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Abstract

Background Biomarkers provide clinicians with a predictable
model for the diagnosis, treatment, and follow-up of medical
ailments. Psychiatry has lagged behind other areas of medi-
cine in the identification of biomarkers for clinical diagnosis
and treatment. In this review, we investigated the current state
of neuroimaging as it pertains to biomarkers for psychosis.
Methods We reviewed systematic reviews and meta-analyses
of the structural (sSMRI), functional (fMRI), diffusion tensor
(DTI), positron emission tomography (PET), and spectrosco-
py (MRS) studies of subjects at risk or those with an
established schizophrenic illness. Only articles reporting ef-
fect sizes and confidence intervals were included in an assess-
ment of robustness.

Results Out of the identified meta-analyses and systematic
reviews, 21 studies met the inclusion criteria for assessment.
There were 13 sMRI, 4 PET, 3 MRS, and 1 DTI studies. The
search terms included in the current review encompassed fa-
milial high risk (FHR), clinical high risk (CHR), first episode
(FES), chronic (CSZ), schizophrenia spectrum disorders
(SSDs), and healthy controls (HCs).

Conclusions Currently, few neuroimaging biomarkers can be
considered ready for diagnostic use in patients with psychosis.
At least in part, this may be related to the challenges inherent
in the current symptom-based approach to classifying these
disorders. While available studies suggest a possible value of
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imaging biomarkers for monitoring disease progression, more
systematic research is needed. To date, the best value of im-
aging data in psychoses has been to shed light on questions of
disease pathophysiology, especially through the characteriza-
tion of endophenotypes.

Keywords Neuroimaging biomarkers - Psychosis MRI -
fMRI - PET - MRS

Introduction

Recent decades have witnessed major advances in under-
standing of the neurobiological basis of mental functions in
health and disease, as well as an expanding basis of genetic
and environmental etiology of mental disorders. Such knowl-
edge has led to the hope that we will have an array of bio-
markers of clinical value in psychiatry. A biomarker is a char-
acteristic that is objectively measured and evaluated as an
indicator of normal biologic processes, pathologic processes,
or biological responses to a therapeutic intervention [1].
Biomarkers can provide clinicians with a universal, predict-
able model for the diagnosis, treatment, and follow-up of med-
ical ailments. However, there are few laboratory tests in psy-
chiatry other than those used to rule out primary medical ill-
nesses (e.g., hypothyroidism in depression). In a recent anal-
ysis of over 3200 studies investigating biomarkers (including
imaging) using a rigorous measure of quality of evidence,
only one study passed an a priori threshold of clinical appli-
cability [2¢¢]. In a nutshell, psychiatry has lagged behind other
areas of medicine in the identification of biomarkers for clin-
ical diagnosis and treatment.

One wonders why. Obvious challenges include the relative
inaccessibility of brain tissue for study, scarcity of valid ani-
mal models, and the substantive symptomatic, biological, and
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etiological heterogeneity of psychiatric illnesses [3]. There is
too much cross-disorder overlap and too much within-
disorder variability. The field may have focused for too long
on theories that are difficult to test. While a vast literature has
accumulated on biomarkers of interest, most results are of
small effect sizes, use single biomarker studies, and robust
replications are rare; other problems have included publication
bias, inconsistent terminology, and incomplete reporting [2].
Clearly, there is a need to take stock of our current approaches
to biomarker identification and testing and identify more fruit-
ful ways forward (Table 1).

A great deal of knowledge on the neurobiological basis
of psychotic disorders has accrued in recent years with the
advent of increasingly sophisticated brain imaging tech-
niques. In this review, we sought to cull the extant neu-
roimaging literature in psychotic disorders to address the
above questions, while assessing the results on the dimen-
sions of methodological quality, strength, replicability,
and consistency as potential biomarkers for psychotic dis-
orders. We examined the applicability of imaging bio-
markers for the purposes of diagnosis (i.e., distinguishing
between those with disease and healthy subjects and be-
tween diagnoses), prediction of outcome/treatment re-
sponse, and elucidation of pathophysiology. We chose to
focus on effect sizes and their confidence intervals (CI)
for determining whether a difference is large enough to be
important. Replicability in the context of this review is the
precision with which we can reproduce a given effect size
based on the 95 % CI. The CI describes the uncertainty
inherent in the effect size point estimate and describes a
range of values within which we can be reasonably sure
that the true effect actually lies [4]. The combined use of
an effect size and its CI enables one to assess the relation-
ships within data more effectively than the use of p values,
regardless of statistical significance [5]. There is consid-
erable variability between neuroimaging studies, which
has hindered progress toward identifying biomarkers [6].

Table 1

Our aim was to integrate available information from meta-
analyses and systematic reviews of several neuroimaging
paradigms, to then determine the potential value of neu-
roimaging biomarkers for diagnosis, longitudinal monitor-
ing, and pathophysiological research in psychosis. We
reviewed studies of structural magnetic resonance imag-
ing (sMRI), functional magnetic resonance imaging
(fMRI), magnetic resonance spectroscopy (MRS), diffu-
sion tensor imaging (DTI), and positron emission tomog-
raphy (PET)/single photon emission computed tomogra-
phy (SPECT). We chose a meta-review approach to allow
for the assessment of the strength of the evidence and the
consistency of findings across reviews [7¢].

Methods

We searched PUBMED and Google Scholar for meta-
analyses and systematic reviews of psychotic populations that
used neuroimaging as the method of measurement. We used
the search terms, “Schizophrenia,” “Effect size,” “Meta-anal-
ysis,” “Systematic review,” “Neuroimaging,” “Psychosis,”
“Biomarker,” “First episode,” “High risk,” “MRIL” “tMRI,”
“DTL” “PET,” “MRS” and “1-H MRS”, “Structural,”
“Functional,” “Metabolism,” “Structure,” “Function,” and
“Metabolic” in several combinations. Studies were then se-
lected for inclusion in a quality assessment based on whether
the results included summary effect sizes and tests for hetero-
geneity and publication bias. Effect sizes are a useful tool to
integrate the findings of studies that utilized different neuro-
imaging methods. If a difference exists in a population, the
effect size can be used to determine whether the result war-
rants further study and whether the difference is large enough
to be important. The specific populations included in this re-
view are chronic schizophrenia (CSZ) with some instances of
schizophrenia spectrum disorders (SSDs) included in the sam-
ple, first-episode schizophrenia (FES), bipolar disorder with

Road blocks to biomarker development in psychiatry and potential strategies to circumvent them

Road blocks

Potential strategies

Symptom-based diagnoses are the gold standard for validation

Use of small sample sizes, low power, and frequent non-replication;
use of single imaging domains, single biomarkers of small effect

Difficulty testing and developing animal models for complex,
multidimensional psychopathological syndromes with
multifactorial causation

Publication bias, inconsistent terminology and incomplete
reporting

Poor reliability, stability, replicability, and high measurement
variability

Develop and test neuroscience-based disease categories for biomarker
validation

Multisite studies, data sharing; multimodal imaging studies, multivariate
biomarker studies, use of “omic” data (such as genome-wide,
transcriptome, and proteome data) and pattern classification algorithms

Testing biomarkers in conditional knockout models; task-independent
fMRI studies; translational cognitive domains for testing in animal
models

Pre-registration of imaging biomarker studies; standard framework
for reporting and evaluating results

Wider use of high field scanners; automated assessments of imaging
data; uniform approaches to data analyses
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psychotic features (BPD), clinical high risk (CHR), and famil-
ial high risk (FHR).

Exclusion Criteria

The initial search yielded several hundred results, many of
which were excluded based on reading the title and abstract.
Of the 56 articles that survived the initial search, several were
excluded from the results assessments for meeting the follow-
ing criteria: absence of summary effect sizes, results that were
reported as significant for heterogeneity, as measured by
Cochrane’s Q statistic [11], and results that were significant
for publication bias with metrics like Egger’s p [14] were not
included. Publication bias arises when studies with statistically
significant results are more likely to be published and cited.
Studies published before the year 2000 were excluded to re-
duce the likelihood of study overlap in the meta-analyses.
Voxel-based imaging studies were not included, as voxel-
based studies do not allow for the estimation of effect sizes.
Additionally, voxel-based studies present difficulty in analysis
owing to differences across studies in smoothing kernel size,
slice thickness, statistical threshold, and whether Jacobian
modulation is used in the pre-processing [8]. A list of the stud-
ies excluded from this review will be available upon request.

Study Quality

For studies that met the criteria for the assessment of strength,
consistency and replicability, the assessment of review metho-
dological quality was guided by the Assessing the
Methodological Quality of “Systematic Reviews (AMSTAR)
Checklist, a validated tool for assessing the methodological
quality of systematic reviews and meta-analyses” [9, 10].

Data Extraction

The data were extracted by one author (B.H.) and checked
twice additionally to assure accuracy. In case of uncertainties,
data were checked by another author (M.K.). Similarity vs.
variance (consistency) in the direction of the effect sizes was
quantified using /-squared (/) [11]. In instances where it was
not reported, we calculated 7 using the following formula:
P=0—-(n—1)/0. Neuroimaging studies that included effect
sizes were assessed for robustness on four dimensions. (1)
Quality of the study was assessed using the AMSTAR rating
system where ratings below 27 % were considered low qual-
ity, 27-73 % moderate quality, and 73—-100 % high quality. (2)
The magnitude (strength) of the effect was determined accord-
ing to Cohen’s d [12], where an effect size of +0.20 indicates a
small effect; £0.50 is a medium effect; and +0.80 a large
effect. We only reported on results whose effect sizes were
>0.20 or <—0.20. Hedge’s g [13], another measure of effect
size, was used in certain studies to correct for bias due to
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smaller sample sizes, none of which are included in Table 1.
(3) Replicability (the precision of the effect size estimate) was
determined by the 95 % CI of the reported effect sizes. We
decided to only include results in which the endpoints of the
CI were not close to zero. As a means of determining end-
points that were not close to zero, we used a cutoff point of
Cohen’s measure for a small effect (£0.20) as the lower limit
for a strong and reproducible effect. The cutoff point was used
to narrow the reportable data and hopefully provide Cls of
smaller width. (4) Consistency (heterogeneity across the
pooled study results) was measured by /%, with less than
25 % considered to have negligible heterogeneity, between
25 and 75 % moderate heterogeneity, and greater than 75 %
might represent substantial heterogeneity [11]. Due to the dis-
proportionate amount of SsMRI studies, we created Table 1 for
a focused assessment of the robustness of the structural results

Results

After the exclusion of several studies due to the lack of avail-
able information, a total of 21 studies met the criteria for
assessment, with 13 sMRI studies (9 cross-sectional, 4 longi-
tudinal), 4 PET/SPECT studies, 3 MRS studies, and 1 DTI
study that reported effect sizes. While several fMRI meta-
analyses and systematic reviews have been conducted, due
to the use of voxel-based analyses, effect sizes were not re-
ported, making the data incomparable to other neuroimaging
measures, and therefore, we could not report the specific
quantitative results in this review. sMRI studies provided the
largest amount of results that fit the inclusion criteria, which
are enumerated in Table 2. Studies with other modalities had
either insufficient data, were underpowered, or exhibited sig-
nificant levels of heterogeneity that would prevent an accurate
estimate of effect size across studies. We herein chose to focus
on sMRI studies and will briefly review the extant literature on
other imaging modalities.

Cross-sectional sSMRI Studies in Schizophrenia Versus
Healthy Controls

Studies of populations of medicated patients with schizophre-
nia, mostly chronic, have shown a large number of structural
alterations that showed small to moderate effect sizes, with
strong replicability and consistency across studies. While
some study overlap was present due to the large amalgamation
of structural studies across multiple phases of SZ by Hajima
etal. [15], we chose to include certain studies, despite overlap,
due to their focus on specific phases of SZ. The review by
Haijma and colleagues provided the most robust information
regarding structural abnormalities due to the influence of an-
tipsychotic (AP) treatment. The most robust findings in med-
icated CSZ/SSD were volume increases in the third and lateral



105

Curr Behav Neurosci Rep (2015) 2:102—-111

Anpenb Y3y o, 00 [—€.L “Aifenb sjeiepow ¢, ¢/—/7 ‘Aifenb mo| paIapIsuod a1am 9, £z MO[aq SSunel YV ISINY , AOUdISISU0d MO[ %, G/ URY) I9JBII3 Pue YUISISU0D A[31RIOPOU % G/,
PUE 9, $T U00M10q JUS)SISUOO ATYSTY PAIOPISUOD 0, GT UeL) $so] [ “suoigar papodar ssonde A)1ouogo1ejoy 08eIOAY 07 0— > 10 07'0 < OIS [10q AI0Mm [EAIONUT DUIPYUO %, G6 PaHodar aty) Jo )] 10m0]
pue 1oddn oy a1aym 3z1s 109139 ue papiodar 1ey) suoI3ay ,, d[qedrjdde jou A Ysu Yy [eriwe) Yz, eruaydoziyds dSond z)Hg ‘siop1osip wnnoads eruarydoziyos (76§ ‘eruanydoziyos aposida-1siy §7.7

(2€ 0—=p) snwefey)

7SO0 % Tl VN w3u 1 (¢g0—=p) snuweeyy yoy 1 PAYBIIPIN (454 96T % 9¢  010C oueupy
(9T°0=p) snweren T (67'0—=p) SNIA3
SJYosoH T “(g0=p) SA[OLIUA [e1ove] |
“(¢g'0—=p) snIA3 [eyuoy opprur T
(€5°0+€01D) (zT0—=p) D 2qo] [endiooo T
SO[OLNUAA [RIdNE] ((95°0—0€ 0~ 1D) (02°0—=p) 2qo] [erodway T
JAID 891109 (95°0—$T'0— 1D) DAl “(€¥"0—=p) IND 1801100 T (1'0—=p)
(85°0—T¢0— 1D) IO [ewogord  snIk3 [ejuoxy IOLFUI T (44 0—=p) IND
% 11 (19°0-0%°0 1D) opotnudA pryy [eyuogaxd T “(16°0=p) S[OLIULA parep | PaIEIPIN 0¢ 8T % Sy €10¢ eunfey
% ¢ VN (+¢'0—=p) eare wnsof[es sndioo 1 PRI 6C 43 % SS  800C duoury
(ST0—=p) AAM T (1€0=P)
dass/sd4/ZS0 % L1 VN SopoLIURA [e1oke] | “(§1'0=p) SO | ParedIpa ve |82 % €L €10T 1od-resn]
(8€°0=p) SO[OINUA TRIE[ [B)0] |
(0$°0——€7°0- 1D) WD ‘(0¥'0=p) SIPLIUSA [BIE]
12101 (£$°0-92°0 1D) Q[OLIULA [BINE| W3 | “(6%°'0=p) oMIUA
% 8 WS (£9°0-5€°0 D) SOLIULA [EIdNE] O] [exore] YoI | “(9€°0—=p) JND €10} T UMOUSUN/PIJEIIPIIA] LE o3 % 9¢  TI0T Med °a
(rT0—=p) AAM T
(89°0-LT°0— 1D) snduresoddry yysir ‘(L' 0—=p) snduresoddry S 1
(£8'0-5t"0— 1D) snduredoddry “(99°0—=p) snduwesoddry oy 1
% €€ Y1 (08'0——8€"0— 1) S[OLIULA pary) (6S°0=P) S[OLIUSA PIIY) | UMOWUN/PAIEIPIA e 3 % 9¢ 900T BNA
% 91 (zL0-0t'0— 1D) sndwreooddry 1ySLr (95°0—=p) sndwreooddry JySLr T UMOUNUN/PIIEIIPIIA (37 0¢ % 9€ 10T ouelpy
(0L'0-9T°0-1D) (8%°0—=p) snwefey)
% 0 snuwrefey) ¥of (99'0—€Z 0~ 1D) snuefey 1ySLr yoI T “($t0—=p) snuwrefey S T UMOWIUN/PaJedIPIN s¢ 6T % 9¢  010T OuBLPY
SHA % € VN (0L"0—=p) eare wnsof[es sndioo 1 PAYEIIPIA € e % §S  800T duouwry
(1€0=p) 48D 18193 | “(17°0—=P)
ureiq 1210} T (9¢"0—=p)
(¥$"0—E€T°0— D) snejonu apepneo D 18303 T “(€47°0—=p) sndueooddry
Ass/sda4d/zZsd %9 (€9'0—2 0~ 10) sndureooddry T (8€'0—=p) snoponu apepnes 1 QAIRU 8T T % Sy €10 ewtle
(17°0=p) dpotuLA pay |
‘(1¢'0—=p) sndwreooddry [exapeyiq T
IHA % 1€ (19'0—+¢€ 0~ 10) snduwresoddry yor (Lt 0—=p) snduresoddry oy 1 VN 6S 149 % S LOOT soog
(ordwres Sae) (ordwes 3ae)
uonemdog  AouelsISUO) 999 JO uoIsIaI] Parodpye uordoy Snye)s UOTIBIIPIIN s[onuo)) sjuoned ANend Apms

eruorydoziyos Jo soseyd o) $S0108 TIAIS JO SMITADI OJeto}SAS/SOSATeUB-BRI T IqeL

pringer

As



106

Curr Behav Neurosci Rep (2015) 2:102—-111

ventricles. Conversely, volume decreases in cortical gray mat-
ter (GM), prefrontal GM, and the inferior frontal gyrus were
observed.

Several systematic reviews and meta-analyses have inves-
tigated FES patients. In the analysis by Adriano et al. [16],
medicated and unmedicated FES patients showed a decrease
in right and left thalamus volumes. Haijma et al.’s review
which included Adriano’s findings [15] along with data from
CSZ and SSD patients showed thalamic volume decrease
overall with a small effect size. In a subsequent analysis of
FES, Adriano et al. [17] found a significant reduction in right
hippocampal volume relative to controls. Vita [18] showed a
robust increase in right lateral ventricle volume in FES pa-
tients. De Peri et al. [19] found a reduction in total GM and
increases in both the right, left, and total lateral ventricle vol-
umes. Relatively few meta-analyses have reported sSMRI data
in AP naive patients with CSZ/FES/SSD, with the most robust
findings being volume reductions in the caudate and hippo-
campus [15]. Interestingly, in FHR, Boos et al. [20] observed a
reduction in the volume of the left hippocampus.

A key question in ascertaining the diagnostic value of a
biomarker is whether it differs between the population of in-
terest and another diagnostic category. Most studies that exist
have used bipolar disorder as a comparator. When comparing
BPD and CSZ [21], a reduced right amygdala volume was
seen in CSZ with a low to moderate effect size. Less consistent
findings were larger increases in left and right lateral ventricle
volumes in CSZ and more prominent reductions in left cau-
date volume. Additionally, Kempton et al. (2008) showed an
increase in lateral ventricle volume (d=—0.39; CI 0.24-0.55;
P=19 %) and a decreased corpus callosum area (d=—0.43; CI
—0.12-0.74; =0 %) [22], with a reduced corpus callosum
area also reported in FES and SCZ subjects by Arnone et al.
[23]. A study of first-episode BPD and FES subjects [19]
found shared abnormalities of increased lateral ventricle vol-
ume and decreased total GM volume, with more pronounced
differences in FES. There is evidence for a large degree of
overlap between CSZ/SSD and BPD in large-scale studies
such as BSNIP [24].

Longitudinal sMRI Studies

Due to variability in the stage of illness, diagnostic criteria,
treatment regimen, and image acquisition, it is difficult to
identify a specific link between the differences in structure
and a biomarker(s) for psychosis. To minimize the variability
inherent in the cross-sectional results, longitudinal studies pro-
vide more detail in assessing viable biomarker candidates.
Certain structural differences that occur in schizophrenia are
shown to be progressive over time.

Longitudinal meta-analyses provide an illustration of how
certain structural differences that are present in schizophrenic
patients at the onset of psychosis undergo a progressive
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degeneration. Over time, FES subjects showed a decrease in
frontal (d=—0.39; CI —0.22-0.57; =0 %) and parietal (d=
—0.30; CI —0.12-0.48; =0 %) GM, and a pooled sample of
CSZ and FES subjects showed reductions in the right poste-
rior superior temporal gyrus (rfSTG) (d=—0.62; CI —0.32—
0.92; =39 %) and planum temporale (d=—0.37; CI 0.02—
0.76; =0 %) [25]. Olabi et al. showed that CSZ subjects
had decreases in frontal (d=-0.51; CI —0.26-0.76; P=0 %),
parietal (d=—0.53; CI —0.23-0.84; ’=4 %), and temporal
lobe (d=—0.49; CI-0.21-0.76; ’=0 %) WM, and frontal lobe
tissue (d=—0.48; C1-0.18-0.78; =0 %) volumes [26]. Olabi
et al. also showed a progressive increase in right lateral ven-
tricle volume, and Fusar-Poli et al. [27] and Kempton et al.
[28] showed an increase in bi-lateral lateral ventricle volume
in CSZ, but these results did not meet the criterion for repli-
cability and/or consistency.

Other Neuroimaging Modalities

Among the other imaging modalities, PET studies were note-
worthy. The meta-analysis by Fusar-Poli [29] showed that
CSZ/SSD patients have an increase in striatal dopamine syn-
thesis capacity (g=0.87, CI 1.194-0.594). Howes [30] found
that presynaptic dopaminergic function was increased in CSZ/
SSD whether exposed to AP medication (¢=0.69) or not (d=
0.67), but these results were significant for heterogeneity. A
substantive body of research has accumulated on MRS studies
of N-acetylaspartate (NAA) and glutamate (glu) concentra-
tions in CSZ, CHR, FHR, and FES. Kraguljac et al. [31]
showed reductions of NAA in the frontal lobe (d=—0.44; CI
—0.23—0.65) and basal ganglia (¢=-0.22; CI —0.05——0.48)
for CSZ and FES subjects. Brugger [32] showed reductions of
NAA in the thalamus for FES (d=—0.40; CI1 —-0.06—0.75; P=
23 %) and SCZ (d=—0.32; CI —0.10—0.53; =26 %) sub-
jects. Marsman [33] found a decrease in glu (d=—0.39) and
increase in glutamine (gln) (d=0.40) in frontal regions in FES
and CSZ patients compared with HC. As gln is a potential
marker of glutamatergic neurotransmission, this finding sug-
gests increased glutamate turnover in the frontal brain regions.
Marsman et al. performed group-by-age associations reveal-
ing “that in patients with schizophrenia, glutamate and gluta-
mine concentrations decreased at a faster rate with age as
compared with healthy controls.” In both CHR and FHR sub-
jects, Brugger found NAA reductions in the temporal lobe
(d=—0.38; CI 0.03—0.79; =44 %) and thalamus (d=
—0.72; *=0 %), while Mondino et al. [34], showed signifi-
cantly lower NAA/Cr level in the prefrontal cortex (g=—0.42;
CI—-0.23—0.61), though heterogeneity was not assessed. The
NAA/Cr reduction was only significant for patients who had
not passed the peak age of risk for schizophrenia.

We were able to find one meta-analysis [35] utilizing DTI
to investigate the splenium and genu of the corpus callosum,
which reported effect sizes. The meta-analysis of the genu,
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showing lower fractional anisotropy (FA), yielded a low effect
size (d=0.223; CI —0.08-0.53), and the analysis investigating
the splenium, also showing lower FA, yielded a modest effect
size of (d=0.527; CI 0.22-0.84) but with significant hetero-
geneity. The results may indicate that patients had lower FA in
these regions compared to healthy volunteers; however, there
is too much inconsistency between studies. Ellison-Wright
et al. [36] conducted an activation likelihood estimation
meta-analysis (a technique for coordinate-based meta-analysis
of neuroimaging data) finding that “over all studies, signifi-
cant reductions were present in the left frontal deep white
matter and the left temporal deep white matter. The region in
the left frontal lobe is traversed by white matter tracts
interconnecting the frontal lobe, thalamus, and cingulate gy-
rus. The second region, in the temporal lobe, is traversed by
white matter tracts interconnecting the frontal lobe, insula,
hippocampus—amygdala, temporal, and occipital lobe.” A re-
cent meta-analysis on FES [37] showed that “disruptions of
white matter integrity were found in the cortical, subcortical
brain regions and white matter associative and commissural
tracts, suggesting that changes of cortical-subcortical white
matter integrity were found at an early stage of the disorder.”

Due to the high variability in functional imaging task par-
adigms, there is a great deal of systematic reviews and meta-
analyses of working memory, executive function, emotion
recognition, and other task-based activation studies. Multiple
meta-analyses of brain function have found differences in ac-
tivity in the prefrontal cortex (PFC) [27, 38—42], anterior cin-
gulate cortex (ACC) [38, 41, 44], insula [40, 44, 45], thalamus
[38, 39, 43], and superior temporal gyrus (4041, 44, 46). Ina
recent study [40], comparing CHR and FHR subjects, vulner-
ability to psychosis was associated with prefrontal, cingulate,
and middle temporal abnormalities in both groups, with CHR
subjects having additional abnormalities in the parietal lobe,
superior temporal lobe, and insula. When looking at differ-
ences between those that did and did not transition to psycho-
sis, differences in prefrontal, hippocampal, and striatal com-
ponents were found to be more pronounced in CHR subjects.

Multimodal Imaging

Smieskova et al. performed an analysis of multimodal studies,
finding that psychotic symptoms displayed in altered prefron-
tal and hippocampal activations were associated with striatal
dopamine and thalamic glutamate functions [40]. Another
multimodal analysis conducted by Cooper et al. found that
FHR subjects had decreased grey matter with hyper-
activation in the left inferior frontal gyrus/amygdala and de-
creased grey matter with hypo-activation in the thalamus [43].
fMRI alterations were found in the right temporal lobe, left
thalamus, and left cerebellum as neurofunctional correlates of
familial risk for schizophrenia. The combined structural and
functional multimodal analysis identified abnormalities within

the left inferior frontal gyrus, amygdala, and left thalamus.
Radua et al. conducted a multimodal study of FES frontal/
anterior cingulate cortices, and in the bilateral insulae, where
patients showed a decrease in grey matter volume as well as
abnormal functional response [44]. They conceded, however,
that some of these changes may be partially related to treat-
ment with antipsychotic medication. A high-quality longitu-
dinal fMRI study of brain function in CHR subjects showed
that reduced prefrontal activation during a working memory
task was associated with a reduction in gray matter volume in
the same area [46]. Changes in anterior cingulate activation
were correlated with functional improvement in CHR patients,
consistent with the role of this region in multiple cognitive and
social processes.

Discussion

Imaging Biomarker Studies in Psychotic Disorders: What
Have We Learned?

In this paper, a limited attempt was made to review the volu-
minous literature on neuroimaging biomarkers in psychotic
disorders. We chose to only include meta-analyses and sys-
tematic reviews in the assessment of potential biomarkers for
psychosis, which means that some incidental findings might
have been left out. However, it is safe to conclude that while
many structural, functional, and neurochemical differences are
seen between patients with schizophrenia and healthy con-
trols, only a few such changes are robust and consistent.
Further, it is unclear whether any of these biomarkers can help
reliably distinguish between SZ and other psychiatric disor-
ders. In particular, the spectrum of psychotic disorders such as
SZ, schizoaffective, and psychotic bipolar disorders appear to
show more of a continuum of symptomatology, cognitive,
electrophysiological, and neurobiological [47] alterations
rather than clear-cut distinctions across categories. This sug-
gests that brain-based biomarkers may not exactly obey the
boundaries set by symptom constellations such as the
Diagnostic and Statistical Manual (DSM) categories.
Previous attempts to validate biomarkers using DSM diagno-
ses as the gold standard may have been flawed [48].

By contrast, with the rather limited ability of imaging bio-
markers to distinguish disorder categories, evidence for differ-
ences in brain structure across the different phases of a psy-
chotic illness seem somewhat more promising; such informa-
tion may be of value for the purposes of outcome prediction,
longitudinal monitoring, and phase-specific treatment plan-
ning. Significant differences in brain structure have been
shown across multiple phases of SZ (premorbid, prodromal,
FES, and CSZ) [49]. A limited literature exists which indicates
progression of brain structural changes, both global and re-
gional, within the same individuals over time. While subtle
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brain structure alterations, particularly in frontotemporal re-
gions, are already seen in FHR adolescents [50], cortical gray
matter thickness reductions and third ventricle enlargement ap-
pear to characterize the transition from the prodrome to the first
psychotic episode [51]. Interestingly, relatives who do not prog-
ress to psychosis appear to even have a reversal of their brain
structure alterations [52]. During the early course of SZ, there
appears to be further progressive reduction of superior temporal
cortices [25]. Enlarged lateral ventricles, which are seen consis-
tently in CSZ, are not a prominent feature of FES. Overall, the
heterogeneity of outcome of schizophrenia suggests that the
neuropathology of the illness may not necessarily progress
and may even be reversed with appropriate intervention and/
or resilience factors supervene; this has led to the suggestion
that a staging model of schizophrenia may be a better way to
conceptualize the natural course of this illness [53¢].

The most important insights that have emerged from
neuroimaging studies of psychoses thus far have been in
our understanding of pathophysiology. Some observations
using PET, such as the increase in presynaptic dopamine
synthesis capacity and function in the striatum, have re-
ignited interest in the decade-old dopamine hypothesis of
schizophrenia [54]. MRS studies showing alterations in
glutamatergic metabolites, albeit less consistent, have
generated renewed interest in the glutamate hypothesis
[33].

Another important direction in research is to examine the
putative links between genetic etiology and phenotypic alter-
ations as assessed by imaging studies. Biomarkers that have a
strong genetic basis are trait-related and differ between unaf-
fected relatives and healthy subjects are called endo- or
(intermediate) phenotypes and are a valuable step in efforts
to identify genetic etiology [55]. Imaging measures, relative to
other biomarkers, can be reliably measured, are heritable, and
provide large effect sizes, making them good candidates for
endophenotypes for psychiatric genetics research [56].
However, given the complex, polygenetic etiology of psychi-
atric disorders, large-scale multivariate analyses are needed. A
recent initiative is the Enhancing Neurolmaging Genetics
through Meta-Analysis (ENIGMA) Consortium, a worldwide
consortium of over 70 large-scale investigations that integrate
imaging data of over 12,826 subjects. One of the first studies
in the ENIGMA study was to identify gene variants associated
with hippocampal volume using a genome-wide association
study [57¢]. In recent years, there is an increasing emphasis
on investigating interconnected neural systems as a way to
better understand pathophysiology. The human connectome
project [58¢] seeks to systematically map brain macrocircuits
and their relationship to behavior in large samples of adults in
health and disease. Connectome-based analyses are beginning
to reveal large-scale disruptions in interregional brain connec-
tivity in schizophrenia [59¢]. Taken together, recent advances
in imaging technologies are raising the hope that
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understanding of the etiopathology of psychoses will rapidly
expand in the coming years.

Imaging Biomarkers in Psychoses: Strategies for the Future

It is clear from the above that while biomarker studies have
advanced our understanding of the pathophysiology of psy-
chotic disorders, few actionable biomarkers are ready for clin-
ical use. How do we move forward? First, an alternative, per-
haps more fruitful approach to diagnosis, might be to eschew
our efforts to develop diagnostic markers across symptom-
based categories but begin to classify diseases based on di-
mensional biomarkers, which can then be validated by other
biomarkers (not used to derive the classification in the first
place), treatment response, as well as etiological measures
such as genomic data [47, 60+, Clementz et al. under review].
For a medical analogy, think of a time when people with
cough and chest pains were classified into those with and
without breathlessness or productive cough. An effort to val-
idate sputum examination for Bacilli as a diagnostic test be-
tween these two groups will clearly fail but more likely to
succeed if the classification was between cough and chest pain
patients with vs without a lesion in a chest X-ray.

Second, developing and testing multimodal imaging meth-
odologies are of value. Different imaging modalities offer
complementary information about altered neurobiology; for
this reason, it is of value to use multimodal imaging data for
understanding pathophysiology as well as potential clinical
use. For example, in Alzheimers disease, combined use of
structural MRI (for hippocampal volumes),
fluorodeoxyglucose (FDG) PET (for regional cerebral metab-
olism), and PET using ''C-labeled tracer Pittsburgh com-
pound B (PIB) radioligands (for imaging amyloid plaques)
has been proposed [61¢]. In psychotic disorders, multimodal
imaging studies have often combined multiple MRI ap-
proaches, i.e., SMRI, fMRI, and DTI [62¢]. In a multimodal
imaging study in prodromal patients, Fusar-Poli et al. showed
that subcortical dopamine synthesis as measured by PET was
negatively correlated with prefrontal function as measured by
fMRI with a working memory task [54].

Third, multivariate pattern analysis, machine learning ap-
proaches might increase the value of biomarkers in diagnostic
and prognostic efforts. While several individual neuroimaging
abnormalities of group-level significance have been reported
in psychotic disorders using univariate analyses, they are of
limited value for clinical purposes. In recent years, pattern
classification algorithms such as support vector machines
have been applied with some success for diagnosis, treatment
response, and outcome prediction [63¢, 64]. Machine learning
approaches typically use algorithms to develop classifiers
using a training set, and the classifiers are then used to test
an entirely new imaging dataset. However, such approaches
are yet to be used in routine, clinical settings.
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Fourth, the search for biomarkers needs to keep pace with
the continual revisions in our evolving etiopathological
models of psychotic disorders. For example, there is increas-
ing evidence in support of the view that at least a subgroup of
psychotic illnesses might be related to neuroinflammatory
processes. Such inflammation may be reflected in microglial
activation, which can be quantified in vivo using
(R)-[(11)C]PK11195 and PET. Indeed, a small study showed
that the binding potential of this ligand was increased in total
gray matter in the early course of schizophrenia [65]. Another
putative biomarker for brain neuroinflammation is extracellu-
lar water as measured by DTI; a recent study has shown a
significant increase in the extracellular volume suggesting im-
paired axonal integrity related to brain inflammation in early
course schizophrenia [66]. Another pathophysiological mech-
anism implicated in schizophrenia is oxidative stress.
Glutathione, an antioxidant, can be measured using 'H MRS
and has been found to be elevated in patients in the early
course of schizophrenia [67], suggesting that this may be a
valuable biomarker. Each such imaging measure may reflect a
specific aspect of the disease pathophysiology and may there-
fore serve as biomarkers to predict treatment response to the
relevant treatment, e.g., using an anti-inflammatory or antiox-
idant treatment. Candidates for such biomarkers may be de-
rived from preclinical data, e.g., animal models [68].
Translational discovery needs to be bi-directional, and human
imaging data can potentially be modeled in animals. For ex-
ample, studies of intrinsic brain connectivity using resting-
state fMRI, which does not require animals to perform tasks,
can be investigated across species and disease states [69¢].
While such research is still in its infancy, these approaches
hold promise for the future development of translational
biomarkers.

Finally, even if one or more biomarkers are found to be of
clinical relevance, that does not necessarily mean applicability
in the real world. There is currently a lack of cohesion in the
methods used to obtain and analyze all forms of imaging data.
Standardized methods of image acquisition and post-
processing will be needed. Biomarkers must be determined
objectively. Large multisite studies across diverse clinical set-
tings will be needed to reduce variability and subjectivity of
image analysis. Increasing automation of data processing and
more clear validation of quantitative imaging data by clinical-
ly relevant measures such as outcome, treatment response, and
association with etiological (such as genomic) data will also
be needed [70+°]. Combined use of clinical and imaging bio-
marker data for prediction questions is already yielding prom-
ising results in other neuropsychiatric disorders. Data from the
Alzheimer’s Disease Neuroimaging initiative (ADNI) show
that a scale combining cognitive and sSMRI data (such as hip-
pocampal and middle temporal thinning) had 91 % power to
predict conversion from amnestic mild cognitive impairment
to Alzheimer’s disease [71¢]. In this context, observations of

cortical thinning in CHR subjects who convert to psychosis
during follow-up [72] are of importance. Hopefully, system-
atic evaluation of such leads in large, multisite trials will yield
clinically useful biomarkers for psychotic disorders in the near
future.
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