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Abstract
Objective—Psychotic symptoms are common in the population and index risk for a range of
severe psychopathological outcomes. We wished to investigate functional connectivity in a
community sample of adolescents who reported psychotic symptoms (the extended psychosis
phenotype).

Method—This study investigated intrinsic functional connectivity (iFC) during resting-state
functional magnetic resonance imaging (fMRI; rs-fMRI). Following screening in schools, 11 non-
treatment seeking, youth with psychotic symptoms (aged 11–13) and 14 community controls
participated in the study. Seed regions of interest comprised brain regions previously shown to
exhibit aberrant activation during inhibitory control in adolescents with psychotic symptoms.

Results—Relative to controls, adolescents with psychotic symptoms exhibited reduced iFC
between regions supporting inhibitory control. Specifically, they showed weaker iFC between the
right inferior frontal gyrus (IFG) and the cingulate, IFG and the striatum, anterior cingulate and
claustrum, and precuneus and supramarginal gyrus. Conversely, the psychotic symptoms group
exhibited stronger iFC between the superior frontal gyrus and claustrum and IFG and lingual
gyrus.

Conclusion—The present findings are the first to reveal aberrant functional connectivity in
resting-state networks in a community sample of adolescents with psychotic symptoms and
suggest that disruption in integration between distributed neural networks (particularly between
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prefrontal, cingulate and striatal brain regions) may be a key neurobiological feature of the
extended psychosis phenotype.
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Introduction
Psychotic symptoms such as hallucinations and delusions are reported at far higher rates in
the community than would be expected, given the prevalence of psychotic disorders (1, 2).
The high prevalence of such symptoms among children and adolescents is particularly
striking. A meta-analysis of studies of psychotic symptoms in community-based adult
samples revealed a median prevalence of 5% (3), while a meta-analysis of such studies in
children and adolescents revealed median prevalences of 17% and 7.5%, respectively (4).
Individuals who report psychotic symptoms are considered to form part of an ‘extended
psychosis phenotype’, with psychotic disorders at one end of the continuum and isolated
psychotic symptoms not associated with dysfunction or distress at the other end (5, 6).
Longitudinal research has established that young people who report psychotic symptoms are
at elevated risk for psychotic disorders (7, 8). These findings have led to a great deal of
interest in studying young people with psychotic symptoms as putative at-risk model of
psychosis – a ‘symptomatic risk’ group for psychosis, complementary to the familial/genetic
high risk (9) and ‘ultra high risk’/prodromal (10, 11) approaches. More recently, researchers
have shown that young people who report psychotic symptoms are at increased risk of a
wide variety of disorders, not limited to psychosis (12) with particular high risk for suicidal
behaviour (13, 14).

While a great deal of epidemiological work has been conducted with young people with
psychotic symptoms, neuroimaging research in this population is only now beginning. We
recently reported a number of structural and functional neurobiological abnormalities in a
community sample of young adolescents reporting psychotic symptoms (15). Specifically,
relative to healthy comparison participants, adolescents who reported psychotic symptoms
exhibited reduced functional activation during a GO/NOGO response inhibition task within
the right prefrontal cortex (PFC), temporal lobe and claustrum, as well as grey matter
volume reductions in the inferior temporal lobe and reduced white matter integrity along the
inferior longitudinal fasciculus, cingulum bundle and inferior fronto-occipital fasciculus
(15). Recent neurocognitive research in a community sample of young people with
psychotic symptoms demonstrated marked impairment in processing speed, which the
authors suggested may point to aberrant functional connectivity within and between whole-
brain neural systems, rather than indexing impairment in discrete neural networks (16, 17).
Direct evidence for this, however, is lacking.

Resting-state MRI provides a powerful means for studying whole-brain neural connectivity
and identification of aberrant intrinsic functional connectivity (iFC) within and between
neural systems. Psychotic symptoms among schizophrenia patients have been associated
with abnormal iFC between the fronto-occipital network and the anterior default mode
network (DMN) and the PFC network (18), revealing the relationship between brain
dysconnectivity and its effects on the core pathology of the illness. Reduced iFC has been
reported in individuals at genetic high risk for schizophrenia, particularly within the
dorsolateral PFC and the DMN (19). Reduced iFC in the DMN has also been reported in
siblings of patients with schizophrenia (20). To date, only one relatively small study has
examined iFC in a sample of ‘ultra high risk’ or individuals fulfilling criteria for a
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prodromal syndrome and the authors reported hyperconnectivity within the DMN regions
and concluded that abnormal resting-state network activity may be related to the clinical
picture of the UHR state (21). There have been no iFC reports to date, however, in the
extended psychosis phenotype – that is, in members of the general population who report
psychotic symptoms. In this study, we wished to use resting-state functional magnetic
resonance imaging (fMRI) to investigate functional connectivity in a community sample of
adolescent with psychotic symptoms.

Aims of the study
We examined resting-state functional magnetic resonance imaging intrinsic functional
connectivity in a non-treatment seeking, community-based sample of individuals with
psychotic symptoms to investigate 1) whether previously reported task-related regions of
neural abnormality also revealed a similar pattern of effect in the underlying functional
connectivity and 2) if present, to identify the brain regions with associated these areas. To
achieve this, we used a seed region of interest approach with seeds centred on the locations
of significant group differences in a response inhibition task activation reported in our
previous study. We hypothesised that impaired intrinsic functional connectivity in the
psychotic symptoms group would accompany the reported task-related hypoactivity,
particularly between cingulo-opercular and fronto-temporal brain regions.

Material and methods
Design

Case–control study.

Patients and recruitment
Adolescents aged 11–13 years who reported psychotic symptoms and comparison
adolescents who did not report psychotic symptoms aged 11–13 years were recruited from
primary (elementary)-level schools in North Dublin, Ireland. A short, seven-item self-report
questionnaire, the Adolescent Psychotic-Like Symptom Screener (APSS) (22), was
administered to 277 adolescents in the classroom to screen for the presence of psychotic
symptoms. The details of the recruitment and participant selection for this sample can be
found in our previous study (15).

A total of 37 of the screened adolescents subsequently participated in a clinical interview
with a trained psychiatrist or psychologist using the Psychosis section of the Schedule for
Affective Disorders and Schizophrenia for School-Aged Children, Present and Lifetime
version, (K-SADS) to verify the presence or absence of psychotic symptoms. Based upon
the interview and consensus ratings, 20 adolescents were determined to be controls (Con)
and 17 reported psychotic symptoms (PSY) at interview. Twelve subjects declined to be
scanned, had contraindications to scanning or participated but did not complete the entire
scan, resulting in final samples of 11 adolescents with psychotic symptoms and 14 controls.
Prior to scanning, all participants completed a practice session of the GO/NOGO task and
the Edinburgh Handedness Inventory, to ensure that all participants were right-hand
dominant. All participants were Caucasian, native Irish citizens, and were in 5th or 6th grade
in mainstream elementary schools. Table 1 contains a summary of the demographic
characteristics of the sample.

The parents of each participant provided signed informed consent, and the adolescents
signed an informed assent. The study was approved by the Beaumont Hospital Medical
Research Ethics Committee and the Trinity College School of Psychology Research Ethics
Committee.
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Measurements
All scanning was conducted on a Philips Intera Achieva 3.0 Tesla MR system (Best, the
Netherlands) equipped with a 30.5 cm internal diameter head coil. Participants viewed
stimuli back-projected onto a screen at the head of the scanner bed viewed through a mirror
affixed to the head coil. A high-resolution T1-weighted anatomical MPRAGE axial volume
(FOV = 230 mm, voxel size: 0.9 mm × 0.9 mm × 0.9 mm) was acquired. Task and resting-
state functional data were collected using a T2* weighted echo planar imaging sequence that
acquired 32 non-contiguous (10% gap) 3.5 mm axial slices covering the entire brain (TE =
35 ms, TR = 2000 ms, FOV = 224 mm, 64 mm × 64 mm matrix size). Participants
completed two runs of a motor GO/NOGO task, lasting 5 min and 20 s per run, as
previously reported (8), followed by a resting-state scan. Due to the challenges of imaging a
young sample, the resting-state scan was 3 min and 30 s long (105 time points).

rs-fMRI analysis
Resting-state data processing was performed using AFNI and FSL in accordance with
standard procedures previously reported (23). Preprocessing comprised slice timing and
motion correction, spatial smoothing (5 mm FWHM Gaussian kernel), global mean-based
intensity normalisation and temporal bandpass filtering (0.01 < f < 0.1). FSL’s FLIRT was
used to register the high-resolution T1 images to the 2 mm MNI152 template (Montreal
Neurological Institute). FLIRT was also used to register each participant’s resting-state time
series to their high-resolution anatomical images.

To control for physiological fluctuations associated with respiratory and cardiac cycles, as
well as other sources of spurious variance, each participant’s preprocessed 4-D volume was
regressed on nine nuisance covariates, comprising the six motion estimates, a global signal
averaged across all brain voxels and signals from white matter and cerebral spinal fluid
(CSF). Correction for autocorrelation was performed using FSL’s FILM. The white matter
and CSF regressors were produced by first segmenting each participant’s structural images
using the FSL segmentation program, FAST. The segmented images for white matter and
CSF were thresholded to ensure a 90% tissue probability, and an average time series was
extracted from all voxels within the mask.

This nuisance signal regression step produced a prewhitened 4-D residuals volume for each
participant. This residuals volume was scaled by dividing each voxel’s time series by its
standard deviation, which removes potential between-group differences in the magnitude of
the BOLD signal. Finally, the scaled residuals were transformed into MNI152 standard
space at 2 mm resolution, by applying the previously computed transformation.

Seed selection and creation
We examined iFC associated with regions that exhibited significant group differences in
GO/NOGO task activation in our previous study (8). Specifically, 10 spherical MNI-space
seed ROIs (4 mm radius) were created and centred on the centres of mass of brain regions
revealing between-group activation differences during successful inhibitions on the GO/
NOGO task (Table 2). For each participant, a time series for each seed ROI was extracted
from the 4-D residuals MNI-space volume by averaging the time series across all voxels
within the ROI. The extracted time series were then scaled by their standard deviations.

Seed-based functional connectivity analysis
The FSL program FEAT was used to perform a series of whole-brain multiple regression
analyses in which each participant’s 4-D scaled native-space residuals volume was regressed
on each seed time series. This produced participant-level maps of all voxels that were
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positively and negatively correlated with the seed ROI time series. These correlation images
were Fisher-z transformed to produce z-value maps and transformed into MNI152 2 mm
standard space for group-level analyses.

Statistical analysis
Group-level analyses were accomplished using the FSL program FEAT by means of a mixed-
effects ordinary least-squares model. Correction for multiple comparisons was performed at
the cluster level using the Gaussian random field theory (min Z > 2.3; cluster significance: P
< 0.05, corrected).

Results
Demographics

There were no significant group differences for age at date of scanning, gender, handedness,
scholastic ability on the WRAT-4 or GO/NOGO task performance (See Table 1). There was
a minor but statistically significant difference between groups for years of education, with
the psychotic symptom group having half a year less on average than the control
adolescents.

Intrinsic functional connectivity results
Individuals with psychotic symptoms exhibited reduced positive iFC, particularly within
frontal, parietal and midline brain regions compared to individuals who did not report
psychotic symptoms (Table 3; Fig. 1a). Specifically, the psychotic symptoms group (PSY)
group exhibited reduced iFC between the right inferior frontal gyrus (IFG) seed ROI and
rostral anterior cingulate cortex (ACC), bilaterally, as well as with another region in the
right IFG, which extended into the middle frontal gyrus (MFG) and anterior insula (Fig. 1ai,
ii). The psychotic symptoms group also exhibited reduced iFC between the left claustrum
seed (proximal to the dorsal anterior insula) and dorsal ACC, bilaterally (Fig. 1aiii), between
the right lentiform seed and right IFG and MFG (Fig. 1aiv) and between the right precuneus
seed and the right supramarginal gyrus (Fig. 1av).

Figure 1b illustrates the brain regions that emerged as significant in the reverse contrast
[psychotic symptoms (PSY) > Con]. On inspection, these regions exhibited weaker negative
iFC in the psychotic symptom group relative to controls. Specifically, the control group
exhibited negative iFC between the right IFG seed and the left lingual gyrus (Fig. 1bi) and
between the left claustrum seed and the right superior frontal gyrus (Fig. 1bii). In
comparison, the psychotic symptoms group exhibited slightly positive iFC between IFG and
lingual gyrus and weaker negative iFC between claustrum and superior frontal gyrus.

The schematic in Fig. 2 summarises these results and integrates them with our previous
findings of group differences in GO/NOGO task-related activation. Regions exhibiting
significant group differences in GO/NOGO task-related activation, which formed the seed
ROIs for the iFC analysis, are shown in red. Regions exhibiting significant group differences
in iFC with the seed regions are indicated in black [left panel: controls > psychotic symptom
group; right panel: psychotic symptom group > controls].

As Fig. 2 illuminates, the brain regions that exhibited decreased activity during successful
inhibitions in the psychotic symptoms group, relative to controls (IFG, claustrum and
lentiform nucleus), also exhibited reduced positive iFC, and suggest the involvement of
multiple large-scale networks, including an executive control network (IFG seed with
inferior/MFG), the cingulo-opercular or salience network (IFG and claustrum seeds with
ACC), cortico-striatal networks (lentiform nucleus seed with IFG). The only exception to
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this pattern was the precuneus seed (a key region known to be part of the DMN), which was
hyperactive in the psychotic symptoms group during the task, but showed decreased iFC
during rest with the supramarginal gyrus in the psychotic symptoms group, relative to
controls.

Discussion
This study examined whole-brain iFC in adolescents with psychotic symptoms by exploring
regions previously identified as exhibiting group differences in activation during a response
inhibition (GO/NOGO) task. In individuals with psychotic symptoms, the brain regions that
were less engaged during successful inhibitions, relative to controls, including the right IFG,
claustrum/dorsal anterior insula and lentiform nucleus (dorsal striatum), also exhibited
weaker iFC with functionally related brain regions at rest. Furthermore, the group with
psychotic symptoms exhibited abnormal patterns of functional differentiation between brain
networks – for example, exhibiting greater functional connectivity between dorsal PFC and
the claustrum and regions of visual cortex and the IFG, findings consistent with those
reported in a recent meta-analysis of rs-fMRI of schizophrenia and depression disorders
(24). During successful inhibitions, the psychotic symptoms group revealed reduced activity
in the right IFG and right lentiform nucleus (dorsal striatum) (15). Both regions are
considered key components of a network supporting inhibitory control (25). Therefore, both
executive function deficits and abnormal perceptual experiences appear to be associated
with diminished activity within and functional connectivity between the PFC and striatum.
At rest, the psychotic symptoms group exhibited reduced local or short-range connectivity
between the IFG and proximal regions encompassing the IFG, MFG and anterior insula –
regions identified with white matter integrity differences in ultra high risk and first-episode
schizophrenia samples (26–28). The psychotic symptoms group also exhibited weaker iFC
between the IFG and the functionally related dorsal anterior cingulate, which is known to be
activated during response inhibition tasks and plays a role in performance monitoring (29),
and between the lentiform nucleus and right IFG and MFG. This pattern of results suggests
that disconnection is not just a feature of schizophrenia but is also a feature of the much
broader extended psychosis phenotype. Here, we suggest that one key locus of dysfunction
is the right IFG and that abnormal function in this area in the psychotic symptoms group
disrupts the entire network of functionally connected regions underlying response inhibition.
This suggestion is consistent with previous findings of reduced right lateralised PFC activity
in patients with psychotic illness, which have prompted hypotheses that dysfunction in this
region may be central to the cognitive deficits found in psychosis (30).

In addition to disrupted positive functional connections, the psychotic symptoms group
exhibited abnormal patterns of functional connectivity between brain regions that exhibited
negative iFC in the control group. For example, the psychotic symptoms group exhibited
weakly positive iFC between the right IFG seed and the left lingual gyrus, a component of
the visual network, while the same functional connection was negative in controls. This
observation echoes previous findings in psychosis patients which revealed increased fronto-
occipital iFC compared to controls (31). Moreover, a recent rs-fMRI study in adolescents
revealed a positive correlation between connectivity with the visual network and schizotypy
scores (32). Additionally, in chronic schizophrenia patients, positive symptoms scores on the
PANSS have been found to be positively correlated with greater fronto-occipital iFC (18).

The psychotic symptoms group also revealed decreased task-related activity in the
claustrum, which is a component of the salience network, a network implicated in
coordinating brain regions necessary for sensory processing (24). During rs-fMRI the
psychotic symptoms group revealed reduced claustrum seed functional connectivity with the
dorsal ACC, which is also a component of the salience functional network. The claustrum
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has been found to be a highly connected brain region and known to be involved in the
integration of semantic, linguistic and sensory information (25). The dorsal ACC, which is
known as the cognitive subdivision of the ACC, has an important role in executive control
and control of directed effort, specifically during performance monitoring (15, 26). The
dorsal ACC is also closely connected to speech processing regions in humans. A negative
relationship was found between the strength of the claustrum and dorsal ACC iFC and
psychotic symptoms. It is thus plausible that impaired functional connectivity between these
regions may contribute to the misattribution and control of the salience given to perceptual
experiences. Furthermore, the rs-fMRI analysis further complements the diffusion tensor
imaging findings previously published on this psychotic symptoms group (15) where we
found disturbed white matter integrity in the cingulum bundle, which passes through the
dorsal ACC, in the PSY group. Williamson and Allman (32) propose a model whereby if the
directed effort network fails to be fully engaged with the representational network, then
thoughts, feelings or actions may be perceived as belonging to someone else and thoughts
may be perceived as auditory hallucinations. This fits with the clinical picture in our young
people as the most common symptom reported by young people with psychotic symptoms is
generally thoughts heard aloud (also known as Gedankenlautwerden or Echo de al Pensee)
(22).

There are some limitations to our study. Due to the difficulty involved in the recruitment of
children with psychotic symptoms in the community for an imaging study, the sample size
of this study was relatively small (although comparable to CHR iFC studies), and results
will require replication in a larger study. Our small sample size may have not allowed for
more subtle differences in intrinsic connectivity patterns to survive the stringent statistical
thresholds employed in the analyses. It must also be stated that this study focuses on
previously reported regions of task-related cognitive abnormality (15). The findings of
anomalies in a predetermined region do not rule out anomalies elsewhere, and this has been
identified as a possible reason for the inconsistencies in the connectivity literature in
schizophrenia (33). Further research is necessary to investigate the presence of compromised
functional connectivity beyond the regions explored in this study. A major issue in all
imaging studies of psychosis (indeed of any psychiatric disorder) is the issue of approximate
replications. It is difficult to find two studies that exactly replicate each other, and this is
attributed to differences in measures, analyses, hardware and other unknown factors. A
further limitation is that our study did not have sufficient power to allow us to examine
whether the effects found were due to psychotic symptoms alone or comorbid
psychopathology (12, 14). Further research in larger samples, which also include a separate
psychopathology group, will allow us to determine which deficits are specific to psychotic
symptoms. Finally, studies using advanced imaging techniques such as high angular
diffusion weighted imaging will be valuable in yielding more fine-grained data on subtle
abnormalities of specific tracts in AR populations.

In conclusion, the present findings are the first to reveal aberrant functional connectivity in
resting-state networks in a community sample of individuals with psychotic symptoms. Our
results suggest that disruption in integration between distributed neural networks
(particularly between prefrontal, cingulate and striatal brain regions) may be a key
neurobiological feature of the extended psychosis phenotype.
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Significant outcomes

• This is the first study to demonstrate functional connectivity abnormalities in a
community-based sample of adolescents who report psychotic symptoms.

• The findings suggest that reduced connectivity between right-hemisphere
regions in prefrontal–striatal–limbic regions may be related to impaired
inhibitory control.
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Limitations

• Sample size was small and warrants replication in a larger sample.

• Further research is necessary to investigate the presence of compromised
functional connectivity beyond the regions explored in this study.
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Fig. 1.
(a) Connectivity maps reveal the brain regions with reduced connectivity among the
psychotic symptoms group (PSY) compared to the healthy, control adolescents (Con); (Con
> PSY). The seed regions of interest are pictured on the left and were the brain regions
which revealed a group difference during successful inhibitions of the GO/NOGO task. The
connectivity maps on the right are the brain regions that showed intrinsic functional
connectivity with the seed region during rest. (i) Right inferior frontal gyrus (IFG)
connectivity with right IFG/middle frontal gyrus (ii) Right IFG connectivity with right
rostral anterior cingulate cortex (rACC; iii) Left claustrum connectivity with left dorsal
anterior cingulate cortex (dACC; iv) Right lentiform nucleus connectivity with right IFG (v)
Right precuneus connectivity with right supramarginal gyrus. (b) Connectivity maps reveal
the brain regions with increased connectivity among the psychotic symptoms groups (PSY)
compared to the healthy, control adolescents (Con); (PSY > Con). (i) Right IFG connectivity
with left lingual gyrus (ii) Left claustrum connectivity with right superior frontal gyrus.
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Fig. 2.
Overview of the pathways that showed significant between-group differences in the
psychotic symptoms (PSY) and control (Con) adolescents’ intrinsic functional connectivity
(iFC) analysis. Red dots represent a functionally defined seed ROI derived from the GO/
NOGO task, which were all hypoactive during the task in the PSY group. A black line
connects the seed ROI to a black dot, which represents the brain region showing increased
functional connectivity with the seed ROI during rest. IFG, inferior frontal gyrus; MFG,
middle frontal gyrus; dACC, dorsal anterior cingulate cortex; rACC, rostral anterior
cingulate cortex; SMG, supramarginal gyrus; SFG, superior frontal gyrus.
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Table 1

Characterisation of study participants. Healthy, control adolescents (Con) and the psychotic symptoms (PSY)
group

Con (n = 14) PSY (n = 11)

Gender (n, %)

  Female 11 (79%) 7 (64%)

Age (mean weeks, SD) 634 (33) 651 (22)

Age range (in years) 11–12 11–13

Education (mean years, SD) 5.4 (0.5)* 5.9 (0.4)

APSS Total Score (out of 7) (mean, SD) 1 (1.4)** 3 (1.1)

WRAT-4 total reading score (out of 60) (mean, SD) 54 (15) 50 (5)

Per cent correct (mean, SD) 42 (16) 30 (16)

GO/NOGO task GO trial reaction time (mean in ms, SD) 684 (47) 670 (90)

CON, control group; PSY, psychotic symptom group; SD, standard deviation; APSS, Adolescent Psychotic-Like Symptom Screener; WRAT, Wide
Ranging Achievement Test; ms, milliseconds.

Significant between-group difference

*
P = 0.01,

**
P = 0.001.
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