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Introduction: Converging evidence suggests that hippocam-
pal subregions subserve different functions, and are differ-
entially affected by psychosis illness progression. Despite 
this fact, studies have not often studied subregions cross-
sectionally across the psychosis spectrum. Furthermore, lit-
tle is known about associations between subregion volumes 
and hippocampus-mediated cognition. Methods: A total of 
222 participants (61 ultra high risk [UHR], 91 schizophre-
nia [SCZ], and 70 healthy volunteers) underwent a 3T MRI 
scan, as well as structured clinical interviews and a cognitive 
battery. Hippocampal subfield analysis was conducted with 
Freesurfer. We compared subregion volumes across groups, 
controlling for age, gender, and intracranial volume. We also 
examined associations in the UHR and SCZ groups between 
hippocampal subregion volumes and verbal learning, visual 
learning, and working memory. Results: We found a dose-
dependent relationship such that the SCZ group showed sig-
nificantly greater subfield volume reductions than the UHR 
group, which in turn showed significantly greater subfield 
volume reductions than the healthy volunteer group. We also 
found associations between subregion volume and cogni-
tive performance in the visual memory, verbal memory, and 
working memory domains. Discussion: Our study examined 
hippocampal subregion volumes cross-sectionally in a large 
sample across the psychosis spectrum, as well as links with 
hippocampus-mediated cognitive function. Our findings sug-
gest that hippocampal abnormalities emerge before first psy-
chosis episode onset, and may be etiologically informative.

Key words:  hippocampal subregions/psychosis 
spectrum/medial-temporal function/cognition

Introduction

The hippocampus modulates a range of functions  
including emotion, stress regulation, memory, and cog-
nition.1 Given these roles, and the structure’s unique 

susceptibility to environmental insults and stressors,1–6 it 
is perhaps unsurprising that it has been widely hypoth-
esized and reported to be altered in psychotic disor-
ders,7–9: lower hippocampus volume is among the most 
consistently reported imaging findings in schizophrenia 
(SCZ).8,10–12 However, less is known about the pathogenic 
role that hippocampal abnormalities might play in the 
early progression of illness, or how this might relate to 
changes in cognitive function that characterize the prod-
romal (UHR) period, immediately preceding onset.

Previous studies have indicated that hippocampal 
abnormalities may be present in those at clinical and  
genetic high risk for developing SCZ, and that these may 
be predictive of illness progression.13–16 Despite this fact,  
recent meta analyses have converged on the consensus that 
there may not be overall volume differences between high 
risk and healthy volunteer (HV) groups.7,17–22 However, 
the literature in this area has been mixed, with some stud-
ies reporting smaller hippocampal volume16,23,24 and oth-
ers larger volumes in these groups.25,26 Importantly, many 
questions also remain regarding the timing of hippo-
campal abnormalities across the progression to psycho-
sis: as noted, some studies report smaller hippocampal 
volumes prior to psychosis onset,16,23,24 while others find 
hippocampal volume alterations only after first psychotic 
episode onset7,25,27 and yet others report no differences 
between SCZ and healthy volunteer groups.28,29

Compelling evidence suggests that more fine-
grained analyses of subregion volumes or shape may 
be more sensitive to group differences than gross vol-
umetric approaches,30 which may miss subtle devel-
opmental changes affecting different regions of the 
structure.8,19,21,31–33 Multiple landmark studies suggest that 
distinct areas within the hippocampus serve divergent 
functions, and are differentially affected by environmen-
tal and neuromaturational factors, as well as by psycho-
sis illness progression.8,28,30,33–35 Several past groups have 
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likewise found associations between abnormal hippo-
campal morphometry, asymmetry, and psychosis illness 
progression.7,28 A  set of promising recent studies have 
compared hippocampal subregion volumes in psychotic 
disorders,36 and, more recently, hippocampal subregions 
and illness progression within individuals at high risk of 
developing psychosis.18

Thus, examining hippocampal subregions instead of 
studying the structure as a homogenous entity offers a 
promising avenue to clarifying questions about how it is 
affected during an important pathogenic period. Further, 
a cross-sectional approach would aid in isolating etio-
logical factors from medication-mediated changes,37 and 
benefit power relative to longitudinal high-risk studies 
which rely on comparisons with significantly smaller con-
verting subsamples.18 Cross-sectional studies comparing 
hippocampal subregions between UHR for psychosis, 
psychosis, and volunteer groups are needed in order to 
better understand psychosis progression.

Declarative memory, mediated by medial temporal struc-
tures, is among the most consistently impaired functions in 
SCZ.9,38 Cognitive domains heavily implicated in groups 
with SCZ and unaffected siblings include verbal memory, 
visual memory, processing speed, and working memory.38 
In the prodrome, studies suggest that memory impairments 
predict likelihood of converting to a psychotic disorder.9 
Examining relationships between specific subregions and 
cognitive domains is essential given that these subregions 
have divergent functions crucial for learning and memory, 
and are differentially affected by psychosis.34–37 For exam-
ple, studies suggest SCZ populations exhibit reduced neu-
rogenesis and glutamate transmission in the dentate gyrus, 
potentially impairing its function of fostering orthogonal-
ization of hippocampal representations of similar but dis-
tinct events.8 Further, studies suggest this population may 
exhibit plasticity changes associated with long-term poten-
tiation within CA3 specifically, which may ultimately lead 
to an enhanced production of incorrect/illogical associa-
tions.34 Some groups37 have begun to examine relationships 
between hippocampal subregion volumes and declarative 
memory, but these have lacked comparisons of more spe-
cific cognitive domains, as well as comparisons in groups at 
different stages of illness progression.

In the present study, we examine hippocampal subre-
gion volumes cross-sectionally in a large sample across 
the psychosis spectrum, and examine links with hippo-
campus-mediated cognitive function. Given the func-
tional specificity of the subregions,34 we predict that the 
CA2/3 and CA4/dentate gyrus regions will be particularly 
affected in a dose–response fashion, with healthy volun-
teers having significantly larger volumes than the UHR 
group, which will in turn be significantly less affected 
than the SCZ group. In addition, we predict that these 
regions will be associated with hippocampus-mediated 
cognition, specifically in the visual learning, verbal learn-
ing, and working memory domains.9,33

Methods

Participants

Our sample contained 222 subjects comprising groups 
of  70 HV, 61 UHR, and 91 SCZ. Participants were 
recruited as part of  an ongoing collaboration between 
the Intermountain Neuroimaging Consortium sites 
at the University of  Colorado Boulder and the Mind 
Research Network (Albuquerque, New Mexico). All 
procedures were reviewed and approved by the local  
institutional review board at each institution. In accord-
ance with HIPAA, subject identifiable information was 
only shared among team members listed on the IRB 
protocol. Participants 18  years old or older gave writ-
ten consent to participate. A parent gave written consent 
for participants younger than 18 years of  age, who gave 
written assent as well. The Colorado sample comprised 
our HV (n = 70) and UHR (n = 61) samples. Adolescent 
and young adult HV and UHR subjects were recruited 
to the University of  Colorado Boulder’s Adolescent 
Development and Preventive Treatment (ADAPT) 
research program. Exclusion criteria included head 
injury, presence of  a neurological disorder, lifetime sub-
stance dependence, and the presence of  any contraindi-
cation to the magnetic resonance imaging environment. 
The presence or lifetime history of  an Axis I psychotic 
disorder were exclusion criteria for UHR participants. 
Exclusion criteria for healthy volunteers included pres-
ence of  a psychotic disorder in a first-degree relative. 
SCZ patients (n  =  91) were recruited as part of  the 
Mind Research Network COBRE ongoing study based 
in Albuquerque, New Mexico. Patients were recruited 
from inpatient and outpatient psychiatric clinics, group 
homes, referrals from physicians, and advertisements. 
Patients met criteria for SCZ based on the Structured 
Clinical Interview for DSM-IV Axis I disorders (SCID)39 
and were confirmed by review of the case file. Exclusion 
criteria for SCZ patients included head injury, presence 
of  a neurological disorder, and the presence of  any con-
traindication to the magnetic resonance imaging envi-
ronment. In our SCZ sample, patients self-reported an 
average of  16.6  years since their first psychotic symp-
tom emerged to the date of  assessment. For our UHR 
sample, the average was 14.1  days between prodromal 
diagnoses during clinical assessment and the MRI scan. 
Of our initial sample, 4 HV, 11 UHR, and 15 SCZ were 
excluded from analyses due to inability to appropriately 
and successfully normalize and segment their neuro-
imaging scans (see below for imaging data processing). 
Medication status for SCZ and UHR was collected dur-
ing the clinical interview; see table 1 for calculated chlor-
promazine equivalent doses (CPZ)40 and percentage of 
subjects on antipsychotics. For those in the SCZ sample 
who were on antipsychotics (92%), 87.0% were on atyp-
ical antipsychotics and 15.4% were on typical antipsy-
chotics; of  the typical antipsychotics, 9 (10.7%) were on 
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haloperidol, 2 (2.2%) were on perphenazine, and 2 (2.4%) 
were on fluphenazine. Of the atypical antipsychotics 
for our SCZ sample, 17 (20.2%) were on olanzapine, 7 
(8.3%) were on quetiapine, 5 (6.0% were on ziprasidone, 
16 (19.0%) were on clozapine, 14 (16.7%) were on aripip-
razole, and 33 (39.3%) were on risperidone. Of our UHR 
subjects who were on antipsychotics (13%), all were on 
atypical antipsychotics, with 2 (25.0%) on aripiprazole, 
3 (37.5%) on risperidone, 1 (12.5%) on quetiapine, and 2 
(25.0%) on lurasidone.

Clinical Assessments

All subjects were administered the Structured Clinical 
Interview for DSM-IV Axis I  disorders (SCID).39 The 
SCID was administered to diagnose psychosis disorder 
in the SCZ group, and to rule out a psychosis diagnosis 
for the UHR and HV groups, as well as to assess his-
tory of mood and anxiety disorders. For the SCZ group, 
symptom ratings were completed using the Positive and 
Negative Syndrome Scale (PANSS).41 The Structured 
Interview for Prodromal Syndromes (SIPS) was adminis-
tered to UHR and HV participants in order to diagnose 
UHR subjects and rule out symptoms in healthy volun-
teers.42 Total sum scores for positive and negative symp-
toms are summarized in table 1.

Structural Imaging

Magnetic resonance imaging scans were acquired in both 
locations using matching parameters, with a 3-Tesla 

Siemens Tim Trio magnetic resonance imaging scan-
ner (Siemens Healthineers, Erlangen, Germany) and a 
standard 12-channel head coil. This arrangement is part 
of a consortium between the Mind Research Network 
and University of Colorado Boulder, designed to facil-
itate multimodal imaging projects but adopting identi-
cal sequences, as well as careful between site reliability 
maintenance. Boulder scanner set up and quality testing 
was directed by New Mexico where the COBRE data 
were collected. Quality control scans were run daily and 
weekly in an identical manner following the exact same 
protocol, at both sites. Structural images were collected 
with a T1-weighted 3D magnetization prepared rapid 
gradient multi-echo sequence (sagittal plane; repeti-
tion time (TR) = 2530 ms; echo times (TE) = 1.64, 3.5, 
5.36, 7.22, and 9.08 ms; GRAPPA parallel imaging fac-
tor of 2; 1 mm3 isomorphic voxels, 192 interleaved slices; 
FOV = 256 mm; flip angle = 7°, time = 6:03 min). A T2 
weighted acquisition (axial oblique aligned with anterior 
commissure-posterior commissure line; TR  =  3720  ms; 
TE = 89 ms; GRAPPA parallel imaging factor 2; 0.9 mm 
× 0.9  mm voxels; FOV  =  240  mm; flip angle: 120°; 77 
interleaved 1.5 mm slices; time = 5:14) was acquired in 
order to check for incidental pathology, whereby MRI 
technologists identified potential image quality issues, 
and forwarded images of concern to radiologists for a for-
mal review. Data acquired at the Mind Research Network 
were downloaded from the Collaborative Informatics and 
Neuroimaging Suite data exchange tool (COINS; http://
coins.mrn.org/dx43).

Table 1. Demographics by Diagnostic Group

HV (1) (n = 70) UHR (2) (n = 61) SCZ (3) (n = 91) Group Diff.

Demographics
 Gender 44% male 61% male 84% male 3 > 1, 2; 1 = 2
 Age 18.3 (2.7) 18.7 (1.8) 38.3 (14) 3 > 1, 2*; 1 = 2
 % on antipsychotics, CPZ 0% (0) 13%, 118 mg (65 mg) 92%, 382 mg (321 mg) 3 > 2 > 1*
Cognition
 Working memorya 54 (8.4) 53 (7.6) 38 (12.3) 3 < 1, 2*; 1 = 2
 Verbal learningb 50 (8.7) 51 (10.6) 38 (8.4) 3 < 1, 2*; 1 = 2
 Visual learningc 54 (7.8) 54 (8.2) 38 (12.3) 3 < 1, 2*; 1 = 2
 IQ 107 (14.9) d 111 (12.7) d 99 (17.6)e 3 < 1, 2*; 1 = 2
Hippocampus volume, mm3

 Left 4286 (509) 4261 (442) 3736 (480) 3 < 1, 2*; 1 = 2
 Right 4375 (495) 4337 (372) 3842 (528) 3 < 1, 2*; 1 = 2
Symptoms
 Positive — 13 (3.9)f 15.31 (4.9)g —
 Negative 11 (6.8)f 15 (5)g

Note: Mean (SD), 3 = schizophrenia (SCZ), 2 = UHR, 1 = HV. CPZ, chlorpromazine equivalent dose.
aMATRICS working memory domain t score.
bMATRICS verbal learning domain t score.
cMATRICS visual learning domain t score.
dEstimated by WRAT (Wide Range Achievement Test).
eEstimated by WASI (Wechsler Abbreviated Scale of Intelligence) composite score.
fMeasured by SIPS battery.
gMeasured by PANNS battery.
*P < .05.

http://coins.mrn.org/dx
http://coins.mrn.org/dx
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Consistent with earlier studies examining hippo-
campal subregions in psychosis,18,36,37 we processed 
our data using the 5.3 FreeSurfer software. Recent 
studies have confirmed the transplatform reliability 
across versions for this study’s subregions of  interest.44 
After processing and quality checking the structural 
images, hippocampal subregion segmentation was car-
ried out using the FreeSurfer 5.3 software package.45 
The FreeSurfer 5.3 hippocampal subregion segmen-
tation package uses a Bayesian probabilistic model, 
and has been validated against manual morphometric 
measurements of  ultra-high-resolution magnetic res-
onance imaging scans. Extracted volumes include 
CA1, 2/3, 4/dentate gyrus, presubiculum, subiculum, 
hippocampal fissure, and fimbria. Voxel subregion 
measurements were made on images interpolated to 
0.5 × 0.5 × 0.5 mm3.

Cognitive Battery

All groups completed the Measurement and Treatment 
Research to Improve Cognition in Schizophrenia 
(MATRICS) Consensus Cognitive Battery (MCCB).46 To 
limit the number of comparisons, we focused on cognitive 
domains most relevant to hippocampal function including 
performance in the visual learning, verbal learning, and 
working memory domains. Performance was converted 
to a t score for use in analyses. We examined relation-
ships between subregion volumes and MATRICS battery 
working memory, visual learning, and verbal learning do-
main scores in the UHR and SCZ groups using partial 
correlations controlling for age, gender, and intracranial 
volume (ICV).

Statistical Analyses

One-way analysis of  variance and chi-square tests, 
when appropriate, were used to test for demographic 
differences between diagnostic groups. To test the  
omnibus effect of  stage of  illness (diagnosis) on sub-
region volumes, we performed a 3  ×  10 mixed model 
repeated measures ANCOVA. We then performed uni-
variate ANCOVAs predicting subregion volumes with 
illness progression stage (HV, UHR, and SCZ groups), 
controlling for ICV, age, and gender. Regions assessed 
included left and right overall hippocampal volume, as 
well as CA1, 2/3, 4/dentate gyrus, presubiculum, and 
subiculum volumes. We did not include the fimbria, hip-
pocampal fissure, and hippocampal tail due to reliability 
concerns in segmenting smaller subregion areas.45 Given 
possible confounding effects of  antipsychotic medica-
tions on brain volumes,47 we examined correlations  
between regional volumes and CPZ equivalents in the 
UHR and SCZ groups. There were no significant corre-
lations in either group (P > .1). Therefore, we presented 
results as originally planned.

Results

Our sample included 222 participants (70 HV, 61 UHR, 
and 91 SCZ; see table 1 for demographics and group dif-
ferences). Preliminary analyses were conducted to deter-
mine if  UHR youth treated with antipsychotics showed 
differences on target variables compared with those not 
on antipsychotics, and no significant differences were 
found. We found group differences in age, gender, anti-
psychotic usage, and ICV (treated as covariates in sub-
sequent analyses). Consistent with the literature9,38 we 
also detected group differences in cognitive performance 
in the MATRICS domain scores for working memory, 
visual learning, and verbal learning, where the healthy 
volunteer group performed better than clinical groups in 
a dose dependent manner (table 1).

Hippocampal Subregions

We found significantly smaller left and right hippocam-
pal volumes in the SCZ group compared with HV and 
UHR groups. The HV and UHR groups did not signifi-
cantly differ in hippocampal volume (table 1). The 3 × 10 
mixed model repeated measures ANCOVA examining the 
omnibus effect with Greenhouse-Geisser correction of 
diagnosis on subregion volume was significant control-
ling for age, gender, and ICV, F(2, 221) = 6.104, P <.001. 
ANCOVAs predicting subregion volumes with group 
(HV, UHR, SCZ), controlling for age, gender, and ICV 
(figure 1), showed significant group effects for right [F(2, 
221) = 11.48, P <.001, partial η2 = .1] but not left CA1 
[F(2, 221) = 1.53, P =  .22, partial η2 =  .01], right [F(2, 
221) = 17.94, P < .001, partial η2 = .14)] and left CA2/3 
[F(2, 221) = 9.18, P < .001, partial η2 = .08], right [F(2, 
221) = 16.82, P < .001, partial η2 = .14] and left CA 4/den-
tate gyrus [(F(2, 221) = 8.98, P < .001, partial η2 = .08], 
right [F(2, 221) = 10.75, P < .001, partial η2 = .09] and 
left presubiculum [F(2, 221)  =  8.75, P < .001, partial 
η2 = .08], and right [F(2, 221) = 11.76, P < .001, partial 
η2  =  .1] and left subiculum volumes [F(2, 221)  =  9.35,  
P < .001, partial η2 = .08].

Post hoc analyses indicated that subregion volumes 
were significantly lower in the UHR group compared 
with the HV group bilaterally for CA1, 2/3, and 4/DG 
(figure  2). Compared with the UHR group, the SCZ 
group exhibited significantly reduced subregion volumes 
bilaterally for CA2/3, 4/DG, presubiculum, and subicu-
lum. Our findings suggest a dose–response relationship 
whereby illness progression is significantly associated 
with lower subregion volumes cross-sectionally, when 
controlling for age, gender, and ICV (figure 2; supplemen-
tary table 1).

Correlations With Cognitive Performance

We examined relationships between subregion vol-
umes and MATRICS battery working memory, visual 

https://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbx160#supplementary-data
https://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbx160#supplementary-data
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learning, and verbal learning domain scores in the UHR 
and SCZ groups, controlling for age, gender, and ICV 
(table 2; figure 3). In the UHR group, we found signifi-
cant positive correlations between bilateral CA2/3, 4/DG 
volume, and visual learning performance. We also found 
significant positive correlations between left CA1 and 
left subiculum volume and visual learning performance, 
as well as left presubiculum volume and working mem-
ory performance. In the SCZ group, we found signifi-
cant positive correlations between right CA2/3 and 4/DG 
and performance for the visual learning, verbal learning, 
and working memory domains. We also found a positive  
association between right CA1 and left CA2/3 and work-
ing memory performance in the SCZ group, as well as a 
positive association between right subiculum and bilateral 

presubiculum volumes and working memory perfor-
mance. The positive association between right CA2/3 and 
4/DG and visual learning performance was found in both 
the UHR and SCZ groups independently (figure  3), as 
well as the association between working memory perfor-
mance and left presubiculum volume.

Discussion

Our study examines hippocampal subregions cross-sec-
tionally according to psychosis illness progression. We 
are also among the first to explore associations of  sub-
region volumes with hippocampus-mediated cognitive 
performance. In regards to subregion volumes, we found 
a dose–response relationship whereby lower subregion 
volumes scaled with psychosis illness stage, even after 
controlling for age, gender, and ICV (figure 2). This was 
the case for all regions of  interest except left CA1. Of  par-
ticular interest is the fact that these findings were driven 
by differences between the HV and UHR group, as well 
as by differences between the UHR and SCZ group. 
That is, subregion volumes tended to be smallest in the 
SCZ group, which showed significantly smaller volumes 
relative to the UHR group, which in turn showed signif-
icant volume differences relative to the HV group. Our 
findings strongly suggest that hippocampal subregion 
abnormalities precede psychosis onset, and are present  
independently of  third variable confounds typical to 
after-psychosis onset studies, such as medication sta-
tus. These findings are consistent with a previous group 
who found lower subregion volumes across schizoaf-
fective, SCZ, and psychotic bipolar disorder groups 
compared with healthy volunteers, with the CA 2/3 
being the most affected.37 They are partially consist-
ent with another group who found larger longitudinal 
reductions in CA1 volume in high risk individuals who 
converted to psychosis and in those whose symptoms 
persisted compared to high risk individuals whose 
symptoms remitted.18

In regards to overall hippocampal volume, con-
sistent with a recent meta-analysis17 we did not find 

Fig. 1. Diagnostic group comparisons of hippocampal subregion volumes (mm3). ** P < .001, ANCOVA comparing across groups 
controlling for age, gender, and intracranial volume. Error bars: ±1 SE.

Fig. 2. Post-hoc comparisons of subregion volumes by diagnostic 
group. *P < .05, **P < .01, controlling for intracranial volume, 
gender, and age; sub, subiculum; 1, healthy volunteer; 2, HR; 3, 
schizophrenia.
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significant differences for overall hippocampus volume 
between the UHR and HV groups, controlling for age, 
gender, and ICV. In line with recent meta-analyses,11,12 
we did find significant overall hippocampal volume 
differences between the SCZ group and the HV/UHR 
groups, with SCZ group having lower volume com-
pared to the UHR and HV groups. These findings lend 
importance to the fact that given the region’s func-
tional specificity, it is essential to look beyond over-
all volume, to further understand which specific areas 
may be differentially affected by illness progression, 
and how this maps on to symptoms and cognition. In 
our study, bilateral CA2/3 as well as CA4 and dentate 
gyrus structures showed significantly lower volumes in 
the UHR sample relative to healthy volunteers, with 
the SCZ sample showing significantly lower volumes 
relative to the UHR sample.

Further, we found that these subregion abnormalities 
were linked to critical functional abnormalities in hippo-
campus-mediated cognition, which is also critically affected 
in psychosis, and therefore highly informative to etiological 
conceptualization.9,38 Of note, we observed positive asso-
ciations in both the SCZ and the UHR groups for the right 
CA2/3 and CA4/dentate gyrus regions across the visual 
memory and working memory domains. This is particu-
larly fascinating given the role of the dentate-CA3 network 
in paired associations with space, spatial pattern separa-
tion, rapid encoding of new contextual memories, and spa-
tial working memory.8,34 Previous studies have implicated 
abnormal CA3 function with exaggerated pattern comple-
tion memory activity and increased experience of incorrect 
or illogical associations, potentially including psychotic 
experiences.8,34 Impaired dentate gyrus function, in turn, is 
associated with impairments in pattern separation during 

Fig. 3. Visual learning performance* and subregion volumes (mm3) by diagnostic group. *t Scores, assessed by MATRICS battery Visual 
Learning Domain.46

Table 2. Cognitive Performance and Subfield Volumes by Diagnostic Group

Subfield
Left  
CA1

Right  
CA1

Left  
CA2/3

Right 
CA2/3

Left  
CA4/DG

Right  
CA4/DG

Left  
Sub

Right  
Sub

Left  
Presub

Right 
Presub

UHR
 Visual learning 0.23* 0.17 0.27* 0.23* 0.25* 0.31** 0.26* 0.04 0.08 0.02
 Verbal learning −0.07 −0.01 0.06 0.1 0.09 0.2 −0.11 −0.18 −0.1 −0.07
 Working memory −0.06 −0.02 −0.1 0.03 −0.01 0.12 0.11 0.17 0.25* 0.002
SCZ
 Visual learning 0.06 0.14 0.04 0.25** 0.01 0.24* 0.09 0.17 0.06 0.07
 Verbal learning 0.1 0.14 0.18 0.23* 0.1 0.23* −0.02 0.16 0.1 0.1
 Working memory 0.16 0.24* 0.19* 0.30** 0.17 0.28** 0.17 0.30** 0.33** 0.30**

Note: Controlling for intracranial volume, age, and gender. SCZ, schizophrenia; sub, subiculum; presub, presubiculum.
*P < .05, **P < .01.
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memory encoding, which may contribute to illusory pattern 
completion and confer a reduced ability to discriminate  
between present and past experiences.8 Our study is 
among the first to draw this functionally relevant link  
between cross-sectional subregion volume abnormali-
ties, and ensuing associations with cognitive function in 
groups with psychosis and high psychosis risk. The pres-
ence of less severe hippocampal subregion abnormalities 
in the UHR group (relative to the SCZ group) that are 
nonetheless associated with visual memory performance 
lends support to the notion that hippocampal subregion 
abnormalities (and their potential cognitive correlates) are 
endogenous to the psychosis spectrum.48 Our findings are 
consistent with a previous group who more broadly exam-
ined overall cognitive function associations with reduced 
subregion volumes.37

A neural diathesis-stress conception of psychosis 
posits that early insult (a first hit) confers a vulnerabil-
ity, which then later interacts with environmental factors 
as well as both normative and pathological adolescent  
development (a second hit), ultimately driving the onset 
of psychosis.49 The hippocampus is central to this theory, 
as it is vulnerable to early insult50–52 and then later, serves 
as a critical nexus between environmental and develop-
mental factors.53,54 Specifically, the structure is chiefly 
involved in the negative feedback system governing the 
biological response to stress,55 as well as in modulating a 
series of high-order cognitive functions.1 It is critical to 
consider the structure and function of the hippocampus 
also is significantly affected by persistent biological 
stress56 and this may confer increased risk and eventually 
psychosis.57 Disruption to hippocampal development in 
the UHR period might leave youth increasingly prone 
to stress, and also confer increasing cognitive deficits, 
thereby impacting skills that would be vital for facing 
an increasingly challenging environment. Our findings 
provide a new perspective on this model, indicating that 
specific hippocampal subregions are affected in the UHR 
period, and are indeed linked with cognitive dysfunction. 
Further, this cycle, wherein the hippocampus continues 
to be putatively affected, and reciprocally drives/main-
tains illness, appears to continue after formal onset. At 
the same time, this study highlights the relevance of pre-
vention and intervention treatments targeting this struc-
ture, which has been shown to be highly amenable to 
neuroplasticity based efforts, such as exercise treatments 
and other interventions targeting lifetime changes.58–60

Although this is the largest subregion study that has 
been done in a high risk sample, future studies would 
benefit from incorporating an even larger sample, yielded 
from ongoing multisite studies and consortium. In addi-
tion, while a great majority of our UHR sample was 
medication free (89%), and we did not find medication 
effects for the UHR or for the SCZ samples, future stud-
ies in medication-naïve populations would be optimal. 
Although age was not of interest to this study’s aim, and 

was therefore controlled for in all analyses, studies mod-
eling age and development in these populations would 
be informative. Given that there have not been any stud-
ies examining relationships with cognition and subre-
gion volume, our correlations were exploratory. Future 
studies should develop directional hypotheses and cor-
rect for multiple comparisons. In addition, our SCZ 
data were collected at a separate site, and although pro-
tocols, scanners, and parameters were identical and we 
did everything we could to maximize between site reli-
ability, it would have been ideal to obtain all data from 
the same site, or conduct mixed groups of patients and 
controls at each site, a matter that future investigations 
could address. Future studies benefiting from improved 
image resolution will also continue to improve the sub-
region analysis approach, as well as translational studies, 
informing our understanding of subregions from animal 
models, and then implementing these findings and emerg-
ing techniques in humans. Finally, it is important to note 
that while cross-sectional studies allow for a well powered 
perspective of brain characteristics across different stages 
(not relying on tracking converters, which typically repre-
sent a small heterogeneous group), the method does not 
characterize individual differences or disease course. As a 
result, we would recommend that future studies incorpo-
rate a mixed approach, including a longitudinal perspec-
tive, both in UHR and in SCZ participants.

Conclusion

We find that subregions of the hippocampus are smaller 
in UHR, even though the hippocampal volume as a whole 
is not significantly smaller than in the healthy volunteer 
group. In the SCZ group, the entire volume was smaller 
than in the UHR and healthy volunteer groups, suggest-
ing additional effects with increasing disease progression. 
We also find associations between specific subregion 
volume and cognitive performance across both clinical 
groups, in the visual memory, verbal memory, and work-
ing memory domains. UHR participants on medications 
(13% of the sample) did not differ significantly on target 
variables compared with UHR participants not on med-
ication. Our findings support the concept that regional 
hippocampal abnormalities emerge before the onset of 
psychosis, are independent of medication effects and 
functionally relevant, and are etiologically informative.
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