 1*, Joaquim Radua 1,2,3, Andrea Cipriani 4,5, Daniel Stahl 6,

Umberto Provenzani 1,7, Philip McGuire 8,9,10 and Paolo Fusar-Poli 1,7,9,10

1 Early Psychosis: Interventions and Clinical-Detection Lab, Department of Psychosis Studies, Institute of Psychiatry,

Psychology and Neuroscience, King’s College London, London, United Kingdom, 2 FIDMAG Germanes Hospitalàries,

CIBERSAM, Barcelona, Spain, 3Department of Clinical Neuroscience, Centre for Psychiatry Research, Karolinska Institutet,

Stockholm, Sweden, 4Department of Psychiatry, University of Oxford, Oxford, United Kingdom, 5Oxford Health NHS

Foundation Trust, Oxford, United Kingdom, 6Department of Biostatistics, Institute of Psychiatry, Psychology and

Neuroscience, King’s College London, London, United Kingdom, 7Department of Brain and Behavioral Sciences, University

of Pavia, Pavia, Italy, 8Department of Psychosis Studies, Institute of Psychiatry, Psychology and Neuroscience, King’s

College London, London, United Kingdom, 9National Institute for Health Research Maudsley Biomedical Research Centre,

London, United Kingdom, 10OASIS Service, South London and Maudsley NHS Foundation Trust, London, United Kingdom

Background: Attenuated positive psychotic symptoms represent the defining features

of the clinical high-risk for psychosis (CHR-P) criteria. The effectiveness of each available

treatment for reducing attenuated positive psychotic symptoms remains undetermined.

This network meta-analysis (NMA) investigates the consistency and magnitude of the

effects of treatments on attenuated positive psychotic symptoms in CHR-P individuals,

weighting the findings for acceptability.

Methods: Web of Science (MEDLINE), PsycInfo, CENTRAL and unpublished/gray

literature were searched up to July 18, 2017. Randomized controlled trials in CHR-P

individuals, comparing at least two interventions and reporting on attenuated positive

psychotic symptoms at follow-up were included, following PRISMA guidelines. The

primary outcome (efficacy) was level of attenuated positive psychotic symptoms at 6 and

12 months; effect sizes reported as standardized mean difference (SMD) and 95% CIs in

mean follow-up scores between two compared interventions. The secondary outcome

was treatment acceptability [reported as odds ratio (OR)]. NMAs were conducted for both

primary and secondary outcomes. Treatments were cluster-ranked by surface under the

cumulative ranking curve values for efficacy and acceptability. Assessments of biases,

assumptions, sensitivity analyses and complementary pairwise meta-analyses for the

primary outcome were also conducted.

Results: Overall, 1,707 patients from 14 studies (57% male, mean age = 20)

were included, representing the largest evidence synthesis of the effect of preventive

treatments on attenuated positive psychotic symptoms to date. In the NMA for

efficacy, ziprasidone + Needs-Based Intervention (NBI) was found to be superior to
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NBI (SMD = −1.10, 95% CI −2.04 to −0.15), Cognitive Behavioral Therapy-French

and Morrison protocol (CBT-F) + NBI (SMD = −1.03, 95% CI −2.05 to −0.01), and

risperidone + CBT-F + NBI (SMD = −1.18, 95% CI −2.29 to −0.07) at 6 months.

However, these findings did not survive sensitivity analyses. For acceptability, aripiprazole

+NBI was significantly more acceptable than olanzapine+NBI (OR= 3.73; 95%CI 1.01

to 13.81) at 12 months only. No further significant NMA effects were observed at 6 or 12

months. The results were not affected by inconsistency or evident small-study effects,

but only two studies had an overall low risk of bias.

Conclusion: On the basis of the current literature, there is no robust evidence to favor

any specific intervention for improving attenuated positive psychotic symptoms in CHR-P

individuals.

Keywords: psychosis, risk, interventions, symptoms, network meta-analysis, treatments

INTRODUCTION

Indicated prevention in people at Clinical High Risk for Psychosis
(hereafter CHR-P) (1) represents one of the first attempts to alter
the course of the most severe psychiatric disorder and thereby
improve the lives of many young people (2, 3). Recent meta-
analytical evidence has suggested that it is potentially the only
effective way to reduce the duration of untreated psychosis, which
is a key factor determining outcomes (4). CHR-P individuals
accumulate several risk factors for psychosis (5), leading to
subtle symptoms (6) and functional impairments (7) that trigger
help-seeking behaviors (8). CHR-P individuals have around
20% risk [eTable 4 from Fusar-Poli et al. (9)] of developing
psychosis [but not any other non-psychotic disorder (10, 11)]
at 2 years. After two decades of CHR-P research, the paradigm
is at standstill (12). The principal limitations of knowledge are:
(i) poor penetrance of detection strategies for identifying at-
risk individuals (13, 14), (ii) the prognostic accuracy of CHR-
P tools in clinical use (15) being substantially dependent on
idiosyncratic sampling and recruitment strategies (16–20), and
(iii) an unclear effect of preventive treatments. Our research
group has previously addressed the first two limitations, and
only more recently have we completed a meta-analysis that
has investigated the consistency and magnitude of the effects
of treatments to prevent psychosis in CHR-P individuals. We
used a network meta-analytic approach, which allows head-to-
head comparisons to be performed across different preventive
treatments, and which is the recommended evidence synthesis
method for informing treatment guidelines (21). The key result
of our analysis was that there is no evidence to favor any
specific preventive treatment for CHR-P individuals over any
others (22). This finding is not completely surprising, given that
all of the most recent trials in this area were negative (23–
31). Therefore, currently, there is no convincing evidence that
indicated interventions implemented in CHR-P individuals can
effectively prevent the onset of psychosis. The impact of available
preventive interventions on the underlying neurobiology that
characterizes the CHR-P state and the onset of psychosis is
similarly unclear (3). We have fully discussed these findings
and the limitations of our analysis in our previous report (22).

Here, we complement our previous meta-analysis by focusing
on outcomes other than the onset of new psychotic disorders.
It is indeed apparent that CHR-P individuals may present with
problems other than the development of psychosis at follow-up,
such as the persistence of subthreshold psychotic symptoms (32).
In particular, attenuated positive psychotic symptoms represent
the defining features of the core CHR-P criteria. Meta-analytical
evidence indicates that around 85% (95% CI 79% to 90%) of
CHR-P individuals meet the intake criteria because of attenuated
positive psychotic symptoms [see eFigure 1 in Fusar-Poli et al.
(9)]. The severity and frequency of attenuated positive psychotic
symptoms are carefully measured by experienced clinicians using
specific semi-structured [and not self-administered (33)] CHR-
P instruments (34). Investigating the effect of treatments on
attenuated positive psychotic symptoms may also be associated
with empirical research benefits. For example, it has been
suggested that using continuous outcomes -such as attenuated
positive psychotic symptoms- rather than the binary transition
to psychosis may overcome the problems of arbitrary thresholds
defining a categorical onset of psychosis (35). Investigating
the impact of interventions on attenuated positive psychotic
symptoms is also relevant for informing clinical guidelines. For
example, the National Institute for Health and Care Excellence
(NICE) guidelines recommend cognitive behavioral therapies
(CBT) for presenting symptoms (36), but there is no clear
evidence which can reliably support this recommendation. The
other relevant outcome for CHR-P individuals is the acceptability
of treatments. Given the relatively high proportion of false
positives with respect to transition to psychosis, it is essential that
treatments have a benign side effect profile, are well tolerated and
acceptable to this patient group.

To address these gaps in knowledge, we present here a network
meta-analysis investigating the consistency and magnitude of
the effects of preventive treatments for reducing attenuated
positive psychotic symptoms in CHR-P individuals, weighting
the findings for acceptability.We focus on randomized controlled
trials (RCTs) to avoid the selection biases associated with
observational studies. Our primary aim was to test whether any
specific treatments are any more or less effective (compared to
any others) in improving attenuated positive psychotic symptoms
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in CHR-P individuals, and to provide an evidence-based ranking
of treatments on the basis of efficacy and acceptability. We
intended that this work would contribute to the rigorous
evidence-based assessment of the strengths and limitations of
the CHR-P paradigm (12). Our overarching vision is that by
understanding the limitations of current knowledge—which is
an essential prerequisite to finding ways of overcoming them—
the CHR-P field can advance with the development of refined
approaches that may ultimately achieve an effective prevention
of psychosis.

METHODS

Included Interventions
In a first step we listed the preventive interventions of
interest. The current study included all RCTs involving
non-pharmacological and/or pharmacological interventions
administered to CHR-P individuals. We focused on the following
types of treatments: CBT (different protocols), integrated
psychological therapies, psychoeducational interventions,
supportive counseling, family therapy, needs-based interventions
(NBI), antipsychotic molecules (aripiprazole, ziprasidone,
risperidone, olanzapine) and any novel/experimental
therapeutics (D-serine and omega-3 fatty acids). Although
these interventions had been defined a priori, we also allowed
the inclusion of additional treatments that were emerging
from the most recent literature search. In a second step, we
carefully reviewed the available systematic reviews and meta-
analyses to operationalize specific definitions of the preventive
treatments in CHR-P individuals. This is an essential step to
address heterogeneity across different types of interventions
and to characterize the specific nodes that were composing our
network. We defined each treatment component as indicated in
the following paragraphs.

Needs-Based Interventions (NBI)

CHR-P individuals enrolled in clinical trials are traditionally
young people who are experiencing subtle symptoms and
functional impairment (7) and who are therefore seeking help
for their problems (8). Accordingly, it is felt unethical to
randomize them to a pure placebo or “no treatment” condition
(37). In this scenario it is also difficult to provide an exact
definition of “treatment as usual,” because although treatment
guidelines do exist (36), in reality treatment implementation
is determined by local health service priorities, resources and
configurations as well as availability of specialist training. We
therefore decided on a pragmatic approach and adopted the
operationalization of NBI provided by the founders of the CHR-
P paradigm (38). This definition focuses on the symptoms
and problems already presented by the help-seeking individual
(39), and may encompass any of the following components: (a)
needs-based supportive psychotherapy for problems with, for
example, relationships, work or family; (b) case management
for resolving issues with education, housing or employment; (c)
brief family psychoeducation and general advice; (d) different
types of medications other than antipsychotics; and (e) clinical
monitoring alone or coupled with crisis management (38, 40).

Cognitive Behavioral Therapy, French and Morrison

Protocol (CBT-F)

The CBT-F protocol (41), like the majority of CBT protocols,
is grounded on the principles established by Beck (42).
The intervention is problem-focused and time-limited, with
treatment strategies selected based on the formulation of each
patient’s presenting problems but from a range of permissible,
manualized strategies. Although each person’s therapy will be
tailored to their presenting needs, the core components include
building engagement, collaborative goal-setting and formulation,
normalizing psychotic-like experiences, evaluating core beliefs,
and different types of behavioral experiments (41, 43).

Cognitive Behavioral Therapy, van der Gaag Protocol

(CBT-V)

The protocol developed by van der Gaag et al. (44) is based
on the French and Morrison protocol (41), which is then
expanded by the addition of two novel components that target
cognitive biases. The first additional component is education on
dopamine system super-sensitivity and its relation to attenuated
psychotic symptoms and exaggeration of cognitive biases, with
the aim of normalizing aberrant perceptual experiences and
reducing associated distress. The individual is taught how
biases in cognition, such as selective attention, confirmation
bias and jumping-to-conclusions contribute to the formation of
delusions and paranoia (44). The second component involves
exercises/behavioral experiments to correct these biases through
examination of initial appraisals and testing of alternative
explanations (45). Further aims of CBT-V include supporting
school attendance and employment, improving relationships
with friends and relatives, and if applicable, reducing cannabis
use (44).

Integrated Psychological Interventions, Bechdolf

Protocol (IPI)

The protocol developed by Bechdolf et al. (46) is a multi-
component package of care. In addition to manualized
and time-limited individual CBT-F (41), IPI also includes
manualized group skills training, which focuses on scheduling
and monitoring leisure activities, training in social skills,
problem-solving and mastery of difficult situations, and
developing “keeping well” strategies (46). The third component
was computerized cognitive remediation to address thought and
perception deficits (basic symptoms), and a final component
included multi-family psychoeducation group sessions, which
aimed to reduce interpersonal conflict and associated stress by
helping family members better understand the CHR-P state
(46, 47).

Family-Focused Therapy, Miklowitz Protocol (FFT)

The family-focused therapy (FFT) protocol by Miklowitz et al.
(28) was originally developed for individuals with or at risk
of bipolar disorder. The FFT was then adapted for CHR-
P individuals, which has three broad stages. The first stage
of FFT encompasses psychoeducation and the development
of a patient-family prevention plan, which helps to increase
understanding of the stressors contributing to attenuated positive
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and negative symptoms, while also detailing coping strategies
and behavioral activation goals. The second stage focuses on
enhancing constructive patient-family communication, and the
third stage consists of improving problem-solving skills (28).

Psychopharmacological Interventions

Pharmacological interventions included licensed medications,
experimental pharmacotherapies as well as nutritional
supplements.

Placebo

The placebo component was reserved for pharmacological
placebos administered in the control arms of randomized
controlled trials.

Node Composition

We carefully identified the specific interventions (as listed above)
for each arm of every study, which were then linearly combined
to compose the precise treatment “nodes” of our network.
As discussed above, this definition of nodes is an essential
prerequisite for performing a robust NMA that can be of clinical
relevance. Each pharmacological treatment was assigned to its
own node, but different dosages of the same molecule were
categorized within the same node. While placebo was initially
considered as a separate node from NBI, after performing
sensitivity analyses to explore the effect of pooling them together,
we decided to combine them in the same node (see below for
details).

Search Strategy and Selection Criteria
The first step of our literature search involved systematic
electronic searches in the Web of Science (which includes Web
of Science Core Collection, BIOSIS Citation Index, KCI-Korean
Journal Database, MEDLINE, Russian Science Citation Index
and SciELO Citation Index) and Ovid/ PsychINFO databases,
the Cochrane Central Register of Controlled Trials and the
NHS Centre for Reviews and Dissemination (CRD), using the
following keywords: (risk OR prodromal OR prodrom∗ OR
ultra-high risk OR clinical high risk OR high risk OR genetic
high risk OR at risk mental state OR risk of progression OR
progression to first-episode OR prodromally symptomatic OR
basic symptoms) AND (psychosis) AND (RCT OR randomized
controlled trial OR placebo controlled trial OR trial). The
searches were conducted up to 18th July 2017 and no language
restrictions were applied. In a second step, we used Scopus/Web
of Science to screen the reference lists of articles identified in
the previous step and those of existing systematic reviews and
meta-analyses. For comprehensiveness, we also searched the
reference lists of relevant clinical guidelines. In a third step,
we looked for published and unpublished material in relevant
conference proceedings, trial registries (e.g., https://clinicaltrials.
gov) or regulatory agencies. The OpenGrey database (http://
www.opengrey.eu) was used to identify unpublished material
from the gray literature.

The above search strategies led us to identifying potential
abstracts of interest. The abstracts were then screened for
potential inclusion and those that survived this initial filter

were downloaded as full-text articles. These were then carefully
inspected against the full inclusion and exclusion criteria which
are described below.

In line with the PRISMA guidance, two independent
researchers conducted the literature search, study selection and
data extraction (48). During the above steps, disagreement
between extractors was addressed through discussion with a third
researcher until consensus was obtained. We defined the specific
inclusion and exclusion criteria to ensure that the population
represented in the final database would be broadly representative
of the target CHR-P population as a whole (49).

Our inclusion criteria were (a) being an original article,
abstract or pilot study; (b) being a randomized controlled trial
(including cluster randomized trials, but excluding cross-over
studies); (c) being designed as blinded (either single- or double-
blind); (d) being conducted in CHR-P individuals with CHR-P
criteria ascertained through the use of internationally validated
psychometric assessments, i.e., the Comprehensive Assessment of
At-Risk Mental States (CAARMS) (6), the Structured Interview
for Psychosis-risk Syndromes (SIPS) (50), the Positive and
Negative Syndrome Scale (PANSS) (51), the Brief Psychiatric
Rating Scale (BPRS) (52), or the Early Recognition Inventory
(ERIraos) (53); (e) comparing specific preventive interventions
as defined in the sections above; (f) providing sufficient data to
perform meta-analytic computation; (g) providing a sample size
of 10 or greater (54).

Our exclusion criteria were defined as (a) being a review or
reporting non-original data; (b) lacking at least two compared
groups, such as open-label trials in a single group of CHR-
P patients exposed to treatment; (c) investigating patient
samples affected with an established first-episode psychosis
or any at-risk group other than CHR-P samples; (d) lacking
sufficient data needed to perform the essential meta-analytical
computations; (e) design lacking proper randomization, such
as quasi-randomization or observational naturalistic studies -
however, studies that were initially conceived and designed
as blinded but could not maintain blinding during follow-up
(e.g., for psychological interventions) were not excluded; (f)
including a sample size smaller than 10 (i.e., N = 9 or less); (g)
presenting overlapping data (i.e., for the same outcome at the
same time point as data that was already included)-in the case
of overlapping data/samples, we preferred the data relating to the
largest sample size.

Outcome Measures and Data Extraction
Due to the variable effect of time on clinical outcomes in these
samples (9, 55), analyses for time-dependent outcomes were
conducted. The primary outcome (efficacy) was the level of
attenuated positive psychotic symptoms at follow-up, indexed
by the relevant subscales of validated assessments, such as the
PANSS, CAARMS, BPRS and SIPS. For each arm of every
study, we extracted the mean and standard deviation (SD) of
these scores at 6 and 12 month follow-up time points. Where
studies did not report sufficient data to extract the primary
outcome, we used DigitizeIt software (http://www.digitizeit.de/)
to extract data presented graphically (means and 95% confidence
intervals (CIs) for each follow-up time point). When necessary,
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SDs were back-calculated using standard formulae. If none of
the aforementioned were available, we estimated follow-up data
using information available from the published paper and using
assumptions established in previous literature. Sample sizes were
based on the numbers randomized to each arm.

A high benefit-to-harm ratio is essential when adopting
preventive strategies that may lead to the unnecessary treatment
of false positives. We therefore selected the acceptability
of interventions (discontinuation due to any cause) as our
secondary outcome measure. In line with previous authoritative
publications, we defined the acceptability of interventions as
the number of participants who dropped out of each arm for
any reason following randomization, over those randomized at
baseline (56–58).

In order to describe our population, assess the transitivity
assumption (see below), address the risk of bias and conduct
meta-regression analyses, we also extracted details on the
first author and year of publication of each trial, country
where the trial was conducted, types of outcomes reported,
definitions of intervention and control arms (in line with the
treatment components described above), trial design, risk of
bias assessment, duration of each intervention and follow-up,
sample size, mean age, percent male, and the psychometric CHR-
P instrument used to ascertain attenuated positive psychotic
symptoms.

Risk of Bias

The assessment of bias is of paramount importance for rigorously
interpreting the results of evidence synthesis studies and for
testing their robustness. We used the Cochrane Risk of Bias
tool (59) to classify the risk of bias in each study using a priori
defined criteria. Using these standardized criteria, we evaluated
whether each trial was at high, low or unclear risk of bias
across six specific domains. These included random sequence
generation, allocation concealment, blinding of participants and
study personnel, blinding of outcome assessments, incomplete
outcome data, and selective outcome reporting. Once these
domains were assessed, the Cochrane Risk of Bias tool allowed
production of an overall risk of bias classification of high, low or
unclear. The overall rating of low risk was assigned when none of
the six domains were found to be at high risk and if three or less
domains were found to be at unclear risk. The overall rating of
moderate risk was assigned when one domain was found to be at
high risk; or no domains were found to be at high risk but four or
more were found to be at unclear risk. In all other cases, the trial
was classified as having an overall high risk of bias (60).

Statistical Analysis
Network Meta-Analysis

Frequentist NMAs were conducted for both primary (attenuated
positive psychotic symptoms) and secondary (acceptability)
outcomes at 6 and 12 months using the network package in
STATA (version SE 14.2). Effect sizes for the primary outcome
were calculated and reported as the standardized mean difference
Hedges’ adjusted g (SMD) and 95% CIs in mean follow-up scores
between two compared interventions, using the pooled SD at
follow-up (61). Follow-up data are considered preferable when

measuring continuous outcomes that are difficult to measure
(62). Effect sizes for the secondary outcomewere reported as odds
ratio (OR) and 95% CIs. We first constructed network plots -
for each outcome- to ensure that the geometry of the networks
were sufficiently connected (63, 64). We then performed a NMA
assuming consistency and a common heterogeneity across all
comparisons in the network. This allowed us to derive a single
summary treatment effect (SMD for attenuated positive psychotic
symptoms; OR for acceptability) for every possible pairwise
comparison of treatments. This summary effect draws on all
evidence from the network of trials, including direct and indirect
evidence. Correlations in effect sizes induced by multi-arm trials
were accounted for (63, 65). The resulting relative SMDs or ORs
with 95% CIs for each pair of treatments were reported in league
tables (66). Statistical significance was set at p < 0.05.

When performing NMA it is possible to rank an outcome
of interest using the Surface Under the Cumulative RAnking
curve (SUCRA) procedure. Such an approach allows integration
of both the location and the variance of any relative effect
on the outcome of interest (67). In simple terms, the SUCRA
procedure summarizes the overall ranking of each intervention
through a single number ranging from 0 to 100% (68). In
this manuscript, the higher the SUCRA value, the higher the
likelihood that an intervention will be in the top rank, and
vice versa (68). In line with our objective, we performed cluster
ranking (63, 67) of the SUCRA values for attenuated positive
psychotic symptoms and acceptability (at 6 and 12 months,
separately) and presented the results in two-dimensional plots
(64). These plots aid visualization of the relative balance between
a treatment’s ranking across different outcomes, and show the
clustering of treatments into meaningful groups as determined
by hierarchical cluster analysis (63, 64).

Consistency in a network refers to the equivalence of direct
and indirect estimates of the same treatment comparison pairs,
and can be investigated in each closed loop of evidence (66). We
assessed this assumption by calculating an inconsistency factor
along with 95% CIs (truncated at 0) and associated p-values for
each closed loop of the primary outcome (63). Inconsistency was
defined as disagreement between direct and indirect evidence,
with 95% CIs for inconsistency factors excluding zero. Because
the loop-specific approach focuses on local inconsistency and
has low power, we also tested a full design-by-treatment model
(69) for the primary outcome to evaluate global inconsistency.
This entailed performing a NMA under the inconsistency model
and using the χ

2-test to estimate the statistical significance of all
possible inconsistencies in the networks (70).

Transitivity was examined by assessing the distributions of
potential effect modifiers across comparisons in the networks.
These effect modifiers encompassed the following items: percent
male, age, percent exposed to antipsychotic medications at
baseline, type of blinding and publication year.

The presence of small-study effects was assessed by visual
inspection of comparison-adjusted funnel plots (71). In this
analysis we used NBI (or when not available, CBT-F + NBI) as
the reference. We assumed that small-study effects, if present,
would be expected to exaggerate the effectiveness of the “active”
(or newer/experimental) treatment, rather than NBI or CBT-F
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+ NBI, which currently represent the most widely implemented
interventions for this patient group.

Complementary Analyses

Sensitivity analyses were performed to address the impact of
study quality and our data analysis strategy. Specifically, we
repeated the NMA analyses on attenuated positive psychotic
symptoms using only: (a) studies with a low risk of bias for the
blinding of attenuated positive psychotic symptom assessments;
(b) studies whose meta-analytical data (i.e., mean and SD of
attenuated positive psychotic symptoms) were not estimated
using assumptions established in previous literature; and (c)
published trials only (i.e., excluding conference proceedings).
In addition, we repeated the NMA after pooling NBI and
placebo nodes and after pooling different types of antipsychotic
molecules. To ensure that the use of follow-up scores did not
unduly influence our results, we repeated the analyses using SMD
calculated from change score and pooled baseline SD, which
is recommended when a full ANCOVA model is not feasible
(62). Furthermore, we complemented the sensitivity analyses
through network meta-regression analyses. These were planned
only when substantial heterogeneity was observed and when at
least 10 independent trials were available (72) for each outcome
of interest. These meta-regressions were planned to investigate
the potential impact of the different CHR-P psychometric
instruments used for measuring attenuated positive psychotic
symptoms (34).

For the primary outcome, we also conducted conventional
pairwise meta-analyses (random effects model) of every direct
treatment comparison using the metan package in STATA. The
random effects meta-analyses were stratified by (a) follow-up
time (6 or 12months), and (b) pairwise intervention comparisons
(i.e., each type of treatment vs. its control was treated as
a meta-analysis, no overall summary effect computed across
comparisons of different treatments). The resultingmeta-analytic
SMDs together with 95% CIs and measures of heterogeneity (I2)
were calculated and presented in tables. When pairwise groups
had more than three contributing studies, we performed leave-
one-out sensitivity analyses to explore the robustness of the
results to influential individual studies.

RESULTS

Characteristics of Trials and Patients
Our initial literature search identified 1,556 references. However,
most of them did not report on RCTs in CHR-P individuals. As
indicated in Figure 1, 49 of them were eventually downloaded
and fully inspected against the inclusion and exclusion criteria,
which resulted in a final sample of 14 studies. We found only
three, three, two and two trials reporting the outcome data of
interest at 18, 24, 36, and >36 month time points, respectively.
Consequently, the current meta-analysis focuses only on the 6
and 12 month time points. The 14 studies used in the analyses
contributed data on a total of 1707 patients, with a mean age
of 20.1 ± 2.9 years, and of whom 57% were male (Table 1).
The mean sample size was 122 (range 44–304). Five studies
were conducted in North America, five in Europe, three in

Australia and one was multi-national. Two trials adopted a three-
arm design while all of the others employed a two-arm design.
Two of the included studies were identified from conference
proceedings and gray literature/clinical trial databases (24, 30).
Two studies had a treatment duration of <6 months, eight
of 6 months, and four of 12 months. Three of the 12 trials
that reported enough information to identify the source of
sponsorship or funding acknowledged pharmaceutical company
involvement. The SIPS was the most common assessment used
for measuring attenuated positive psychotic symptoms (N = 6).
Only two studies had an overall low risk of bias (30, 40),
four had unclear risk (24, 26, 27, 73) and the remaining eight
had high risk; the full risk of bias assessment is presented in
Figure 2.

For the primary outcome, eight studies provided data for
both 6 and 12 month networks, three only provided data for 6
months, and another 3 only for 12 months, resulting in 11 studies
contributing data for the 6 month analysis, and 11 to the 12
month analysis. For the 6 month analysis, 11 studies (N = 1459)
provided data on 15 direct comparisons between 8 different
treatment nodes (Figure 3A). For the 12 month analysis, 11
studies (N = 1483) provided data on 15 direct comparisons
between 7 different treatment nodes (Figure 3B).

At 6 months, seven studies provided the required follow-
up symptom data directly or indirectly, two provided means
and SD graphically (28, 40), and for two studies symptom data
were estimated on the basis of available data and assumptions
established in previous literature (27, 30). At 12 months, nine
studies provided the required data directly or indirectly, one
provided data graphically (40), and for one study symptom data
were estimated on the basis of available data and assumptions
established in previous literature (27).

All studies, except one (38), provided data for the secondary
outcome (acceptability) at both 6 and 12 months. Network plots
for the acceptability outcome were the same as those for the
primary outcome (Figure 3).

Pairwise Meta-Analysis
Pairwise meta-analysis results for the primary outcome are
presented in Table 2. Only three pairwise intervention vs. control
groups had two or more studies: CBT-F + NBI vs. NBI; omega-
3 + NBI vs. NBI; and risperidone + CBT-F + NBI vs. NBI.
The remaining pairwise intervention vs. control groups were
composed of single studies.

At 6 months, there was no significant difference between
CBT-F + NBI vs. NBI alone (SMD = −0.06, 95% CI −0.26 to
0.13; 5 studies, N = 652). However, there was meta-analytical
evidence of a greater reduction in attenuated positive psychotic
symptoms in CBT-F + NBI vs. NBI alone at 12 months
(SMD = −0.22, 95% CI −0.37 to −0.07; 6 studies, N = 712).
Leave-one-out sensitivity analyses showed that this effect was
dependent on the presence of one study (74). When this study
was removed, the combined effect at 12 months became non-
significant (SMD = −0.12, 95% CI −0.32 to 0.08; 5 studies,
N = 424). The non-significant summary effect at 6 months did
not become significant throughout any iteration of the leave-one-
out analyses.
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FIGURE 1 | PRISMA flow chart of the study selection process. CHR-P, clinical high risk for psychosis; RCT, randomized controlled trial.

Two studies compared omega-3+NBI to NBI alone, but both
6 and 12 month summary effect estimates were not significant
(6 month SMD = −0.48, 95% CI −1.62 to 0.67, 2 studies,
N = 385; 12 month SMD = −0.38, 95% CI −1.38 to 0.63, 2
studies,N = 385). Significant heterogeneity was detected between
these two studies at both 6 (I2 = 95%, p < 0.001) and 12
(I2 = 94%, p< 0.001) month time points. Statistical investigation
of potential sources of heterogeneity using meta-regression was
precluded by the limited number of studies.

Combined therapy with risperidone + CBT-F + NBI was not
significantly different from NBI alone at either 6 (SMD = 0.02,
95% CI −0.33 to 0.37, 2 studies, N = 130) or 12 months
(SMD = 0.00, 95% CI −0.38 to 0.38, 2 studies, N = 130). While
available data on all further pairwise treatments vs. controls are
listed in Table 2 for completeness, they represent single studies
and thus cannot be considered meta-analytic results.

Network Meta-Analysis – Effect on
Attenuated Positive Psychotic Symptoms
Results of the NMA are presented in Tables 3, 4. At 6 months,
ziprasidone + NBI was found to be significantly more effective

at reducing attenuated positive psychotic symptoms compared to
NBI alone (SMD = −1.10, 95% CI −2.04 to −0.15); compared
to CBT-F + NBI (SMD = −1.03, 95% CI −2.05 to −0.01); and
compared to risperidone + CBT-F + NBI (SMD = −1.18, 95%
CI −2.29 to −0.07). There were no other significant effects of
any one intervention over any others (Table 3). Using NBI as a
comparator, the relative treatment effect estimates (all SMD < 0
favor the given treatment) at 6 months were: ziprasidone +

NBI (SMD = −1.10, 95% CI −2.04 to −0.15); omega-3 +

NBI (SMD = −0.42, 95% CI −1.01 to 0.16); aripiprazole +

NBI (SMD = −0.18, 95% CI −0.90 to 0.53); family-focused
therapy + NBI (SMD = −0.41, 95% CI −1.22 to 0.41); CBT-F
+ NBI (SMD = −0.07, 95% CI −0.44 to 0.31); D-serine + NBI
(SMD=−0.10, 95% CI−1.05 to 0.84); and risperidone+ CBT-F
+ NBI (SMD= 0.08, 95% CI−0.50 to 0.67).

At 12months, there was no evidence that any one intervention
was superior over any others, with all 95% CIs crossing zero
(Table 4). Using NBI as a comparator, the relative treatment
effect estimates (all SMD < 0 favor the given treatment) at 12
months were: olanzapine + NBI (SMD = −0.53, 95% CI −1.28
to 0.22); omega-3 + NBI (SMD =−0.30, 95% CI −0.77 to 0.17);
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TABLE 1 | Characteristics of included studies.

Study Study arms (N) Total

N

Network

inclusion

Treatment

duration

(months)

Follow-up

time

points

(months)

%

male

Mean

age

Measure of

symptoms

Study

design

Country % exposed to

antipsychotics

at baseline

Addington et al. (37) CBT-F + NBI [27]

NBI [24]

51 6, 12 6 6, 12, 18 71 20.9 SIPS SB-RCT Canada 0

Amminger et al. (40) Omega-3 + NBI [41]

NBI [40]

81 6, 12 3 6, 12, 84 33 16.4 PANSS DB-RCT Austria 0

Bechdolf et al.

(46, 75)

IPI [63]

NBI [65]

128 12 12 6, 12, 18,

24

63 26.0 PANSS SB-RCT Germany 0

Bechdolf et al. (24) ARI + NBI [96]

NBI [55]

CBT-F + NBI [129]

280 6, 12 12 6, 12 66 24.4 SIPS SB-RCT Germany 3.4

Kantrowitz et al. (26) D-serine + NBI [20]

NBI [24]

44 6 4 4 66 19.4 SIPS DB-RCT US 11.4

McGlashan et al. (73) OLA + NBI [31]

NBI [29]

60 12 12 12, 24 65 17.7 SIPS DB-RCT US, Canada 10

McGorry et al. (38) RIS + CBT-F + NBI [31]

NBI [28]

59 6, 12 6 6, 12,

36–48

58 20.0 BPRS SB-RCT Australia 0

McGorry et al. (27) Omega-3 + NBI [153]

NBI [151]

304 6, 12 6 6, 12 46 19.2 BPRS DB-RCT Multi-national 0

Miklowitz et al. (28) FFT + NBI [66]

NBI [63]

129 6 6 6 57 17.4 SIPS SB-RCT US, Canada 20.9

Morrison et al. (43) CBT-F + NBI [37]

NBI [23]

60 12 6 6, 12, 36 69 22.0 PANSS SB-RCT UK 0

Morrison et al. (74) CBT-F + NBI [144]

NBI [144]

288 6, 12 6 6, 12, 18,

24

63 20.7 CAARMS SB-RCT UK 0

Stain et al. (29) CBT-F + NBI [30]

NBI [27]

57 6, 12 6 6, 12 40 16.3 CAARMS SB-RCT Australia 0

Woods et al. (30, 31) ZIP + NBI [24]

NBI [27]

51 6 6 6 64 22.3 SIPS DB-RCT US 0

Yung et al. (76) and

McGorry et al. (77)

CBT-F + NBI [44]

RIS + CBT-F + NBI [43]

NBI [28]

115 6, 12 12 6, 12 39 18.1 BPRS SB-RCT Australia 0

CBT-F, cognitive behavioral therapy (French and Morrison protocol); NBI, eeds-based interventions (including placebo); IPI, integrated psychological interventions; ARI, aripiprazole;

OLA, olanzapine; RIS, risperidone; FFT, family-focused therapy; ZIP, ziprasidone; SIPS, Structured Interview for Psychosis-risk Syndromes; PANSS, Positive and Negative Syndrome

Scale; BPRS, Brief Psychiatric Rating Scale; CAARMS, Comprehensive Assessment of At-Risk Mental States; SB-RCT, single-blind randomized controlled trial; DB-RCT, double-blind

randomized controlled trial.

aripiprazole+NBI (SMD=−0.23, 95% CI−0.78 to 0.33); CBT-
F + NBI (SMD = −0.15, 95% CI −0.43 to 0.13); risperidone
+ CBT-F + NBI (SMD = −0.04, 95% CI −0.52 to 0.44); and
integrated psychological interventions (SMD = 0.20, 95% CI
−0.45 to 0.84).

Inconsistency and Small-Study Effects

There was no statistically significant inconsistency in the 6 or 12
month networks. The 95% CIs for all inconsistency factors were
compatible with zero inconsistency. However, it is important to
note that only two loops were available at both 6 and 12 months,
which may have limited our ability to detect inconsistency.When
we used the design-by-treatment interaction model, there was no
evidence for significant inconsistency in the 6 (p = 0.92) or 12
month (p= 0.92) networks.

Visual inspection of comparison-adjusted funnel plots
suggested no clear small-study effects (publication biases),
with a regression line almost flat at 6 months (Figure S1A in

Supplementary Material) and completely flat at 12 months
(Figure S1B in Supplementary Material).

Sensitivity Analyses for NMA of Primary Outcome

We tested the robustness of the core NMA findings (that
ziprasidone + NBI is superior to NBI alone, CBT-F + NBI,
and risperidone + CBT-F + NBI at 6 months) through various
sensitivity analyses. At 6 months, two studies (27, 30) were
based on estimated follow-up data, one of which was the single
ziprasidone + NBI vs. NBI study (30). Repeating the analyses
after removal of the latter study (30) inherently meant that there
was now no ziprasidone+ NBI node and all estimates were non-
significant. Removal of the other study -by McGorry et al (27)-
did not affect the current results at 6 or 12 months; however,
one change of note is that at 12 months, CBT-F + NBI became
significantly more effective than NBI, which is interesting in light
of the pairwise significance of CBT-F+NBI vs. NBI at 12months,
and lack thereof in the main NMA analyses.
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FIGURE 2 | Risk of bias summary. Review authors’ judgements about each risk of bias item for each included study. Green circles (+) indicate low risk of bias; yellow

circles (?) indicate unclear risk; red circles (−) indicate high risk of bias.

The ziprasidone+NBI results were not robust to the removal
of two studies (38, 76) at high or unclear risk of bias for the
blinding of outcome assessments, which resulted in only the
ziprasidone + NBI vs. NBI comparison remaining significant.
Repeating the analyses after removing unpublished studies (24,
30), pooling together different antipsychotic molecules, and
using change scores instead of follow-up scores all abolished
the ziprasidone + NBI results. Repeating the analyses treating
NBI + placebo as a separate node to NBI had some effect
on the NMA estimates at 6 months (ziprasidone + NBI was
now superior only to NBI + placebo) and had no effect at 12
months; we therefore used the pooled NBI + placebo in the
main analysis (Tables 1–4, Figures 3, 4). There were too few
studies to allow robust meta-regression analyses on the type

of instruments used to measure attenuated positive psychotic
symptoms.

Network Meta-Analysis – Effect on
Acceptability
There were no significant differences in acceptability between any
treatments at 6 months (Table 3). At 12 months, aripiprazole
+ NBI was significantly more acceptable than olanzapine +

NBI (OR = 3.73; 95% CI 1.01 to 13.81). There were no
further significant differences at 12 months (Table 4). However,
at both time points, the 95% CIs for the comparisons were
often very wide, indicating substantial imprecision in the
estimates.
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FIGURE 3 | Network plots of direct comparisons at 6 (A) and 12 (B) months.

The width of the lines is proportional to the number of trials comparing each

pair of treatments and the size of each node is proportional to the number of

studies testing the specific treatment. Numbers represent the number of

studies contributing data to each comparison. ARI, aripiprazole; NBI,

needs-based interventions (including placebo); CBT-F, cognitive behavioral

therapy (French and Morrison protocol); Dser, D-serine; FFT, family-focused

therapy; Om3, omega-3 fatty acids; RIS, risperidone; ZIP, ziprasidone; IPI,

integrated psychological interventions; OLA, olanzapine.

Network Meta-Analysis – Cluster Ranking
for Attenuated Positive Psychotic
Symptoms and Acceptability
The cluster ranking plots of SUCRA values for attenuated positive
psychotic symptoms (efficacy) and acceptability are illustrated
in Figure 4A (for 6 months) and Figure 4B (for 12 months).
However, it should be noted that although the treatments were
cluster ranked, there was no statistically significant difference
between any treatments (with the exception of ziprasidone +

NBI) in the main network meta-analysis results (see Tables 3, 4
for details).

Three distinct clusters were found in the cluster ranking at
6 months (Figure 4A). Notably, while ziprasidone + NBI had
the highest SUCRA for efficacy (94%), it was also the most
poorly tolerated, having the lowest SUCRA value for acceptability
(23%). In a second cluster, omega-3 + NBI and family-focused

therapy + NBI had similar SUCRA scores for efficacy (67%
and 63%, respectively), however, they differed markedly in their
SUCRA for acceptability; family-focused therapy + NBI had
the highest acceptability SUCRA of all treatments (70%), while
that of omega-3 + NBI was mid-range (49%). The third cluster
comprised the remaining treatments, whose SUCRA values for
efficacy were all below 50%, but whose acceptability SUCRAs
varied from 62% for aripiprazole + NBI, to 37% (the worst) for
NBI.

At 12 months, four distinct clusters were found (Figure 4B).
Similar to above, while olanzapine + NBI was ranked highest
of all treatments for efficacy SUCRA (82%), it also scored
worst for acceptability (13%). A second cluster, with a more
balanced profile of efficacy and acceptability SUCRA values,
comprised aripiprazole + NBI, omega-3 + NBI and CBT-F
+ NBI. Of these, omega-3 + NBI had the highest SUCRA
value in terms of efficacy (70%) but lower acceptability (57%),
aripiprazole + NBI had slightly lower efficacy (60%) but
the highest acceptability of all treatments (91%), and CBT-
F + NBI had mid-range values for both outcomes. NBI and
risperidone + CBT-F + NBI were found in a third, intermediate
cluster with low mid-range SUCRA values. The final cluster
was composed of integrated psychological interventions, with
SUCRA values of 19% and 26% for efficacy and acceptability,
respectively.

DISCUSSION

To the best of our knowledge, this is the first network meta-
analysis to have explored the effect of preventive treatments on
attenuated positive psychotic symptoms in CHR-P individuals.
Focusing exclusively on RCTs to minimize selection biases, we
included a total of 14 non-overlapping studies, for a total database
of 1,707 CHR-P individuals, representing the largest evidence
synthesis of this topic to date. By using themost updated evidence
we defined two networks at 6 and 12 months, on which we
performed the core analyses. These two networks included 8 and
7 nodes, respectively. There were not enough studies to generate
networks beyond these time points. Overall, our network meta-
analyses indicated no robust evidence of superior efficacy for any
specific intervention on attenuated positive psychotic symptoms
at any time point, with the exception of ziprasidone + NBI,
which was superior to NBI alone, CBT-F+ NBI, and risperidone
+ CBT-F + NBI. However, the evidence specifically relating to
ziprasidone + NBI was based on a single study only and did
not survive sensitivity analyses. The results were not affected
by inconsistency or evident small-study effects (publication
biases).

The main finding of the current study is that there is a lack
of evidence to favor specific effective interventions for reducing
attenuated positive psychotic symptoms in CHR-P individuals.
While ziprasidone+NBI demonstrated some superiority in the 6
month network meta-analyses, these results are not robust. First,
the efficacy of ziprasidone + NBI comes from only one as-yet
unpublished study. Second, the results did not survive most of
the sensitivity analyses. Finally, in the cluster ranking, it was clear
that while ziprasidone+NBIwas themost efficacious in reducing
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TABLE 2 | Pairwise meta-analytic results for attenuated psychotic symptoms at 6 and 12 months.

Time point;

months

Treatment

condition

Control

condition

Number of studies

(references)

Total N SMD (g) Lower 95%CI Upper 95%CI Heterogeneity

Treatment Control I2 Q P

6 ARI + NBI NBI 1 (24) 96 55 −0.22 −0.56 0.11 – 0.00 –

ARI + NBI CBT-F+NBI 1 (24) 96 129 −0.06 −0.33 0.20 – 0.00 –

CBT-F + NBI NBI 5 (24, 29, 37, 74, 76) 374 278 −0.06 −0.26 0.13 24.2 5.27 0.26

Dser + NBI NBI 1 (26) 20 24 −0.10 −0.70 0.49 – 0.00 –

FFT + NBI NBI 1 (28) 66 63 −0.41 −0.76 −0.06 – 0.00 –

Om3 + NBI NBI 2 (27, 40) 194 191 −0.48 −1.62 0.67 94.8 19.4 <0.001

RIS + CBT-F + NBI CBT-F+NBI 1 (76) 43 44 0.37 −0.05 0.80 – 0.00 –

RIS + CBT-F + NBI NBI 2 (38, 76) 74 56 0.02 −0.33 0.37 0.00 0.72 0.40

ZIP + NBI NBI 1 (30) 24 27 −1.10 −1.69 −0.50 – 0.00 –

12 ARI + NBI NBI 1 (24) 96 55 −0.22 −0.55 0.12 – 0.00 –

ARI + NBI CBT-F+NBI 1 (24) 96 129 −0.08 −0.34 0.18 – 0.00 –

CBT-F + NBI NBI 6 (24, 29, 37, 43, 74, 77) 411 301 −0.22 −0.37 −0.07 0.00 3.27 0.66

IPI NBI 1 (46) 63 65 0.20 −0.15 0.54 – 0.00 –

OLA + NBI NBI 1 (73) 31 29 −0.53 −1.05 −0.02 – 0.00 –

Om3 + NBI NBI 2 (27, 40) 194 191 −0.38 −1.38 0.63 93.5 15.49 <0.001

RIS + CBT-F + NBI CBT-F+NBI 1 (77) 43 44 −0.07 −0.49 0.35 – 0.00 –

RIS + CBT-F + NBI NBI 2 (38, 77) 74 56 0.00 −0.38 0.38 16.2 1.19 0.28

Underlined bold text within the SMD and 95% CI columns indicates statistically significant meta-analytic treatment effect. SMD below 0 favors the given treatment condition. ARI,

aripiprazole; NBI, needs-based interventions (including placebo); CBT-F, cognitive behavioral therapy (French & Morrison protocol); Dser, D-serine; FFT, family-focused therapy; Om3,

omega-3 fatty acids; RIS, risperidone; ZIP, ziprasidone; IPI, integrated psychological interventions; OLA, olanzapine. Dashes (–) indicate no heterogeneity estimate due to having only

one contributing study (and thus cannot be considered a true meta-analytic result).

attenuated positive symptoms, it was poorly tolerated with the
lowest ranking for acceptability. Similarly, the only significant
result in pairwise analyses was for CBT-F + NBI vs. NBI at 12
months. Again, this was found to be reliant on the inclusion
of one particular study (74) in sensitivity analyses. Given that
the data relating to the CBT-F + NBI element are identical
in both the pairwise and network meta-analyses, the driving
factor for the disparity (in significance of CBT-F + NBI vs.
NBI in pairwise vs. network meta-analyses) likely emerges from
the additional data about NBI that the NMA had gained from
the rest of the network (i.e., the relative effectiveness of NBI as
derived indirectly from the other -direct- comparisons). Support
for this explanation comes from the finding that, when one
particular study (27) was removed from the 12 month network
(in sensitivity analyses), the CBT-F + NBI vs. NBI comparison
became significant. Inspection of the data for this removed study
(27) showed that it had the largest NBI arm (N = 151) of all
trials, and although the study-specific SMD was not significant,
the SMD was favoring NBI over the comparative intervention
(omega-3 + NBI). This suggests that the relative effectiveness
of NBI may have been underestimated by the direct (pairwise)
CBT-F + NBI vs. NBI estimates compared to the NMA-derived
estimates.

Overall, our negative results are concordant with several lines
of evidence pointing toward ineffective treatments for CHR-P
individuals. Beyond the lack of evidence for specific treatments
reducing the risk of developing psychosis -as determined by our
earlier study (22)-, another recently published network meta-
analysis found no evidence that any treatments were better
than any others in improving attenuated negative symptoms in

CHR-P individuals (78, 79). The lack of impact on attenuated
negative symptoms is in line with meta-analytical evidence
showing that full-blown negative symptoms are refractory to
any kind of treatment (72). More to the point, there is not
even evidence that current preventive treatments can ameliorate
clinical outcomes such as functional level (80–83), depressive
comorbidities (83), distress (81) and quality of life (81, 83) in
CHR-P individuals. It is possible that the lack of evidence for
effective treatments to reduce transition to psychosis may be
secondary to low statistical power for testing this outcome. In
turn, this can be caused by the recruitment strategies adopted
by recent RCTs that have focused on individuals that were
poorly risk enriched, causing a dilution of the final risk for
psychosis (23). On the contrary, the lack of evidence for effects
on attenuated positive psychotic symptoms cannot simply be
attributed to low statistical power. Rather, it is possible that
the available treatments are not disease-modifying because
they are not targeting the core pathophysiological processes
underlying the onset of psychosis in CHR-P individuals (3). It
is also possible that effective preventive treatments do exist, but
we are currently unable to detect them because of the large
noise and between-subject heterogeneity that is observed. For
example, the level of attenuated positive psychotic symptoms
varies considerably across different CHR-P subgroups. We have
previously found that CHR-P individuals meeting the short-
lived psychotic episode subgroup have the highest risk of
developing psychosis (about 40–50% at 2 years) (9, 84), those
meeting the attenuated psychotic symptoms subgroup have
an intermediate risk (about 20% at 2 years) (9), and those
meeting the genetic risk subgroup have a low risk (about
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TABLE 3 | Network meta-analytic relative treatment effects for efficacy and acceptability at 6 months.

ZIP + NBI 1.77

(0.32,9.79)

2.63

(0.42,16.68)

2.22

(0.39,12.75)

1.83

(0.24,13.78)

1.79

(0.40,8.07)

1.55

(0.38,6.27)

2.28

(0.34,15.09)

−0.67

(−1.78,0.44)

Om3 + NBI 1.49

(0.31,7.07)

1.26

(0.30,5.30)

1.04

(0.18,6.01)

1.01

(0.33,3.13)

0.88

(0.33,2.35)

1.29

(0.26,6.44)

−0.69

(−1.94,0.56)

−0.01

(−1.02,0.99)

FFT + NBI 0.84

(0.17,4.15)

0.69

(0.11,4.59)

0.68

(0.18,2.56)

0.59

(0.18,1.96)

0.87

(0.15,4.98)

−0.91

(−2.10,0.27)

−0.24

(−1.16,0.68)

−0.23

(−1.31,0.86)

ARI + NBI 0.82

(0.14,4.93)

0.80

(0.28,2.28)

0.70

(0.25,1.98)

1.03

(0.21,5.02)

−0.99

(−2.33,0.35)

−0.32

(−1.43,0.79)

−0.30

(−1.55,0.94)

−0.08

(−1.26,1.11)

Dser + NBI 0.98

(0.21,4.65)

0.85

(0.20,3.63)

1.25

(0.18,8.60)

−1.03

(−2.05,−0.01)

−0.36

(−1.05,0.34)

−0.34

(−1.24,0.56)

−0.11

(−0.82,0.59)

−0.04

(−1.05,0.98)

CBT–F + NBI 0.87

(0.50,1.51)

1.27

(0.36,4.46)

−1.10

(−2.04,−0.15)

−0.42

(−1.01,0.16)

−0.41

(−1.22,0.41)

−0.18

(−0.90,0.53)

−0.10

(−1.05,0.84)

−0.07

(−0.44,0.31)

NBI 1.47

(0.41,5.25)

−1.18

(−2.29,−0.07)

−0.50

(−1.33,0.32)

−0.49

(−1.49,0.51)

−0.26

(−1.16,0.63)

−0.18

(−1.30,0.93)

−0.15

(−0.78,0.48)

−0.08

(−0.67,0.50)

RIS + CBT-F

+ NBI

Comparisons between treatments should be read from left to right, and the estimate is in the cell in common between the column-defining treatment and the row-defining treatment. For

the primary outcome (attenuated positive psychotic symptoms) estimates, results are SMD (95% CI), where SMD below 0 favors the column-defined treatment. For acceptability, results

are OR (95% CI), where OR < 1 favors the row-defined treatment. Significant results are in bold. The order of treatments in the diagonal is arbitrary and does not reflect ranking. ZIP,

ziprasidone; NBI, needs-based interventions (including placebo); Om3, omega-3 fatty acids; FFT, family-focused therapy; ARI, aripiprazole; Dser, D-serine; CBT-F, cognitive behavioral

therapy (French & Morrison protocol); RIS, risperidone.

Comparison.

Efficacy (attenuated psychotic symptoms; SMD [95% CI]).

Acceptability (dropout; OR [95% CI]).

TABLE 4 | Network meta-analytic relative treatment effects for efficacy and acceptability at 12 months.

OLA + NBI 2.31

(0.64,8.32)

3.73

(1.01,13.81)

2.39

(0.73,7.83)

1.98

(0.47,8.32)

2.31

(0.75,7.05)

1.38

(0.30,6.38)

−0.23

(−1.12,0.65)

Om3 + NBI 1.61

(0.64,4.07)

1.03

(0.50,2.12)

0.86

(0.29,2.53)

1.00

(0.53,1.86)

0.59

(0.18,2.02)

−0.31

(−1.24,0.63)

−0.07

(−0.80,0.66)

ARI + NBI 0.64

(0.32,1.26)

0.53

(0.18,1.57)

0.62

(0.31,1.22)

0.37

(0.11,1.29)

−0.38

(−1.19,0.42)

−0.15

(−0.70,0.40)

−0.08

(−0.63,0.47)

CBT-F + NBI 0.83

(0.35,2.00)

0.97

(0.64,1.45)

0.58

(0.19,1.78)

−0.49

(−1.39,0.40)

−0.26

(−0.93,0.41)

−0.19

(−0.90,0.53)

−0.11

(−0.62,0.40)

RIS + CBT-F

+ NBI

1.16

(0.47,2.86)

0.69

(0.17,2.76)

−0.53

(−1.28,0.22)

−0.30

(−0.77,0.17)

−0.23

(−0.78,0.33)

−0.15

(−0.43,0.13)

−0.04

(−0.52,0.44)

NBI 0.60

(0.21,1.71)

−0.73

(−1.72,0.26)

−0.50

(−1.30,0.30)

−0.42

(−1.28,0.43)

−0.35

(−1.05,0.36)

−0.24

(−1.04,0.57)

−0.20

(−0.84,0.45)

IPI

Comparisons between treatments should be read from left to right, and the estimate is in the cell in common between the column-defining treatment and the row-defining treatment.

For the primary outcome (attenuated positive psychotic symptoms) estimates, results are SMD (95% CI), where SMD below 0 favors the column-defined treatment. For acceptability,

results are OR (95% CI), where OR < 1 favors the row-defined treatment. Significant results are in bold. The order of treatments in the diagonal is arbitrary and does not reflect ranking.

OLA, olanzapine; NBI, needs-based interventions (including placebo); Om3, omega-3 fatty acids; ARI, aripiprazole; CBT-F, cognitive behavioral therapy (French & Morrison protocol);

RIS, risperidone; IPI, integrated psychological interventions.

Comparison.

Efficacy (attenuated psychotic symptoms; SMD [95% CI]).

Acceptability (dropout; OR [95% CI]).

3% at 2 years) (9). In a subsequent prospective cohort study,
we confirmed that CHR-P individuals meeting the short-lived
psychotic episode subgroup criteria have a very high risk
of developing persistent psychotic episodes (85). Additional
ongoing analyses revealed that these three subgroups are
associated with different clinical needs and use of mental health
services. These results led us to propose clinical stratification
of the CHR-P population across different subgroups (1), which

has been endorsed by other leading researchers in this area
(2, 86). However, because most trials were conducted before
such knowledge emerged, response to preventive treatment was
not stratified across these different subgroups and we have
been unable to control for this variable in meta-regression
analyses. The clinical heterogeneity of this population is further
amplified by the heterogeneous accumulation of risk factors
for psychosis (5), which is reflected in a variable enrichment
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FIGURE 4 | Cluster-ranking of treatments according to SUCRA values for

efficacy and acceptability at 6 (A) and 12 (B) months. Colors reflect treatments

belonging to the same cluster. Please note that although the treatments have

been ranked, there is no statistical difference between them -with the

exception of ziprasidone+NBI for efficacy- (see Tables 3,4 for further details).

ARI, aripiprazole; NBI, needs-based interventions (including placebo); CBT-F,

cognitive behavioral therapy (French and Morrison protocol); Dser, D-serine;

FFT, family-focused therapy; Om3, omega-3 fatty acids; RIS, risperidone; ZIP,

ziprasidone; IPI, integrated psychological interventions; OLA, olanzapine.

of risk to psychosis (17) and different clinical outcomes. The
latter may include the development of psychosis, persistence of
symptoms and comorbidities, or recovery (32). Overall, the above
considerations indicate that the “one-size-fits-all” approach to
offering preventative strategies to CHR-P individuals is unlikely
to work, namely due to the heterogeneity of the CHR-P state.
This raises the possibility that the available treatments have been
ineffective because they were applied to all CHR-P subjects,
rather than to stratified subgroups. For example, a true preventive
effect may be difficult to detect in those at low risk or in
those who are responding to placebo or low-level needs-based
interventions.

These findings may be informative for future research.
For example, they suggest that a stratified precision medicine
approach may improve the apparent effectiveness of available

treatments. Identifying specific factors that predict response
to preventive treatments at the individual subject level may
substantially advance clinical care for CHR-P individuals by
personalizing their preventive interventions. This could be
achieved using the existing RCT data under an individual
participant data network meta-analytic approach. These
advanced meta-analytical approaches allow the stratification
of treatment response through the development of predictive
risk estimation tools (87) and could potentially produce a
breakthrough advancement of clinical knowledge in this
area. Our research group has recently completed the protocol
for an individual participant data network meta-analyses
(PROSPERO 2018 CRD42018089161) which is due to start
imminently. At the same time, the lack of convincing
evidence for effective treatments should foster refreshed
collaborative efforts to test innovative novel treatments for
CHR-P individuals. It is important to note that challenges
in developing effective preventive treatments are not specific
to the CHR-P field but are common across other branches
of clinical medicine, such as in the prevention of dementia.
Promising compounds are on the horizon. For example, the
first ever industry-funded RCT for CHR-P individuals will
be investigating the efficacy of a phosphodiesterase inhibitor
to prevent psychosis (88). Of relevance, to partially reduce
the clinical heterogeneity discussed above, this RCT will
focus only on CHR-P individuals presenting with attenuated
positive psychotic symptoms and who are enriched in risk
as determined by a specific risk stratification algorithm (89).
Another promising candidate treatment is cannabidiol, which
was found to be well tolerated and reduced symptoms in
an early-phase trial in CHR-P individuals, although the
full report is not yet available (90, 91). A larger-scale RCT
of cannabidiol is due to start at our institute in the near
future. The discovery and development of more effective
treatments for attenuated positive psychotic symptoms also
requires an improved regulatory platform to reliably sustain
the next generation of research. For example, while the
DSM-5 includes a newly introduced diagnostic category for
attenuated psychosis syndrome (92), there will be no similar
diagnostic category in the ICD-11. Diagnostic controversies,
as well as different methods of ascertainment of attenuated
psychotic symptoms [for a comparative analysis of different
CHR-P instruments see (34)] are unlikely to facilitate the
large-scale collaborations that are necessary to overcome the
current limitations.

There are some important limitations to our work. First,
the interpretation of negative findings is always challenging. In
fact, as noted by leading authors, absence of evidence is not
evidence of absence (93). Such an observation is particularly
relevant in the case of large CIs, such as those that have been
observed in the current analyses (see Tables 3, 4). Therefore,
some sizeable effects may still have been missed by our analyses.
Furthermore, only 14 RCTs were included, reflecting the scarcity
of studies available in this field. Although network meta-analyses
are characterized by increased power and precision (94), the
geometry of the networks in the current study limited our
ability to test for inconsistency, and potentially resulted in more
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imprecise estimates and wide 95%CIs. An additional limitation is
that the overall quality of our networkmeta-analysis is dependent
on the quality of each included study, most of which were at
high or unclear risk of bias. We partially controlled for this
problem through assessment of biases and sensitivity analyses.
The final limitation concerns the use of dropout for any reason
as a proxy measure for acceptability. While this measure is
generally accepted in network meta-analyses of RCTs (56–58),
it is a rather crude and spurious outcome measure. The use
of a more specific side effect outcome could have revealed
more subtle differences in acceptability across the available
treatments. We have been unable to analyse any specific side
effects because these were infrequently reported in the available
literature.

CONCLUSIONS

In conclusion, on the basis of the most comprehensive evidence
synthesis to date, there is currently no robust evidence to
favor specific interventions for improving attenuated positive
psychotic symptoms in CHR-P individuals.
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Clinical practice guidelines identify lithium as a first line treatment for mood stabilization

and reduction of suicidality in bipolar disorders (BD); however, most individuals

show sub-optimal response. Identifying biomarkers for lithium response could enable

personalization of treatment and refine criteria for stratification of BD cases into

treatment-relevant subgroups. Existing systematic reviews identify potential biomarkers

of lithium response, but none directly address the conceptual issues that need to be

addressed to enhance translation of research into precision prescribing of lithium. For

example, although clinical syndrome subtyping of BD has not led to customized individual

treatments, we emphasize the importance of assessing clinical response phenotypes

in biomarker research. Also, we highlight the need to give greater consideration to the

quality of prospective longitudinal monitoring of illness activity and the differentiation of

non-response from partial or non-adherence with medication. It is unlikely that there

is a single biomarker for lithium response or tolerability, so this review argues that

more research should be directed toward the exploration of biosignatures. Importantly,

we emphasize that an integrative science approach may improve the likelihood of

discovering the optimal combination of clinical factors and multimodal biomarkers

(e.g., blood omics, neuroimaging, and actigraphy derived-markers). This strategy could

uncover a valid lithium response phenotype and facilitate development of a composite

prediction algorithm. Lastly, this narrative review discusses how these strategies could

improve eligibility criteria for lithium treatment in BD, and highlights barriers to translation

to clinical practice including the often-overlooked issue of the cost-effectiveness of

introducing biomarker tests in psychiatry.
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INTRODUCTION

Although Hippocrates (fourth century BC) is often described
as the “Father of Modern Medicine,” the reality is that the
science of disease prevention and treatment is a relatively recent
phenomenon. Until the twentieth century, careful observation
and clinical judgement underpinned most medical practice. In
the twenty first century, clinical practice guidelines (CPGs)
began to appear with increasing frequency. These CPGs were
based on the principles of evidence-based medicine (EBM) and
emphasized that treatment recommendations for physical and
mental disorders should be founded on systematic assessment
of the strength of evidence available (which was graded
hierarchically e.g., meta-analyses were ranked above individual
studies, etc.) (1, 2). Whilst CPGs were an improvement on
subjective opinions, treatments were invariably recommended
based on the “average response” amongst individuals recruited to
randomized controlled trials (RCTs) and it became increasingly
clear that this “one size fits all” approach did notmeet the needs of
some of the most disabled patients (1, 2). Recently, attention has
shifted toward the potential utility of personalized or precision
medicine in clinical practice (3, 4). There are subtle differences in
the meaning of these terms (see Table 1), but both personalized
and precision medicine share the same goal, namely to tailor
diagnostic and treatment decisions to each patient by utilizing
information about individual phenotypes and genotypes (3, 4).

Precision medicine has yielded important breakthroughs in
several branches of medicine, such as the development of drugs
that target cells containing large amounts of HER2 (human
epidermal growth factor receptor 2) in breast cancer (5).
However, there are many clinical, methodological, and regulatory
challenges to the translation of data about individualized
profiles and diagnostics into personalized interventions (4, 5).
Recognition of these challenges and concerns about delays in the
introduction of more effective, tailored interventions for patients
led the European Union (EU) to propose a new funding stream
for the development of personalized approaches to complex
diseases with high prevalence and high economic impact (6, 7).
Most major mental disorders match this description, and there is
an acknowledged need to provide reliable assistance to clinicians
to help them to customize treatment decisions in psychiatry
(7, 8). For example, psychiatrists, patients, their families and
significant others would welcome a more nuanced approach to
the use of mood stabilizers in individuals with bipolar disorders
(BD), especially greater precision in prescribing of long-term
treatment with lithium in bipolar-I-disorder (BD-I).

There are several systematic reviews of potential biomarkers
of response to lithium and emerging ideas on research strategies
that may aid identification of biomarkers or treatment selection.
However, we did not identify any reviews that specifically focused
on the broader conceptual and strategic issues (e.g., how to
integrate high quality biomarker research with more reliable
and valid clinical observations; whether to search for single
biomarkers or multi-modal sets of markers). In essence, this
paper does not review new findings, but rather reconsiders
the state of the art and what can be learnt and applied to
future research in the field of biomarker research. Given this

TABLE 1 | Definitions of key concepts.

Concept Definitions and Observations

Evidence-

Based

Medicine

(EBM)

EBM is an approach to medical practice intended to optimize

decision-making by integrating the best research evidence

with clinical expertise and patient values (1, 2).

Sackett et al. (1) state that evidence is viewed

epistemologically e.g., only strong evidence (from

meta-analyses, systematic reviews, and randomized

controled trials) can yield strong recommendations.

However, Perna et al. (7) note that EBM emphasizes the use

of scientific evidence regarding the most effective intervention

for the “average” patient with a specific diagnosis, leading to

criticism of the utility of EBM in day-to-day practice (2).

Personalized

Medicine

Personalized Medicine proposes to establish clinical

decisions based upon a patient’s individual profile, tailoring

the treatment to their characteristics and needs (4, 7).

It is argued that the term “personalized” should be replaced

by “precision” as the former term may also be used e.g., in

psychotherapy to describe the formulation of an individual’s

problems or as a generic term referring to clinical

management (i.e., it does not specify the links to

pathophysiological mechanisms).

Precision

Medicine

The Precision Medicine Initiative defined precision medicine

as “an emerging approach for disease treatment and

prevention that considers individual variability in genes,

environment, and lifestyle for each person” (4).

Stratified

Medicine

Stratified medicine focuses on the identification of biomarkers

or psychological tests to stratify patients in smaller treatment

relevant subgroups. Wium-Andersen et al. (3) note that, unlike

precision medicine, stratification does not require complete

understanding of the etiology of the underlying illness and

that it may coexist alongside conventional diagnostic

systems, where patients are first diagnosed and later stratified

into putative treatment subgroups.

apparent gap in the literature, we undertook a narrative review
to consider these broader, but potentially critical issues and how
they may inform efforts to translate research findings in precision
prescribing.

This review begins by briefly highlighting the arguments
for, but difficulties in, applying precision medicine first to
the diagnosis of BD subtypes and second to the prescribing
of mood stabilizers. Next, we consider core components and
underlying principles that could inform viable research into
precision psychiatry, using the example of the prescription of
lithium in BD-I. Several publications have highlighted details
of and evidence for putative biomarkers [e.g., (9–12)], so
rather than replicate those reviews, we primarily focus on
broader, strategic issues regarding the application of precision
medicine research to psychiatry. We describe these in terms
of “bottom-up” approaches (namely, the under-rated role
of systematic assessment of baseline characteristics, clinical
phenotypes and longitudinal monitoring of illness activity and
treatment response, etc.) and the importance of combining
these with “top-down” approaches (highlighting some of the
guiding principles for examining biomarkers). We conclude by
identifying some of the key considerations in implementing
“precision” thatmay be relevant to BD research, to psychiatry and
potentially to general medicine as well.
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MATERIALS AND METHODS

Literature searches were undertaken to identify publications
(reviews, discussion papers, individual studies, policy documents,
conference proceedings, etc.) addressing the topics of BD
(diagnosis, prediction of treatment response, and outcome),
mood stabilizers (prescribing, efficacy, and prediction of response
to lithium), and precision, personalized, or stratified medicine
(as defined in Table 1). Relevant information was extracted,
and key concepts were synthesized under the headings reported
in this narrative review. However, we explicitly focused on
broader conceptual and methodological issues and aimed to
avoid reporting information or evidence that had been reviewed
in other publications. Additionally, the authors incorporated
some of the insights gained from the development of a
multicentre grant application entitled R-LiNK (Response to
Lithium Network); that has received EU funding (http://www.
r-link.eu.com). Lastly, the extant literature was examined to
identify some key lessons that have been learnt or may need to
be learned to enable precision in psychiatry and in the treatment
of BD.

RESULTS

We begin by commenting on the diagnosis of BD and the more
narrowly defined subtype of BD-I, then consider definitions of
and prescribing of mood stabilizers, before focusing on precision
medicine approaches to the prediction of response to lithium in
BD-I.

Bipolar Disorders
The term BD refers to a group of disorders that are primarily
characterized by changes in mood, activity and energy (13). The
twomain subtypes are BD-I (characterized by at least one episode
of mania) and BD-II (characterized by at least one episode of
major depression and of hypomania), but other variants, referred
to as the BD spectrum, are recognized. The morbidity associated
with BD can partly be explained by the early peak age of onset
(of 15–25 years), the prevalence (1–4% of the global population
depending on range of BD spectrum included) and the high rates
of physical and mental comorbidities; also, BD is a leading cause
of suicide (14, 15). Overall, BD is ranked 6th in the global burden
of diseases in working age adults (14) and 4th amongst youth
aged less than 25 years (15).

As well as the clinical and social impairments experienced
by individuals with BD and the stress and distress experienced
by their families and significant others, a recent study from the
USA estimated the total economic cost of BD-I was greater than
$200 billion (16). The largest contributors to excess costs were
caregiving, direct health care and unemployment; findings that
highlight the importance of early diagnosis and the need to
optimize therapeutic strategies.

Early diagnosis of BD is hampered by the lack of objective
laboratory tests in psychiatry. As such, accurate diagnosis of
any mental disorder is dependent on careful observation of
presenting signs and symptoms, skillful history-taking, and
clinical expertise. Unfortunately, even when international criteria

are employed, the reliability of diagnoses varies significantly (17).
Diagnostic precision is diminished because the symptoms and
signs of one mental disorder may overlap considerably with
several other diagnostic categories (18). In BD, this problem is
compounded by the fact that symptoms vary greatly between the
different syndromes included within the BD spectrum. Although
there are shared clinical features across the BD spectrum,
current research indicates that these disorders probably represent
heterogeneous syndromes resulting from multiple etiological
processes, rather than comprising a specific disease category
(19, 20).

Given the lack of diagnostic reliability and limited biological
validity of the broad category of BD and its spectrum, further
important research continues as in the long-term precision
approaches in psychiatry will aim to commence with precision
diagnostics. However, the majority of current studies of the
application of precision medicine in BD should be limited to
a more narrowly defined subgroup. The obvious subtype to
target is BD-I as this is one of the three most reliable diagnoses
in psychiatry (17) and objective measurements are available of
current mental state, such as activation and sleep-wake cycle
(21). However, it must be emphasized that this relatively more
clinically homogeneous BD-I diagnostic subtype lacks a disease
signature and current animal models demonstrate low predictive
power (5); so personalized diagnostics are not viable and will
remain an aspiration for the foreseeable future for BD. As
such, we suggest that efforts might best be directed toward the
identification of “treatment-relevant” subgroups (also referred to
as stratified medicine; see Table 1) for prescribing recommended
medications for BD-I, such as mood stabilizers.

Mood Stabilizers
It is generally accepted that the term mood stabilizer refers
to a category of medication that shows at least two of
the three following properties: anti-manic, antidepressant and
prophylactic, without increasing the risk of episodes of the
opposite polarity (22). International CPGs repeatedly identify
lithium as a “gold standard” mood stabilizer treatment, with
robust evidence for its efficacy in preventing BD relapses and
rehospitalizations and reducing suicidality (23–25). Lithium is
also prescribed as an acute treatment for mania and as an adjunct
to traditional antidepressants in acute major depressive episodes.
Another potential advantage is that a 1-month supply of lithium
only costs about one dollar compared with $15 per month for
olanzapine and $60 per month for valproic acid (26).

Despite being regarded as a first line, cost-effective treatment,
there is a significant gap between the research efficacy and
clinical effectiveness of lithium. Only about 30% of lithium-
treated patients show an excellent long-term response and the
short-term benefits of acute lithium treatment do not reliably
predict the outcome of prophylaxis. Overall, it can take 18–24
months to determine that there has been a significant reduction
in the frequency or severity of BD episodes or a clinically
meaningful decrease in illness activity. The extended time frame
for ascertaining a true positive “good response,” the prevalence
of sub-optimal outcomes and the narrow therapeutic window for
lithium, plus its perception as less safe than newer compounds,
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have all probably contributed to the reported decline in lithium
use (26–28).

Robust biological predictors of continuation andmaintenance
treatment response (or of tolerability) remain elusive (26).
Further, the clinical predictors identified by psychiatrists (e.g.,
family history of lithium response, BD subtype, etc.) are not
consistently supported by the empirical literature (26, 29–31)
and cannot be employed as reliable eligibility criteria for lithium
prescribing. Critics of EBM and CPGs argue that they do not
assist in the identification of moderators and mediators of
lithium response or of non-response because they focus on
highly selected samples of patients recruited to RCTs. Overall,
findings from these current approaches lack external validity or
generalizability to real world clinical settings (32).

Presently, many clinicians and patients are dependent on
a “trial and error” approach to prescribing lithium and
determining its effectiveness. This strategy is problematic as the
prolonged trial combined with concerns about side-effects may
increase the risk of lithium non-adherence, which compounds
the likelihood of treatment failure (33, 34). Understandably,
there is an increased impetus toward research that enables
targeting of lithium treatment toward subgroups of patients
who are most likely to benefit. Given the complexity of BD-
I and the limited understanding of the mechanisms of action
of lithium (28), the search for these “responder/non-responder”
subgroups or phenotypes needs to combine the systematic
exploration of socio-demographics, clinical characteristics, and
course of illness, with genetics, omics, neuro-imaging, and
other biomarker tests, etc. This might allow clinicians and
patients to predict the likelihood of response (or of non-
response or intolerance) to lithium prior to the initiation of
mood stabilizer treatment or within the first few months of its
commencement.

An Integrated Science Approach to

Response Prediction
As precision psychiatry research is in its infancy, we describe
some of the options for studying precision or stratified medicine
approaches to the prediction of response to lithium in BD-I.
We suggest that it is more realistic for research programs to
integrate clinical assessment and monitoring (so-called “bottom
up”) approaches with applied biological research and analytic
approaches (so-called “top down”) (35, 36). Each strategy
is insufficient for identifying putative predictors of response
alone, but their joint application may lead to progress. We
briefly highlight some key considerations, beginning with clinical
strategies.

Bottom-Up Approaches

Three relevant clinical considerations are (i) sample selection; (ii)
assessment of past history and current diagnosis, and prospective
longitudinal monitoring of symptoms and illness dimensions
(including patient related outcomes); (iii) assessment of lithium
response and strategies for minimizing confounding of treatment
non-response with non-adherence.

Sampling
A recognized problem of studies of predictors and biomarkers
for treatment response is that they are largely based on secondary
analyses of data from samples included in efficacy RCTs (37).
This, plus other limitations in the recruitment process (such as
convenience sampling and small sample sizes), has produced a
number of biases in reported findings (38). Whilst data from
efficacy studies will show a better signal-to-noise ratio, there is
an argument that predictors of treatment response in psychiatry
might best be identified from prospective cohort studies of large
clinically representative samples that are purposefully designed.
This approach is being used in R-LiNK which is a project
that is being undertaken in 15 clinical centers across eight
EU countries that aims to study individuals with BD-I who
clinicians have identified as candidates for a trial of lithium
(according to the recommendations in the CPG employed at
those centers). Whilst the pragmatic design has some drawbacks,
the prospective assessment of treatment response in about 300
patients over 2 years will offer important insights into the real-
world effectiveness of lithium, which increases the translational
potential of any findings regarding early predictors of response.

Clinical assessments
Although clinical syndrome subtypes are insufficient for
personalizing psychiatric treatment (3), they are still relevant for
developing a detailed clinical picture of each persons’ experience
of the disorder being studied. This includes structured clinical
interviews that allow longitudinal assessment of lifetime and
current diagnoses as well as allowing researchers to reconstruct
the illness trajectory, prior history, etc. In BD-I, this includes
determination of precursors and patterns of illness episodes (e.g.,
antecedents and symptom profiles of familial and non-familial
BD), polarity of BD onset, predominant polarity, history of
psychotic symptoms, frequency, and severity of episodes, inter-
episode symptoms, and functioning, etc.

The choice of diagnostic instrument is not usually contentious
(e.g., existing structured clinical interviews offer a detailed
assessment of BD as well as other psychiatric comorbidities),
and these interview schedules can be combined with tools that
screen for medical comorbidities, etc. However, a weakness of
previous studies of psychotropic response biomarkers is that they
have paid insufficient attention to the rating scales used to assess
symptoms and how these change during treatment. Any change
in illness activity post-initiation of lithium needs to be captured
by measures that enable observers to determine the evolution of
symptoms and syndromes and ensure a detailed picture of BD-I
before and after the introduction of lithium can be constructed.
This is important as precision psychiatry research should aim
to be compatible with other approaches to identifying treatment
response phenotypes, such as the R-DOC framework (39) which
highlights the importance of examining trans-diagnostic illness
dimensions that are grounded in neuroscience, e.g., cognitive,
arousal, and regulatory systems, etc.

Regarding BD-I studies, the rating scales selected for
monitoring disease progression during exposure to lithium
treatment need to clearly reflect the core dimensions of the
current diagnostic criteria (mood, activity, energy) and give
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adequate weighting to the symptoms that are especially likely to
change during lithium treatment, as these may represent clinical
markers of response. It should be borne in mind that most
mania and depression rating scales were developed about 30–
40 years ago and demonstrate considerable heterogeneity in the
range of symptoms assessed and in the underlying assumptions
about the nature of BD episodes (21, 38). For example, the
Young Mania Rating Scale (YMRS) was introduced at a time
when elation or irritability were the criterion A symptoms for
BD (not mood and activation as described currently) (13) and,
unsurprisingly, YMRS ratings correlate poorly with objective
measures of activation (21, 40–42). Likewise, the 6-item version
of the Hamilton Rating Scale for Depression (HRSD-6) and
the 16-item version of Inventory of Depressive Symptoms give
equal weighting to each core dimension of depression and have
better psychometric, IRT (item response theory) and clinimetric
profiles than other scales used to assess depression in BD (40, 43,
44). These may seem like lower order issues, but they take on
greater significance when considered in the context of the fact
that change in activation or sleep-wake cycle may occur early
in lithium responders or may be early warning signs of relapse
when lithium is withdrawn (42). Thus, selection of rating scales
to monitor illness activity longitudinally is a critical but often
overlooked element of biomarker research.

Whilst repeated observer assessments of course of illness and
treatment response are important, consideration should be given
to how these measures can be supplemented by subjective ratings
and patient related outcomes (PRO). Techniques such as PRO
can ensure that additional measures of functioning or outcomes
that are important to individual patients (such as “personal
recovery”) are also included (45). Whilst this may extend the
range of response categories that are considered for analysis, it
improves the likelihood that a study will be valued by patients
as well as clinicians and researchers. Symptoms or items that
are identified for subjective rating can be included in ecological
momentary assessments (EMA) when feasible, to allow more
detailed analysis of response patterns and variability in treatment
outcomes (21, 46). In BD-I, these measures may be combined
with objective real-time monitoring of sleep-wake cycle and
activity patterns using actigraphy (21).

Lastly, clinical assessments may extend beyond
symptom ratings to include other measurements such as
neuropsychological profiles. The latter has been linked to
biological measures of response [e.g., structural and functional
magnetic resonance imaging (MRI)] and may show direct or
indirect (via medication non-adherence) associations with
treatment response (47).

Treatment response and adherence
A critical element of any study of treatment response is to
carefully operationalize definitions of this concept. As lithium is
a prophylactic treatment, then reduction in BD relapses during
a demarcated follow-up period is typically the most important
parameter. However, some studies categorize lithium response
based only on retrospective assessment, and even prospective
studies may fail to employ (or describe) any consensus definitions
of lithium response.

As a first step, researchers need to decide if response is
synonymous with e.g., absence of any illness episodes meeting
syndromal criteria over a given timeframe; achieving symptom
remission for a specified period; time to remission (or to relapse)
after commencing lithium; time to “treatment failure” (e.g.,
stopping lithium; introduction of another mood stabilizer; etc.).
Further, each of these conceptualizations of response may need
to be considered in the context of vulnerability to adverse
effects or side effects. Thus, researchers need to provide a
detailed description of the criteria employed to define response
so that others can consider the reliability and validity of the
definitions (against which the biomarkers are bench-marked), the
applicability to their own clinical or research setting and to ensure
that findings from other studies can be compared and contrasted
accordingly.

Another overlooked element of the definition of treatment
non-response is that it is not always sufficiently differentiated
from non-adherence. Whilst these concepts overlap, it is worth
noting that if a patient is non-adherent with lithium but appears
to have a good outcome during prospective monitoring, then
any identified predictors may be markers of illness trajectory
(i.e., the predictor variables may be identifying individuals
with a good prognosis independent of the treatment being
assessed). Further, existing evidence, e.g., from genetics studies,
suggests that the way in which these two variables (response
and adherence) are considered may influence reported findings
and which markers may be regarded as significant (48, 49).
Interestingly, the TRIPP (treatment response and resistance
in the psychosis) working group advocate obtaining measures
of medication adherence and employing minimum adherence
criteria before classifying patients as non-responders (50). In
R-LiNK, measures of plasma levels of lithium and observer
and self-reported assessments of medication adherence will be
employed. These will be used alongside regular measurement
of health beliefs that have previously been shown to identify
individuals at high risk of becoming partially or non-adherent
in the near future (51). In this way, it is possible to
minimize confounding of non-response and non-adherence
(50) and to consider the introduction of simple evidence-
based clinical strategies to optimize medication adherence
(52).

Top Down Approaches

There has been a rapid expansion in research into precision
psychiatry, especially regarding biomarkers (measurable
characteristics that reflect biologic function or dysfunction,
response to a therapeutic measure, or indication of the natural
progression of disease) (12). A scoping exercise of biological
predictors of lithium response indicates that researchers usually
explore one or more of three types of biomarkers (53):

- functional markers, which can be measured e.g., by
neurocognitive tests or neuro-imaging of neural networks;

- structural markers that assess the topography of brain
architecture;

- metabolic/molecular markers, such as omics and including
microRNAs that reflect glial and neuronal dysfunction.
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To date, many lithium biomarker studies are domain specific
(e.g., focused only on neuroimaging or omics, etc.). Although
this research contributes to the overall understanding of the
state of the art, there are potential problems in interpretability
of multiple individual studies (38). We concur with Trivedi
et al. (54), who suggest that it is unlikely that there is a
single biomarker for psychotropic response or non-response
that is based only on a single dimension or modality (e.g.,
genetics, omics, neuroimaging, neuropsychology, or clinical
presentation). As such, the rest of this section focuses on three
important considerations for research on precision prescribing:
multidimensional phenotyping; analytic strategies for response
prediction; and cost-effectiveness.

Multidimensional phenotyping
It is suggested that the robust heritability of BD may extend to
familial patterns of lithium response and several international
consortia are investigating the genetics and pharmacogenomics
of BD and its treatment [e.g., (26, 55)]. The R-LiNK study
uses several “omic” approaches (transcriptomics, microRNA,
methylomics, metabolomics, proteomics, etc.), employing a
strategy that is sometimes referred to as “convergent functional
omics” (56), to try to detect a molecular signature associated with
biological pathways or networks underlying treatment response
(57–59). However, even convergent functional omics ought not
be undertaken in isolation, as a contemporary approach to
integrative biology should ideally extend to a range of systems.
This is especially true for a medication such as lithium, which
appears to be implicated in a wide range of processes at all levels
(58–60). For example, it is hypothesized that lithium inhibition
of GSK-3 may result in neuroprotection and attenuation of
cognitive deficits (57) as well as modification of circadian
clock machinery (28), etc. Findings on neuroplasticity build a
bridge to neuro-imaging research which in turn examine neuro-
anatomical and biochemical abnormalities associated with a
diagnosis of BD and the effects of lithium on brain structure,
biochemistry, and connectivity in BD-I [e.g., (61–63)]. Likewise,
hypotheses regarding circadian rhythms may be linked to
actigraphic examination of sleep-wake cycles [e.g., (64, 65)].
Merging findings within and across these dimensions may
lead to the identification of combinations of biomarkers or
biosignatures, with greater predictive value than isolated markers
(54).

Several research groups have suggested that it is worthwhile
to extend the search for phenotypes beyond the established
architypes (66). In R-LiNK, this includes strategies such as
exploring the heterogeneity in brain lithium distribution and
whether this differs in responders and non-responders (67).
However, it may extend further to new paradigms such as
smartphone apps and wearable technologies, which can be
employed to assess digital phenotypes (a term that describes
health data collected from individual monitoring, social media
use, and measurement of interactions with technology e.g. the
combination of self-rated PRO, EMA, and actigraphy) (68, 69).
In BD, this has the potential for real-time recording of mood,
activation and sleep-wake cycle, and the early detection of

any changes in symptoms or health status parameters that are
associated with lithium treatment (42, 46).

Whilst multidimensional precision modeling for response to
lithium in BD-I is in its infancy, it is noteworthy that this
strategy is employed increasingly in psychiatry research. For
example, some research on suicidality has examined clinical and
biological markers and combined these into an algorithm for
predicting suicide attempts (70). With this in mind, Figure 1
offers a diagrammatic representation of the steps involved in
using this approach for precision prescribing of lithium. The
figure tries to include core elements of the top-down and bottom-
up approaches as shows approximately the point at which each of
these elements might be considered.

Analytic strategies for response prediction
A biosignature can be based on a combination of biomarkers
and clinical characteristics (71) and their joint contributions to

FIGURE 1 | A diagrammatic representation of integrated, bottom-up and

top-down approaches and their potential role in the development of precision

prescribing pf lithium in BD-I.
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the prediction of different dimensions of treatment response.
As shown in Figure 1, these may be further examined from the
perspective of moderators and mediators (72); e.g., moderators
of treatment effects may include baseline clinical characteristics
(e.g., gender, family history of BD, etc.). Likewise, early markers
of lithium response may be derived from tests undertaken in
the weeks or early months after treatment is initiated (e.g.,
brain lithium distribution after 12 weeks of lithium). Potential
mediators of lithium effects may include changes in omics or
neuroimaging markers that occur over a short timeframe (e.g.,
changes in variables measured immediately prior to and 12 weeks
after commencing lithium) but could also include early changes
in sleep-wake cycles as shown by actigraphy recordings or EMA
symptom ratings (21, 42, 46).

Statistical analyses in precision psychiatry research are
complicated by the fact that many studies rely on “high
dimensional data,” i.e., many measured variables (repeated
measures of multiple putative biomarkers) collected in a
relatively restricted clinical sample (of a few hundred participants
or sometimes less). Whilst it is feasible to construct a treatment
decision algorithm from such data, considerable statistical
expertise is required to address the challenges arising regarding
data management, harmonization of data on biomarkers derived
from different systems and handling missing data within and
across domains, as well as avoiding “over-fitting” of statistical
models, such as machine learning (73). The latter is increasingly
being applied to psychiatry in general and BD in particular to aid
diagnostic and treatment selection (74, 75).

Many researchers argue that discovery science strategies may
be justifiable approaches to analyzing data in precision psychiatry
as these are both hypothesis generating as well as hypothesis-
testing [e.g., (56, 76, 77)]. For instance, a comprehensive
stepwise statistical approach to outcome prediction (starting
with discovery, prioritization and validation, followed by further
examination of selected predictors) may lead to the discovery
of novel biomarkers as well as replicating findings from
previous research and ultimately lead to the development of
a prediction tool (70). A similar strategy may be useful for
R-LiNK or comparable studies, which attempt to quantify the
predictive value of putative biomarkers and to determine which
combinations of markers have additive or interactive effects for
identifying an individuals’ likelihood of treatment response.

In practice, we suggest that contemporary studies may need
to combine discovery science approaches for the identification
of putative early predictors of lithium response (defined as a
categorical outcome) with more targeted analyses focused on
the exploration of markers of different measures of response
(e.g., time to achieve a response category; continuous measures
of response such as number of days ill per annum for
2 years before and after lithium initiation). This strategy
allows researchers to consider the level of precision of
biomarkers by using predetermined approaches to analyzing any
biosignatures associated with different definitions of response.
For example, machine learning is now widely employed for
pattern recognition, andmultivariate logistic regression or mixed
models might be used for analyses of categorical measures of
response. Other concepts of response, such as the analysis of

PRO might focus on temporal changes in quality of life or
employ “mirror-image” approaches to change in symptoms or
health status over time. More subtle notions of response, such
as intra-individual, day-to-day symptom variability (as measured
by the digital phenotype) will require different statistical models
and, e.g., actigraphy data may be best explored using non-linear
dynamics.

Cost-effectiveness
Another, so far ignored issue in precision prescribing in
psychiatry, is the need to determine whether the cost of
biomarker-driven treatments will be economically as well as
clinically justifiable. For example, even if a multidimensional
predictor tool or algorithm is developed for predicting response
to lithium and shows external validity in replication studies,
very expensive testing of large populations may complicate value
assessments and, in some instances, may indicate that the use of
the tool is unlikely to be cost-effective (78).

To better inform clinical decision-making, precision
psychiatry research will need to determine which biomarkers
or biosignatures can be transferred most efficaciously from
bench to bedside. This translation should be assessed from
several perspectives, including the positive and negative
predictive values of different sets of biomarkers, additivity, or
redundancy in employing multimodal biosignatures, access
to and interpretability of tests, as well as patient acceptability
or burden associated with testing, etc. This process represents
a critical step and needs greater acknowledgment in research
planning and reporting of findings in future publications. These
translational steps can be considered alongside cost-effectiveness
by constructing simulation models that estimate the expected
lifetime costs of treatment for BD-I (of which lithium is one
element) compared to the predicted outcomes in terms of
Quality Adjusted Life Years.

DISCUSSION

Clinical syndrome subtyping has failed to inform personalization
of treatments in psychiatry (10, 19, 79). This is partly because
even more narrowly defined clinical presentations, such as those
included in the BD-I category still represent heterogeneous
endpoints of different underlying causal pathways. The latter
may include clinical, demographic and environmental factors,
and genetic, epigenetic and other biological processes (19, 20);
but this diversity also offers a plausible reason to promote
personalized approaches rather than avoid exploring them (8,
19).

The search for biomarkers of psychotropic treatment response
is in its infancy (80), but there are encouraging emerging
findings form individual studies and useful up-to-date syntheses
of the data in several existing systematic reviews (8–12, 38).
This narrative review seeks to argue that now is an ideal
time to consider the development of a robust template for
such studies so that the approach can be applied to research
on existing treatments and then to much needed new drug
developments in the future (81). Although the prediction of
lithium response remains ambiguous (26), it is hoped that
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the identification of a combination of clinical and biological
markers may inform the development of a composite prediction
algorithm that could guide treatment decisions in BD-I (37, 72).
The additional advantage of considering lithium is that we have
some information on plasma levels associated with therapeutic
response as well as toxicity, which is not the case for most
other putative mood stabilizers (82). However, even starting this
process involves making further progress on a consensus of
how to best monitor illness activity (to assess changes between
pre-to-post-lithium initiation periods) and best define response.
This step is needed to enhance not only the quality of research
(validation of putative predictors) but also to assist in the
translation of findings from biomarker research into the clinical
application of biosignatures in day-to-day practice.

Precision prescribing of lithium holds the promise of reducing
the duration of a treatment trail from about 18–24 months
to 3 months or less (as response might be predicted prior to
commencing lithium or within the typical timeframe for titration
of the dose of lithium). However, widespread dissemination into
clinical practice of one or more biomarkers or biosignatures will
require synergy between academia and industry and government
(83). The incremental cost effectiveness of these strategies
is likely to change significantly over time, as the cost of
biomarker assays may reduce, but the cost of introducing new
medications increases. Thus, markers that increase the prediction
of treatment response are likely to become more valuable over
time. Furthermore, as noted by Fernandes et al. (18), merging
research findings into EBM-driven or “personalized” CPG will
require the addition of new sections within the guidelines
that specify how any newly developed technologies should be
employed and further evaluated in clinical settings.

This review was undertaken in order to more fully appreciate
the broader concepts and emerging strategies being employed
in biomarker research. This was deemed important because
nearly all existing reviews on this topic in BD focused on
study findings rather than considering whether the research
strategy or methodology was a source of confounding or variance

between studies. Overall, this narrative review suggests that
the opportunities for research and development of precision
prescribing of lithium in BD-I must be balanced by a realistic
appraisal of the complexity of analyzing high dimensional
data, the robustness of any putative biosignatures identified
and the potential barriers that will then arise when moving
forward to clinical implementation. Currently, high quality
biological research will be undermined, and translational options
will be reduced without additional consideration of integrative
approaches, including the clinical evaluation, analytic strategy
and how biosignature findings can be introduced efficiently into
real world settings.
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Background: The use of light for its antidepressant action dates back to the beginnings

of civilization. Three decades ago, the use of bright-light therapy (BLT) for treating

Seasonal Affective Disorder (SAD) was officially proposed. Since then, a growing scientific

literature reports its antidepressant efficacy in both unipolar and bipolar disorders (BD),

with or without seasonal patterns. This review aims to examine the management of BLT

as a personalized and precision treatment in SAD, unipolar, and BD.

Methods: We conducted a narrative review using Medline and Google Scholar

databases up to June 2018.

Results: BLT has physiological effects by resynchronizing the biological clock (circadian

system), enhancing alertness, increasing sleep pressure (homeostatic system), and

acting on serotonin, and other monoaminergic pathways. Effects of BLT onmood depend

on several factors such as light intensity, wavelength spectrum, illumination duration,

time of the day, and individual circadian rhythms. A growing body of evidence has

been generated over the last decade about BLT evolving as an effective depression

treatment not only to be used in SAD, but also in non-seasonal depression, with

efficiency comparable to fluoxetine, and possibly more robust in patients with BD. The

antidepressant action of BLT is fast (within 1-week) and safe, with the need in BD

to protect against manic switch with mood stabilizers. Side effects might be nausea,

diarrhea, headache, and eye irritation, and are generally mild and rare. This good safety

profile may be of particular interest, especially in women during the perinatal period or

for the elderly. The management of BLT needs to be clarified across mood disorders and

future studies are expected to compare different dose-titration protocols, to validate its

use as a maintenance treatment, and also to identify predictive biomarkers of response

and tolerability. We propose clinical guidelines for BLT use in SAD, non-seasonal

depression, and BD.

Conclusions : BLT is an efficient antidepressant strategy in mono- or adjunct-therapy,

that should be personalized according the unipolar or bipolar subtype, the presence or

absence of seasonal patterns, and also regarding its efficacy and tolerability.

Keywords: bright light therapy, circadian rhythms, sleep, seasonal affective disorder, non-seasonal depression,

bipolar disorder
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INTRODUCTION

The use of light for its antidepressant action dates back to
the beginnings of civilization (1). Three decades ago, the use
of bright-light therapy (BLT) for treating Seasonal Affective
Disorder (SAD) was officially proposed. It is now acknowledged
as an antidepressant strategy for mood disorders (2–4). In
the 1980s, BLT was developed in SAD to extend daytime
photoperiod and counteract winter darkness (5). BLT is now
considered to be the first line treatment for SAD in therapeutic
guidelines (2). Since then, a growing scientific literature reports
its antidepressant efficacy in both unipolar and bipolar disorders
(BD), without such seasonal patterns. Indeed, the sustained
antidepressant efficacy of BLT, used alone or in combination
with antidepressant drugs–but also with some mood stabilizers
and sleep deprivation, has been evidenced in numerous clinical
studies (2, 6, 7). This antidepressant effect may be both due
to light’s effect on the biological clock -by phase advance
and alignment of circadian rhythms- and/or actions on non-
circadian pathways (8). Indeed, light modulates the activation of
efferent serotonergic neurons, decreases the serotonin reuptake
transporter (5-HTT) levels, and increases serotonin (5-HT)
levels in mood regulatory areas such as the anterior cingulate
and prefrontal Cortex (1, 9). Recent reviews discuss how
light may influence mood, and emphasize recent finding of
light’s direct effects on enhancing alertness and the sleep
homeostasis (10). Thus, light exerts strong effects on mood
thanks to many circadian and non-circadian actions that may
combine: phase shifting of circadian rhythms, enhancement
alertness, sleep homeostasis by increasing EEG delta activity
and sleep pressure, and modulation of the serotonin and other
monoaminergic pathways. These effects of BLT on mood depend
on several factors such as light intensity, wavelength spectrum,
illumination duration, time of the day, and individual circadian
rhythms (3).

However, the management of BLT continues to be a point
of debate in mood disorders, with no evidence-based guidelines
for implementing BLT in patients across mood disorders (2,
11, 12). This review aims to examine the management of BLT
as a personalized and precision mood disorders treatment,
encompassing both unipolar and bipolar disorders, and seasonal
and non-seasonal characteristics.

MATERIALS AND METHODS

Search Strategy
We aimed to consider papers examining efficacy of BLT in
mood disorder including SAD, unipolar and bipolar disorders,
with or without seasonal characteristics. Only data published
in English and French were included in this review. We
conducted a narrative review using Medline and Google Scholar
databases up to June 2018, using the following keywords
combination: (“depression” or “bipolar disorder” or “unipolar
disorder,” or “seasonal affective disorder”) and (“light therapy”
or “phototherapy”).

Study Selection
Two authors (JM, PAG) reviewed the title and abstract of
identified publications in order to identify eligible studies.
The two resulting article lists were compared and, in case
of disagreement, the final decision as to inclusion was
made by consensus. JM and PG independently and then
jointly selected studies for detailed extraction of information,
mostly based on the full text. In cases where full text was
not available, corresponding authors were contacted. If a
reply was not obtained following a 6-month waiting period,
abstracts were then considered in the review only if the
appropriate information was included. The exclusion criteria
included reviews, meta-analyses, commentaries, case reports,
and studies where bright light therapy on patients with
BD or SAD or unipolar depression was not investigated.
Finally, we decided to divide literature results in four
main sections: (1) BLT in SAD; (2) BLT in non-seasonal
depression; (3) BLT in BD depression; (4) BLT for sleep
and circadian rhythms abnormalities associated in chronic
mood disorders.

RESULTS

The literature search returned 234 records pertaining to BLT,
SAD, and unipolar and bipolar disorders, with or without
seasonal characteristics. Following preliminary screening of
the titles and abstracts, 125 records were excluded (reviews,
meta-analyses, commentaries, case reports, and studies where
bright light therapy on patients with BD or SAD or unipolar
depression was not investigated). With 41 studies identified
from the related articles function of the PubMed database and
the reference list of retained studies, 84 independent studies
were retained in the qualitative analysis. These investigations
were classified according to their studied parameters: (1)
17 Studies explored BLT in SAD; (2) 40 studies explored
BLT in non-seasonal depression; (3) 12 studies explored BLT
in BD depression; (4) 15 studies explored BLT for sleep
and circadian rhythms abnormalities associated in chronic
mood disorders.

Bright Light Therapy in Seasonal Affective

Disorders (SAD)
BLT as an Effective Curative Treatment in SAD

Among mood disorders, seasonal affective disorder (SAD)
corresponds to the seasonal pattern of recurrent major depressive
episodes occurring during the same time of the year, usually
in autumn or winter with spontaneous remission in the spring
or summer (5). This disorder is frequent, with prevalence
varying between 0.4 and 16% in the general population
according to latitude, age, sex, and the method of measurement
used (13). SAD is a severe transdiagnostic disorder that may
affect patients with both unipolar and bipolar disorders (5,
14). Over the past two decades, researchers, and clinicians
have mainly focused on the pathophysiological mechanisms
involved in SAD. Studies support the existence of interactions
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between a genetic vulnerability and chronobiological factors,
and brain process alterations including noradrenergic and
serotoninergic neurotransmissions (8). Several international
therapeutic guidelines and many studies suggest that BLT is
a non-pharmacological antidepressant that has proved to be
effective in SAD and is now used as the first line treatment for
individuals with SAD because of its low side effects profile and
high response rate about 67% in patients with milder SAD and
40% in severe SAD patients (2–4, 15–17).

Usage in SAD

BLT is classically delivered through a light box that is equipped
with fluorescent tubes and a reflector or diffusing screen. Patients
sit in front of the light box mounted on a table with their eyes
open. BLT may be also administered thanks to light glasses or
visors (18, 19).

Treatment in SAD may begin with exposition duration of
30min, using a light intensity of 10,000 lux. Early morning
administration offers greater chances for remission (20, 21).
Measured at eye level, a therapeutic distance of 60–80 cm
from the light box can be seen as standard requirements
(some other devices recommend a distance of 30 cm, so we
advise to follow the device recommendations that take into
account light parameters and distance). Lower intensities also
appear to be effective, but need longer exposure durations:
2,500 Lux for 2 h/day, 5,000 Lux for 1 h/day. Significant
effects appear only at 2–3 weeks of treatment. Treatment
is usually continued until the time of usual spontaneous
remission in the spring or summer because the effects of LT
do not persist after discontinuation of BLT. In addition, it
has been observed that low-intensity blue-enriched light has a
therapeutic effect comparable to standard bright light (10,000
lux) in treating SAD (22). Finally, BLT is well-tolerated by
patients; adverse effects such as headache, eyestrain, nausea
and agitation, are usually transient and mild (23, 24). Main
contraindications are ophthalmic disorders (cataract, macular
degeneration, glaucoma, retinitis pigmentosa) and disorders
affecting the retina (retinopathy, diabetes, herpes, etc.); and
patients at risk (or if there is a doubt) should have pretreatment
ophthalmological examinations (3).

BLT as a Preventive Device for Seasonal Affective

Disorder

Patients with SAD might benefit from prophylactic use of
BLT (25, 26). A recent Cochrane review assessed the efficacy
of BLT in preventing SAD (27). Both forms of preventive
light therapy (light boxes and visor) reduced the incidence
of SAD compared with no light therapy. Although not
statistically significant, they observed that BLT reduced the risk
of SAD incidence of 36% (27). However, given methodological
limitations (small sample sizes of available RCTs, and lack
of power for some analyses), authors concluded that the
decision for or against initiating preventive treatment of
SAD and the treatment selected should be strongly based on
patient preferences.

Bright Light Therapy for Non-seasonal

Depression
BLT as an Effective Treatment in Non-seasonal

Depression

In the last two decades, the interest in BLT has expanded far
beyond SAD. Indeed, several studies investigated the efficacy of
BLT in treating non-seasonal depression disorders as alternative
or adjunctive treatment. This is of major interest because
depression affects an estimated 350 million people worldwide
and is projected to become the second global leading cause
of disability by the year 2020 (28). Moreover, only 50–60%
of patients respond to first line antidepressants and only 35–
40% experience remission of symptoms (29). Last but not
least, pharmacological antidepressant strategies as first line
treatments take at least 4 weeks to build up its effect and
work fully (11).

Recent systematic reviews and meta-analyses confirmed this
extent of antidepressant efficacy in non-seasonal depressions.
Indeed the APACommittee on Research on Psychiatric treatment
(2) and a Cochrane review (12) observed significant effect sizes
equivalent to those in most antidepressant pharmacotherapy
trials that were about 0.84. Reports and double blind placebo
controlled studies suggest that the efficacy of BLT as an adjunct
therapy in treating non-seasonal depression in its initial phase
is faster and is perceived during the first week of treatment
(7, 30, 31). These studies also confirmed the efficacy of the
combination of BLT and selective serotonin reuptake inhibitors
(SSRIs) with benefit after 1 month of treatment. BLT combined
with SSRI lead to a faster (within a week) and better remission
of patients (by reducing 30% of symptoms) in patients with
non-seasonal depression than SSRIs alone (7, 31). In line with
this, results are confirmed in a recent meta-analysis that also
conclude that BLT are effective for patients with non-seasonal
depression with clinical significant effect (SMD = −0.62, P <

0.001, I2 = 37%) and can be a helpful additional treatment
for depression (32). This meta-analysis included 419 patients
with non-seasonal depression (unipolar or bipolar depression)
from 9 trials: 211 receiving BLT and 208-placebo controls.
Most participants received BLT as a monotherapy except in
two trials where they had BLT in addition to antidepressant.
First, their results reported significant effects in the first week
when administered in the early morning (2, 12). They found
the largest antidepressant effect of BLT for an exposure duration
of 2–5 weeks, and unfortunately were not able to propose an
optimal intensity of BLT given the heterogeneity of the trials.
Another recent meta-analysis of randomized controlled trials
(11), including 881 participants from 20 RCTs used BLT as
monotherapy compared to an inactive placebo/control group;
and also as an adjunctive treatment in comparison to the same
control group. They considered individuals with all depression
subtypes excepting SAD: major depressive disorder; persistent
depressive disorder, and BD depression. All forms of BLT
(timing of administration, brightness, and duration of light
exposure) were included, even though most studies (n = 5)
used bright white light at 10,000 lux in early morning for 30
min/day or 2,500 lux for 120 min/day. They found that BLT
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was associated with a small to moderate effect in reducing
symptoms in adults (11). Interestingly, studies demonstrated
twice the reduction in depressive symptoms for BLT than
placebo.Moreover, meta-analyses of Perera et al. (11) and Golden
et al. (2) both found that BLT may be most effective when
applied as an antidepressant monotherapy (and not as an adjunct
treatment), when administered in the morning and among out-
patients, that may have less severe depressive symptoms and
comorbidities than in-patients. So, taken as a whole, patients
who are non-responsive or ineligible for pharmacotherapy may
benefit frommonotherapy BLT, but BLT could also be considered
as an effective first line treatment. For the elderly, BLT also
seems to be efficient (33–35). Recently a systematic review
in non-seasonal geriatric depression found that BLT during 6
weeks, with exposure duration varying between 30 and 60min
and light intensity varying from 1,200 to 10,000 Lux, is an
effective treatment for reducing the depression symptoms in the
elderly (34).

Finally, regarding safety in non-seasonal depression, side
effects are rare and generally mild: nausea, diarrhea, headache,
and eye irritation (11). This good safety profile may be of
particular interest for women with depression in the perinatal
period where medications may be inappropriate or ineffective,
and also in the elderly.

Usage in Non-seasonal Depression

Precise recommendations regarding the optimal treatment (i.e.,
optimal exposure duration and intensity) are difficult because of
the heterogeneity of study protocols and absence of comparisions
between protocols (32). However, it is possible to say that BLT is
confirmed to be efficient both as a mono- or adjunct-therapy in
treating non-seasonal depression in his acute phase, with benefits
that can be perceived during the first week of treatment. The
effects of BLT do not appear to persist after discontinuation
with a complete offset of effect after 1 month (36), and this
relapse can be prevented when combining BLT with common
antidepressant drugs (37). According to previous studies, daily
early morning exposures to 2,500 Lux for 2 h (38), 5,000 Lux
for 1 h (39), or 10,000 Lux for 30min (40) all appear efficient in
reducing antidepressant symptoms. Finally, BLT is well-tolerated
by patients, and possible adverse effects might be headache,
eyestrain, nausea, and agitation, that are usually transient and
mild (see Table 1).

Bright Light Therapy in Acute Bipolar

Disorder Depression
BLT as an Effective Treatment in Bipolar Disorder

Depression

About 1–4% of the worldwide population suffers from
bipolar disorder (BD), which is a severe mental disorder
associated with both depressive and manic episodes that may
be induced by antidepressants (41, 42). Given the limited
treatment options in BD depression, since Lewy’s study
(43) several researches have focused on investigating BLT
in this particular population because BD are increasingly
recognized as disorders of the biological clock (44, 45),
with circadian dysregulation being evident in both acute

and remission phases (46, 47). Indeed, research has shown
that patients with BD depression responded robustly to
BLT (1). While the efficacy of BLT in monotherapy is non-
significant in some studies (48, 49), the combination of
BLT with other chronotherapeutic techniques such as sleep
deprivation and with lithium salts was proven in BD depression
patients (6, 50).

First, Leibenluft et al. showed that BLT at midday could be
tailored to counteract depressive swings without exacerbating
mania, in course of rapid cycling BD (51). Later, Benedetti et al.
showed that morning sunlight reduces length of hospitalization
in BD depression by comparing a sample of 415 unipolar
and 187 bipolar depression inpatients assigned with eastern or
western windows (52). They found that inpatients in eastern
rooms exposed to direct sunlight in the morning had a
shorter hospitalization than patients in western rooms (52).
In 2005, the same team showed that combination of total
sleep deprivation and BLT in drug-resistant patients with BD
depression was useful in triggering an acute response (6). Since
2005, several randomized controlled studies and meta-analyses
of randomized controlled studies focused on BLT efficacy in BD
and confirmed that BLT is an effective and safe option as an
adjunctive therapy in BD depression (53–56). Indeed, Yorguner
Kupeli et al. confirmed in a randomized single blind placebo-
controlled study the efficacy of BLT as an add-on treatment
for BD depression when it is administered in the mornings
at 10,000 lux for 30min for a 2-week period, sitting 40–70
cm’s away from the device (56). Zhou et al. also confirmed
in a randomized single blind placebo controlled study the
efficacy of 1 h, 5,000 lux, every morning -between 6:30 am
and 9 am- of BLT as an add-on therapy, by reduction of
depressive symptoms and observed onset efficacy at 4 days (54).
Interestingly, no participants experienced symptoms of mania
and no serious adverse effects were reported. Regarding midday
BLT, Sit et al. performed a 6 week randomized double–blind
placebo-controlled trial and found results supporting midday
BLT as an efficient therapy in BD depression (55). In this RCT
study, light therapy was administered as an add-on therapy
(anti-manic or antidepressant medication) to patients with a
current moderate or severe depression and showed that the
BLT group (7,000 Lux at midday) had significantly higher
remission rates (56%) vs. the 50-lux dim red light (14.3%).
Duration of light therapy was increased progressively every
week by 15min to attain a target dose of 60min per day at
4 weeks (55). Again, in this randomized controlled trial, no
hypomanic/manic shift was observed, contrary to a previous
report from the same team that observed (hypo)manic switches
in females with rapid cycling BD and morning exposures (55).
Benedetti (57) performed a systematic review of the literature
studies reporting effect of antidepressant BLT in BD and their
conclusions were limited again by the heterogeneity of treatment
modalities between studies. Nevertheless, their review managed
to include 799 treated patients and shows that the rate of switch
into mania after morning BLT was small and close to the 4.2%
expected during the placebo treatment of BD, whereas the rate
of switch into mania after antidepressant drug treatment is 15–
40% (58).
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TABLE 1 | Forms of bright light therapy use in different mood disorders.

Seasonal affective disorder (SAD) Non-seasonal unipolar disorder Non-seasonal bipolar disorder

Light intensity 2,500–10,000 Lux Or low-intensity

blue-enriched light

2,500–10,000 Lux <10,000 Lux

Dose (Exposure

durations/Intensity of

illumination)

First line: 10,000 Lux for 30 min/day

Also consider:

5,000 Lux for 1 h/day

or 2,500 Lux for 2 h/day

Slower increase

For instance: 5,000 Lux with increase

of 15min per week until 60min at one

month (depending on efficacy and

tolerance)

Lamp disposition lamp at eye level

distance of 30–80 cm (depending on the device recommendations)

Frequency

Administration

Daily

Mono- or adjunct-therapy

Daily

Only with a mood stabilizer with

antimanic properties

Time of the day Early morning (for instance: 8 am, chronotype may be considered) Midday (especially if there is an history

of manic switch) Or Early morning

Onset of response 1 week

Duration of treatment Until the period of usual spontaneous

remission in the spring or summer

2–5 weeks Until reduction of depressive

symptoms or maintained in case of

relapse when stopped

Prevention Possibility to treat by light therapy a

few weeks before the usual seasonal

depressive relapse period

NA NA

Adverse effects Manic switch and mild side effects

(headache, eyestrain, nausea, and

agitation)

Mild side effects (headache, eyestrain,

nausea, diarrhea, and agitation)

Manic switch and mild side effects

(headache, eyestrain, nausea, and

agitation)

Contraindications Ophthalmic disorders (cataract, macular degeneration, glaucoma, retinitis pigmentosa), and disorders affecting the

retina (retinopathy, diabetes, herpes, etc.)

NA, data not available.

Usage in Bipolar Depression

BLT is a robust strategy treatment for bipolar depression and
might be considered as a first line option for depressive episode
in the course of BD (Table 1). Interestingly, BLT acts rapidly
(within 4 days), has low side effects and low risk of manic switch
in combination with mood stabilizing treatment (54). The most
efficient light parameters are not yet fully determined, but it
seems that patients are sensitive to light intensities below 10,000
lux, depending on the duration of exposure. Some observations
suggest that depression could respond to light intensities as low
as 300–500 lux (48, 50). Studies support both midday or morning
BLT as an efficient therapy in BD depression and duration of
light therapy could be increased progressively every week by
15min to attain a target dose of 60min per daily at 4 weeks
(55). Furthermore, BLT should always be combined with a mood
stabilizer, first to prevent manic switch in BD, but also to enhance
and sustain the acute antidepressant effects of BLT (6).

BLT for Sleep and Circadian Rhythm

Abnormalities in Chronic Mood Disorders
BLT as an Effective Treatment in sleep and Circadian

Rhythms Abnormalities

Light may act as a therapeutic mood stabilizer in patients with
mood disorders during remission by stabilizing sleep alterations
(like insomnia or longer sleep duration), and circadian rhythms
(like evening chronotype or sleep phase delayed) (10). Indeed
light exerts strong effects on mood through different pathways.

First, light may affect mood through phase shifting of circadian
rhythms (59–61). This circadian effect of light on mood results
from its effect on the optimal alignment vs. misalignment of
different circadian rhythms, which may be mediated through
the phase shifting effects of light and modifying the duration
of nocturnal melatonin secretion (59–61). This effect of light
on mood via the circadian system is well-illustrated by SAD.
SAD involves an internal misalignment of the circadian system
and responds positively to treatments that resynchronize the
biological clock, such as BLT. So, in addition to increasing the
monoaminergic tone, application of BLT in the morning causes
phase advance of endogenous circadian rhythms. These effects
of light exposure on mood via modulation of the circadian
system are not restricted to patients with SAD, but also in non-
seasonal depression (both unipolar and bipolar), with available
data that shows that BLT is an effective antidepressant or mood
stabilizer (6).

Secondly, light exerts an effect on alertness, a parameter-
influencing mood (62, 63). Impaired alertness is a common
symptom in many affective disorders such as MDD, BD, or
SAD (10). Increasing alertness has also been an effective strategy
for improving mood (64–66). Light stimulates alertness through
the synchronization of the homeostatic and circadian drives,
and through melatonin suppression (10). And light has direct
effect on alertness via the melanopsin retinal ganglion cells by
impinging on the sleep-active neurons: through simultaneous
inhibition of the sleep-inducing VLPO and activation of the
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FIGURE 1 | Effects of bright light therapy in mood disorders.

monoaminergic arousal systems that are also involved in control
of mood (10).

Thirdly, lightmay regulatemood disorders by improving sleep
homeostasis with direct positive effect on the EEG delta sleep
activity via the secretion of melanopsin, which is a photopigment
expressed in a subset of retinal ganglion cells that activates the
VLPO and improve by this way sleep homeostasis (10, 67, 68).
This is again well-illustrated in studies with SAD patients that
have a lower delta activity and lower sleep efficiency (69). Indeed,
sleep deprivation combined with chronotherapeutics such as BLT
have an antidepressant effect by improving sleep pressure (69).

All these data support an impact of BLT by resynchronizing
the biological clock (circadian system), and/or enhancing
alertness, and/or increasing sleep pressure (homeostatic system),
acting consequently on mood both in acute and remission
phases (Figure 1).

Recommendations for Use in Patients With BD in

Remission

Sleep and circadian rhythm abnormalities are frequent in mood
disorders, even between acute episodes, contributing to poor
functioning, and relapses (70, 71). For instance, in BD, studies
of actigraphy and DMLO identify higher prevalence of delayed
sleep phase (72) and exhibit greater variability in sleep duration,
fragmentation, later, and more variable bedtimes than healthy
controls (71). In this context, we suggest treating and applying
recommendations for comorbid delayed phase sleep, insomnia,
or hypersomnia in individuals suffering from mood disorders,
even in remission. Recommending BLT in the context of such

circadian and sleep comorbidities in mood disorders may thus
be similar to recommendations for previous different subtype of
depression detailed previously (Table 1).

DISCUSSION

This review draws up an inventory of scientific knowledge about
the use of BLT in mood disorders thanks to a growing evidence
about BLT evolving as an effective depression treatment not
only to be used in SAD but also in non-seasonal depression
and in BD. BLT is efficient on depression, acts rapidly, with
low rates of manic switch, and can be easily prescribed
combined or not with mood-stabilizing antidepressant, or other
chronotherapeutic treatments such as sleep deprivation or
lithium (6, 73). Table 1 summarizes different forms of BLT use in
the differentmood disorders subtypes. This review also highlights
several shortcomings in the scientific literature, and paves the way
for further studies to clarify the management of BLT across mood
disorders by comparing different initiation protocols depending
on depression subtypes, to validate its use as a maintenance
treatment, and also to identify predictive biomarkers of response
and tolerability.

First, there is a great heterogeneity of management of BLT
across studies making it difficult to make recommendations for
good practices of BLT (2, 11). For instance, whereas recent
studies such as Lam et al. (40) that directly compared mono or
adjunct therapies found larger effect of BLT/SSRI combination,
some meta-analyses suggest on the other hand that monotherapy
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may be more effective (2, 11), maybe because of limitations
previously advocated.

Secondly, where the lamp should be placed relative to the eye
varies between available devices and across studies. Nevertheless,
for most traditional BLT devices, it should be placed at eye
level and at distance of 30–80 cm, in an adequately lighted room
(where a newspaper may be read easily). The distance depends of
the device and should be closely respected since Lux decreased
quickly. Others new BLT devices should be placed as glasses and
are easy to placed.

Thirdly, the vast majority of data are from review or meta-
analyses in which the distinction is not made between unipolar
disorder or BD, but also between seasonal characteristics or not,
mostly because of lacking data and small sample sizes (55).

Nevertheless, our review aimed to propose global therapeutic
strategies to use BLT in SAD, unipolar and bipolar disorders
without seasonal characteristic and so, allows only partially
personalizing BLT in mood disorder.

Because of the heterogeneity of study protocols and absence of
comparisions between protocols, proper guidelines are difficult
to define. In this context of absence of comparisons between
protocols, we propose in BD to increase more slowly duration
of exposure by 15min every week to attain a target dose of
60min per day at 4 weeks in case of insufficient response. In
BD, a midday exposure might be safer with regards to manic
switch, and should be preferred in cases where individuals have
a history of antidepressant manic switch (74). BLT studies do
not propose personalized BLT use modalities for bipolar disorder
with seasonal pattern. For instance BLT studies assess only the
effects of bright light therapy on SAD, which is a transdiagnostic
disorder that may affect patients with unipolar and bipolar
disorders, and proposed early morning administration with
exposure duration of 30min, using a light intensity of 10,000 lux.

Future studies will likely need to distinguish the use of BLT
between bipolar disorder with seasonal pattern and unipolar
disorder with seasonal pattern because patients with bipolar
disorder with seasonal pattern are able to switch into mania

(75). As patients with bipolar disorder without seasonal pattern,
they are likely to need a midday utilization of BLT or a more
progressive titration, and always in combination with an anti-
manic treatment (75).

Finally, evidence suggests that light may play a role in
the mood stabilizers therapeutic action by improving sleep
quality, and stabilizing circadian rhythms (76). The role of sleep
or circadian disturbances as disease course modifiers is well-
established, mainly due to their association with treatment-
refractory or prolonged mood phases and as predictors of
early relapse (70). This review highlights the urgent need for
good quality RCTs of BLT in BD during remission for relapses
prevention through a potential improvement of sleep quality and
stabilization of circadian rhythms.

CONCLUSION

BLT should be considered as a stand-alone treatment option
in patient with SAD, but also non-seasonal unipolar or bipolar
depression. BLT in treating mood disorders is characterized
by rapid and sustained effects both in mono- or adjunct-
therapy, combined with antidepressant, or mood stabilizing
drugs. However, the management of BLT needs to be clarified
across mood disorders and future studies are expected to
compare different dose-titration protocols, to validate its use
as a maintenance treatment, and also to identify predictive
biomarkers of response and tolerance. Finally, BLT may
also be useful to improve sleep quality, decreased alertness,
abnormalities in circadian rhythms such as sleep phase delay
syndrome, that are frequently associated in mood disorders, in
order to prevent mood early relapses and recurrences.
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Frontotemporal dementia (FTD) is a common young-onset dementia presenting with

heterogeneous and distinct syndromes. It is characterized by progressive deficits

in behavior, language, and executive function. The disease may exhibit similar

characteristics to many psychiatric disorders owing to its prominent behavioral

features. The concept of precision medicine has recently emerged, and it involves

neurodegenerative disease treatment that is personalized tomatch an individual’s specific

pattern of neuroimaging, neuropathology, and genetic variability. In this paper, the

pathophysiology underlying FTD, which is characterized by the selective degeneration

of the frontal and temporal cortices, is reviewed. We also discuss recent advancements

in FTD research from the perspectives of clinical, imaging, molecular characterizations,

and treatment. This review focuses on the approach of precision medicine to manage

the clinical and biological complexities of FTD.

Keywords: frontotemporal dementia, frontotemporal lobar degeneration, genetics, precision medicine,

neuroimaging, primary progressive aphasia

INTRODUCTION

Frontotemporal dementia (FTD) is an insidious neurodegenerative clinical syndrome that is
characterized by progressive disturbances in behavior as well as deficits in executive function and
language. FTD is a common early-onset dementia (occurring in patients aged <65 years), has a
prevalence rate of 3–26%, and is one of the most common forms of dementia across all age groups
(1). Arnold Pick, a Czech psychiatrist, first identified the clinical syndrome of FTD in 1892 (2). He
described a patient with aphasia, focal frontal and temporal lobar atrophy, and presenile dementia.
Alois Alzheimer, a German psychiatrist and neuropathologist, later characterized Pick bodies as
being associated with FTD and named the disorder Pick’s disease in 1911 (3). Although, the
term Pick’s disease initially referred to both the clinical syndrome and the pathological diagnosis,
modern nomenclature designates Pick’s disease as only the pathological diagnosis, whereas a
clinical diagnosis for prominent behavioral changes is known as behavioral-variant FTD (bvFTD).
Mesulam described primary progressive aphasia (PPA), the language subtype of FTD, in 1982 (4).
Revised diagnostic criteria were issued in 2011 (5, 6).

Precisionmedicine, also called “personalizedmedicine” or “individualizedmedicine,” is a rapidly
advancing field in medical, clinical, and research settings. It aims to optimize the effectiveness of
disease prevention and treatment and simultaneously minimize side effects in individuals who
are less likely to respond to a particular therapy, by considering an individual’s specific makeup
with regard to genetics, biomarkers, phenotype, and psychosocial characteristics. In this review,
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we discuss the precision medicine of FTD, from clinical
phenotypes, epidemiology, genetics, neuroimaging to
neuropathological biomarkers. We further review recent
advancements in therapeutic strategies and potential
personalized treatment for FTD (7–13). This review improves the
understanding of accurate diagnosis and personalized effective
disease treatment strategies.

COGNITIVE AND BEHAVIORAL MARKERS

FTD is an umbrella term for three recognizable clinical
syndromes, namely bvFTD, semantic-variant PPA (svPPA), and
non-fluent-variant PPA (nfvPPA) (Table 1). FTD also frequently
overlaps clinically with three neurodegenerative diseases that
exhibit motor deficits, namely corticobasal degeneration (CBD),
progressive supranuclear palsy (PSP), and amyotrophic lateral
sclerosis (14).

Behavioral-Variant Frontotemporal

Dementia
The symptoms of bvFTD include progressive personality
and behavioral changes, apathy, and disinhibition in
interpersonal interactions. Patients may experience early
changes in disinhibition, stereotypic behavior, alterations in
food preferences and eating behavior, alterations in empathy,
apathy, and dysexecutive symptoms (5, 15). Some of these early
symptoms, such as decreased empathy, may have diagnostic
value for bvFTD, but they have not been ascertained in clinical
practice. Apathy may manifest as reduced interest in work,
hobbies, social interaction, and hygiene; however, apathy can be
misdiagnosed as depression.

Symptoms similar to those detected in psychiatric disorders
are frequently observed in patients with bvFTD. Thus,
discriminating the behavioral features of bvFTD from those of
primary psychiatric disorders such as depression, schizophrenia,
bipolar disorder, and borderline personality disorder may be
challenging (16, 17). Although psychotic symptoms such as
hallucinations and delusions are rare in bvFTD, cases of these
symptoms have been reported (17), particularly in patients
carrying the chromosome 9 open reading frame 72 (C9orf72)
repeat expansion (18).

Primary Progressive Aphasia
Patients with PPA exhibit a progressive decline in linguistic skills
during the early phase of the disease. Language dysfunction is
the main symptom during the first 2 years of PPA. Deficits in
object naming, syntax, or word comprehension may become
apparent during conversation or may be identified using speech
and language assessment. The subtypes of PPA are differentiated
by specific types of speech or language deficits. The three PPA
subtypes are the semantic, non-fluent, and logopenic variants
(19). Each subtype has a distinct pattern of language deficits.
Naming difficulty is common to all three subtypes; therefore, it
is not a distinguishing feature. The non-fluent (or agrammatic)
variant and the semantic variant are classified as FTD, whereas
the logopenic variant, most often associated with temporoparietal

atrophy, is typically due to underlying Alzheimer’s pathology;
hence, it is not discussed in this review.

Semantic-Variant Primary Progressive

Aphasia
In svPPA, a syndrome characterized by semantic aphasia
and associative agnosia, anterior temporal lobe degeneration
disrupts semantic memory (Table 1) (6). Anomia and single-
word comprehension deficits, starting with low-frequency items,
are essential for diagnosis (20). In contrast to patients with
nfvPPA, those with svPPA maintain fluent speech and correct
grammar during the early stages of this disease. Early symptoms
of semantic PPA include anomia, word-finding difficulties, and
repetitive speech, whereas early behavioral syndrome presents
with irritability and emotional distance or coldness.

Non-fluent/Agrammatic-Variant Primary

Progressive Aphasia
Articulation deficits resulting in slow, labored, and halting
speech production as well as incorrect grammar or syntax
(agrammatism) characterize nfvPPA. The core criteria of nfvPPA
are agrammatism and effortful speech, and at least one of
the criteria should be present (Table 1) (6). Patients tend to
exhibit motor speech disorders characterized by a slow speech
rate, abnormal prosody, and distorted sound substitutions,
additions, repetitions, and prolongations, which are occasionally
accompanied by groping, trial-and-error articulatory movements
(21), or agrammatic errors. Repetition is less impaired than is
spontaneous speech, and semantic knowledge for words typically
remains well-preserved throughout the disease process.

Motor Symptoms
The three FTD-spectrum motor syndromes are FTD with
motor neuron disease (FTD-MND) and two variants with
parkinsonism, namely corticobasal syndrome (CBS) and
progressive supranuclear palsy syndrome (PSP-S). Up to 15%
of patients with FTD have concomitant MND, and nearly 30%
of patients present with mild features of MND (9, 22). MND
may include upper motor neuron signs (hyperreflexia, extensor
plantar response, and spasticity), lower motor neuron signs
(weakness, muscle atrophy, and fasciculations), dysarthria,
dysphagia, and pseudobulbar affect (22). Up to 20% of patients
with FTD present with parkinsonism, which is most often
observed in patients with bvFTD, followed by those with
nfvPPA (23). Patients with FTD may exhibit features of CBS or
PSP-S. CBS is a heterogeneous syndrome featuring behavioral,
cognitive, and motor changes. The clinical criteria for probable
CBS include asymmetric presentation with any two symptoms
among (A) limb rigidity or akinesia, (B) limb dystonia, and
(C) limb myoclonus, as well as any two symptoms among (D)
orobuccal or limb apraxia, (E) cortical sensory deficit, and
(F) alien limb phenomena (more than simple levitation) (24).
Finally, PSP-S is characterized by atypical parkinsonism with
axial and symmetrical rigidity, supranuclear gaze palsy (most
prominent in the vertical plane), decreased saccadic velocity,
early postural instability with falls, and prominent frontal lobe
dysfunction (25, 26).
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TABLE 1 | Clinical features of bvFTD, svPPA, and nfvPPA (5, 6).

Syndrome Possible diagnosis with clinical evidence Probable diagnosis with

imaging evidence

Definite diagnosis

with pathological or

genetic support

Exclusionary criteria

bvFTD At least three of the following:

• Behavioral disinhibition (socially inappropriate

behavior; Loss of manners or decorum;

impulsive, rash or careless actions) within the

first 3 years.

• Apathy or inertia within the first 3 years

• Lack of empathy or sympathy (loss of

response to other people’s needs and

feelings; loss of social interest,

interrelatedness or personal warmth) within

the first 3 years

• Perseverations, stereotypies or compulsions

(simple repetitive movements; complex,

compulsive or ritualistic behaviors;

stereotypy of speech) within the first 3 years

• Dietary habit changes or hyperorality (altered

food preferences; binge eating, increased

consumption of alcohol or cigarettes; oral

exploration or consumption of inedible

objects)

• Executive-predominant deficits on

neuropsychological profile with relative

sparing of episodic memory and visuospatial

skills

All of the following:

• Meets possible diagnostic

criteria

• Significant functional deficit

(according to Clinical Dementia

Rating Scale, Functional

Activities Questionnaire

scores, or caregiver report)

• Imaging consistent with bvFTD

(predominant frontal and/or

anterotemporal atrophy,

hypoperfusion and/or

hypometabolism)

All of the following:

• Meets possible or

probable diagnostic

criteria

• Histopathological

proof of FTLD

pathology and/or

existence of a known

pathogenic mutation

Deficits or disturbances are not better

explained by other disorders

(neurodegenerative,

non-degenerative nervous system,

psychiatric, or medical diseases)

svPPA Both of the following core features:

• Impaired confrontation naming

• Impaired single-word comprehension

• At least three of the following four features:

• Impaired object knowledge (particularly for

low familiar or frequent items)

• Surface dyslexia or dysgraphia

• Spared repetition

• Spared grammar and motor speech (speech

production)

All of the following:

• Meets possible diagnostic

criteria

• Imaging consistent with svPPA

(predominant anterior temporal

lobe atrophy, hypoperfusion

and/or hypometabolism)

All of the following:

• Meets possible or

probable diagnostic

criteria

• Histopathological

proof of FTLD

pathology and/or

existence of a known

pathogenic mutation

• Deficits are not better explained by

other disorders (non-degenerative

nervous system, psychiatric, or

medical diseases)

• Prominent initial symptoms are not

episodic memory, visuospatial

impairments, or behavioral

disturbance

nfvPPA At least one of the following two core features:

• Agrammatism

• Effortful, halting speech with inconsistent

sound errors and distortions (apraxia of

speech)

• At least two of the following three features:

• Impaired comprehension of syntactically

complex sentences

• Spared single-word comprehension

• Spared object knowledge

All of the following:

• Meets possible diagnostic

criteria

• Imaging consistent with

nfvPPA

• (predominant left posterior

frontoinsular atrophy,

hypoperfusion and/or

hypometabolism)

All of the following:

• Meets possible or

probable diagnostic

criteria

• Histopathological

proof of FTLD

pathology and/or

existence of a known

pathogenic mutation

• Deficits are not better explained by

other disorders (non-degenerative

nervous system, psychiatric, or

medical diseases)

• Prominent initial symptoms are not

episodic memory, visuospatial

impairments, or behavioral

disturbance

BvFTD, behavioral-variant frontotemporal dementia; svPPA, semantic-variant primary progressive aphasia; and nfvPPA, non-fluent variant primary progressive aphasia.

Taken together, the vast heterogeneity and overlap of clinical
phenotypes in FTD often poses diagnostic challenges for
clinicians, in particular the presenting psychiatric symptoms that
may easily be mistaken for psychiatric disorders. The accurate
diagnosis of each subtype of FTD, therefore, requires a precision
medicine approach.

IMAGING BIOMARKERS

Neuroimaging has the potential to aid the differential diagnosis of
FTD. For example, FTD is characterized by predominant frontal
or temporal atrophy, particularly in the frontoinsular region,

as revealed by structural brain imaging (Figure 1; Table 2) (8).
Using voxel-based morphometry, Rosen et al. demonstrated that
core neuropsychiatric symptoms of bvFTD, including apathy,
disinhibition, and aberrant motor behavior, are localized to
the right frontal structures. Moreover, atrophy in the right-
hemispheric anterior cingulate cortex and adjacent ventromedial
superior frontal gyrus, posterior ventromedial prefrontal cortex,
lateral middle frontal gyrus, caudate head, orbitofrontal cortex,
and anterior insula was correlated with symptom severity (27).
Very mild bvFTD targets paralimbic networks, including the
anterior cingulate, insular, medial frontal, and orbitofrontal
cortices (28). Specifically, atrophy of the right ventromedial
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FIGURE 1 | Patterns of brain atrophy in clinical subtypes of frontotemporal dementia (7–9). (A) Areas of brain atrophy in behavioral-variant frontotemporal dementia

(blue), right hemisphere lateral view; (B) Areas of brain atrophy in semantic-variant primary progressive aphasia(green), left hemisphere lateral view; (C) Areas of brain

atrophy in non-fluent variant primary progressive aphasia, left hemisphere lateral view.

TABLE 2 | Imaging and pathological characteristics of frontotemporal dementia (7–9).

Three types FTD Genetic and pathological

characteristics

Imaging characteristics

Behavior

variant

bvFTD C9orf72, MAPT, and GRN

mutations; tau and TDP-43

proteinopathy

Prefrontal and anterior temporal cortex loss, particularly in the right hemisphere;

reduced white matter fractional anisotropy in uncinate fasciculus; striatum, thalamus,

anterior cingulate, and insula atrophy; reduced fractional anisotropy in superior and

inferior longitudinal fasciculi, inferior fronto-occipital fasciculus, genu of corpus

callosum and cingulum

Language

variant

svPPA Rare genetic mutations;

tau and TDP-43

(majority) proteinopathy

Brain atrophy in inferior temporal and fusiform gyri, temporal pole, parahippocampal

cortex, entorhinal cortex, particularly in the left hemisphere;

reduced fractional anisotropy in left superior longitudinal fasciculus and corpus

callosum;

brain atrophy also affecting anterior cingulate, orbitofrontal, inferior frontal, and insular

cortices; reduced fractional anisotropy in left cingulum, left orbitofrontal, inferior

frontal, anterior temporal, inferior parietal white matter regions

nfvPPA GRN mutations; tau (majority),

and TDP-43 proteinopathy

Brain atrophy in the inferior frontal, prefrontal and temporal cortices, caudate and

putamen, particularly in the left hemisphere; reduced fractional anisotropy in left

uncinate fasciculus, corpus callosum, cingulum, and inferior longitudinal fasciculus

tract

BvFTD, behavioral-variant frontotemporal dementia; svPPA, semantic-variant primary progressive aphasia; nfvPPA, non-fluent variant primary progressive aphasia; C9orf72, chromosome

9 open reading frame 72; MAPT, microtubule-associated protein tau; GRN, progranulin mutations; and TDP-43, transactive response (TAR) DNA-binding protein of 43 kDa.

superior frontal gyrus was associated with apathy; atrophy of
the right ventromedial prefrontal cortex was associated with
disinhibition (27); and atrophy of the dorsolateral prefrontal
was associated with executive deficit (7). A widespread alteration
in white matter connectivity between the frontal and temporal
lobes was noted using diffusion tensor imaging. The uncinate
fasciculus, anterior parts of the superior and inferior longitudinal
fasciculi, genu of the corpus callosum, cingulum, and inferior
fronto-occipital fasciculus were affected (Table 2) (10, 29).

By contrast, language symptoms are usually localized to
the left hemisphere and are associated with a deficit of the
language circuit. Degeneration of the left anterior temporal
lobe is associated with linguistic semantic loss, whereas that of
the right anterior temporal lobe is associated with prominent
behavioral and personality changes, including lack of empathy
and increased rigidity (30). Patients with PPA present with focal
and asymmetric changes in specific networks fundamental to
language processing.

Patients with svPPA present with semantic memory deficit
that is localized to the anterior temporal lobes. Abnormalities
in white matter connectivity are predominantly distributed over
the left fronto-temporal areas, including the uncinate fasciculus,

inferior longitudinal fasciculus, corpus callosum, and cingulum
(Figure 1; Table 2) (10, 31, 32). The occipital lobe, cerebellum,
and brainstem are spared (10, 31). The left temporal lobe variant
is approximately three times more common than the right
temporal lobe variant (33). Eventually, degeneration spreads
to the other side; accordingly, patients with svPPA develop
right temporal pole atrophy (and vice versa). The following
observations are relatively likely to be associated with major
right temporal atrophy and difficulty with person identification
(34). Patients with the right temporal variant may have difficulty
recognizing famous faces because of semantic loss. As the disease
spreads from the temporal lobes into the orbitofrontal cortex, the
patients start exhibiting behavioral changes, such as irritability,
emotional withdrawal, insomnia, strict or selective eating (often
focusing on one particular type of food), and occasionally
depression (30). Despite the loss of semantic knowledge in the left
temporal lobe variant, functions such as visual attention on the
right side are sometimes enhanced. Patients with the left temporal
lobe variant are more likely to develop visual compulsions such
as repetitions in activities, collecting brightly colored objects,
jewelry beading, gardening, or painting (30, 33). By contrast,
individuals with the right temporal lobe variant develop verbal
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FIGURE 2 | Clinical, pathological, and genetic associations in FTD (7–9, 37). Clinical symptoms are shown at left, colored regions of clinical diagnosis represent

relative percentages of patients found to have each underlying neuropathological diagnosis. Blue line, genetic and pathological aspects of bvFTD; gray line, genetic,

and pathological aspects of nfvPPA; purple line, genetic, and pathological aspects of svPPA. bvFTD, behavioral-variant frontotemporal dementia; svPPA,

semantic-variant primary progressive aphasia; nfvPPA, non-fluent variant primary progressive aphasia; FUS, fused in sarcoma; TDP-43, transactive response (TAR)

DNA-binding protein of 43 kDa; C9orf72, chromosome 9 open reading frame 72; GRN, progranulin mutations; MAPT, microtubule-associated protein tau; and VCP,

valosin-containing protein.

compulsions on words and symbols (such as compulsively
writing letters, playing solitaire, writing telephone numbers, and
making puns). In summary, left temporal atrophy has been
associated with loss of verbal semantic knowledge, whereas
behavioral symptoms dominate the right temporal variant.

In nfvPPA, the deficits target the frontoinsular cortex.
Atrophy is most frequently noted in the left inferior frontal
and insular cortices, which disrupts language fluency and
grammar (7, 35). White matter abnormalities are predominantly
distributed over the left frontal-temporal-parietal regions,
including the left superior longitudinal fasciculus, corpus
callosum, cingulum, inferior and orbital frontal, anterior
temporal, and inferior parietal areas (Figure 1; Table 2) (10, 36).
Except for structural MRI, functional MRI, fluorodeoxyglucose
(FDG)- PET, and single-photon-emission computed tomography
all show disturbances in perfusion and metabolism over
these areas (8, 10). In summary, due to cerebral hemispheric
differences, patients with right-predominant patterns of atrophy
tend to present with behavioral disturbance, such as bvFTD
and right-sided svPPA, whereas patients with left-predominant
atrophy may lead to language-related impairment, such as left-
sided svPPA and nfvPPA.

NEUROPATHOLOGICAL BIOMARKERS:

TAU, TDP-43, AND FUSED IN SARCOMA

FTD is caused by FTLD, a pathological process of cortical and
subcortical degeneration over the frontal and temporal areas.
Abnormal intracellular aggregates of tau and transactive response
(TAR) DNA-binding protein of 43 kDa (TDP-43) are the leading
causes of FTD (accounting for∼90% of cases). Fused in sarcoma

(FUS), characterized by abnormal intracellular FUS inclusions, is
associated with most of the remaining cases (Figure 2) (7).

Frontotemporal Lobar Degeneration -Tau

Pathology
FTLD-tau accounts for one-third to one-half of all cases of FTLD,
characterized by neuronal and glial tau aggregation (8, 38). Tau
is critical for cellular morphology and function by binding to
and stabilizing microtubules. In neurodegenerative disorders,
tau becomes excessively hyperphosphorylated, dissociates from
microtubules, and aberrantly aggregates within neurons and
glia. Tau is encoded by microtubule-associated protein tau
(MAPT).MAPT mutations mainly result in FTLD-tau pathology
(Figure 2). Alternative splicing of MAPT mRNA leads to the
production of three or four microtubule-binding domain repeats
(3R or 4R). FTLD-tau is further subdivided into 3R, 4R, and
3R/4R tauopathies. Pick’s disease, a 3R tauopathy, accounts
for up to 30% of FTLD-tau cases (8, 38). A striking atrophy
over the frontal, cingulate, and temporal gyri was noted (8).
CBD, a 4R tauopathy, has been observed in approximately 35%
of patients with FTLD-tau and involves the dorsal prefrontal
cortex, supplemental motor area, perirolandic cortex, and
subcortical nuclei (8, 38). PSP, also a 4R tauopathy, accounts
for approximately 30% of patients with FTLD-tau (38). PSP is
associated with frontal atrophy and with subcortical atrophy
of the globus pallidus, subthalamic nucleus, and brainstem
nuclei (8).

Approximately half of all bvFTD patients and the majority
of nfvPPA patients have FTLD-tau pathology (Figure 2) (11).
Furthermore, in most bvFTD or nfvPPA cases, the presence of
extrapyramidal symptoms suggestive of CBS/PSP likely reflect an
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underlying tauopathy (12). Behavioral changes seen in bvFTD,
or non-fluent motor speech difficulties in nfvPPA, may be
presented in patients with CBS/PSP clinical syndrome before or
after development of movement disorder. PSP neuropathology
is strongly associated with patients with PSP clinical syndrome,
particularly presence of the supranuclear vertical gaze palsy and
early postural instability (11). Thus, PSP patients have become
popular for the emergence of tau-targeting therapies in precision
medicine. On the other hand, CBS is a highly variable clinical
syndrome. In contrast, only 23% of the clinical CBS patients
possessed Alzheimer’s disease (AD) neuropathology, 13% with
PSP neuropathology and 35% with CBD neuropathology in a
large series of autopsy (39).

Frontotemporal Lobar Degeneration-TDP

Pathology
FTLD-TDP accounts for approximately half of all patients
with FTLD (38). TDP-43, a nuclear protein, is crucial for
exon skipping and transcription regulation (40). In FTLD-
TDP, TDP-43 becomes aberrantly localized from the nucleus
to the cytoplasm, where it forms cytoplasmic inclusions (41).
The cytoplasmic inclusions cause neurodegeneration though
the potential toxicity of pathological TDP-43 aggregates and
loss of normal TDP-43 function (i.e., nuclear clearance, RNA
regulation) (11, 42). Four subtypes of FTLD-TDP (types A, B, C,
and D) are recognized on the basis of the shape and distribution
of TDP-43-positive lesions within the associative cortex (8). Type
A accounts for approximately half of nfvPPA patients, one-
quarter of suspected CBD patients, and one-quarter of bvFTD
patients. Type C accounts for the majority of svPPA patients
(Figure 2) (8).

Frontotemporal Lobar Degeneration -FUS

Pathology
FUS is an RNA-binding protein involved in splicing and nuclear
export of mRNA. FTLD-FUS has the following three subtypes:
atypical FTLD with ubiquitin-positive inclusions, neuronal
intermediate filament inclusion disease, and basophilic inclusion
body disease (11, 43). A majority of patients with FTLD-
FUS pathology are diagnosed as having bvFTD, characterized
by sporadic, early-onset FTD with behavioral disturbance,
disinhibition, and psychotic symptoms (Figure 2) (44).

Collectively, the diversity of pathology FTLD gives rise to a
vast complexity of clinical phenotypes, with often overlapping
neuropsychiatric features. Understanding the underlying
neuropathological biomarkers, through personalized medicine,
may in the future, offer more targeted and precise therapeutic
options (Figure 2).

GENETICS BIOMARKERS

Up to 40% of FTLD patients have a family history of
dementia, thus suggesting a familial transmission; however, a
clear autosomal-dominant history accounts for only 10% of all
patients (45). To date, mutations in MAPT, chromosome 9
open reading frame 72 (C9orf72), and progranulin (GRN) have

accounted for more than half of patients in FTLD families with a
strong autosomal-dominant history (8). Mutations inMAPT and
GRN account for 5–20% of patients with familial FTLD; C9orf72
mutations account for approximately 13–50% of familial FTLD
patients and is a common genetic cause of FTD (8, 46, 47).

MAPT
MAPT mutations cause impaired microtubule assembly,
impaired axonal transport, and increased pathological tau
aggregation (48). As mentioned above, pathological tau
formation in the cortical and subcortical brain areas results in
neurodegeneration and is neuroanatomically correlated with the
development of clinical symptoms (13). Patients with MAPT
mutations are relatively young at onset (<50 years) and have a
relatively short duration of illness (compared with those with
other mutations), characterized by psychiatric and behavioral
features (i.e., disinhibition, stereotyped repetitive behavior,
and obsessions), parkinsonism, and oculomotor dysfunction
(13, 49, 50). Neuroimaging studies revealed brain atrophy in the
anterior temporal, orbitofrontal, caudate, insula, and anterior
cingulate cortices (51), and different MAPT mutations may
target different brain areas. For example, the medial temporal
lobe indicates mutations in the splicing of exon 10, whereas
mutations affecting the coding region target the lateral temporal
lobe (52).

C9orf72
The expansion of a noncoding GGGGCC hexanucleotide repeat
in C9orf72 is the most common cause of inherited FTD
worldwide, and it accounts for a relatively small proportion of
sporadic cases (47, 53). Normally, the number of GGGGCC
hexanucleotide repeats is <20; however, the presence of 65 or
more repeats is considered pathogenic. Typically, the number
of pathogenic repeats is in the hundreds (54). These expansion
mutations are highly associated with TDP-43 pathology (13).
FTD patients with the C9orf72 expansion mutation commonly
present with bvFTD, MND, or a combination of the two,
characterized by behavioral features (i.e., apathy, loss of empathy,
and disinhibition), complex stereotyped behaviors, executive
dysfunction, and Parkinson-like symptoms (i.e., gait disturbance,
tremor, and rigidity) (13). Approximate 38% of patients
present with psychotic symptoms, characterized by delusions,
hallucinations, somatic symptoms, agitation, and anxiety (13,
55). Imaging-genetic studies in FTD patients with C9orf72
expansions have revealed a distributed symmetric pattern of
brain atrophy in the frontal lobe (medial, dorsolateral, and
orbitofrontal FTD patients with the C9orf72 expansion may
have a more rapid cognitive decline related to cortical atrophy
compared with other forms of FTLD-TDP (56, 57), and
most C9orf72 expansion carriers with Parkinson-like symptoms
respond poorly to levodopa usage (13). Therefore, C9orf72
genotyping could potentially be useful for precision medicine
approach, not only to classify patients with FTLD but also offer
prognostic values.
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GRN
Progranulin is a secreted protein involved in cell-cycle regulation,
wound repair, axonal growth, and inflammation modulation
(58). GRN mutations are associated with haploinsufficiency and
the reduction of progranulin production and secretion (59).
They are clinically associated with bvFTD, nfvPPA, and CBS,
thus conferring relatively low penetrance until 70 years (60,
61). Psychiatric symptoms, including delusions, hallucinations,
ritualistic behaviors, apathy, and social withdrawal, are common.
Language function is involved early in FTD patients with GRN
mutations compared with patients with C9orf72 or MAPT
mutations (13). Imaging study results showed asymmetric
atrophy in the inferior frontal, temporal, and inferior parietal
lobes, whereas C9orf72 or MAPT mutations are associated with
symmetrical brain atrophy (62).

Other Genetic Biomarkers
Mutations in TAR DNA-binding protein (TARDBP), valosin-
containing protein (VCP), TIA1, TBK1, and CCNF genes
(associated with TDP-43 pathology); and FUS and CHMP2B
(associated with tau-negative, TDP-negative, ubiquitin-positive
inclusions) account for a minority of familial FTD (8). Mutations
of TARDBP are commonly associated with ALS and FTD-
ALS, and may be associated with PSP-like symptoms and
chorea. Patients with “ALS-plus” symptom (clinical features
extending beyond pyramidal and neuromuscular systems) have
an increased likelihood of carrying a pathogenic TARDBP,
C9orf72, or VCPmutation in contrast with sporadic cases (63).

Accordingly, genetic assessment for the above known
genetic variants may improve diagnosis of FTD amid an overly
complicated clinical picture. In addition, it may offer biological
information to predict personal disease risk, understand
underlying pathophysiology, identify presymptomatic
individuals at risk for FTD and even provide future options for
personalized therapeutics.

APPLICATIONS OF FTD BIOMARKERS

FOR PRECISION MEDICINE

Although abnormal tau and TDP protein deposits may not be
the only cause of FTD pathogenesis, they can define FTD as
a unique neurodegenerative disease in the differential diagnosis
of dementia. In addition, the initial differentiation of FTD
from atypical AD using FTD precision medicine is crucial
because FTD symptoms may become more severe following the
application of approved AD therapies (64). A research framework
focusing on biomarker diagnosis of FTD is urgently required
because of the complex clinicopathological relationships of the
disease. With the advent of biomarkers diagnostic techniques
such as neuroimaging, biofluid dynamics, and genetics, FTD
pathology can be identified; this can greatly improve diagnostic
precision regarding the underlying pathophysiology of clinical
syndromes. The National Institute on Aging and Alzheimer’s
Association recently introduced a new research framework for
AD diagnosis based on biomarkers (65). A future diagnostic
framework for FTD could adopt a similar approach for

precision medicine. The best neuroimaging approach to separate
AD from FTD is by FDG-PET, as evident by the diffuse
posterior temporoparietal hypometabolism in AD vs. the focal
frontotemporal hypometabolism in FTD (8, 10). Although a
high proportion of FTLD patients have low levels of comorbid
AD neuropathology and amyloid-beta (Aβ1−42) imaging is non-
specific, amyloid PET scanning may still be useful for such
differentiation (11). However, total tau (t-tau) and Aβ1−42 are
extensively studied cerebrospinal fluid (CSF) biomarkers that
may be used to accurately distinguish autopsy-confirmed FTD
from AD (66); FTD patients have lower t-tau–Aβ1−42 ratios
(37). The CSF t-tau–Aβ1−42 ratio may lead to substantial
improvement in clinical diagnosis for differentiating FTD from
atypical AD (67). Levels of CSF biomarkers of axonal injury and
neuronal loss such as neurofilament light chains are reportedly
elevated in clinical FTD cohorts compared with cohorts of other
neurodegenerative diseases (68, 69) and have been associated
with FTD disease severity (69).

A key task is to distinguish FTD from transmissible
spongiform encephalopathies [i.e., Creutzfeldt-Jakob disease
(CJD)], especially when early symptoms are subtle. CJD is a
typical human prion disease caused by the aggregation and
propagation of scrapie prion protein (PrPSC)—a misfolded
form of normal prion protein (PrPC). CJD has many
forms, including familial, variant, iatrogenic, and sporadic.
Sporadic is the most common form (appropriately 85%) (70).
Symptoms include myoclonus, rapidly progressive dementia,
pyramidal/extrapyramidal signs, visual/cerebellar symptoms,
and akinetic mutism. Clinical diagnosis of sporadic CJD (sCJD)
is supported by the identification of 14-3-3 protein in CSF,
periodic sharp electroencephalographic spikes, or MRI T2
FLAIR or diffusion-weighted imaging hyperintensities in the
basal ganglia and cerebral or cerebellar cortex (71, 72). Compared
with FTD, in sCJD, the CSF t-tau level is higher and the p-tau-
t-tau ratio is lower (73). The aforementioned clinical, imaging,
and biofluid markers are helpful in discriminating patients
with FTD from those with CJD when clinical images are early
and subtle.

Based on protein-targeting therapies such as those targeting
tau (74), differentiation of FTLD-tau from FTLD-TDP after
the exclusion of other neurodegenerative diseases (i.e., atypical
AD and CJD) is the third step. Compared with FTLD-TDP
and ALS, FTLD-tau has a higher p-tau level and higher p-
tau-t-tau ratio (11). FTLD-TDP does not have significant p-
tau pathology, and thus less p-tau may be released into
the CSF compared with FTLD-tau (68, 75). The quantitative
immunoprecipitation approach has been developed to detect
specific forms of tau [extended (55 kDa) and truncated (33
kDa)] (76) to differentiate FTLD-tau from its subtypes. Through
the exploratory proteomics-based approach, many novel CSF
biomarkers have been identified for discriminating FTLD-tau
from the main FTLD pathological subtypes as well as from non-
demented controls and other forms of dementia with maximal
accuracy (77). Studies to demonstrate the use of non-invasive
methods such as the application of tau-specific radio ligands to
identify FTLD-tau cases are ongoing (78, 79). Imaging and CSF
biomarkers may assist in the development of successful therapies
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by facilitating the appropriate selection of cases for clinical trials
targeting specific proteinopathies.

The longitudinal progression of biomarkers at early
disease stages may be understood through the investigation
of presymptomatic individuals within families that possess
pathogenic mutations such as an earlier age of FTLD-tau onset
withMAPT mutations (64). Brain network dysfunction has been
observed in presymptomatic FTD with GRN (80) and C9orf72
(81) mutations. C9orf72 disease exhibits additional protein
inclusion, additional clinical symptoms, and worse prognosis
compared with its sporadic forms (11).

In line with the popular use of the APOE genotype in
AD clinical trials, hereditary FTLD may be a popular choice
for clinical trial development of therapies specific to this
mutation. An autopsy-confirmed sporadic FTLD genetic study
revealed several single-nucleotide polymorphisms (SNPs) that
were overexpressed in patients with FTLD-tau and those with
FTLD-TDP (82). The risk allele in the FTLD-tau-related SNP
was associated with a shorter disease duration and white
matter loss in the midbrain and long association fibers in
sporadic bvFTD (83). This indicates the usefulness of SNP
genotyping as a diagnostic and prognostic tool. A syndrome
constitutes a clinical outcome of one or multiple diseases as
opposed to an etiology. Similar to AD, a biological definition
of FTD as opposed to a syndromal one is a superior means of
enhancing the understanding of the underlying mechanisms of
the clinical expression of FTD (65). Future precision-medicine
approaches for FTD treatment must include biologically defined
targets alongside the establishment of biomarker profiles
and categories.

TREATMENTS

Nonpharmacological interventions are considered for the
management of dementia before the use of pharmacological
treatments that may exacerbate medical comorbidities affecting
elderly patients. Healthy lifestyle changes, social connections,
physical activity, and environmental intervention may mitigate
the effects of dementia (42, 43). The main purpose of
nonpharmacological interventions is to prevent disruptive
behaviors, provide symptom remission, and reduce caregiver
distress. For example, environmental approaches (i.e., reduction
of noise, limitation of stimuli, and simplification of daily activities
and social parameters) intend to reduce irritability, aggression,
and anxiety caused by daily external stimuli.

Currently, no disease-modifying drugs approved by the U.S.
Food and Drug Administration are available for the treatment
of FTD. Most treatments are focused on the management of
behavioral symptoms. The use of selective serotonin reuptake
inhibitors can reduce the severity of agitation, aggressiveness,
impulsivity, aberrant eating behaviors, and compulsions (8).
Herrmann et al. reported that behavioral and psychiatric
symptoms (including irritability, disinhibition, and depression)
were alleviated after citalopram treatment at a target dose of
40mg once daily; furthermore, they observed a decrease in
the overall Neuropsychiatric Inventory and Frontal Behavioral

Inventory scores (84). The findings suggest that antidepressants
may be beneficial in the treatment of neuropsychiatric and
behavioral disturbances in FTD.

Behavioral disturbance (agitation or impulsivity) may also
be controlled using atypical antipsychotics such as risperidone,
olanzapine, and quetiapine. However, these medications could
have side effects and increase the risk of mortality in patients
with FTD (13, 85). In FTD patients with C9orf72 expansion,
antipsychotic drugs cause noticeable adverse effects, and the
adverse effects could not be reversed in some patients even
after drug withdrawal (86, 87). In summary, low doses of
atypical antipsychotic drugs may be useful for managing
behavioral disturbance (8), but such drugs should be used with
caution in patients with FTD because of the risk of mortality
associated with cardiac events and falls secondary to the side
effects (88).

Cholinesterase inhibitors, such as donepezil, do not alleviate
but can even exacerbate behavioral disturbance in patients
with FTD (89). This is likely because cholinergic deficit
may not contribute to the pathophysiology of FTD (90).
Memantine, an N-methyl-d-aspartate (NMDA) antagonist, has
been reported to have no benefits in alleviating or delaying
the progression of FTD symptoms, but it is generally well-
tolerated by patients (91, 92). In summary, cholinesterase
inhibitors and NMDA antagonist have no clinical efficacy in
the treatment of FTD, and they potentially have detrimental
effects on cognitive performance and behavioral symptoms (91,
93). Therefore, preferred management options should be based
on risk assessment, and nonpharmacological interventions and
caregiver support are preferred for first-line interventions (93).

TAU-TARGETING THERAPEUTICS

Due to knowledge advancements in molecular biology,
pathophysiology, and neuropathology, precision medicine
could be applied in FTD treatment by targeting the
underlying pathogenesis (85). Based on the knowledge of
the pathological tau protein spreading through prion-like
propagation, the prevention of transneuronal spreading of
pathological abnormalities is potentially an effective therapeutic
strategy (94, 95). Administering tau aggregation inhibitors
(i.e., methylthioninium chloride), microtubule-stabilizing
drugs, tau-targeted immunotherapy, and tau vaccines
may be useful therapeutic approaches in patients with tau
pathology (96, 97).

Multiple approaches are available for tau-targeting
therapeutics. First, tau aggregation and the various tau species
formed (monomers, oligomers, prefilaments, granules, fibrils,
and insoluble aggregates) during aggregation are of interest
for potential therapeutic intervention. Hence, tau aggregation
inhibitors have been proven effective in various in vitro
studies (98). A proprietary formulation of non-neuroleptic
phenothiazine methylene blue (methylthioninium chloride),
which is used to treat malaria (99), has risen in the ranks in
clinical development in recent years. This compound readily
crosses the blood-brain barrier and prevents tau aggregation
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in vitro as well as in cell and animal models (100, 101). Safety
and efficacy in a randomized, double-blind, placebo-controlled,
multinational, and parallel-group clinical trial was demonstrated
in 220 patients with bvFTD after 12 months of oral treatment;
the results are yet to be published (74). Clarifying the efficacy
of tau aggregation inhibitors in vivo is critical for preventing
cognitive decline.

Second, microtubule stabilizers may be used as FTLD-
tau therapeutic agents. Detachment of tau from microtubules
leads to the loss of normal microtubule-stabilizing function,
resulting in axonal transport defects and synaptic dysfunction.
Davunetide—an eight-amino-acid peptide that arises from an
activity-dependent neuroprotective protein-exerted substantial
effects on behavior and cognition in tau-transgenic mice (102). In
addition, intranasal or intravenous administration of davunetide
established the safety and tolerability profile of davunetide
in patients with mild cognitive impairment (103). However,
whether microtubule destabilization is directly related to tau
toxicity in tauopathies remains unclear. No therapeutic effect
of davunetide for PSP treatment was detected in a double-
blind, placebo-controlled, randomized phase II/III clinical
trial (104).

Third, various anti-tau immunotherapy strategies have
been successfully tested, suggesting that such strategies could
be feasible options for clearing toxic protein species in
tauopathies (105). Targeting abnormally phosphorylated tau
epitopes (or pathologically relevant conformational epitopes)
may be favorable for inducing antibody responses that promote
tau clearance, as suggested by evidence found in animal models
(106). The humanized anti-tau monoclonal antibody named
ABBV-8E12 is also available for PSP treatment. A satisfactory
safety and tolerability profile for ABBV-8E12 was demonstrated
in a placebo-controlled, double-blind, phase I single-ascending-
dose trial of 30 patients with PSP (107). Finally, modulating
tau phosphorylation and targeting other posttranslational tau
modifications (i.e., tau acetylation inhibitors) are also potential
therapeutic strategies for FTLD-tau and other tauopathies (74).
However, the current consensus is that tau-centric targeted
treatment has no marked effect on long-term clinical outcomes
(108, 109); further research is required to elucidate the potential
roles of such therapies in treating FTD.

Other targets for therapy include disrupting the downstream
effects of C9orf72 and GRN mutations. An approach that
entails developing antisense oligonucleotides to reduce the
concentrations of potentially toxic C9orf72 mRNAs has
been applied to FTD patients (110, 111). This approach has
also been implicated in the reduction of the total amount
of pathological tau species (112). Because GRN mutation
is related to progranulin haploinsufficiency and reduced
progranulin concentrations, studies are attempting to adopt
molecular approaches to prevent the reduction of progranulin
concentrations and instead increase progranulin concentrations;
such approaches include applying the histone deacetylase
inhibitor suberoylanilide hydroxamic acid, which enhances
progranulin transcription and alkalizing compounds that
stimulate progranulin production (113, 114). Collectively,

advances in the understanding of genetic mutations causing
FTD have created new potential therapeutic targets for
the development of effective disease-modifying drugs
(85). These findings may enable physicians to develop
precision medicine for the treatment of FTD patients
with C9orf72, MAPT, or GRN mutations at a single-patient
levels (10, 115).

Future Direction- Treatment Through

Personalized Medicine
The implication of precision medicine is to enable physicians
to identify highly selective and effective treatments with
relatively few side effects for patients with specific illness.
Currently, precision medicine is applied to FTD diagnosis and
treatment. Based on advances in neuroimaging and genomic
research that has explored underlying genetic risk variants
and cerebral structural and functional change in order to
determine specific molecular pathways and pathophysiological
processes, precision medicine is currently applied in clinical
trials; such trials focus on subgroups of individuals and
the development of therapeutic targets with known genetic
risk for FTD (116). For example, in patients with clinical
diagnosis of bvFTD, tau-targeting therapeutics (e.g., tau
aggregation inhibitors) may be administered in those with
suspected FTLD-tau pathology. On the other hand, in bvFTD
patients with suspected FTLD-TDP pathology, progranulin
-related therapies may be a viable treatment for those with
GRN mutation. Likewise, for those with C9orf72 repeat
expansions, candidate antisense therapeutics could be used
to reduce C9ORF72 expression. However, this is only the
beginning of the precision medicine approach targeting the
clinical process and treatment response of FTD. Collaboration
among parents, family caregivers, and professionals (e.g.,
clinicians, scientists, and medical technologists) is crucial for
identifying the pathological processes underlying FTD and
for developing new interventions for successful application of
precision medicine.
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Electroconvulsive therapy (ECT) employs the elective induction of generalizes seizures as

a potent treatment for severe psychiatric illness. As such, ECT provides an opportunity

to rigorously study the recovery of consciousness, reconstitution of cognition, and

electroencephalographic (EEG) activity following seizures. Fifteen patients with major

depressive disorder refractory to pharmacologic therapy will be enrolled (Clinicaltrials.gov,

NCT02761330). Adequate seizure duration will be confirmed following right unilateral

ECT under etomidate anesthesia. Patients will then undergo randomization for the order

in which they will receive three sequential treatments: etomidate + ECT, ketamine +

ECT, and ketamine + sham ECT. Sessions will be repeated in the same sequence for

a total of six treatments. Before each session, sensorimotor speed, working memory,

and executive function will be assessed through a standardized cognitive test battery.

After each treatment, the return of purposeful responsiveness to verbal command will

be determined. At this point, serial cognitive assessments will begin using the same

standardized test battery. The presence of delirium and changes in depression severity

will also be ascertained. Sixty-four channel EEG will be acquired throughout baseline,

ictal, and postictal epochs. Mixed-effectsmodels will correlate the trajectories of cognitive

recovery, clinical outcomes, and EEG metrics over time. This innovative research design

will answer whether: (1) time to return of responsiveness will be prolonged with ketamine

+ ECT compared with ketamine + sham ECT; (2) time of restoration to baseline function

in each cognitive domain will take longer after ketamine + ECT than after ketamine

+ sham ECT; (3) postictal delirium is associated with delayed restoration of baseline

function in all cognitive domains; and (4) the sequence of reconstitution of cognitive

domains following the three treatments in this study is similar to that occurring after an
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isoflurane general anesthetic (NCT01911195). Sub-studies will assess the relationships

of cognitive recovery to the EEG preceding, concurrent, and following individual ECT

sessions. Overall, this study will lead the development of biomarkers for tailoring the

cogno-affective recovery of patients undergoing ECT.

Keywords: electroconvulsive therapy, electroencephalography, major depressive disorder, ketamine, anesthesia,

seizures, neurocognitive disorders, consciousness

INTRODUCTION

Seizures—Unique States for Probing the
Return Consciousness and Cognition
The return of consciousness following reversible states of

unresponsiveness is relevant to neuroscience and clinical
practice. Neural mechanisms underlying these processes
appear to be distinct, with implications for anesthetic practice

(1) and sleep/wake disorders (2). While states incurred by
general anesthesia (3–5) and sleep (6, 7) have suggested
neural substrates necessary for sustaining consciousness (8),

the recovery from these depressed states of neural activity
remains poorly characterized. Comparatively less is known
regarding the recovery from states of highly synchronized
neural activity incurred through generalized seizures (9, 10).

Characterizing the recovery of neural activity and cognitive
function following these states may provide a system to
complement states of brain suppression given that: (1)
action potential synchronization is a fundamental mode of
information processing in the cerebral cortex distinct from

neuronal firing rates and (2) seizures arise from changes in the
excitatory and inhibitory synaptic balance in different brain
regions.

The relationships of underlying electroencephalographic

(EEG) activity and the recovery from generalized seizures
is currently limited and challenging to investigate (11).
Generalized seizures are characterized by the loss of
consciousness coincident with ictal EEG spike-and-wave

complexes, polyspike-and-wave complexes, and spikes (12).

External phenotypes, ranging from convulsions to immobile
staring, likely depend on the precise disruption in sub-
cortical arousal systems, cortical-subcortical interactions,
or neocortical connectivity (9, 10, 13). Inter-individual

heterogeneity among clinical seizures may arise from diverse
structural or metabolic derangements. Moreover, seizures are
typically sporadic, unpredictable in occurrence, and may vary
in intensity and character, making them difficult to study
systematically. Following the disappearance of epileptiform
EEG signatures, the postictal period begins and culminates
in a return of consciousness and cognitive function. There
is little standardization of postictal clinical and behavioral
testing to facilitate objective comparison to EEG changes
during the postictal period. Critical barriers to generating
inferences from reproducible seizures may be addressed in
the context of electroconvulsive therapy (ECT) (14), where
seizures are electrically induced under safely controlled
conditions.

EEG Activity and Cognitive Dysfunction
Following ECT
The potential of EEG to inform clinicians on the future efficacy
and side effects of ECT has not been fully realized. EEG
is commonly monitored during ECT, a proven treatment for
depression, bipolar illness, and psychosis (15). Following the
delivery of the ECT stimulus charge, epileptiform activity in the
bilateral fronto-mastoid EEG can complement the assessment of
peripheral tonic-clonic muscle activity (16). Clinically relevant
EEG measures beyond the length of seizure duration (17) have
unclear clinical utility (18). Optimally, EEG markers would be
available for predicting and refining ECT administration to
balance efficacy and side effects that accrue over the course of
therapy. EEG measurements acquired on the day of treatment
would inform clinicians prior to stimulus delivery. The spatial,
temporal, and spectral properties of such markers remain
unknown. Once ascertained, translation to clinical practice
would require a sparse montage of EEG sensors that can
generalize across patient gender, age, and recovery from general
anesthesia. Similar advances in the field have not occurred
since prior work establishing a relationship between cognitive
performance and ECT stimulation parameters (19, 20). This void
may be due to the paucity of studies that have characterized
EEG across widely distributed brain regions using either 10–20
montages (21–24) or high-density EEG. The spatial resolution
offered by high-density EEG is likely needed to associate
cognitive and affective perturbations to specific EEG patterns.
High-density scalp EEG has shown superiority over standard 10–
20 montage recordings in guiding surgical treatment for epileptic
seizures (25). Extension of this paradigm to the ECT setting may
yield clinically relevant EEGmarkers for tailoring treatment at an
individual patient level.

During the ictal period, seemingly stereotyped EEG patterns
develop and resolve (26), with proposed phases of activity (21).
Brief periods of EEG suppression or rhythmic bilateral 14-22Hz
oscillations may first emerge (21). Induction of bilateral poly-
spike activity occurs, often with greater power on the side of
the stimulation electrode in unilateral ECT (21, 27). Spike/spike-
and-wave complexes then arise, followed by termination within
3min (21, 26). This ictal activity may be followed by postictal
generalized EEG suppression, a marker associated with ECT
therapeutic efficacy (17, 28, 29) and with potential implications
for understanding sudden unexpected death in epilepsy (30, 31).
Delta waves (<4Hz) (26) emerge that are gradually replaced by
theta (4–8Hz), alpha (8–13Hz), and beta (13–30Hz) rhythms
(26). The dynamics of these EEG changes may aid in our
understanding of seizures in general and help to reveal the
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efficacy/side effects of ECT in the postictal period following
future large-scale investigations.

The continued resolution of postictal EEG changes may also
correlate with the cognitive impairments incurred immediately
after individual sessions and progress over the course of ECT
treatments. Perturbations in processed EEG measures persist
even when individuals appear to be awake in the postictal
period (32–34). Patients with greater suppression in processed
EEG measures following ECT are more likely to experience
prolonged memory impairment (35). Specific EEG markers that
can be linked to both underlying neurobiology and cognitive
function have not been developed for the acute period after
ECT. Beyond individual sessions, persistent slow theta and
delta oscillations have been observed in the EEG (36) and may
resolve only weeks following the last session (37, 38). These
markers that remain weeks after ECT sessions may be linked
to either therapeutic efficacy (38) or the extent of disorientation
and retrograde amnesia (39). Definitive relationships remain
speculative.

The recovery of cognitive function following individual ECT
sessions has not been fully characterized. Recent analyses have
shed light on the incidence and persistence of cognitive side
effects related to this procedure (40). Approximately 5–12%
of patients experience postictal agitation and disorientation
after ECT (41, 42) that may last 1–2 h after ECT. Postictal
agitation does not occur reproducibly in the same patients
following subsequent treatments (43). Disorientation during
the early postictal recovery from ECT appears to decrease
with number of sessions (44). In contrast, interictal confusion
accumulates with successive ECT sessions (44). Cognitive side
effects may persist for 90min following seizure termination (45).
The temporal development and progression over the course of
ECT remain unclear, but deficits in verbal memory, executive
function (46), and visuospatial memory (47) have been identified.
Cognitive impairments during the course of ECT can delay
treatment (48), contribute to missed work, burden caregivers.
Given that each session of ECT requires the administration
of general anesthesia during seizure induction, systematic
study requires accounting for these potent neuromodulatory
agents.

Control for Anesthetic Exposure
Elucidating cognitive recovery following seizures in the context
of ECT requires a control to account for the effects of general
anesthesia. This is because modern ECT is conducted under
general anesthesia and pharmacologic neuromuscular paralysis.
Anesthetics with mechanisms invoking γ-aminobutyric acid
(GABA) A-type receptor agonism (e.g., etomidate) or NMDA-
receptor antagonism (ketamine) are commonly used. Ketamine
has received greater attention recently since subanesthetic doses
of ketamine have shown efficacy in treating refractory depression
(49–52). Relative to other anesthetics in use for ECT, ketamine
may provide faster recovery from cognitive impairment on
the day of treatment (53, 54) or offer additive benefits on
ECT efficacy (54). Thus, ketamine may be useful in a sham
ECT condition to control for anesthetic exposure while offering

potential therapeutic effects even in the absence of electrical
stimulation.

Hypotheses and Aims
This is a randomized crossover trial to investigate the
recovery of cognitive and neurophysiological function following
right-unilateral ECT in individuals with treatment-resistant
depression. We hypothesize that the reconstitution among
different cognitive domains will markedly vary in rate and order,
depending on the presence of seizures induced by electrical brain
stimulation. Our specific aims include: (1) assess whether the
time to return of responsiveness will be prolonged with ketamine
+ ECT compared with ketamine + sham ECT; (2) ascertain
whether the time of restoration to baseline function in each
cognitive domain will take longer after ketamine + ECT than
after ketamine + sham ECT; (3) determine if postictal delirium
is associated with delayed restoration of baseline function in
all cognitive domains; and (4) determine whether the sequence
of reconstitution across cognitive domains is similar to that
occurring after an isoflurane general anesthetic; we also anticipate
these cognitive disturbances to mirror recovery in EEG power
spectral measures, despite substantial variability across our
sample.

METHODS AND ANALYSIS

This protocol includes elements elaborated in the Standard
Protocol Items: Recommendations for Interventional Trials
(SPIRIT) checklist (55, 56).

Participants
Ethics Approval
The HRPO at Washington University School in St. Louis has
approved the study. The study will be conducted with strict
adherence to Washington University Institutional Review Board
protocol. American Board of Anesthesiology board-certified
anesthesiologists with experience in conducting clinical studies
will lead the study. Safety and privacy of study participants will be
safeguarded in compliance with the Health Insurance Portability
and Accountability Act.

Inclusion and Exclusion Criteria
Inclusion criteria include: (1) Referral for ECT via right
unilateral stimulation for treatment-resistant non-psychotic
unipolar depression or bipolar disorder, (2) Fluency in English,
(3) Age greater than 18 years, and (4) Ability to provide
written informed consent. Exclusion criteria are: (1) Known
brain lesions or neurological illness with sufficient cognitive
impairment to prevent cognitive testing prior to ECT initiation,
(2) Schizophrenia, (3) Schizoaffective disorder, (4) Blindness
or deafness that may impair performance on cognitive testing,
or (5) Inadequate seizure duration with etomidate general
anesthesia, defined at our institution as bilateral spike-and-wave
complexes present for less than 10 s. Past suicidality or substance
use disorder will not exclude patients from enrollment.
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Design and Procedure
Recruitment
Given the sample size used in our prior study (57), 15 patients
will be recruited over a span of three years. Psychiatrists will
brief prospective patients on the study to determine eligibility
and interest. Trained study team members will formally screen
and enroll interested patients during a preoperative clinic visit
or in the hospital ward. All enrolled patients will provide written
informed consent, with adherence to the Declaration of Helsinki.
Patients will not be charged for participating and will receive
remuneration of $100 per completed treatment session, up to
$600.

Interventions
Each patient will be scheduled for an initial dose-charge titration
and six treatment sessions over the initial 2 weeks of the ECT
treatment cycle (Figure 1) at Barnes-Jewish Hospital, St. Louis,
MO, USA. Patients will receive three sequential treatments:
etomidate + ECT, ketamine + ECT, and ketamine + sham
ECT. These treatments will be repeated in the same sequence
over the subsequent week. The study focuses on changes in
in cognoaffective function over the initial period of the ECT
index course prior to maintenance therapy. A 2-week duration of
involvement was chosen to maximize patient tolerance of study
procedures and minimize repetition of stimuli.

Randomization and Blinding
A trained team member will use a computer-generated
randomization algorithm among 18 potential combinations of
initial cognitive task and order of study interventions. Random
assignments will account for investigator-physician availability
for ketamine + sham ECT sessions. The patient will be blind
to the order of treatment condition. Study and clinician teams
will be aware of the treatment arm at each session and maintain

routine checks and monitoring before and after anesthetic
induction. In order to maximize adherence to the intervention
protocol, a study coordinator will inform research and clinical
teams of the treatment condition prior to the study session day,
and brief these teams on study procedures immediately before
the subject’s scheduled treatment session. To maintain sufficient
blinding of the subject to the treatment condition, patients will
not be able to view the syringe during anesthetic induction during
any treatment session. Furthermore, stimulation electrode and
conducting gel will also be placed on the scalp following loss
and prior to return of responsiveness during sham-ECT sessions.
Post-anesthetic evaluation by anesthesiology, psychiatry, and
nursing staff will be consistent across sessions.

To maximize study rigor and reproducibility, investigators
evaluating studymeasurements for data quality and development
of analytical tools will be blinded to the details of the treatment
intervention, whenever possible (58).

Timeline of Treatment Visits
Dose-Charge Titration
As part of standard care, the patient will be admitted for an
initial dose-charge titration to induce a generalized seizure of
adequate duration under etomidate general anesthesia. This
session will serve to determine the seizure threshold and
tolerance for the study procedures (Figure 2A). During this
visit, the study team will assess baseline cognitive function
and EEG prior to ECT, tolerability of cognitive testing and
EEG recording, and feasibility of etomidate as the anesthetic
for study and subsequent treatments. ECT charge will be
delivered via a Thymatron System IV (Somatics, LLC, Venice, FL,
USA). Per ECT laboratory procedures, stimulation parameters
include a current of 0.9 amperes, pulse width of 0.3ms, with
escalating dosage: (5% total charge: 24.9 millicoulombs, 10Hz
stimulation, 4.6 s duration; 10% total charge: 50.8 millicoulombs,

FIGURE 1 | Overall study design. Patients are randomized to repeated testing on three different treatment (Tx) interventions: Etomidate + ECT (E + ECT), ketamine +

ECT (K + ECT), and ketamine + sham ECT (K + Sham). These interventions occur over a 2-week period following a dose-charge titration session that determines the

adequate ECT charge for treatment-resistant depression.
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FIGURE 2 | Timelines for dose-charge titration and treatment sessions. (A) Baseline cognitive assessments are acquired before the dose-charge titration session with

etomidate general anesthesia. (B) Baseline cognitive assessments are acquired before each treatment session and serially from the return of responsiveness to verbal

command (T = 0) and up to 90min afterwards (T = 90). Continuous high-density EEG is acquired during baseline assessments and treatment sessions.

20Hz stimulation, 4.65 s duration, 15% total charge: 75.6
millicoulombs, 20Hz stimulation, 6.98 s duration). Subsequent
planned ECT treatment is based on a six-fold increase in charge
delivery. Thus, individuals without suitable seizure duration at
a projected 100% charge will be withdrawn from the study if
subsequently scheduled for bilateral ECT. Participants will not be
withdrawn if their standard-of-care anesthetic is changed from
etomidate to another anesthetic, such as ketamine.

Study Intervention Treatment Sessions 1–6
Following randomization, each patient will initiate a complete
course of therapy with participation in six treatment sessions
(Figure 2B). During four of these six sessions, the patients will
receive care within standard practice for ECT: general anesthesia
(etomidate or ketamine), muscle paralysis (succinylcholine), and
electrical stimulation. For the remaining two sessions, patients
will undergo a ketamine general anesthetic without muscle
paralysis or ECT stimulation.

High-density EEG, bilateral fronto-mastoid clinical EEG, and
full American Society of Anesthesiologists (ASA) monitoring
will commence prior to the induction of general anesthesia.
Additionally, audible squeeze toys will be placed in each hand
of the patient, who will be instructed to follow serial commands
to either “Squeeze your left hand twice” or “Squeeze your
right hand twice.” Every 30 s, one of these recorded audio
commands will be played at random, to monitor loss and
return of responsiveness to verbal command. Patients will be
pre-oxygenated by mask and anesthesia will be induced with
ketamine, approximately 2 mg/kg, or etomidate, approximately
0.2 mg/kg. Following bolus of the induction agent, loss of
responsiveness and eyelash reflex will be confirmed. Loss of
responsiveness to verbal command will be recorded as the first
time when a subject fails to correctly respond to the standardized
auditory commands. Care adherent to the ASA guidelines will be
performed regardless of treatment session. For sessions with ECT,
pre-stimulation hyperventilation and assisted ventilation will
also be performed. Central seizure duration will be assessed from
bilateral fronto-mastoid EEG by the psychiatry team. Peripheral

seizure duration will be determined throughmonitoring of tonic-
clonic activity (16). During all sessions other drugs will also
be administered according to current practice and as clinically
indicated (e.g. for nausea or headache).

During the recovery from the study intervention, the study
team will note spontaneous eye opening and compliance to
commands to ascertain the timing for return of responsiveness.
The ability to extend the thumb to verbal command (“thumbs
up”) will be assayed every 30 s. Timing for opening of eyes
to command will be noted. These requests will be preceded
with the patient’s name to increase emotional valence. Return
of responsiveness will be defined as the first time at which
the patient squeezes the correct hand precisely as instructed
via the standardized auditory commands. At this time, defined
as t = 0min, the subject will begin a series of cognitive and
behavioral assessments, which are repeated every 30min up to
90min after return of responsiveness. Patients will be permitted
to take brief breaks to use the restroom and eat or drink, as
necessary. They will be discharged according to standard post-
anesthesia care unit discharge criteria upon completing the last
neurocognitive test battery. A study site coordinator will contact
each subject within 24 h of the study day to assess and document
any adverse events, as well as confirm the subject’s continued
involvement in the study.

DATA COLLECTION

The overall design of data collection for the dose-charge titration
session and the experimental treatment sessions differ in the
emergence period after ECT or sham ECT (Figure 2). Primary
study measurements and outcomes are listed in Table 1. Patient
demographics and clinical measures will be maintained using the
Research Electronic Data Capture (REDCap) application (59).

Primary and Secondary Outcomes
Primary outcomes include: the temporal recovery profiles for
cognitive task performance, as measured using the Cognition
assessment battery (60); times for the return of responsiveness
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TABLE 1 | Summary of study measurements and outcomes for primary analyses.

Type Measure/Outcome Purpose

Responsiveness Spontaneous eye opening Spontaneous return of

arousal

Eye opening to verbal

command

Verbal probe

Mimicking “thumbs up”

gesture

Probe with visual cues

Squeezing of hand to verbal

command

Standardized auditory probe

Cognitive Task

Performance

Motor Praxis Test Sensorimotor speed

Psychomotor Vigilance Test Reaction time

Digit Symbol Substitution Visual scanning

Fractal-2-Back Working memory

Visual Object Learning Test Memory for complex shapes

Abstract Matching Test Executive function

Clinical Outcomes Scale of Suicidal Ideation Suicidal Ideation

PROMIS-CAT Depression:

Computer-based

Self-Assessment Manikin Depression: Visual-analog

3D-CAM Delirium Assessment

QIDS-SR16 Depression: Self-report

Seizure Markers Frequency Rate of ictal complexes

Scalp Topology Spatial characteristics

Morphology Temporal characteristics

Postictal Generalized EEG

Suppression

Efficacy marker

Power Spectral

Measures

Delta Band (1–4Hz)

Theta Band (4–8Hz)

Alpha Band (8–13Hz) Spectral content

Beta Band (13–30Hz)

Gamma Band (30–70Hz)

to auditory command; and the presence of delirium, evaluated
through the 3-minute Diagnostic Assessment for CAM-defined
delirium (3D-CAM) (61).

Secondary outcome measures based on the EEG will
include characterization of the seizures by both expert reader
interpretation and quantitative techniques (62). Central seizure
duration will be visually determined by clinician evaluation of
the frontal-mastoid bipolar EEG ictal complexes. Additional
measures will be calculated from windowed analyses of the
high-density EEG: power spectral measures of the interval
between anesthetic induction to delivery of ECT stimulus
charge; the seizure envelope for 1–12Hz EEG power; peak-to-
peak amplitude, calculated from the difference in maximum
and minimum voltages within 200ms time; periodicity of
epileptiform discharges; inter-hemispheric symmetry of seizure
discharges; intra- and inter-hemispheric coherence. When
possible, these measures and power spectral estimates will be

derived from different phases of the ictal waveforms (27). The
following postictal EEG measures will be assessed: duration
and signal amplitude of postictal EEG suppression; power
spectral parameters flanking the return of responsiveness to
verbal command; and power spectral parameters from eyes
open and closed epochs, including assessments of the posterior
dominant rhythm. Spatiotemporal analyses will also focus on the
propagation of EEG signatures during the ictal and early postictal
period.

Additional secondary outcomes include: suicidality, mood,
depression severity, delirium, and treatment course outcome.

Cognition Test Battery
Cognitive assessments will be administered on a Dell
Latitude E5430 Laptop with a 14-inch liquid crystal display
(Round Rock, TX, USA) using Cognition test battery software
(60). Cognition consists of 10 brief neuropsychological tests
with known cerebral representation that cover a wide range
of cognitive domains (60). Patients will watch a standardized
instructional video for baseline testing prior to the dose-
charge titration session. Additional pre-intervention baseline
assessments will also be performed on each treatment session
prior to induction of general anesthesia. Post-treatment testing
will occur at return of responsiveness to auditory command
(t = 0) and at t = 30, 60, and 90min. Each testing bout will take
approximately 15–20min to complete wherein the first cognitive
test will be repeated as the last test at each time point. The order
in which the tests are administered will be randomized between
subjects but will be held constant across treatment sessions for
a given patient. These tests have been previously employed in
probing cognitive function during the recovery from isoflurane
general anesthesia (57).

Motor Praxis Test (MPT)
This test assesses sensorimotor speed (63). Participants use a
touchpad to click on squares that appear at random locations
on the screen. The difficulty of tracking increases as successive
squares become smaller.

Psychomotor Vigilance Test (PVT)
The PVT evaluates reaction time for detecting visual stimuli at
random inter-stimulus intervals (64). During this 3-min test,
subjects are instructed to monitor for a counter on the screen
and to hit the space bar as quickly as possible once the counter
appears.

Digit Symbol Substitution Test (DSST)
This test assesses memory, complex scanning, and visual tracking
based on a paradigm used in the Wechsler Adult Intelligence
Scale (65). Subjects are presented with a legend that pairs unique
symbols to digits (1 through 9). Symbols are then sequentially
presented on the screen in random order over a 90 s testing
period. Participants are instructed to press the corresponding
number key as soon as possible.

Fractal-2-Back (F2B)
As a variant of the Letter 2-Back task (66), the F2B assesses
working memory through sequential presentation of fractal
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patterns that fill the screen. During the testing bout, each pattern
may have multiple presentations. Subjects are asked to press
the space bar when the current stimulus matches the pattern
displayed two fractals previously.

Visual Object Learning Test (VOLT)
Memory for complex visual figures is evaluated by the VOLT
(67). Ten complex three-dimensional figures are presented on the
screen for participants to memorize. Participants are then asked
to select these ten objects from a set that also contains ten decoys,
with each of the 20 objects presented individually in random
order.

Abstract Matching Test (AMT)
This test assesses components of executive function, including
the development of implicit abstract rules (68). During the AMT,
two pairs of objects are shown, one at the bottom left, and one at
the bottom right of the screen. A target object appearing in the
middle of the screen must be classified as fitting better with one
of the two groups based on shape or fill pattern.

MPT, PVT, and DSST use stimuli that are randomly generated
prior to each test administration. For F2B, VOLT, and AMT, 15
unique versions exist, and up to 14 versions will be used for this
protocol. The same stimuli will be repeated after the 14 versions
of these tests have been exhausted. Due to the number of stimuli
and the time between ECT sessions, it is unlikely that subjects
will remember specific stimulus sequences or stimuli across ECT
sessions.

Median reaction time and accuracy will be computed for
each of the multiple testing bouts within each session, including
pre-treatment baseline and during recovery. For each treatment
session, parameters obtained after the return of responsiveness
to verbal command will be subtracted from baseline to arrive
at repeated measures that account for the recovery in task
performance over time.

Suicidal Ideation, Depression Severity, and
Delirium Assessment
At the beginning of each study session, the first two questions
of the Scale of Suicidal Ideation (69) will be used to assess the
patient’s subjective desire to hurt him- or herself. These two
questions, “Wish to live?” and “Wish to die?”, have been used
previously for assessing changes in suicidal ideation before and
after a brief ketamine infusion for major depressive disorder (70).

Depression severity will be assessed using the Patient-
Reported Outcomes Measures Information System-Computer
Adaptive Testing (PROMIS R©-CAT) survey for depression.Mood
will be quantified via the Self-Assessment Manikin (SAM,
Supplementary Material 1) (71), a brief scale appropriate for
patients with transient cognitive impairment following ECT.
Baseline assessments will be performed prior to the dose-
charge titration. To determination improvement on the day
of treatment, the PROMIS R©-CAT and the SAM will be
administered prior to anesthetic induction on all study sessions
and after the last cognitive battery of each treatment session. As
part of standard care for tracking depression symptoms during an

ECT course, treating psychiatry teams will administer the Quick
Inventory of Depressive Symptomatology, Self-Report (16-Item),
QIDS-SR16 (72).

Delirium will be assessed with the 3-min Diagnostic
Assessment for CAM-defined delirium (3D-CAM) (61). The 3D-
CAM will be administered at baseline, prior to the dose-charge
titration visit, prior to each treatment visit, and post-treatment
at t = 0, and 60. However, if the patient is negative for the 3D-
CAM assessment at any time during the recovery, subsequent
assessments will not be performed during the remainder of the
session.

To assess quality of treatment blinding, the patient will be
asked their impression of whether they received ECT at the last
testing point on each treatment session. The patient will be asked,
“Do you feel that you received ECT today? Was ECT painful?”

EEG and Video Acquisition
EEG will be collected during the dose-charge titration session
and during all treatment sessions to assess pre-ECT and pre-
anesthetic baseline EEG recordings. An appropriately fitted
64-channel EEG Geodesics Sensor Net (Electrical Geodesics,
Inc. Eugene, OR, USA) will be affixed to the scalp and
face. Elefix electrode paste (Nihon Kohden America, Inc.,
Irvine, CA, USA) will be injected to maintain conductivity
to the silver/silver-chloride electrodes. Electrode impedances
on each channel will be optimized to be less than 100
kOhms/channel, per manufacturer’s suggestions. EEG signals
(500Hz sampling rate) will be acquired with a Net Amps 400
amplifier and Net Station version 5.0 and above (Electrical
Geodesics, Inc. Eugene, OR, USA) via a Late 2012 Mac
Pro Workstation (Apple Cupertino, CA, USA). Whenever
possible, video synchronized to EEG will be acquired using an
Axis P3364LV network camera (Axis Communications, Lund,
Sweden).

EEG Preprocessing and Analysis
Netstation Tools and EEGLab will be used to assess for quality
and to reduce artifact related to motion and eye movements
(73). Bad channels will be identified by visual inspection. Signals
will be filtered from 1 to 100Hz and subsequently downsampled
to 250Hz. Modules of the PREP pipeline (74) will be used to
reduce artifact related to line noise and movement. Reduction
of eye movement artifacts will employ independent component
analysis. For ictal recordings, preprocessing will be tailored to
minimize distortion of seizure complexes. The following analysis
time epochs will be evaluated for secondary outcomes related to
EEG activity: pre-ECT and post-ECT periods with either eyes
open or eyes closed, the interval between anesthetic induction
and ECT stimulation, the period between stimulus delivery
and cessation of ictal waveforms/spike-and-wave complexes,
postictal period of EEG suppression and slowing, and both
5-min epochs flanking the return of responsiveness to verbal
command.

Spectral analysis will be performed using the Chronux
Toolbox (75), including five tapers, time frequency bandwidth of
3, and 6-s non-overlapping time windows. Total power and peak
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amplitude will be computed within the delta (1–4Hz), theta (4–
8Hz), alpha (8–13Hz), and beta (13–30Hz) bands. Sub-studies
will focus on coherence and phase lag indices, as computed using
the Chronux toolbox. Global coherence (76) and permutation
entropy will also be computed (77).

In parallel to power spectral analyses, we will track the
time-varying connectivity between the measured brain regions.
Data will be windowed into 5–10 s epochs within which
several cross-channel connectivity metrics will be computed.
These measures will include the Pearson correlation, directed
entropy, and Shannon mutual information. Thus, windows will
manifest different “networks,” each describing the association
between channels (regions) according to its respective metric.
These networks will be clustered into a set of distinct
motifs, or microstates, by using a k-means algorithm with
least-squares error criterion. Other methods to characterize
the time-varying dynamics of the observed brain activity,
including those based on network control theory, will also be
considered.

Visualization and analyses of epileptiform EEG activity will
be performed using Net Station and Persyst software (Persyst,
Solana Beach, CA, USA), following interpolation of bad channels
and re-referencing to the average signal. EEG dipole localization,
inter-hemispheric generalization, and phase-reversals will be
assessed by epilepsy board-certified neurologists. Seizures will
be staged according to the previously described phases that
follow ECT stimulation (phase I with initial 14–22Hz rhythmic
beta activity, phase II with arrhythmic polyspike activity, and
phase III with rhythmic 2.5–3.5Hz. spike/polyspike activity
(27)). The duration and amplitude of post-ictal generalized
EEG suppression (PGES) will also be determined. Additionally,
expanding on previous analyses of stationarity in epileptiform
activity induced by ECT (24), we will use high-density
EEG to topographically map rhythmic sharp-wave discharges.
To maintain rigor, evaluators will be blinded to the study
intervention. Quantitative metrics will be derived from spectral
and time-based analyses of the ictal EEG. These measures will
evaluate seizure energy, periodicity, and symmetry, as well as
propagation, and termination.

Sample Size
We based our targeted enrollment on safety consideration for a
ketamine general anesthetic, expected differences in the recovery
patterns of different domains assessed by the Cognition test
battery, and prior volunteer data with isoflurane emergence
(57). Sample size calculations were based on 1-way pairwise of
ANOVA (Analysis of Variance) comparisons of 5 means (t = 0,
30, 60, 90, and 120min). Expected effect sizes for differences in
the modeled trajectories of cognitive function ranged from 20
to 40min. Standard deviations were expected to range between
20 and 40min. Using conservative assumptions, we calculated a
sample size of 24 subjects (effect size, µA-µB, of 20min; standard
deviation, σ, of 20min; two-sided alpha of 0.05; power of 80%).
With liberal assumptions, we estimated a sample size of 12
participants (µA-µB of 40min; σ of 20min; two-sided alpha of
0.05; power of 99%). With this range of estimates and expected

attrition of participants, we targeted for data collection from 15
to 20 participants.

Statistical Analyses
We will employ mixed-effects models to quantify trajectories
of cognitive recovery over time while addressing inter-subject
variance and missing data. Linear models with appropriate
transformations will be used preferentially over non-linear
models. Time and treatment intervention group will be included
as fixed effects while random effects will account for repeated
measures provided by each participant. Day of treatment relative
to the dose-charge titration session will allow consideration
of cumulative effects of treatment order that may remain
biased despite randomization. To address differences in ECT-
stimulation responsiveness, regression approaches will account
for dose charge, central seizure duration, and age. Models will
assess for the effects of treatment on the timing for the return of
responsiveness to verbal command and the presence of delirium.
Separate mixed-effects models will be generated to assess task
performance in a group of young healthy volunteers during the
recovery from isoflurane general anesthesia (57). For example,
the following damped-exponential equations will be used for
mixed-effects models of cognitive task performance over time t,
for an individual k.

Reaction Time (t, k) = 81(t, k)− 82(t, k)× exp(−83(t, k))(1)

Accuracy (t, k) = 81(t, k)+ 82(t, k)× exp(−83(t, k))(2)

Where parameters 81(t,k), 82(t,k), 83(t,k) are optimized at an
individual and group level based on changes in these measures
relative to pre-intervention baseline within a treatment session.
A change in performance at time 0 (return of responsiveness)
would be accounted by 81(k), the asymptotic value on recovery
by 82(t,k), and the rate of recovery modeled by 83.

Primary Pre-specified Analyses
Recovery of Responsiveness
Given that the induction of generalized seizures by electrical
stimulationmay compound the recovery from general anesthesia,
we expect that interval from loss to return of responsiveness
following ketamine+ ECT will be longer compared to the period
for ketamine + sham ECT. We will determine the median and
95% confidence intervals for this measure in relation to the
treatment intervention.

Recovery of Cognition
Given that postictal suppressionmay be prolonged with ketamine
than with etomidate (78), we hypothesize that the time needed
for the return of cognition to baseline on individual sessions
will be greatest for ketamine + ECT, followed by etomidate +

ECT, and ketamine + sham ECT. Separate mixed-effects models
will be generated based on reaction time and accuracy. We will
determine the time of convergence for 95% confidence intervals
for the marginal responses related to the three treatment groups.
To determine the timing for the recovery to baseline, we will
determine the time when the same 95% confidence intervals
include 0.
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Postictal Delirium and Cognitive Recovery
We expect the incidence of delirium (3D-CAM) to be associated
with delayed restoration of baseline function in all cognitive
domains. Themagnitude and significance of this relationship will
be determined from the mixed-effects models for each cognitive
test.

Comparison of Cognitive Recovery After ECT and

Isoflurane General Anesthesia
We hypothesize that the time for recovery to baseline will be
quicker for treatments involving ECT compared to that for the
recovery from isoflurane general anesthesia. Convergence for
95% confidence intervals will be compared between treatment
groups.

Secondary Pre-specified Analyses
Recovery of Cognition
Principal measures of performance are based on preliminary
data (60) of the Cognition test battery. Additional measures
include: PVT response speed, DSST throughput, PVT lapses,
VOLT duration and accuracy, AM duration and accuracy, and
DSST errors. Cognition performance measures associated with
lower effect sizes will also be assessed. These include AM
accuracy, VOLT accuracy, F2B reaction time, MPT accuracy,
MPT duration, and F2B accuracy. Overall, we expect F2B,
VOLT, and AMT to recover the slowest due to taxing of short-
term memory after ketamine + ECT compared to ketamine +

sham ECT.

Recovery in the Spontaneous EEG
We will evaluate mixed-effects models to test the hypotheses that
the predominance of frontal delta or theta power during passive
eyes opening or occipital alpha power during eyes closure predict
cognitive performance (Cognition scores) or delirium (3D-CAM
scores).We will also compare these EEG spectral measures across
treatment sessions to evaluate the impact of anesthetic and ECT.

Relationship of ECT Seizure Duration to Return of

Responsiveness to Verbal Command
We expect that the length of ECT-induced seizures will correlate
with the intervals from the loss of responsiveness to the return of
responsiveness.

Mood and Depression Severity
We expect improvement in these clinical outcomes to be greatest
with ketamine + ECT, followed by etomidate + ECT, and then
ketamine+ sham ECT.

Treatment Satisfaction
We expect satisfaction to be greatest for ketamine + ECT,
followed by ketamine + sham ECT, and then by etomidate
+ ECT.

RISKS AND JUSTIFICATION

Candidates for ECT are refractory tomultiplemedical modalities.
These patients may benefit from a greater understanding of the
impact of anesthetics and ECT on the severity of the underlying

psychiatric illness and the recovery of cognitive function.
Ketamine may improve the efficacy of ECT and recovery of
cognitive function following ECT. Patients may benefit from
the additional EEG monitoring in the postictal period during
which non-convulsive status epilepticus is rarely manifested.
Risks from exposure to ketamine include self-limited tachycardia,
hypertension, hallucinations, agitation, and delusions.

RESEARCH CONDUCT

Treatment sessions will be conducted at Washington University
School of Medicine under the general supervision of a board-
certified anesthesiologist who is familiar with post-anesthetic
and post-intervention care. Patients will be monitored during
emergence and recovery from anesthesia by the anesthetic and
nursing staff in the ECT suite as per standard care. Additionally,
research personnel trained in good clinical practices will be
present during the acquisition of data. Monitoring and safety
will be according to the current clinical standard. Patient
confidentiality will be maintained through de-identification of
personal health information. Identity and linking information
will be stored in a locked cabinet within the principal
investigator’s office, which is locked outside of business hours.
Electronic data will be password-encrypted on secure servers.

Patient satisfaction will be monitored throughout the
study (Supplementary Material 2). Discontinuation of study
procedures will be proposed if withdrawal is in the best interest
of the patient or if removal of treatment blinding is requested.
In the event that different interventions are needed from
those allocated, the patient will be withdrawn from the study.
Participants will be given a satisfaction survey to be returned by
mail following the last study session (79).

ADVERSE EVENTS AND PREMATURE
DISCONTINUATION

The Washington University in St. Louis Human Research
Protection Office (HRPO) and the Data and Safety Monitoring
Committee (DSMC) will oversee the study’s progression and
adherence to protocol. The study was approved by HRPO on
March 24, 2016. Following each intervention, the principal
investigators will affirm continued involvement or withdrawal
based on patient tolerance and data quality. All adverse events
will be reviewed by the DSMC and reported to HRPO, following
the reporting policies and procedures, and followed until
satisfactory resolution. The description of the adverse experience
will include the time of onset, duration, intensity, known
etiology, relationship to the study, and any treatment required.
The trial steering committee will be responsible for all major
decisions regarding changes to the protocol. The committee will
communicate these changes to HRPO and appropriate parties.

DISSEMINATION

The final trial dataset will be the property of the investigative
team and shall not be shared without permission from
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the principal investigators. Dissemination plans include
presentations at local, national and international scientific
conferences. Every effort will be made to publish results of this
trial in peer-reviewed journals. Dissemination of results to study
participants and their family members will be available upon
request. Updates and results of the study will be available to the
public at www.clinicaltrials.gov. The trial was first registered
on April 30, 2016 as NCT02761330. The first participant was
enrolled on May 3, 2016.

DISCUSSION

This study will be the first to elaborate the time course and
sequence whereby consciousness, cognition, and EEG activity
recover following seizures induced for ECT. The randomized,
repeated methods design of the study is powerful, as it will
allow several within-patient comparisons. Specifically, the design
will allow us to distinguish between the effect of ketamine
anesthesia alone versus the combined effect of ketamine and
ECT. Recovery of consciousness after etomidate is expected to
be rapid, on the order of minutes. Therefore, the etomidate +

ECT arm should provide an additional comparator condition
to the ketamine + ECT arm. Intra-patient repetition of each
of the three exposures over 2 weeks will help to establish
the reproducible effect of each exposure on the outcomes of
interest.

Past EEG studies during and after ECT show interesting
correlates with clinical outcomes, including degree of increased
post-ECT slowing (theta and delta activity) during the course
of treatment for depression (80). However, EEG acquisition
techniques have varied widely in past studies, with some studies
using limited EEG electrode coverage of the bifrontal regions
(45) and others using more conventional standard clinical
EEG montages (38). Techniques with broad head coverage
and high sensor density, such as magnetoencephalography,
have already shown promise in further characterizing post-
ECT changes such as increases in slow delta and theta
rhythms, and decreases in faster alpha and beta rhythms (81).
The use of high-density EEG in the current study offers
an extension of current clinical monitoring with extensive
electrode coverage over the scalp. This approach may expand
the possibility of detecting meaningful EEG changes that
correlate with post-ECT changes in consciousness and treatment
effects.

Limitations of the study include an inability of our sample
size to account for variability across medical treatment regimens.
Despite our efforts to minimize subjective bias across treatment
arms, patient unblinding is possible due to psychoactive effects of
ketamine that are not associated with etomidate. Furthermore,
the lack of pharmacologic muscle paralysis during sham ECT
treatments may also contribute if muscle aches are encountered
during the study. Without drug levels of ketamine, we will
be unable to rule out the possibility that any prolongation in
depressed cognition or consciousness is related to changes in
hepatic blood flow or function during ECT compared to sham
treatments. Finally, the effects of timing between treatments and

of successive treatments over time may not be fully addressed by
our study design.

The cognitive domains assessed through the study test
battery are components of complex cognoaffective processes
that may be more closely linked to activities of daily living.
Further investigation will be able to address measures that
integrate cognitive domains and emotional valence or account
for cognitive distortions (82). While potentially more difficult
to assess, these meaningful outcomes will yield a greater
understanding of how patients perceive and interact with their
environment.

An underlying motivation for this work is that cognitive
impairments incurred over the ECT index course limit patient
functionality and adherence to this important treatment
modality. Comparisons of task performance before and after an
index course have identified deficits in orientation (83, 84) and
different forms of memory (47, 85–90). Cumulative treatments
of ECT are associated with anterograde (91) and retrograde
amnesia (92), primarily following the entire course regimen (40).
Cognitive deficits resolve within days (40) to weeks after the index
course of therapy (87, 88, 90, 93). The links between these longer-
term deficits and the perturbations incurred over the shorter time
scales of the proposed investigation constitute future avenues of
inquiry.

We anticipate our findings to lay the groundwork for larger
mechanistic studies for generating markers that reflect the
efficacy and side effects of ECT across an array of psychiatric
illnesses. These insights could impact our understanding of other
neuromodulatory therapies. Overall, ECT remains an established
and effective modality for treating refractory mental illness.
Future neural markers for aiding decision-making of patients
and clinicians could demystify ECT, thereby improving access,
adoption, and adherence.
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Background: Schizophreniform syndromes can be divided into primary idiopathic

forms as well as different secondary organic subgroups (e.g., paraepileptic, epileptic,

immunological, or degenerative). Secondary epileptic explanatory approaches have often

been discussed in the past, due to the high rates of electroencephalography (EEG)

alterations in patients with schizophrenia. In particular, temporal lobe epilepsy is known to

be associated with schizophreniform symptoms in well-described constellations. In the

literature, juvenile myoclonic epilepsy has been linked to emotionally unstable personality

traits, depression, anxiety, and executive dysfunction; however, the association with

schizophrenia is largely unclear.

Case presentation: We present the case of a 28-year-old male student suffering

from mild myoclonic jerks, mainly of the upper limbs, as well as a predominant

paranoid-hallucinatory syndrome with attention deficits, problems with working memory,

depressive-flat mood, reduced energy, fast stimulus satiation, delusional and audible

thoughts, tactile hallucinations, thought inspirations, and severe sleep disturbances.

Cerebral magnetic resonance imaging and cerebrospinal fluid analyses revealed no

relevant abnormalities. The routine EEG and the first EEG after sleep deprivation (under

treatment with oxazepam) also returned normal findings. Video telemetry over one night,

which included a partial sleep-deprivation EEG, displayed short generalized spike-wave

complexes and polyspikes, associated with myoclonic jerks, after waking in the morning.

Video-EEG monitoring over 5 days showed over 100 myoclonic jerks of the upper

limbs, frequently with generalized spike-wave complexes with left or right accentuation.

Therefore, we diagnosed juvenile myoclonic epilepsy.

Discussion: This case report illustrates the importance of extended EEG diagnostics in

patients with schizophreniform syndromes and myoclonic jerks. The schizophreniform

symptoms in the framework of epileptiform EEG activity can be interpreted as a

(para)epileptic mechanism due to local area network inhibition (LANI). Following the LANI

hypothesis, paranoid hallucinatory symptoms are not due to primary excitatory activity
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(as myoclonic jerks are) but rather to the secondary process of hyperinhibition triggered

by epileptic activity. Identifying subgroups of schizophreniform patients with comorbid

epilepsy is important because of the potential benefits of optimized pharmacological

treatment.

Keywords: juvenile myoclonic epilepsy, myoclonic jerks, Janz syndrome, schizophrenia, paraepileptic, LANI-

hypothesis

BACKGROUND

Schizophreniform syndromes are characterized by delusions,
hallucinations, thought disorders, cognitive impairment, and
social withdrawal (1). Besides the primary, idiopathic, and
polygenetic forms, different secondary pathophysiological
mechanisms (e.g., immunological, degenerative, monogenetic,
metabolic, epileptic, or paraepileptic) can be assumed
(2, 3). Epileptic or paraepileptic explanatory approaches
have traditionally been used due to the high rates of
electroencephalography (EEG) alterations in patients with
schizophreniform syndromes (4–8). In line with this
assumption, we have reported the case of a young patient
with a schizophreniform syndrome and generalized spike-
wave complexes, but without seizures. This patient achieved full
psychotic remission under treatment with valproate (9, 10). More
recently, we have also reported a case of a female patient with
schizophreniform syndrome and generalized 3Hz polyspike
wave complexes, but without seizures. This patient reached
complete remission under treatment with levetiracetam (11).
While a pathogenetic link between temporal lobe epilepsy and
schizophreniform symptoms has been extensively discussed in
the literature (12)—an observation that had led to the temporal
lobe hypothesis for schizophrenia (13, 14)—a pathophysiological
connection between primary generalized forms of epilepsy and
schizophrenia is rarely proposed (7).

The association between juvenile myoclonic epilepsy (also
called Janz syndrome) and schizophreniform syndromes is
largely unclear. Janz syndrome is a frequent, age-related, and
inheritable disorder with prevalence estimated to be 5–10% of
all epilepsies and approximately 18% of idiopathic generalized
epilepsies (15). It is characterized by seizures with bilateral,
arrhythmic myoclonic jerks, mainly of the arms, without
disturbance of consciousness (16). Psychiatric symptoms include
emotionally unstable personality traits with rapid mood changes,
depression, anxiety, substance abuse, and executive dysfunction
(16, 17). Often, generalized tonic-clonic seizures can be observed;
their absence is less frequent. In addition, about a third of patients
with Janz syndrome have typical absence seizures. Myoclonic
jerks typically occur after awakening and are pronounced after
sleep deprivation. In the interictal and ictal EEG, generalized
spike-wave complexes and polyspikes waves are commonly found
(16).

CASE PRESENTATION

We present the case of a 28-year-old male student who had
suffered from fluctuating paranoid-hallucinatory symptoms over

the last seven years (since the age of 21 years) and who
had been psychiatrically hospitalized five times due to this
condition. On first admission to our department at the age of
25, the patient reported increasing problems, with difficulties
in studying and social withdrawal, over the past several weeks.
He reported attention and concentration deficits, as well as
problems with “working memory.” Formal thought processes
were slowed, the mood was depressive-flat, and energy was
decreased. The patient displayed suspicious behavior and sensory
overload phenomena. Moreover, he reported ideas of reference
and delusional thoughts thinking somebody might poison
him. Other psychotic features included dysmorphic delusions,
acouasms, thought reading, broadcasting and insertions plus
tactile hallucinations. The patient also reported severe sleep
disturbances with sleep-onset insomnia and a sleep phase delay,
as well as suicidal thoughts. Approximately three years (at the
age of 24 years) after the beginning of paranoid-hallucinatory
symptoms, the patient developed myoclonic jerks. During the
first occurrence of myoclonic jerks, the patient was treated
with fluoxetine and zopiclone. Before onset of first myoclonic
jerks the patient was already treated with different neuroleptics
(aripiprazole, olanzapine, promethazine, quetiapine), as well as
the antidepressant duloxetine and the benzodiazepine oxazepam.
All these neuroleptics and duloxetine were not tolerated and only
prescribed for short time. The myoclonic jerks mostly affected
the right arm, but sometimes also the left arm and occasionally
the legs. He described “electric shock feelings” in his body while
having the myoclonic jerks. At the age of 26, the patient had
one isolated bilateral tonic-clonic seizure (during the tapering
of oxazepam). Treatment with different neuroleptics led to an
increase of the myoclonic jerks. Sleep deprivation also led to an
increase in myoclonic jerks. In addition, they were specifically
triggered by writing.

Developmental, Somatic, and Family

History
The patient’s developmental history was negative for in utero
or birth complications, febrile convulsions, and inflammatory
brain diseases. At the age of 11, he experienced a mild cerebral
contusion. In primary school, he was affected by symptoms of
attention deficit hyperactivity disorder. No autistic features or
tic symptoms were reported. At the age of 14, he had problems
at school and abused cannabis and alcohol. After graduating
from high school, he started studying economics. His medical
history revealed only bronchial hyper-reactivity. The family
history was negative for myoclonic jerks or epilepsy; however,
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the mother was described as having an emotionally unstable
personality.

Investigations
Most of the investigations were performed during the patient’s
first stay in our department when he was 25. Blood analyses
showed a vitamin D deficiency; renal, liver, and thyroid functions
were normal. Thyroid autoantibodies (against thyroglobulin,
thyroid peroxidase, and thyroid-stimulating hormone), antibodies
against intracellular onconeural antigens (Yo, Hu, CV2/CRMP5,
Ri, Ma1/2, SOX1), and intracellular synaptic antigens (GAD,
amphiphysin) showed no abnormalities. Cerebrospinal fluid
(CSF) analyses were essentially normal with a regular white
cell count (1 µL; reference <5 µL), no blood-brain barrier
dysfunction (protein concentration: 341; reference <450
mg/L; albumin quotient of 4; age-dependent reference <6.5
× 10−3), and no oligoclonal bands. CSF antibodies against
neuronal cell surface antigens (NMDAR, AMPA-R, GABA-B-R,
VGKC-complex [LGI1, Caspr2]) were negative. The initial
contrast-enhanced cerebral magnetic resonance imaging (cMRI)
as well as the 2-year follow-up epilepsy-specific cMRI including
high-resolution 2D- and isotropic 3D-MRI-sequences showed
an isolated and uncomplicated developmental venous anomaly
(DVA) in the right temporal lobe (Figure 1). There was no
associated epileptogenic lesion, such as cavernoma or cortical
dysplasia. Taken together, we did not find any evidence of an
immunological encephalopathy or other relevant inflammatory
diseases. The routine EEG was normal. The first EEG after
sleep deprivation also showed no slow or epileptic activity;
however, the patient had been treated with oxazepam at
that time. Therefore, we performed a 24h video telemetry
(under treatment with amisulpride 600mg and escitalopram
10mg) including a partial sleep EEG, in combination with
measurement of melatonin levels. During this measurement,
the patient was awake until 3:00 a.m. Subsequently, he slept
for 5 h. During the whole period, the patient reported three
mild myoclonic jerks of the right arm. These myoclonic jerks
were not associated with epileptic activity in the EEG. However,
in the following period, after awakening in the morning, the
patient reported six myoclonic jerks of the right arm. All
of these presented with simultaneous epileptic activity in
the EEG characterized by brief (<3 s) trains of generalized
polyspikes and spike-wave complexes with left fronto-central
maximum. For syndrome diagnosis, additional long-term
video-EEG monitoring (under treatment with clozapine 75mg,
escitalopram 20mg, oxcarbazepine gradually reduced, and
brivaracetam stopped) was carried out when the patient was
27. The monitoring was performed over 5 days and, during
this period, the patient showed over 100 myoclonic jerks of the
upper limbs (right, left, and bilaterally synchronous), frequently
associated with generalized spike-wave complexes (Figure 2) and
occasionally with left or right accentuation. All clinical events
were praxis-induced (by writing with the right or left hand).
Additional absences or bilateral tonic-clonic seizures were not
documented. The interictal EEG showed frequent intermittent
generalized theta slowing, but no clear-cut epileptiform activity.

Intermittent photic stimulation did not evoke photoparoxysmal
responses.

Differential Diagnosis
In light of the ictal generalized epileptiform activity, the seizure
semiology characterized by praxis-induced myoclonic jerks of
both arms with worsening after sleep deprivation, and the history
of one additional bilateral tonic-clonic seizure, we diagnosed
juvenile myoclonic epilepsy (Janz syndrome). The generalized
EEG activity, the absence of any potentially epileptogenic lesion
in the cMRI, and the semiology with myoclonic jerks of both
arms suggested that the epilepsy was not focal. Psychotropic
drugs might have triggered or strengthened the symptoms
due to genetic vulnerability; however, it is unlikely that the
persistent myoclonic jerks are only a side effect of psychotropic
drugs because myoclonic jerks also occurred over longer
periods with solely antiepileptic treatment with carbamazepine.
Myoclonic jerks could also be due to paraneoplastic or non-
paraneoplastic inflammatory processes such as immunological
encephalopathies or opsoclonus-myoclonus syndrome. In our
case, the normal cMRI and CSF findings speak against this
idea. Normal copper and ceruloplasmin levels and the normal
cMRI findings are not compatible with Morbus Wilson. We also
found no neurological signs of progressive myoclonus epilepsies
such as Unverricht-Lundborg disease or Lafora disease.
Clinically, there were no signs (e.g., labyrinthine deafness,
optic atrophy, or myopathy), pointing to a mitochondrial
myoclonic epilepsy (e.g., with ragged red fibers or MERRF
syndrome). However, a new mitochondrial disease cannot be
completely ruled out. The extensive investigation was performed
because of the atypical neuropsychiatric presentation with
paranoid hallucinatory symptoms and myoclonic jerks. The
psychiatric symptoms formally fulfilled the criteria of paranoid-
hallucinatory schizophrenia following the International
Statistical Classification of Diseases and Related Health
Problems (10th revision; ICD-10). Due to the temporal
association regarding the development of myoclonic jerks and
schizophreniform symptoms, as well as the partial improvement
of the psychiatric symptoms with antiepileptic treatment,
we suspected a common (para-)epileptic pathomechanism.
Alternatively, the presence of Janz syndrome can be a simple
comorbidity in primary schizophrenia.

Therapy and Outcome
Initially, the patient was treated unsuccessfully with different
antidepressants (bupropion, duloxetine, fluoxetine, mirtazapine,
and venlafaxine) and neuroleptics (amisulpride, aripiprazole,
olanzapine, promethazine, quetiapine, and risperidone). During
treatment with amisulpride, quetiapine, and risperidone, an
increased rate of myoclonic jerks was reported. The treatment
of early dyskinesia with biperiden led to a dramatic increase
in the myoclonic jerks. Oxazepam quickly reduced the rate of
myoclonic jerks and was taken by the patient over a longer
period. Promethazine also led to an increased rate of myoclonic
jerks.

Since his first stay in our department, when the patient
was 25, we have prescribed various anticonvulsants. However,
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FIGURE 1 | Cerebral magnetic resonance imaging (cMRI) showing an isolated uncomplicated developmental venous anomaly in the right temporal lobe (white arrow)

on the contrast enhanced initial axial MPRAGE (A) and on the 2 year follow-up epilepsy specific high-resolution T2-weighted axial reformatted 3D-FLAIR (B) and

coronal T2-weighted STIR (C) images. cMRI scans were acquired on a Siemens 3T scanner TRIO (A) and PRISMA (B,C).

many antiepileptic drugs were not tolerated (valproate due
to an increase of pancreatic enzymes, topiramate due to
subjectively experienced cognitive deficits, levetiracetam due
to daily tiredness, and perampanel due to dizziness and daily
tiredness). Of these, topiramate led to a rapid reduction
of myoclonic jerks, even at low doses of 25mg; however,
psychiatric symptoms persisted. Under the sole treatment with
carbamazepine (up to 900mg), the myoclonic jerks and paranoid
hallucinatory symptoms temporarily improved; however, they
did not disappear completely and ongoing. Zonisamide (up
to 100mg) was tolerated but had no relevant positive effects.
Oxazepam (different doses) and clobazam (up to 20mg) led
to the reduction of myoclonic jerks. Oxcarbazepine (up to
2,400mg) was well tolerated, though its effect was unclear. In
combination with brivaracetam (200–250mg), the myoclonic
jerks were reduced in frequency and severity.

Over one year, the patient was treated with clozapine (75mg),
brivaracetam (200–250mg), and oxcarbazepine (2,400mg).
Clozapine led to a reduction in delusions, hallucinations, and
thought inspirations, though these psychotic symptoms did not
disappear completely. Higher doses were not tolerated due to
an increased frequency of myoclonic jerks. A hypochondriac
personality type, together with delusions and dysmorphophobic
tendencies, persisted as well as mood fluctuations and
concentration deficits. Furthermore, the patient still had
about 10 writing-induced myoclonic jerks per day.

DISCUSSION

We presented the case of a patient with paranoid-hallucinatory
syndrome in the context of juvenile myoclonic epilepsy.

Previous Findings
In a retrospective study analyzing 100 patients with Janz
syndrome, nearly 50% suffered from Axis I psychiatric disorders.
Anxiety (23%) and mood disorders (19%) were most frequent,

while 7% suffered from somatoform disorders and three cases
(3%) were reported to have schizophrenia. The temporal
association between the occurrence of myoclonic jerks and
schizophrenia was not reported. Seventeen cases fulfilled the
“Structured Clinical Interview for DSM Disorders” (SCID) II
criteria for cluster B personalities (histrionic, borderline, and
passive-aggressive) (17). In an older study of 170 patients,
only 26.5% suffered from a comorbid psychiatric disorder.
Psychotic disorders were found in 2.9%; however, only one case
(0.6%) fulfilled criteria for paranoid-hallucinatory schizophrenia.
Depressive disorders (1.8%) and anxiety disorders (3.5%) were
less frequent in this study. Personality disorders were found
in 14.1% of cases, mainly with BPD (18). In the study from
Somayajula et al., analyzing 165 patients with juvenile myoclonic
epilepsy in India, 47% were diagnosed with psychiatric disorders,
which were mostly anxiety disorders (30.4%) and depression
(15.7%). Only one patient (0.6%) suffered from schizophrenia
(19). In summary, schizophrenia seems to be infrequent in Janz
syndrome. The individual cases of patients with Janz syndrome
and schizophrenia, reported in the larger studies mentioned
above, are not presented in detail. No case reports are available
analyzing this important association. Therefore, in our opinion,
case studies like the present one are necessary.

Diagnostic Process
After the initial normal routine and sleep-deprivation EEG, one
could have speculated that the myoclonic jerks were merely
psychogenic especially because the patient described them as
“electric shocks” in his body. However, patients with Janz
syndrome often describe the seizures as comparable with “electric
shocks.” Therefore, this syndrome often has a meaningful delay
in the diagnosis because myoclonic jerks are not recognized.
Usually patients seek for a medical consultation only after the
first generalized-tonic clonic seizure. Therefore, directly asking
the patients about myoclonic seizures is a key procedure for
diagnosis. Normal interictal EEGs are possible in patients with
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FIGURE 2 | Ictal EEG recording during long-term video-EEG monitoring: Generalized spike-wave complex with fronto-central maximum associated with a habitual

myoclonic jerk of the right hand during writing. Longitudinal bipolar montage, 50Hz notch filter, low-pass filter 30Hz, high-pass filter 1 Hz.

Janz syndrome. Therefore, a detailed anamnesis and extended
EEG analyses including video-telemetry may help in correct
diagnostic identification, as we did in our patient.

Pathophysiological Interpretation
Schizophreniform syndromes and epilepsy may share common
genetic susceptibility (20, 21). The LANI hypothesis could
explain a potential causal relationship between epileptiform EEG
activity, myoclonic jerks, and schizophreniform syndromes. The
genetically determined and pathologically enhanced excitatory
network activity seen in the surface EEG in the form of

generalized epileptiform potentials presenting clinically with
(praxis-induced) myoclonic seizures and a bilateral tonic-clonic
seizure might lead to consecutive inhibitory processes in a
homoeostatic, electrophysiological attempt to stabilize cerebral
networks. In our patient, we found recurrent excitatory activity
(primarily epileptiform activity, but also interictal intermittent
generalized theta slowing) that could have exceeded a critical
threshold, leading to successive hyperinhibition of cerebral
networks. Following this theory, schizophreniform symptoms
would not be due to primary excitatory activity as represented
by myoclonic jerks, but to the secondary homoeostatic
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process of hyperinhibition. Frontal hyperinhibition might have
led to attention and concentration deficits, and temporal
hyperinhibition might have led to hallucinations or memory
deficits (7, 10). The LANI hypothesis allows an explanation of
short-term schizophreniform symptoms in the present patient. It
needs to be further investigated using animal studies, as well as
imaging and electrophysiological measurements. Longer-lasting
personality traits and cognitive deficits in patients with Janz
syndrome might alternatively be interpreted as a form of an
epileptic encephalopathy (22, 23).

Treatment Strategies
Identifying schizophreniform subgroups of patients with such
(para-)epileptic pathomechanisms may allow new treatment
options with antiepileptics for these individuals. For patients
with Janz syndrome, treatment alternatives include valproate,
lamotrigine, levetiracetam, topiramate, or zonisamide (24). All
these substances were tried in our patient except for lamotrigine,
which can sometimes worsen myoclonic jerks (24) and which
needs a long period for dosage increase. Carbamazepine and
oxcarbazepine are also known to aggravate myoclonic jerks
(24); however, this was not the case in our patient who
showed temporary improvement especially under treatment with
carbamazepine. Interestingly, the antiepileptics valproate and
lamotrigine are already approved for augmentative therapy in
schizophrenia (25–27). It can be assumed that patients with
(para)epileptic pathomechanisms and comorbidity may benefit
more from such anticonvulsive augmentation strategies than
other subgroups (e.g., polygenetic subtypes). Moreover, it is
important to recognize that different neuroleptics and biperiden
can reduce the seizure threshold (7) and, therefore, may push
this pathophysiology and worsenmyoclonic jerks in patients with
a relevant predisposition (especially because the first myoclonic
jerks occurred at first after treatment with psychotropic drugs in
our case report patient).

This reaction was the reason for the intolerance of neuroleptic
monotherapy in the history of our patient. Moreover, following
the general assumptions of the LANI model, the improvement

that followed a low dose of clozapine treatment can be explained
by its proconvulsive properties, which might have overcome
hyperinhibitory network states, although it is likely to improve
the causative excitatory activity.

CONCLUSION

This case report shows the importance of the clinical history
in patients with myoclonic jerks, which should be taken
from the patients and at least one person who witnessed
the seizures. Moreover, it shows that EEG diagnostic is
very useful in psychiatric patients. In unclear cases with
clinical suspicion of mild Janz syndrome with predominant
psychiatric manifestations, a sleep-deprivation EEG and long-
term video-EEG monitoring may help with the diagnosis of
Janz syndrome in the case of normal routine EEG. Identifying
subgroups of schizophreniform patients with (para)epileptic
pathomechanisms is important because these patients might

improve under antiepileptic treatment and might deteriorate
under isolated neuroleptic medication.
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