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Hippocampal volumetric reductions are observed across the psychosis spectrum, with interest in the localisation of these
reductions within the hippocampal subfields increasing. Deficits of the CA1 subfield in particular have been implicated in the
neuropathophysiology of psychotic disorders. Investigating the trajectory of these abnormalities in healthy adolescents reporting
sub-threshold psychotic experiences (PE) can provide insight into the neural mechanisms underlying psychotic symptoms without
the potentially confounding effects of a formal disorder, or antipsychotic medication. In this novel investigation, a sample of 211
young people aged 11-13 participated initially in the Adolescent Brain Development study. PE classification was determined by
expert consensus at each timepoint. Participants underwent neuroimaging at 3 timepoints, over 6 years. 78 participants with at
least one scan were included in the final sample; 33 who met criteria for a definite PE at least once across all the timepoints (PE
group), and 45 controls. Data from bilateral subfields of interest (CA1, CA2/3, CA4/DG, presubiculum and subiculum) were extracted
for Linear Mixed Effects analyses. Before correction, subfield volumes were found to increase in the control group and decrease in
the PE group for the right CA2 and CA2/3 subfields, with moderate to large effect sizes (d=−0.61, and d=−0.79, respectively).
Before correction, right subiculum and left presubiculum volumes were reduced in the PE group compared to controls, regardless
of time, with moderate effect sizes (d=−0.52, and d=−0.59, respectively). However, none of these effects survived correction.
Severity of symptoms were not associated with any of the noted subfields. These findings provide novel insight to the discussion of
the role of hippocampal subfield abnormalities in the pathophysiology underlying psychotic experiences.
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INTRODUCTION
The prevalence of subthreshold psychotic experiences amongst
young people up to the age of 24 in the general population is
thought to be as high as 8.1% [1]. However, despite not having a
formal diagnosis, these individuals are still at increased risk for
developing psychosis, additional psychopathology, and can
display subtle neurocognitive impairments [2–6]. Moderate
neuroanatomical changes have also been observed in individuals
with PE [7–13], although these are much more subtle than in
individuals with psychotic disorders [14–22].
The hippocampus plays a crucial role in a range of cognitive

functions including memory, learning, executive functioning and
emotion processing, while also playing a primary role in regulation
of the stress response—all of which are impaired to varying
degrees in individuals with psychosis [23, 24]. As such, hippo-
campal abnormalities in particular have been strongly implicated
in psychosis literature [20, 25, 26]. We recently identified
longitudinal whole volume deficits in the hippocampi of
adolescents who report PE, using the adolescent brain develop-
ment (ABD) cohort [12, 27, 28]. Associations have also been
observed between deficits in hippocampal size and growth and
expression of schizotypy traits in adolescents in the community

[29, 30], reflecting the findings of our previous work. These
findings are also largely in keeping with studies of individuals in
the prodromal stages of psychosis [31–33], potentially implicating
hippocampal reductions as a marker of psychosis vulnerability.
Early studies of hippocampal anatomy have focused on the

whole structure or larger divisions (e.g. anterior vs posterior
structures) [34]. However, as neuroimaging technologies have
improved, interest has grown in the smaller, cytoarchitecturally
distinct—yet highly interconnected—subfields of the hippocam-
pus, specifically the cornu ammonis (CA) 1–4, dentate gyrus (DG)
and subiculum complex. Indeed, authors of meta-analyses
exploring whole volume hippocampal changes in the prodromal
stages of psychosis suggest that the lack of subfield data may
result in subtle deficits being overlooked [33, 35].
In their recent review, Hu et al. suggest that volume deficits in

the CA1 are the most prominent abnormalities observed in those
in the prodromal stages of psychosis [34]. It has been argued that
these deficits are more severe in those who transition to psychosis
[36, 37], and that the alterations may spread throughout the
hippocampus and beyond as the illness progresses [17, 19, 38–40].
However, the localisations and trajectories of these deficits within
the functionally discrete subfields of the hippocampus in

Received: 17 May 2023 Revised: 21 December 2023 Accepted: 8 January 2024

1Department of Psychology, St Patrick’s Mental Health Services, Dublin, Ireland. 2Department of Psychiatry, RCSI University of Medicine and Health Sciences, St Stephens Green,
Dublin, Ireland. 3Trinity College Institute of Neuroscience, Trinity College Dublin, Dublin, Ireland. 4Department of Medicine, University College Dublin, Dublin, Ireland. 5Klinik für
Psychiatrie, Psychotherapie und Psychosomatik, Uniklinik RWTH Aachen, Aachen, Germany. ✉email: aoneill@rcsi.com

www.nature.com/tpTranslational Psychiatry

1
2
3
4
5
6
7
8
9
0
()
;,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41398-024-02746-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41398-024-02746-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41398-024-02746-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41398-024-02746-w&domain=pdf
http://orcid.org/0000-0002-2804-5820
http://orcid.org/0000-0002-2804-5820
http://orcid.org/0000-0002-2804-5820
http://orcid.org/0000-0002-2804-5820
http://orcid.org/0000-0002-2804-5820
http://orcid.org/0000-0002-8113-6959
http://orcid.org/0000-0002-8113-6959
http://orcid.org/0000-0002-8113-6959
http://orcid.org/0000-0002-8113-6959
http://orcid.org/0000-0002-8113-6959
https://doi.org/10.1038/s41398-024-02746-w
mailto:aoneill@rcsi.com
www.nature.com/tp


individuals who report PE have yet to be explored. Furthermore,
current research is largely limited to cross-sectional studies of
treatment seeking individuals (who have either received a
diagnosis of a psychotic disorder or are experiencing prodromal
symptoms of psychosis). As such, longitudinal investigations
involving adolescents and young people who report PE will
provide novel and important insights into the developmental
trajectories of these regions in the absence of illness or
medications.
Thus, the aim of this study is to investigate the developmental

trajectory of the hippocampal subfields spanning approximately 6
years of adolescence, in young people who report PE. Bilateral
hippocampal subfields of interest (ROIs) were based on the
protocols of previous studies [17, 24, 34]; and included CA1,
CA2/CA3, CA4/DG, subiculum and presubiculum. Based on the
findings of these studies, we predict that there will be significant
deficits in the volumetric development of the CA1 subfield in
young people who report PE. This study will provide novel insight
into the mechanisms underlying psychotic psychopathology and
psychosis vulnerability, without the potentially confounding
effects of a formal diagnosis. This is the first study to examine
hippocampal subfields longitudinally in young people with
psychotic experiences.

METHODS AND MATERIALS
Ethics committee approval was obtained from the Beaumont Hospital
Medical Ethics committee and the Trinity College Department of
Psychology Ethics committee.

Participants
A sample of 211 young people between the ages of 11 and 13 years old
were recruited from primary schools in Dublin and Kildare, Ireland, as part
of the Adolescent Brain Development (ABD) study [28]. The initial 20% of
young people recruited to the ABD study was enriched at a rate of 2:1 for
adolescents with a score of 2 or more on the Adolescent Psychotic
Symptom Screener [28, 41]. All 211 were invited to participate in the initial
neuroimaging arm of the ABD study (baseline) that took place 1–3 years
(mean 2 years) after the original interview. 100 participants with no
contraindications to structural magnetic resonance imaging (sMRI)
completed this baseline scan. Of these 100, 69 participants returned for
follow-up 1 (2 years later). For the final timepoint of the neuroimaging arm
(follow-up 2, 4 years later), 55 of the original participants returned and
were scanned. Overall, 78 participants who had been scanned at least once
over the three imaging timepoints were included in the sample here; 33
who met criteria for a definite PE at least once across all the timepoints (PE
group), and 45 who did not meet criteria for a PE at any timepoint (control
group).
None of the participants in either group met the criteria for a formal

psychotic disorder or were taking antipsychotic medication, and none had
any history of neurological disorder (e.g. epilepsy). Written parental
consent and participant assent were obtained before the study began, and
at each follow-up for participants under the age of 18. Participant consent
was obtained after the age of 18.

Clinical measures
All participants attended a diagnostic clinical interview with trained raters
(additional recruitment and interview details outlined in Kelleher et al.
[28]). Adolescents and parents/guardians were interviewed separately,
both answering the same questions about the adolescent, using the
Schedule for Affective disorders and schizophrenia for school-age children
(K-SADS) [42] at baseline and follow-up 1. At follow-up 2, participants were
interviewed, using the Structured Clinical Interview for DSM-5 (SCID) [43]
(additional details outlined in Carey et al. [44]). The psychosis section of
K-SADS and the SCID were supplemented by additional questions from the
SOCRATES instrument, which was devised to systematically assess the
presence of PE in youth populations [45]. Additional symptom data was
collected at baseline and follow-up 2 using the Structured Interview for
psychosis-risk syndromes (SIPS) [46]. Parents/guardians were not inter-
viewed for follow-ups 1 and 2. All interviews were reviewed by a consensus

committee (two psychiatrists and a psychologist) in order to confirm PE
classification at each timepoint (further details in Supplementary Material).
Data were also collected for factors strongly associated with PE and

psychosis, and which have also been implicated in hippocampal
abnormalities in the general population and in psychiatric populations
other than psychosis [47, 48]. As part of the K-SADS at the baseline
assessment, childhood adversity data was collected and treated as a
dichotomous variable (i.e. yes/no childhood adversity reported) (details in
Supplementary Material). During the final assessment, lifetime DSM 5
diagnoses (excluding simple phobias) were recorded, and also treated as a
dichotomous variable (i.e. yes/no DSM 5 diagnosis reported). Data relating
to lifetime DSM 5 diagnoses were only available for participants that
returned for the interview at follow-up 2 (PE= 20, controls= 22) (break-
down of diagnoses in the Supplementary Material).

Structural MRI data acquisition
Whole-brain sMRI data were acquired for each participant using the same
3 T magnetic resonance imaging system (Philips Achieva, Philips Medical
Systems Netherland BV), in Trinity College Institute of Neuroscience,
Dublin. High resolution T1 weighted images were acquired with a fast field
echo 3-D transverse sequence, using the following parameters:
TE/TR= 8.4/3.9 ms; flip angle= 8°; 256 × 256 matrix; 180 × 0.9 mm slices;
FoV= 230. Scan duration was 5:44min.

Pre-processing of structural data
Hippocampal reconstruction, and volumetric segmentation and parcella-
tion was performed with the FreeSurfer image analysis suite version 6.0
and developmental toolbox for longitudinal analysis features (http://
surfer.nmr.mgh.harvard.edu/). The technical details of these procedures are
described in previous publications [49]. The FreeSurfer hippocampal
subfield longitudinal processing stream was used to extract reliable
longitudinal volumes and thickness estimates [50]. Systematic inspection
of the data included visual inspection of the images, quality control of the
imaging data following the ENIGMA Consortium Imaging Protocols
(https://enigma.ini.usc.edu/protocols/imaging-protocols/), and outlier iden-
tification. Outliers were defined using the 1st and 3rd Quartiles (Q1 and
Q3) and the interquartile range (IQR), where volumes that fell below
Q1− 1.5 IQR or above Q3+ 1.5 IQR were considered extreme outliers.
Outlier detection identified three participants, one with observable
structural abnormalities (a PE participant), and two whose data was
corrupted during the acquisition step (one PE participant, and one control
participant). All three participants identified through outlier detection were
removed.

Statistical analysis
All statistical analyses were performed using R 4.0.2 [51], and the lme4
v1.1.23 package [52]. Bilateral hippocampal subfields of interest (ROIs) were
based on the protocols of previous studies [17, 24, 34]. These subfields
were as follows: subiculum, presubiculum, CA1, CA2/CA3, CA4/DG.
In subfield analyses, the CA4 is included in the DG region, as it is

considered functionally part of the DG structure [53]. Similarly, the small
CA2 region is combined with CA3 in subfield analyses, due to the difficulty
in distinguishing the two [49, 54].
Our statistical approach follows our previous procedure [12]. Briefly,

linear mixed effects modelling (LME) was used for analysis of all the
longitudinal volumetric data, with separate models computed for each ROI.
LME methods were chosen as they allow the inclusion of participants with
missing data points, and varying intervals between measurements, and
because they combine the components of fixed effects, random effects
and repeated-measures within a single model [55, 56].
In the current study, fixed effects of interest were group and interactions

between Group × Time. Fixed effects covariates were intracranial volume
(ICV), time (in months since baseline), age (in months) at baseline, gender
and handedness. DSM 5 lifetime diagnosis was also included as a fixed
effect, as a significant difference was observed between the groups for this
variable (see Results: Demographics; and Table 1). As no significant
differences were observed for adversity at baseline (see Results:
Demographics; and Table 1), this was not included in the models.
Subjects were treated as random effects, to account for within person

correlations (in brain volumes) inherent in longitudinal analyses, and
individual variations including random intercept (e.g. normal volumetric
differences in the ROI at baseline) and random slope (e.g. normal variations
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in individual rates of change). Age at baseline, age at scan and ICV were
mean centred for the analysis.
Top-down model selection followed an established protocol [56]. This

involved fitting a forced entry model with the greatest number of fixed
effects and random effects (full model), which are then removed in a
backwards fashion. Likelihood ratio tests and Akaike Information Criterion
Corrected (AICc) were used to compare models and determine best fit for
each ROI. False discovery rate (FDR) procedures were used to correct for
multiple ROI comparisons [57].

Symptoms
For any subfields that displayed significant uncorrected differences
between the PE and control groups, any overall associations between
subfield volume and total SIPS scores in the PE group were also explored
via linear mixed effects models (using the same approach outlined above).

Additional analyses
Additional demographic analyses exploring group differences relating to
sampling, selection, attrition biases and multicollinearity are reported in
the Supplementary Material.

RESULTS
Demographics
Participant demographic information is summarised in Table 1.
Mean age at baseline (BL) was 167.56 months (14 years;
SD= 14.45 months) in the PE group and 170.64 months (14.2
years; SD= 16.6 months) in the control group. Mean age at
Follow-up 1 (FU1) was 193.25 months (SD= 14.89 months)/16.1
years (PE) and 195.72 months (SD= 17.35 months)/16.31 years
(controls). Mean age at second follow-up (FU2) was 237.1 months
(SD= 18.45 months)/19.76 years (PE) and 244.86 months
(SD= 21.58 months)/20.4 years (controls). All participants were
antipsychotic naïve across all timepoints. At baseline, none of the
78 included participants were taking psychiatric medications. By
the final follow-up, three participants reported taking anti-

depressant medications. All three of these participants were in
the PE group. Of the 33 participants who met the criteria for PE at
some point, 20 participants met the criteria for a PE at one
timepoint, 6 participants met the criteria at two timepoints, and 7
participants met the criteria at three timepoints. In the PE group, 7
participants had one scan, 10 had two scans and 16 had three
scans. In the control group, 11 participants had one scan, 16 had
two scans and 18 had three scans. There were no significant
differences between the groups in terms of number of scans, age
at BL, FU1 or FU2, handedness, socioeconomic status, or adversity
at baseline. Significantly more of the PE participants were male
(p= 0.033). Significantly more of the PE participants had received
a DSM5 diagnosis at some point in their lives than the control
group (p= 0.001).

Model selection process
Random effects structure. The model including slope was not
found to be appropriate for any of the volumes. Thus, for all the
bilateral hippocampal subfields, only the intercept was included in
the random effects structure.

Fixed effects structure. The full model (including all higher order
fixed effects of interest) was found to be most appropriate
(significantly better than the null model), and subsequently fitted
for the right CA1 and CA2/3 subfields. The reduced model (no
interaction effect, i.e. excluding Group × Time) was found to be
most appropriate for the left presubiculum and right subiculum
volumes. For all other volumes, the null model was most
appropriate, indicating no significant effects on volume due to
the fixed measures of interest.

Between group differences
The significant mixed model analyses results for the covariates of
interest are shown in Table 2 (full table for all covariates are
displayed in the Supplementary material, Table S4).

Table 1. Participant socio-demographic information.

PE (n= 33) Controls (n= 45) Statistics 95% CI

Mean (SD)

Number of scans 2.27 (0.8)
1 scan: 7
2 scans: 10
3 scans: 16

2.15 (0.8)
1 scan: 11
2 scans: 16
3 scans: 18

p= 0.52 (−0.48; 0.25)

Age in months at BL 167.56 (14.45) 170.64 (16.6) p= 0.4 (−4.17; 10.33)

Age in months at FU1 193.25 (14.89) 195.72 (17.35) p= 0.58 (−6.55; 11.5)

Age in months at FU2 237.1 (18.45) 244.86 (21.58) p= 0.22 (−4.82; 20.35)

Gender (%male) 66.7 42.2 p= 0.033a (0.02; 0.47)

Handedness (%right) 97 88.9 p= 0.26 (−0.046; 0.17)

Socioeconomic status 2.2 (0.96) 2.17 (0.91) X2= 0.038, p= 1

Adversity at BL (%yes) 66.7 46.7 p= 0.079 (−0.42; 0.024)

DSM5 diagnosis ever* (%yes) (n= 25)
76

(n= 23)
30.4

p= 0.001a (−0.72; −0.19)

SIPS scores* (n= 25)
BL: 27.24 (13.45)
FU2: 30.62 (16.06)

(n= 23)
BL: 4.86 (4.21)
FU2: 16.32 (6.35)

BL: p < 0.001
FU2: p < 0.001

BL: (−28.45; −16.29)
FU2: (−28.71; −16.03)

PE recurrence across timepoints 1 timepoint: 20
2 timepoints: 6
3 timepoints: 7

N/A

Socioeconomic status was established via highest parental occupation level, categorised as follows: 1= professional work, 2=managerial and technical work,
3= nonmanual work, 4= skilled manual work, 5= semiskilled work, 6= unskilled work, 7= unemployed. PE psychotic experiences group, SD standard
deviation, SIPS structured interview for psychosis-risk syndromes.
aSignificant p value.
*Sample limited to those who attended follow-up 2.
DSM5 diagnosis ever data were only available for those participants who returned at FU2 (PE= 25, controls= 20).
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Before correction, the right CA1 and CA2/3 subfields displayed
significant Group × Time interactions (CA1: p= 0.043, FDR
p= 0.21, cohen’s d=−0.61; CA2/3: p= 0.013, FDR p= 0.065,
cohen’s d=−0.79). This effect was such that for both subfields,
the volume increased in the control group, and decreased in the
PE group (Figs. 1 and 2). Neither of these effects survived
correction, although the CA2/3 interaction effect had a large effect
size, and was approaching significance.
In terms of group effects (regardless of time), the PE group

displayed smaller right subiculum volumes (p= 0.039, FDR= 0.19,
cohen’s d=−0.52) (Fig. 3); and smaller left presubiculum volumes
(p= 0.021, FDR p= 0.1, cohen’s d=−0.59) (Fig. 4). Neither of
these effects survived correction.
No significant differences were observed for any of the other

subfields (i.e. right presubiculum, left subiculum, bilateral CA4/
DG).

Symptoms
None of the subfields identified in the between groups analyses
were significantly associated with SIPS scores over time. However,
these results should be interpreted with caution, as SIPS data were
only available for the baseline and follow-up 2 timepoints.

DISCUSSION
In this study, we explored the development of the hippocampal
subfields, over 6 years, in young people who report PE. Before FDR
correction, we identified differences in the right CA1 and CA2/3
subfields, where the volumes of both regions decreased over time in
the PE group, compared to an increase over time in the control group.
We also identified reduced volumes in the PE group regardless of
time in the left presubiculum, and in the right subiculum. Although
these differences did not survive correction, the group differences in

Table 2. Results of the mixed effects model analyses for hippocampal subfield volumes in the PE and control participants.

Group Group × time since BL

GM volumes of interest B (SE) t, p B (SE) t, p

L presubiculum −23.69 (10) t=−2.37,
p= 0.021a (FDR= 0.1)

N/A N/A

R CA1 11.08 (21.02) t= 0.53,
p= 0.6

−0.37 (0.18) t=−2.082,
p= 0.043a (FDR= 0.21)

R CA2/3 11.04 (8.64) t= 1.16,
p= 0.25

−0.22 (0.085) t=−2.58,
p= 0.013a (FDR= 0.065b)

R subiculum −24.07 (11.43) t=−2.1,
p= 0.039a (FDR= 0.19)

N/A N/A

PE psychotic experience, L left, R right, B estimate of the fixed effect coefficient, SE standard error, BL baseline, FDR false discovery rate, N/A not applicable—for
left presubiculum and right subiculum, the fitted model did not include the Group × Time interaction effect. FDR-corrected p is reported for variables of
interest significant at the uncorrected level; all other values displayed are uncorrected.
aSignificant p value.
bTrend level effect.
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Fig. 1 Right CA1 development in the participants with and without PE from baseline to follow-up 2. The shaded region shows the 95%
confidence interval. A Group × Time interaction effect was observed, such that right CA1 volume increased in the control group, and remained
relatively stable in the PE group. This effect did not survive false discovery rate correction.

A. O’Neill et al.

4

Translational Psychiatry           (2024) 14:44 



the left presubiculum and right subiculum, and interaction effects for
the right CA1 and right CA2/3 subfields all displayed moderate to
large effect sizes, with the right CA2/3 interaction effect approaching
significance after correction. Given the non-clinical nature of the

sample, any PE related differences between the groups are likely to be
very subtle. The moderate to large effect sizes suggest that the
differences observed here may still have practical significance [58], or
may reach statistical significance in a larger sample [59].
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Fig. 2 Right CA2/3 development in the participants with and without PE from baseline to follow-up 2. The shaded region shows the 95%
confidence interval. A Group × Time interaction effect was observed, such that right CA2/3 volume increased in the control group, and
remained relatively stable in the PE group. This effect did not survive false discovery rate correction.
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median. Lower and upper box boundaries represent the 25th and 75th percentiles, respectively. The vertical extending lines denote the most
extreme values within the 1.5 interquartile range of the 25th and 75th percentile of each group. The error bars represent the 95% confidence
interval. Scatterplot points represent the average volume across time for each participant. A Group effect was observed, with the control
group displaying greater right subiculum volumes compared to the PE group, regardless of time. This effect did not survive false discovery
rate correction.
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Given the findings of previous research that describe reductions
in the CA1 subfield initially, with more widely spread subfield
volumetric reductions as severity of symptoms increases across
the psychosis spectrum (i.e. sub-threshold to chronic)
[17, 19, 24, 34, 38, 39, 60], we predicted that there would be
significant PE related deficits in the CA1 subfield. However, the
differences observed in this cohort were not limited to CA1, with
the strongest effect observed in the right CA2/3 subfield. Indeed,
our findings for the right CA2/3 and subiculum complex were
generally more in line with those of people with a diagnosis of
psychotic disorder, as reviewed by Haukvik et al. [24] and Hu et al.
[34]. Nonetheless, these results are not entirely unprecedented, as
reduced CA2/3 and CA1 volumes have also been observed in
individuals at ultra-high-risk for psychosis [61]. Furthermore, lower
presubiculum volumes have been associated with higher resting
cortisol levels in clinical high risk for psychosis and first episode
psychosis [62, 63], suggesting an early stress related role for the
subiculum complex in psychosis. Overall, these findings support
those of our previous investigation of adolescent global grey
matter structures which only identified PE related differences in
the right hippocampus [12]. Building on these findings, the lack of
significant FDR corrected differences within the subfields inves-
tigated here may alternatively indicate that PE related differences
are diffused across the hippocampus, rather than specific to any
one area. Following this perspective, within subfield differences
may be too subtle to survive correction in isolation, but
cumulatively they are observable.
The hippocampus is known to play a critical role in memory,

with memory impairments during the premorbid phase argued
to be predictive of future transition to psychosis [64]. However,
the specific role of the hippocampus subfields in psychosis is not
yet clearly understood. One potential hypothesis suggests that
glutamate dysregulation in the CA1 subfield leads to hyper-
activity in the hippocampus complex, eliciting attenuated
psychotic symptoms [39]. Following this argument, in indivi-
duals for whom symptoms persist into chronic illness, the initial

CA1 dysfunction is succeeded by the spread of dysfunction
across further subfields in the hippocampus [19, 38, 39, 60].
Another possibly complementary theory considers the specific
role of the CA3 subfield in memory, suggesting that abnormal
CA3 neuronal activity may underlie exaggerated pattern
completion during memory processing. This in turn may
contribute to poor discrimination and incorrect association of
memories, ultimately laying a foundation for psychotic symp-
toms [65, 66]. In individuals with psychosis, the subiculum
complex volume has been associated positively with metacog-
nition (i.e. thinking about thinking) [67], and negatively with
over-confidence [68]. Combined with a potential role in episodic
memory, subiculum complex deficits may contribute to poor
insight and inaccurate error monitoring across the psychosis
spectrum [60, 67, 68].
A potential explanation for the subfield growth trajectories

observed in the PE group is that they are underpinned by a
developmental delay. This is supported by neurocognitive
findings in psychosis spectrum young people, which show
significant developmental lags in domains including complex
cognition and social cognition [69], and by our previous finding of
PE related delays in the widespread development of functional
connectivity during adolescence [70]. Such developmental delays
may result from, for example, disordered synaptic pruning and
grey matter maturation during adolescence, in line with the neural
efficiency threshold model [71]. In keeping with this theory, in the
current study, a decrease in hippocampal volumes was observed
in the PE group over time, in contrast with the control group and
typical hippocampal development observed during adolescence
[72].
It is notable that there was a lack of association between the

symptoms data and the subfield volumes in the current study.
Although the symptom data was limited here to total scores,
similar findings have also been noted in previous studies in first
episode psychosis [73]. This may reflect the subtlety of the
volumetric differences in these samples.

Fig. 4 Box-plot left presubiculum volume in participants with and without PE. The horizontal line inside the boxes represents the median.
Lower and upper box boundaries represent the 25th and 75th percentiles, respectively. The vertical extending lines denote the most extreme
values within the 1.5 interquartile range of the 25th and 75th percentile of each group. The error bars represent the 95% confidence interval.
Scatterplot points represent the average volume across time for each participant. A Group effect was observed, with the control group
displaying greater left presubiculum volumes compared to the PE group, regardless of time. This effect did not survive false discovery rate
correction.
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What differentiates those for whom symptoms persist, and
those whose experiences are transient remains unclear. A recent
meta-analysis of whole hippocampal volumetric studies identified
no significant effect of whole hippocampal volume on transition
risk, although right hippocampal volumes appeared to predict
transition at the trend level [33]. Studies of hippocampal subfields
largely agree that CA1 is implicated to some extent in conversion
to psychosis [24, 34]. This agreement diverges regarding the
timing of these CA1 abnormalities; i.e. whether they are present
at baseline [17, 37], or only observable after conversion [19, 36].
Indeed, in non-clinical populations who report psychotic experi-
ences, underlying mechanisms indicating healthy functioning
may be more apparent in other dimensions, e.g. adaptive
integration of experiences [74]. A recent qualitative study
involving a separate subset of the ABD cohort found that
individuals’ appraisals of their psychotic experiences greatly
influenced how pathological these experiences were [75]. Due
to the moderate numbers of participants who experienced PE
recurrence in this cohort, it was not possible to conduct analyses
comparing transient vs persistent PE, or rates of transition to
psychosis in adulthood. Future studies of PE should explore
neurophysiological differences in relation to additional subjective
features which may indicate the healthy expression of psychotic
experiences.
A potential limitation of the study is the restricted data relating

to symptom severity over time, lifetime DSM-5 diagnoses, and
childhood adversity (symptom severity and DSM-5 diagnoses
data were only available for participants who took part in follow-
up 2, and childhood adversity data were only collected at
baseline). While no significant effects were observed for the
subfields and these covariates, it is possible that this approach
could overlook associations between the covariates, brain
morphology and PE. Additionally, the reconceptualization of
psychotic disorders as occurring on a spectrum, similar to those
spectrum phenotypes covering autism and addiction, is becom-
ing more accepted [76]. In the current study, the categorisation of
weak/strong PEs from the original protocol (details in the
Supplementary Material) limits the implementation of a spectral
analysis of this sort. The “weak” category represents experiences
not convincing enough to be classified as a definite psychotic
experience. Participants classified as having only “weak” PE were
excluded from the analysis, as their inclusion could lead to
misleading results owing to mislabelling of non-PEs. In the future,
more nuanced approaches to categorisation of experiences
should be considered, to better represent the spectrum of
experiences.
The findings are strengthened by the use of LME statistics,

which allows the inclusion of all valid participant datapoints (i.e. all
valid participants were included, regardless of whether they
attended all timepoints). Additionally, none of the participants
were receiving antipsychotic treatment. This is a key strength, as
few studies have explored the potentially confounding effects of
antipsychotic medications [24, 34]. Further methodological
strengths include the population-based youth sample, the
consensus-based criteria for PEs, the well-matched control
participants, the neuroimaging data all being acquired from the
same scanner, and the use of the FreeSurfer longitudinal
processing stream. However, despite it being frequently used,
the accuracy of the version of Freesurfer used has been
questioned [24, 77], and as such, future studies should take this
into consideration.
Overall, the findings from the current study emphasise the

importance of the hippocampus across the psychosis spectrum.
These findings add novel insights into the hippocampal subfield
volumetry underlying psychosis symptomology, and further may
implicate the CA1 and CA2/3 subfields as part of the core
substrates underlying psychosis pathophysiology.
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