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AbsTrACT
Objective psychosis of epilepsy (pOe) occurs more 
frequently in temporal lobe epilepsy, raising the question 
as to whether abnormalities of the hippocampus 
are aetiologically important. Despite decades of 
investigation, it is unclear whether hippocampal volume 
is reduced in pOe, perhaps due to small sample sizes and 
methodological limitations of past research.
Methods In this study, we examined the volume of the 
total hippocampus, and the hippocampal head, body and 
tail, in a large cohort of patients with pOe and patients 
with epilepsy without psychosis (ec). One hundred 
adults participated: 50 with pOe and 50 ec. Total and 
subregional hippocampal volumes were manually traced 
and compared between (1) pOe and ec; (2) pOe with 
temporal lobe epilepsy, extratemporal lobe epilepsy and 
generalised epilepsy; and (3) patients with pOe with 
postictal psychosis (pIp) and interictal psychosis (Ip).
results compared with ec the pOe group had smaller 
total left hippocampus volume (13.5% decrease, 
p<0.001), and smaller left hippocampal body (13.3% 
decrease, p=0.002), and left (41.5% decrease, p<0.001) 
and right (36.4% decrease, p<0.001) hippocampal 
tail volumes. hippocampal head volumes did not differ 
between groups.
Conclusion posterior hippocampal volumes are 
bilaterally reduced in pOe. Volume loss was observed 
on a posteroanterior gradient, with severe decreases 
in the tail and moderate volume decreases in the body, 
with no difference in the hippocampal head. posterior 
hippocampal atrophy is evident to a similar degree in 
pIp and Ip. Our findings converge with those reported for 
the paradigmatic psychotic disorder, schizophrenia, and 
suggest that posterior hippocampal atrophy may serve as 
a biomarker of the risk for psychosis, including in patients 
with epilepsy.

InTrOduCTIOn
There is a higher prevalence of psychosis in patients 
with epilepsy compared with the general popu-
lation.1–7 The risk of psychosis of epilepsy (POE) 
is higher in temporal lobe epilepsy (TLE; 7%) 
compared with epilepsy in general (5.6%).8 This 
increased risk, along with the common occurrence of 
hippocampal sclerosis in TLE,9 has led investigators 
to focus on volume loss in the hippocampus in POE. 
While some studies have identified reduced hippo-
campal volumes in POE,10 11 others have found no 

difference relative to epilepsy controls.12–15 These 
conflicting findings likely reflect small sample 
sizes, methodological limitations and challenges 
in studying this group.16 For example, all studies 
have either included non-hippocampal tissue such 
as the choroid plexus17 or amygdala,10 or excluded 
posterior hippocampal regions11 14 in volumetric 
estimates. No study has separately measured subre-
gions of the hippocampus (head, body and tail) in 
POE.

The hippocampus is a heterogeneous struc-
ture with distinct regional connectivity along its 
longitudinal axis. Animal studies have shown 
that it is organised along a gradient from head 
to tail,18 19 superimposed on discrete functional 
domains20 revealed by gene expression studies.21 
In humans, anterior hippocampal regions show 
stronger connectivity with the anterior mesial 
temporal lobe, whereas posterior regions show 
stronger connectivity with subcortical regions,22 
which are implicated in dopamine regulation.23–25 
Altered dopamine regulation is arguably the 
current leading model of the neuropathogenesis 
of psychosis,26–28 with converging evidence from 
animal and human studies suggesting that the 
hippocampus modulates the ‘gain’ of the dopamine 
signal.23 Atrophy in the posterior relative to the 
anterior hippocampus has been identified in schizo-
phrenia,29 perhaps reflecting abnormal modulation 
of dopamine signalling by the posterior hippo-
campus. Separate measurement of posterior hippo-
campal subregions may thus provide insights into 
the neuropathogenesis of other psychotic disorders, 
including POE.

We retrospectively and prospectively collected 
T1-weighted MRI scans of patients with POE and 
non-psychotic epilepsy controls (EC) from the three 
Comprehensive Epilepsy Programs in Melbourne, 
Australia. Using a protocol that includes 100% of 
hippocampal volume, we systematically measured 
the total hippocampus and the hippocampal head, 
body and tail bilaterally, hypothesising that (1) 
compared with EC patients, patients with POE 
would display significantly smaller hippocampal 
body and tail volumes bilaterally, and (2) there 
would be no significant difference in hippocampal 
head volumes. We also compared hippocampal 
head, body and tail volumes between patients with 
POE with TLE, extratemporal lobe epilepsy (ETLE) 
and genetic generalised epilepsy (GGE) to examine 
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whether volumetric changes were related to the epilepsy 
syndrome or seizure focus. Finally, we compared hippocampal 
head, body and tail volumes between patients with postictal 
psychosis (PIP) and interictal psychosis (IP) to assess whether 
reduced hippocampal volumes differ between these two main 
POE subtypes.

MATErIAls And METhOds
Experimental design
This study comprised retrospective and prospective aspects. 
Retrospectively, in order to identify patients with POE, neuro-
psychiatrists and epileptologists from each site reviewed the files 
of all patients who had been admitted to the centres at The Royal 
Melbourne Hospital, Austin Health and St Vincent‘s Hospital 
Melbourne, between January 1993 and September 2014. Inclu-
sion criteria for the POE group were (1) presence of a psychotic 
disorder and (2) diagnosis of epilepsy based on clinical features 
and scalp videoelectroencephalogram (EEG) recording of 
seizures. The specific relationship between the patient’s epilepsy 
and psychotic disorder was established according to the proposed 
criteria of the International League Against Epilepsy Commission 
on Psychobiology of Epilepsy.30 Accordingly, postictal psychosis 
was defined as a psychotic episode occurring within 7 days of a 
seizure or cluster of seizures, after a lucid interval of no more 
than 48 hours, and lasting no longer than 2 weeks. Interictal 
psychosis was classified as a psychotic episode temporally inde-
pendent of seizures (ie, occurring beyond 7 days). Patients were 
excluded if they (1) had psychogenic non-epileptic seizures; 
(2) experienced psychotic symptoms as part of ictal semiology 
only; (3) had medication (including antiepileptic medication) 
or substance-induced psychoses; (4) had an organic illness (in 
addition to epilepsy) with known psychiatric symptoms; or (5) 
if there was no T1-weighted 1.5T or 3T MRI scan available. 
Fifty-one patients with POE met the inclusion criteria. The char-
acteristics of each scan in the retrospective cohort are presented 
in online supplementary table 1.

Prospectively, patients with POE were identified at the three 
centres between January 2015 and February 2017. The same 
inclusion, exclusion and diagnostic procedures applied. Twelve 
patients with POE were prospectively recruited and scanned on 
a 3T Siemens Trio at the Melbourne Brain Centre, Australia, 
with a T1-weighted magnetisation-prepared rapid gradient echo 
image acquired (TR=1900 ms, inversion time=900 ms, TE=2.6 
ms, acquisition matrix=256×256, flip angle=9, 0.9 mm 
isotropic voxels). Participants with POE were classified as TLE 
or ETLE based on the location of the seizure focus, determined 
by scalp video-EEG and MRI, or as GGE if the EEG showed 
characteristic generalised (bilateral) spike-wave discharges with 
consistent symptoms. All 63 MRI scans were reviewed by JA 
and excluded if scan contrast precluded accurate hippocampal 
tracing. To ensure reliability, a subset of scans (n=6) were also 
independently reviewed by JM, with 100% agreement between 
the two raters regarding exclusion. Thirteen scans were excluded 
due to poor contrast. The final POE group (n=50) comprised 28 
patients with PIP and 22 with IP.

Epilepsy controls were identified via the same file review 
process, and following review for image quality were matched 
as closely as possible to a participant with POE on the following 
variables: age (±5 years), gender, epilepsy syndrome, laterality 
and lesion status on MRI. The inclusion criteria for the EC 
group were (1) a diagnosis of epilepsy based on clinical features 
and scalp video-EEG recording of seizures, and (2) no history of 
psychotic disorder. In order to control for scanner variance, EC 

participants were selected that had been scanned on the same 
MRI scanner as their POE counterpart. A flow diagram of the 
recruitment, screening and matching process is presented in 
figure 1.

MrI analyses
All MRI scans were converted to isotropic, rescaled to 1.00 mm3 
and anonymised to allow blinded hippocampal tracing. Hippo-
campal volumes were traced by JA using Analyze V.12.0 (Brain 
Imaging Resource, Mayo Clinic, Minnesota). Boundaries of 
the hippocampus were defined according to the EADC-ADNI 
Harmonized Protocol for Hippocampal Segmentation, which has 
high measurement reliability31 and captures 100% of hippocampal 
tissue, including the tail.32 Volumes were outlined on consecutive 
coronal slices in a rostral to caudal direction. Segmentation was 
regularly checked in the sagittal and axial planes using three-di-
mensional rotation. The most anterior slice of the hippocampal 
head was where the hippocampus or the alveus first appears below 
the amygdala. The most posterior slice was the last slice where the 
hippocampus appears as a folded structure in the sagittal view, or 
a double-layered structure in the coronal view. The most anterior 
portion of the body was the first slice where the hippocampus 
appears as a single-layered structure in the coronal view. The tail 
was defined as beginning at the opening of the crus of the fornix 
in the coronal view and ending as a small grey matter mass infer-
omedial to the trigone of the lateral ventricle. In patients who had 
undergone anterior temporal lobectomy (POE=5 right, 3 left; 
EC=2 right, 1 left), only the non-surgical side was traced.

To determine intrarater reliability, tracing was repeated 
on five randomly selected scans approximately 6 months 
after initial tracing. Intrarater reliability was assessed using a 
two-way random effects, absolute agreement, average-mea-
sures intraclass correlation coefficient. Intraclass correlation 
coefficients were high: hippocampal head right=0.95, head 
left=0.99; body right=0.94, body left=0.99; tail right=0.88, 
tail left=0.98. Tracing was also performed blind to group by 
a second experienced tracer (JM) on five randomly selected 
scans. Inter-rater reliability was also assessed using a two-way 
random effects, absolute agreement, average-measures intra-
class correlation coefficient. Intraclass correlation coefficients 
were high: total hippocampus right=0.98, total left=0.96; head 
right=0.99, head left=0.93; body right=0.97, body left=0.98; 
tail right=0.98, tail left=0.83.

SPM V.12 (Wellcome Department of Cognitive Neurology, 
UK) was used to calculate cerebrospinal fluid (CSF) volume, 
intracranial volume (ICV; grey matter plus white matter plus 
CSF) and total brain volume (TBV; grey plus white matter). 
Segmentations were visually inspected to ensure the data were 
valid. The whole skull was not within the field of view for 9 
patients with POE and 4 EC participants, and as the intracranial 
and total brain matter volumes could not be calculated in these 
participants they were excluded from those analyses. Patients 
who had undergone surgery were also excluded from calculation 
of ICV and TBV.

demographic and epileptological variables
The POE and EC groups did not differ significantly on any of the 
demographic, epileptological, or ICV and TBV variables (p>0.05 
for all comparisons; table 1), negating the need to enter covariates 
in subsequent analyses.

statistical analyses
Statistical Package for the Social Sciences (SPSS) V.23.0 was 
employed for all analyses. Data were checked for univariate 
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Figure 1 Flow diagram depicting the recruitment, screening and matching process, and scanner characteristics. ah, austin health; ec, non-psychotic 
epilepsy control; MpRaGe, magnetisation-prepared rapid gradient echo; pOe, psychosis of epilepsy; RMh, Royal Melbourne hospital; spGR, spoiled gradient 
echo; sVhM, st Vincent’s hospital Melbourne.

normality, univariate and multivariate outliers, homogeneity of 
covariance matrices, and multicollinearity. Non-parametric tests 
were employed when assumptions of parametric tests were not 
met. Two-tailed independent-samples t-tests were used to compare 
the total hippocampal and segmented head, body and tail volumes 
in POE relative to EC participants. After Bonferroni correction, 
the alpha level was <0.008, with effect sizes reported.33 Although 
subgroup sizes were small, limiting the interpretability of find-
ings, we conducted an exploratory analysis comparing subre-
gional volumes between patients with POE with TLE, ETLE and 
GGE, using the Kruskal-Wallis test. One patient with POE with an 
unclear seizure focus was excluded from this analysis. Total, head, 
body and tail volumes were compared between PIP and IP groups 
using independent-samples t-tests. Finally, in order to examine the 
possible effect of mesial temporal sclerosis on the analysis, paired-
sample t-tests were employed to compare the mean ipsilateral and 

contralateral hippocampal volumes in patients with POE with a 
known seizure focus (n=37, α=0.01).

rEsulTs
Posterior hippocampal volumes are reduced bilaterally in POE
The total mean hippocampal volume was significantly smaller 
in the POE group on the left, t(94)=3.77, p<0.001, d=0.77 
(medium effect, 13.5% decrease). The total mean right hippo-
campal volume was not significantly smaller in the POE group 
after Bonferroni correction, t(91)=2.33, p=0.022, d=0.48 
(small effect, 8.67% decrease). There was no significant differ-
ence between EC and POE groups in mean hippocampal head 
volumes on the left, t(94)=1.22, p=0.225, d=0.24 (small effect, 
5.8% decrease), or right, t(91)=0.18, p=0.856, d=0.03 (0.91 
% increase). Compared with the EC group, the POE group had 
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Table 1 Demographic, epileptological and ICV/TBV characteristics of 
the sample

POE (n=50) EC (n=50)

Age in years (±SD) 39.80 (10.99) 38.64 (10.58)

Range: 18–64 Range: 19–65

Gender, male, n (%) 29 (58) 29 (58)

Epilepsy syndrome, n (%)

  Temporal 36 (72) 37 (74)

  Extratemporal 9 (18) 7 (14)

  Generalised 4 (8) 4 (8)

  Unclear 1 (2) 2 (4)

Side of epilepsy focus, n (%)

  Right 21 (46) 23 (50)

  Left 16 (34) 16 (35)

  Bilateral 6 (13) 5 (11)

  Unclear 3 (7) 2 (4)

Lesion detected on MRI, n (%)

  Lesion positive 30 (60) 23 (46)

  Lesion negative 20 (40) 27 (54)

Duration of epilepsy (±SD) 21.53 (11.9)* 17.80 (12.78)†

Intracranial and brain volume

  ICV (L) 1.42 (0.17) 1.40 (0.15)

  TBV (L) 1.11 (0.11) 1.11 (0.19)

*There were 5 cases of missing data.
†There were 30 cases of missing data.
EC, non-psychotic epilepsy controls; ICV, intracranial volume; POE, psychosis of 
epilepsy; TBV, total brain volume.

a significantly smaller mean left hippocampal body, t(94)=3.22, 
p=0.002, d=0.66 (medium effect, 13.3% decrease); left hippo-
campal tail, t(94)=6.47, p<0.001, d=1.32 (large effect, 41.5% 
decrease); and right hippocampal tail, t(91)=6.47, p<0.001, 
d=1.34 (large effect, 36.4% decrease). The right hippocampal 
body was not significantly smaller in the POE group compared 
with the EC group, t(91)=2.61, p=0.011, d=0.48 (small effect, 
11.2% decrease) after Bonferroni correction. All significant results 
remained significant when patients who had undergone unilateral 
resection of the hippocampus were excluded from the analysis. 
Hippocampal volumes for the POE and EC groups are presented 
in figure 2.

no significant difference in posterior hippocampal volumes in 
patients with POE with TlE, ETlE and GGE
There was no significant difference between patients with POE with 
TLE, ETLE or GGE in the total mean hippocampal volume of the 
left (χ2[2]=1.20, p>0.05, η2=0.02) or right (χ2[2]=0.37, p>0.05, 
η2=0.00) sides, or in the left hippocampal head (χ2[2]=0.76, 
p>0.05, η2=0.00), body (χ2[2]=2.07, p>0.05, η2=0.04) or tail 
(χ2[2]=0.75, p>0.05, η2=0.01), or in the right head (χ2[2]=0.15, 
p>0.05, η2=0.00), body (χ2[2]=1.54, p>0.05, η2=0.03) or tail 
(χ2[2]=1.52, p>0.05, η2=0.03). These negative results are diffi-
cult to interpret given the sample sizes within subgroups; however, 
they may suggest that posterior hippocampal atrophy can occur 
in all epilepsy syndromes. The mean hippocampal volumes in 
patients with POE with TLE, ETLE and GGE are presented in 
online supplementary table 2.

Posterior hippocampal volumes are similarly reduced in PIP 
and IP
There were no significant differences between participants with 
PIP and IP in the total mean volume of the left hippocampus, 
t(47)=0.10, p>0.05, or right hippocampus, t(44)=1.22, 

p>0.05, or in the left hippocampal head, t(47)=0.54, p>0.05, 
body, t(47)=1.12, p>0.05, and tail, t(47)=0.89, p>0.05, or the 
right hippocampal head, t(47)=0.16, p>0.05, body, t(44)=0.35, 
p>0.05, and tail, t(44)=0.71, p>0.05. These results suggest that 
PIP and IP are characterised by similar levels of posterior hippo-
campal atrophy. The mean hippocampal volumes of the PIP and 
IP groups are presented in online supplementary table 3.

Finally, in subjects with POE with a clear side of seizure 
onset (n=37; 31 TLE, 6 ETLE), there was no significant 
difference between the volume of the ipsilateral (M=1509.58, 
SD=389.91) and contralateral hippocampal head (M=1515.62, 
SD=400.22), t(64)=0.06, p>0.01; or the ipsilateral 
(M=1210.51, SD=230.39) and contralateral hippocampal body 
(M=1218.89, SD=247.41), t(64)=0.14, p>0.01; or the ipsilat-
eral (M=228.44, SD=82.42) and contralateral hippocampal tail 
(M=274.51, SD=142.38), t(64)=1.54, p>0.01. These results 
suggest that reduced posterior hippocampal volumes in POE are 
not underpinned by mesial temporal sclerosis in the POE group.

dIsCussIOn
This study found reduced posterior hippocampal volumes in POE 
compared with EC participants. Specifically, the hippocampal 
tail was significantly smaller in POE bilaterally, and the hippo-
campal body was significantly smaller in the POE group on the 
left. The results show bilaterally reduced hippocampal volume 
in POE on a posteroanterior gradient, being most pronounced 
posteriorly, but still present around the level of the body.

This is the first study to compare subregional hippocampal 
volumes between a well-matched cohort of POE and EC patients. 
While some studies have reported reduced hippocampal volumes 
in POE,10 11 sample sizes have been small, with most comprising 
fewer than 20 participants with POE. Moreover, past studies 
either did not capture 100% of the hippocampal tissue, included 
non-hippocampal tissue or both. For example, some protocols 
explicitly included the choroid plexus,17 while others treated 
the hippocampus and amygdala as a single structure.10 In some 
studies, all hippocampal volume beyond the last coronal slice 
on which the uncus is visible was defined as posterior hippo-
campus, although this region includes both the body and the 
tail, which have distinct connectivity patterns.22 In other studies, 
the posterior limit of the tail was drawn where the crus of the 
fornix separates from the fimbria, again excluding a portion of 
the tail.11 14 The striking finding of reduced bilateral posterior 
hippocampal volume in POE is consistent with studies exam-
ining the hippocampus in schizophrenia, where reduced tail 
volumes,29 decreased pyramidal neuronal size34 and density 
reduction35 in the posterior hippocampus have been identi-
fied. When considered in light of this research, the results of 
the present study may suggest an association between poste-
rior hippocampal atrophy and the neuropathogenesis of POE, 
and perhaps psychosis more generally. Nonetheless, 34 of the 
patients with POE were scanned after psychosis onset, 4 prior to 
psychosis onset, with the timing of scanning relative to psychosis 
onset unclear in the remaining 12 POE cases. Because both dura-
tion of psychosis and antipsychotic medication have been linked 
to altered hippocampal volumes in schizophrenia, these factors 
may have impacted on hippocampal volumes in the POE group.

reduced posterior hippocampal volume may be a biomarker 
of increased risk of POE
Posterior hippocampal volumes in patients with POE with TLE 
were not significantly smaller than those with ETLE or GGE. 
While the small numbers of patients in the GGE and ETLE 
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Figure 2 Mean raw hippocampal subregional volumes in the pOe and ec groups. error bars represent seM. *p=0.002, **p<0.001. ec, non-psychotic 
epilepsy control; pOe, psychosis of epilepsy.

subgroups clearly constrain interpretation of this negative 
finding, this may suggest that posterior hippocampal atrophy 
occurs in TLE, and in ETLE and GGE, and may represent a 
biomarker of increased risk of POE in all patients with epilepsy. 
While speculative, this possibility is consistent with a growing 
body of evidence from prevalence studies that challenge the view 
that there is a specific association between TLE and psychopa-
thology in general,36 37 and POE in particular.38 The marginally 
higher prevalence of POE in TLE relative to all other epilepsies 
(7% vs 5.6%)8 may just reflect that TLE is the most commonly 
diagnosed focal epilepsy in epilepsy monitoring units.39 The 
long-held view that TLE carries a higher risk for POE arose 
from studies reporting a higher rate of POE in TLE relative 
to other epilepsies,40–42 as well as early MRI studies showing 
abnormalities in mesial temporal lobe structures of patients 
with schizophrenia, including the hippocampus, amygdala and 
parahippocampal gyrus.43–46 The concept that mesial temporal 
neuropathology may constitute a biomarker for POE led to a 
predominance of studies investigating TLE to the exclusion of 
other types of epilepsy and a focus on mesial temporal struc-
tures, particularly the hippocampus. While our findings are 
supportive of mesial temporal involvement in POE, they do 
not support the perspective that a temporal lobe seizure focus 
underpins volumetric changes in this group. However, the small 

number of patients with GGE and ETLE in our study limits the 
interpretability of this finding.

Are postictal and interictal psychosis neuropathologically 
distinct, or points on a continuum of psychosis severity?
While mean hippocampal volumes were smaller in IP compared 
with patients with PIP in the left hippocampal head and the 
body and tail bilaterally, these differences did not reach statis-
tical significance. This finding is concordant with the only other 
study that compared hippocampal volumes in patients with PIP 
and IP; however, hippocampal subregions were not separately 
measured.14 It may be that future studies with larger sample 
sizes acquiring data at higher image resolution and with more 
advanced methods will identify volumetric differences between 
PIP and IP in the hippocampus. Alternatively, PIP and IP may 
represent points on a continuum of psychosis severity, medi-
ated by interactions between genetic and/or environmental risk 
factors, and structural neurobiological change.26 The suggestion 
of a psychosis continuum in POE is supported by evidence for 
a progression from PIP to IP,47 and research highlighting that 
transitory psychosis in schizophrenia (similar to PIP) can become 
chronic (similar to IP) depending on the degree of exposure to 
environmental risk factors, such as childhood trauma,48 living in 
an urban environment49 and migrant status.50 We suggest that 
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future research investigating differences in brain structure and 
function in PIP and IP incorporate genetic and environmental 
variables in order to determine the role of mediators of POE 
severity along a psychosis continuum.

Limitations of this study include our mix of retrospective and 
prospective recruitment, and the use of multiple MRI scanners. 
Also, many of the scans were acquired at 1.5T, and a higher reso-
lution scan may have resulted in more accurate measurement 
of hippocampal volumes. Nonetheless, scanner variance was 
controlled for by matching participants with POE to EC partici-
pants who had been scanned on the same MRI scanner. Patients 
were also assessed by different epileptologists and psychiatrists 
at the time of initial diagnosis. However, clinical and diagnostic 
information was jointly reviewed by a neuropsychiatrist and 
epileptologist at each site using a standardised approach, thereby 
minimising heterogeneity in the final diagnosis.

COnClusIOn
This study identified bilateral hippocampal volume reduction 
in patients with POE relative to patients with epilepsy without 
psychosis. This reduction is moderate at the level of the body and 
more severe towards the tail. Although the mechanism underpin-
ning reduced posterior hippocampal volume in POE is unclear, 
our primary finding suggests that smaller posterior hippocampal 
volumes may be a risk factor for POE. Our finding that patients 
with PIP and IP display similarly reduced posterior hippocampal 
volume perhaps suggests that posterior hippocampal atrophy 
may be a risk factor for both, and that other developmental, 
neurobiological, genetic or environmental variables mediate the 
severity of psychosis in people with epilepsy.
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