
Molecular Psychiatry (2021) 26:5407–5416
https://doi.org/10.1038/s41380-020-01010-z

ARTICLE

Incomplete hippocampal inversion in schizophrenia: prevalence,
severity, and impact on hippocampal structure

Maxwell J. Roeske 1
● Maureen McHugo 1

● Simon Vandekar2 ● Jennifer Urbano Blackford 1,3
●

Neil D. Woodward1
● Stephan Heckers 1

Received: 5 August 2020 / Revised: 16 December 2020 / Accepted: 17 December 2020 / Published online: 12 January 2021
© The Author(s), under exclusive licence to Springer Nature Limited 2021

Abstract
Incomplete hippocampal inversion (IHI) is an anatomical variant of the human brain resulting from an arrest in brain
development, especially prevalent in the left hemisphere. We hypothesized that IHI is more common in schizophrenia and
contributes to the well-known hippocampal structural differences. We studied 199 schizophrenia patients and 161 healthy
control participants with 3 T MRI to establish IHI prevalence and the relationship of IHI with hippocampal volume and
asymmetry. IHI was more prevalent (left hemisphere: 15% of healthy control participants, 27% of schizophrenia patients;
right hemisphere: 4% of healthy control participants, 10% of schizophrenia patients) and more severe in schizophrenia
patients compared to healthy control participants. Severe IHI cases were associated with a higher rate of automated
segmentation failure. IHI contributed to smaller hippocampal volume and increased R > L volume asymmetry in
schizophrenia. The increased prevalence and severity of IHI supports the neurodevelopmental model of schizophrenia. The
impact of this developmental variant deserves further exploration in studies of the hippocampus in schizophrenia.

Introduction

Hippocampal structure is abnormal in schizophrenia [1–4].
Neuroimaging studies indicate that hippocampal volume is
reduced [4, 5], right > left hippocampal volume asymmetry
is altered [6, 7], and hippocampal shape is deformed [8, 9]
in schizophrenia. The timing of these hippocampal changes
is not known. The neurodevelopmental hypothesis of schi-
zophrenia locates the origin of these abnormalities in the
prenatal period [10, 11]. Therefore, identifying and

characterizing markers of atypical hippocampal develop-
ment will advance our understanding of schizophrenia.

The complex development of the human hippocampus
begins at gestational week (GW) 8. During GWs 10–20,
the dentate gyrus and cornu ammonis are situated in the
posteromedial wall of the lateral ventricles and move from the
frontal to temporal lobe to surround the hippocampal sulcus
[12, 13]. Between GWs 20–30, the dentate gyrus and cornu
ammonis undergo a morphologic inversion around the hippo-
campal sulcus [14] (Fig. 1A). Failure to complete this inversion
process results in an incomplete hippocampal inversion (IHI),
an anatomic variant [15] characterized by a round, verticalized,
medially positioned hippocampal body in the coronal plane and
a deep collateral sulcus [16–20]. Prevalence of IHI is high in
preterm neonates and decreases to rates comparable to adult
populations by GW 25 [21]. Healthy individuals with IHI
demonstrate altered sulcal patterns outside the medial temporal
lobe [20]. IHI is also associated with several genetic abnorm-
alities and developmental anomalies such as 22q11.2 deletion
syndrome [22, 23] and corpus callosum agenesis [24]. A recent
genome-wide association study of IHI identified a genome-
wide significant locus and revealed that IHI has high herit-
ability [25]. Taken together, IHI is of interest in the study of
neuropsychiatric disorders with a neurodevelopmental profile,
including schizophrenia [26].
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Prevalence estimates of IHI have varied greatly in previous
IHI studies [16–19, 24, 27–35], largely due to inconsistency
in defining hippocampal features that constitute an IHI.
Recently, Cury et al. established a clear set of quantitative IHI
criteria in a large healthy cohort [20]. Subsequent studies
using these criteria reported consistent prevalence estimates
and findings [36, 37]. Employing the Cury criteria, the

prevalence of IHI can now be reliably assessed in neu-
ropsychiatric disorders such as schizophrenia.

Two previous studies have investigated an incomplete
development of the hippocampus in schizophrenia. The first
reported an increased prevalence of moderate and severe
forms in familial schizophrenia patients when compared to
control participants [38]. Importantly, this study reported only

Fig. 1 Incomplete hippocampal inversion. A Developmental process
of the hippocampus from one layer of cortical mantle through early
inversion (rounded, verticalized hippocampus with deep collateral
sulcus) and late inversion (flat, horizontal hippocampus with shallow
collateral sulcus). Arrest in hippocampal development (at Step 4)
results in IHI. B 7 T MRI coronal view of an incomplete (left) and
complete (right) hippocampal inversion. The hippocampus (H), sub-
iculum (S), collateral sulcus (CS), and occipitotemporal sulcus (OTS)
are used as anatomical landmarks to identify IHI. C Criterion 1 is

evaluated by comparing the width of the hippocampus (green, solid
line) with the height of the hippocampal body (yellow, solid line). The
gray, solid line indicates the lateral limit of the hippocampus, which is
used for criterion 2. Criterion 3 is measured by comparing the length of
the subiculum not covered by the dentate gyrus (orange, dotted line)
with the ventral part of the cornu ammonis/subiculum that is covered
by the dentate gyrus (blue, dotted line). Criterion 4 is measured using
the thickness of the subiculum. The gray, dotted line located at the
deepest portion of the CS or OTS is used to evaluate criterion 5.
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a qualitative anomaly (hippocampus appeared rounder or
more pyramidal). The second study employed Cury’s IHI
criteria in a schizophrenia cohort and reported that patients
with visual hallucinations possessed more IHI-specific mor-
phological patterns than patients with only auditory halluci-
nations and healthy control participants [26]. However, the
authors only measured a single IHI criterion (i.e., criterion 1,
hippocampal flatness) in a small patient sample. Therefore,
the prevalence of IHI in schizophrenia is unknown.

Whether IHI affects hippocampal volumes in the healthy
brain or contributes to volume differences between healthy
control participants and patient groups (e.g., schizophrenia)
needs to be explored further. Two studies have investigated
the effect of IHI on hippocampal volume using the Cury
criteria. The first study characterized IHI in 60 participants
with a major depressive episode and 60 matched healthy
control participants and reported no significant volume dif-
ferences between groups [36]. In addition, the hippocampal
volumes of participants with IHI did not differ from those
without the variant. In a second study analyzing a healthy,
aging cohort, the authors reported that participants with IHI
do not differ in whole hippocampal volume, but show
decreased subfield volumes, namely CA1 [37]. However, IHI
lowers the accuracy of automated segmentation protocols,
making it difficult to assess the effect of IHI on subfield

volume estimates [39]. Cury’s IHI criteria consistently indi-
cate that IHI is more frequent in the left (17%) than the right
(6%) hemisphere [20] in healthy control participants. The left
hippocampus develops more slowly than the right hippo-
campus, making it more likely for a developmental arrest to
result in a unilateral left IHI [40]. The increased prevalence of
IHI in the left hemisphere may be related to some of the
hemispheric asymmetries in the human brain [19, 41],
including the right > left hippocampal volume difference that
is most prominent in the anterior hippocampus [42–44].

In this study, we examined IHI in a large cohort of
patients with schizophrenia spectrum disorders and healthy
control participants, using comprehensive and quantitative
criteria. We aimed to answer two questions. First, is the
prevalence of IHI increased in schizophrenia? Second, does
IHI contribute to hippocampal volume differences in schi-
zophrenia, including R > L volume asymmetry?

Methods

Participants

Participants in this study included 199 patients with schizo-
phrenia spectrum disorder diagnoses (86 schizophreniform

Table 1 Participant
demographics and clinical
characteristics.

Healthy control
participants

Schizophrenia
patients

Healthy control
participants <
schizophrenia patients

n= 161 n= 199

Mean SD Mean SD Statistic (t) p

Age (yrs) 33.59 11.35 35.45 13.29 1.41 0.16

Parental education (yrs) 14.45 2.35 14.44 2.76 −0.01 0.99

WTAR 111.02 11.30 98.94 16.28 −7.84 <0.001

CPZ equivalents 418.48 258.22

Duration of illness (yrs) 7.70 11.35

n % n % Statistic (X2) p

Sex (male) 106 66 143 72 1.51 0.22

Race (White) 114 71 126 63 2.25 0.13

Tobacco use

No 130 81 89 45

Yes, continued 16 10 81 41

Yes, quit 14 9 29 15

Missing 1 <1 0 0

Diagnosis

Schizophreniform DO 86 43

Schizophrenia 77 39

Schizoaffective DO 36 18

yrs years, WTAR Wechsler test of adult reading, CPZ chlorpromazine, DO disorder.

Bolded values indicate signifance at p < 0.05 level.
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disorder, 77 schizophrenia, 36 schizoaffective disorder;
referred to here as schizophrenia patients) and 161 healthy
control participants matched to patients on age, sex, race, and
parental education (Table 1). Schizophrenia patients were
recruited from the inpatient unit and outpatient clinics of the
Vanderbilt University Medical Center Psychotic Disorders
Program as part of an ongoing data repository, the Psychiatric
Phenotype/Genotype Project (PGPP) (NCT00762866). Heal-
thy control participants were recruited from the local com-
munity via advertisement. The study was approved by the
Vanderbilt University Institutional Review Board. All parti-
cipants provided written informed consent and were com-
pensated for their time. The Structured Clinical Interview for
DSM-IV was used for diagnostic assessment [45]. Participant
exclusion criteria include significant medical or neurological
illness, age under 16 or over 65, pregnancy, head injury, or
meeting criteria for substance abuse within the past month.
Healthy control participants were excluded if they had a
current or past psychiatric illness, a first degree relative with a
psychotic illness, or psychotropic drug use. All participants
with a T1-weighted MRI scan without motion artifact were
selected from the PGPP repository for inclusion in this study.

MRI acquisition and processing

Structural MRI acquisition was completed on a 3 T Philips
Intera Achieva scanner at the Vanderbilt University Institute
of Imaging Sciences (Philips Healthcare, Inc.). Each partici-
pant received a 3D T1-weighted scan (voxel resolution: 1
mm3; field of view= 2562; number of slices= 170; TE= 3.7
ms; TR= 8.0 ms). Each image was visually inspected and
determined to be free from motion or other artifacts prior to
inclusion in the analysis. All images were reoriented toward
the MNI152 atlas using FSL rigid body transformation [46].

Each image was processed using the FreeSurfer 6
[47, 48] hippocampal subfield module [49] with standard
parameters. Segmentations were visually inspected to cor-
rect those with tissue labeled outside the hippocampus or
incomplete labeling of the hippocampus. Failed automated
segmentation was comprised of two major errors: (1) seg-
mentation of the hippocampus extending beyond the hip-
pocampal border into surrounding structures and (2)
segmentation of the amygdala extending into the hippo-
campal head. Failed automated segmentations were cor-
rected for inclusion in this study by manually deleting
segmented voxels that extended outside of the hippocampal
head, body, or tail into surrounding structures or by
manually replacing amygdala segmentation voxels with
hippocampal head segmentation voxels at the
amygdala–hippocampal border. Manual voxel correction
was completed using ITK-SNAP version 3.8.0 [50].
Volume data from all participants were included in a pre-
vious study [51].

Assessment of IHIs

The criteria used to determine the severity of IHI in this
study were validated in a study by Cury et al. in 2089
participants. The IHI score for each hippocampus ranges
from 0 to 10. IHI presence was defined based on a score of
≥3.75 [20]. IHI was assessed by two observers (MJR and
SH) after training. Both observers were blinded to the
subject group (schizophrenia patients, healthy control par-
ticipants) when assessing IHI. MR evaluated IHI for all 360
participants included in the study. Ten of these individuals
were randomly selected to evaluate intra- and interobserver
reproducibility using the kappa statistic [52]. Cohen’s kappa
indicated very strong (kappa= 0.88) intraobserver and
substantial (kappa= 0.76) interobserver reliability, con-
sistent with the findings of Cury et al. [20]. All criteria were
obtained in the coronal view for both the left and right
hippocampus using ITK-SNAP (Version 3.8.0). Criteria are
summarized in Supplementary Text (Fig. 1B, C).

Statistical analyses

A χ2 test was performed on the IHI threshold score (≥3.75)
for each hemisphere to test whether IHI is more prevalent in
schizophrenia patients than healthy control participants. A t-
test was performed on the continuous IHI score (0–10) for
each hemisphere to test whether IHI is more severe (i.e., the
total IHI score is greater) in schizophrenia patients than in
healthy control participants. A subanalysis of individual
criteria was assessed with t-tests in each hemisphere, and
corrected for multiple comparisons using the Bonferroni
method, to test which criterion differed between schizo-
phrenia patients and healthy control participants. These
statistical tests were replicated to examine differences
between participants with successful and failed automated
segmentations. For all statistical methods in this study, tests
were two sided and the significance level was defined as
alpha < 0.05. For some IHI criteria, there was a significant
difference between the variance of groups being compared.
Therefore, we used Welch’s unequal variance t-test, due to
its reliability for samples with unequal variances or unequal
sample sizes, for all t-tests completed in this study.

To examine the effect of IHI on hippocampal volume
and asymmetry group differences, a two-step sensitivity
analysis was conducted using linear mixed models in R (R
Core Team, 2019) with the packages lme4 [53], emmeans
[54], car [55], and MuMIn [56]. In Step 1, models com-
paring schizophrenia patient and healthy control groups
were fitted by adjusting for estimated intracranial volume
(ICV), age, and sex, with participant as a random effect. To
test whether there is a difference in hippocampal volume in
the schizophrenia patient cohort versus healthy participant
cohort, a model was constructed with volume as the

5410 M. J. Roeske et al.



dependent variable and interaction between Group (schi-
zophrenia patient, healthy control participant) and Hemi-
sphere (left, right) as fixed effects (Volume Model, Step 1:
Volume ∼ Group × Hemisphere+Age+ Sex+ ICV+ (1|
Participant)). The Group by Hemisphere interaction and
main effect of Group were tested using type 2 sum of
squares. To test the hypothesis that there is an asymmetry
difference in the anterior or posterior regions of the hip-
pocampus in the schizophrenia patient cohort, a separate
model was constructed with asymmetry index as the
dependent variable and the interaction between Group
(schizophrenia patient, healthy control participant) and
Region (anterior, posterior) as fixed effects (Asymmetry
Index Model, Step 1: Asymmetry Index ∼ Group × Region
+Age+ Sex+ ICV+ (1|Participant)). The Group by
Region interaction and main effect of Group were tested
using type 2 sum of squares. The volume asymmetry index
was calculated using the equation: asymmetry index= (R
− L)/(0.5 × (R+ L)).

In Step 2, IHI was added as a fixed effect to both models
to test whether IHI contributes to volume or the asymmetry
index (Volume Model, Step 2: Volume ∼ Group × Hemi-
sphere+ IHI+Age+ Sex+ ICV+ (1|Participant); Asym-
metry Index Model, Step 2: Asymmetry Index ∼ Group ×
Region+ IHI+Age+ Sex+ ICV+ (1|Participant)).
Exploratory analyses including a Group by IHI interaction
were conducted to investigate whether IHI has a different
effect on Volume or Asymmetry Index in each group
(Volume Model: Volume ∼ Group × Hemisphere+
Group × IHI+Age+ Sex+ ICV+ (1|Participant); Asym-
metry Index Model: Asymmetry Index ∼ Group × Region
+Group × IHI+Age+ Sex+ ICV+ (1|Participant)).

Significance tests were conducted on the fixed effects using
analysis of variance with type 2 sum of squares so that the
main effects were tested in the absence of the interaction
terms. Significant interactions were followed up with con-
trasts adjusted for multiple comparisons using Bonferroni
correction. Marginal R2 and AIC were calculated for models
in Step 1 and Step 2 to assess model fit.

Results

IHI prevalence and severity

In our sample of 360 individuals (199 schizophrenia
patients, 161 healthy control participants), we found 57
(16% of the total sample) unilateral left IHI (38 schizo-
phrenia patients, 19 healthy control participants), 21 (6%)
bilateral IHI (16 schizophrenia patients, 5 healthy control
participants), and 6 (2%) unilateral right IHI (4 schizo-
phrenia patients, 2 healthy control participants) cases. The
remaining 276 participants (77%) showed no IHI.

Schizophrenia patients had more frequent IHI in both the
left (χ2= 7.84, p < 0.01) and right (χ2= 4.17, p= 0.04)
hemisphere (Fig. 2, Table 2). IHI severity, as measured by
the total IHI score, was significantly greater in the left (t351
= 3.00, p < 0.01) but not right (t358= 1.60, p= 0.11)
hemisphere in schizophrenia. Criterion 3 scores, which
reflect the medial positioning of the hippocampus, were
significantly greater for schizophrenia patients in the left
hemisphere (t343= 3.28, p < 0.01) after correction for mul-
tiple comparisons. No other criteria differed between groups
in either hemisphere (Table 2).

Fig. 2 Distribution of IHI scores based on laterality of the hippo-
campus in both schizophrenia patients and healthy control parti-
cipants. The density indicates the percent of total hippocampi that
have a specific score attributed to them. The dashed line at a score of
3.75 designates the threshold used to define an IHI based on Cury et al.

[20]. The prevalence of IHI in schizophrenia patients compared to
healthy control participants is greater in the left hemisphere (left panel;
χ2= 7.84, p < 0.01) and right hemisphere (right panel, χ2= 4.17, p=
0.04).

Incomplete hippocampal inversion in schizophrenia: prevalence, severity, and impact on hippocampal. . . 5411



Hippocampal segmentation

Automated segmentation of the hippocampus failed in 48
individuals (30 schizophrenia patients, 18 healthy control
participants), of which 30 participants had IHI (16 unilateral
left, 11 bilateral, 3 unilateral right) (Supplementary
Table 1). The prevalence of IHI in segmentation failure was
significantly greater in both the left (χ2= 39.03, p < 0.001)
and right (χ2= 37.48, p < 0.001) hemispheres (Supplemen-
tary Table 2). Participants with failed segmentations had
higher total left (t52= 6.09, p < 0.001) and right IHI scores
(t55= 4.08, p < 0.001) than participants with successful
segmentations. Multiple criteria contributed to the total
score group differences. Criterion 1 (t58= 2.74, p= 0.04), 2
(t65= 3.99, p < 0.001), 3 (t54= 5.56, p < 0.001), and 5 (t58
= 5.08, p < 0.001) significantly differed between segmen-
tation successes and failures in the left hemisphere. Criter-
ion 3 (t55= 4.25, p < 0.001) and 5 (t54= 3.20, p= 0.01)
differed in the right hemisphere. Participants with failed
segmentations also had higher parental education (t61=
2.34, p= 0.02) and higher estimated premorbid intellectual
functioning (t66= 2.37, p= 0.02), but did not differ with
respect to diagnosis (i.e., schizophrenia patient versus

healthy control participant) (χ2= 1.17, p= 0.28), age (t66=
−1.39, p= 0.17), sex (χ2= 3.79, p= 0.05), or race (χ2=
0.11, p= 0.74). All failed segmentations were manually
corrected for inclusion in the following volumetric analyses.

Volumetric analyses

We used a linear mixed model to test whether IHI con-
tributes to the well-known hippocampal volume differences
in schizophrenia (Table 3). Without IHI in the model, we
found overall smaller hippocampal volume in schizophrenia
patients (main effect of Group: F1,355= 13.72, p < 0.001).
Including IHI in the model showed that volume decreases
with overall IHI severity (main effect of IHI: F1,560= 50.81,
p < 0.001) and revealed a Group by Hemisphere interaction
(Group × Hemisphere interaction: F1,358= 4.42, p= 0.04).
Follow-up tests showed a significantly greater effect of IHI
on volume reductions of the right (t443=−3.79, p < 0.001)
than the left (t448=−2.37, p= 0.04) hippocampus in
schizophrenia patients. Including IHI as a fixed effect
improved the Volume Model fit (Step 1: R2= 0.47, AIC=
9777.27; Step 2: R2= 0.49, AIC= 9724.85) (estimated
marginal means of hippocampal volume are in Supple-
mentary Fig. 1A). Our exploratory analysis investigating
whether IHI has a different effect on volume in each group
did not find evidence for an interaction (Group × IHI
interaction: F1,560= 1.21, p= 0.27).

We conducted a similar analysis for hippocampal R > L
volume asymmetry (Table 3). Without IHI in the model, we
found volume asymmetry to be greater in healthy control
participants (main effect of Group: F1,355= 0.54, p= 0.46),
but only in the anterior region (Group × Region interaction:
F1,358= 10.49, p < 0.01; anterior region: t654=−2.51, p=
0.02; posterior region: t654= 1.33, p= 0.37). Including IHI
did not change these effects. Asymmetry index increases
with overall IHI severity (main effect of IHI: F1,354= 30.52,
p < 0.001) and including IHI as a fixed effect improved the
Asymmetry Index model (Step 1: R2= 0.13, AIC=
−1629.31; Step 2: R2= 0.17, AIC=−1646.16) (estimated
marginal means of hippocampal asymmetry index are in
Supplementary Fig. 1B). Our exploratory analysis investi-
gating whether IHI has a different effect on asymmetry
index in each group did not find evidence for an interaction
(Group × IHI interaction: F1,353= 1.25, p= 0.26).

Discussion

Our study of 360 participants shows that IHI is significantly
more prevalent and severe in schizophrenia. In addition, we
demonstrate that IHI is strongly correlated with hippo-
campal volume, increases the R > L anterior hippocampal
volume asymmetry, and contributes to hippocampal volume

Table 2 IHI prevalence and severity.

Healthy
control
participants

Schizophre-
nia patients

Healthy control
participants <
schizophrenia
patients

n= 161 n= 199

n % n % Statistic (X2) p

Left IHI 24 15 54 27 7.84 0.005

Right IHI 7 4 20 10 4.17 0.04

Mean SD Mean SD Statistic (t) p

Left IHI score 2.46 1.17 2.91 1.68 3.00 0.003

C1 0.45 0.38 0.56 0.51 2.40 0.08a

C2 1.02 0.56 1.06 0.58 0.65 1.00a

C3 0.51 0.39 0.68 0.60 3.28 0.006a

C4 0.00 0.00 0.04 0.28 2.02 0.23a

C5 0.48 0.63 0.57 0.68 1.28 1.00a

Right IHI score 1.95 0.87 2.11 1.10 1.60 0.11

C1 0.38 0.31 0.37 0.36 −0.25 1.00a

C2 0.95 0.51 0.95 0.51 0.05 1.00a

C3 0.46 0.39 0.57 0.53 2.23 0.13a

C4 0.00 0.00 0.00 0.00 N/A N/A

C5 0.16 0.37 0.23 0.49 1.43 0.77a

IHI incomplete hippocampal inversion.

Bolded values indicate signifance at p < 0.05 level.
ap value adjusted for multiple comparisons using Bonferroni method.
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differences between schizophrenia patients and healthy
control participants, particularly in the left hemisphere. To
our knowledge, this is the first analysis of IHI in schizo-
phrenia patients using a comprehensive set of quantitative
and validated criteria [20].

IHI was more prevalent in schizophrenia patients in both
the left and right hemisphere. Since IHI is the result of
arrested brain development [40], our finding is consistent
with the neurodevelopmental hypothesis of schizophrenia
[57, 58]. The right hippocampus completes inversion before

the left hippocampus during GW 20–30 [40]. Therefore, our
finding of left > right IHI in schizophrenia is consistent with
previous IHI studies [20, 36, 37] and maps the changes in
schizophrenia to a later stage in hippocampal development.

After establishing increased prevalence of IHI in schizo-
phrenia, we explored whether this variant could contribute to
the well-established hippocampal structural differences in
schizophrenia [4, 5, 44]. In our patient sample, we replicate
findings of reduced left and right hippocampal volumes and
demonstrate a reduced asymmetry index in the anterior

Table 3 Sensitivity analysis of
hippocampal volume and
asymmetry index.

Volume (mm3)

Predictor Coefficient Coeff SD df F p value R2 AIC

Step 1: model without IHI 0.47 9777.3

Group −86.89 28.96 1, 355 13.72 <0.001

Hemisphere 234.31 14.83 1, 358 487.49 <0.001

ICV 0.00 0.00 1, 355 188.41 <0.001

Age −0.25 1.13 1, 355 0.05 0.82

Sex −30.62 36.47 1, 355 0.70 0.40

Group:Hemisphere −27.64 19.95 1, 358 1.92 0.17

Step 2: model with IHI 0.49 9724.9

Group −67.40 28.49 1, 357 10.74 0.001

Hemisphere 211.85 14.46 1, 385 342.62 <0.001

IHI −43.57 6.10 1, 560 50.81 <0.001

ICV 1.37 0.10 1, 355 201.52 <0.001

Age −0.28 1.11 1, 355 0.06 0.80

Sex −29.66 35.85 1, 355 0.68 0.41

Group:Hemisphere −40.10 19.06 1, 358 4.42 0.04

Asymmetry index (R > L)

Predictor Coefficient Coeff SD df F p value R2 AIC

Step 1: model without IHI 0.13 −1629.3

Group −2.01E−02 7.99E−03 1, 355 0.54 0.46

Region −6.65E−02 7.05E−03 1, 355 110.35 <0.001

ICV 3.52E−08 2.33E−08 1, 355 2.29 0.13

Age −8.67E−04 2.68E−04 1, 355 10.48 0.001

Sex −5.51E−03 8.63E−03 1, 355 0.41 0.52

Group:Region 3.07E−02 9.48E−03 1, 358 10.49 0.001

Step 2: model with IHI 0.17 −1646.2

Group −2.53E−02 7.85E−02 1, 354 2.54 0.11

Region −6.65E−02 7.05E−03 1, 358 110.35 <0.001

IHI 1.15E−02 2.09E−03 1, 354 30.52 <0.001

ICV 2.35E−08 2.24E−08 1, 354 1.10 0.30

Age −8.65E−04 2.57E−04 1, 354 11.29 <0.001

Sex −3.26E−03 8.30E−03 1, 354 0.15 0.69

Group:Region 3.07E−02 9.48E-03 1, 358 10.49 0.001

AIC Akaike information criterion, ICV intracranial volume, IHI incomplete hippocampal inversion.

Bolded values indicate signifance at p < 0.05 level.
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hippocampus. Including IHI as a fixed effect in our statistical
model revealed that it significantly contributes to the reduced
hippocampal volume and increased R > L volume asymmetry
in schizophrenia. Furthermore, including IHI as a fixed effect
improved the quality of our models and accounted for more
variability in our data. Lastly, inclusion of IHI in our model
predicting hippocampal volume revealed a Group by Hemi-
sphere interaction. Follow-up t-tests indicated that the inclu-
sion of IHI decreased the between-group differences in the
left but not the right hippocampus. Taken together, IHI is a
significant contributor to both overall and R > L hippocampal
volume in healthy control participants and schizophrenia
patients.

Investigating the prevalence of IHI and its impact on
hippocampal volume and asymmetry in the same study
reveals an important linkage between these findings. Our
results indicate IHI is more frequently found in the left
hemisphere and contributes to volume reductions of both
schizophrenia patients and healthy control participants;
therefore, it is logical to presume that IHI should increase
the R > L asymmetry index of the hippocampus. Here, we
use a linear mixed model to confirm this presumption and
establish IHI’s contribution to the asymmetry index for the
first time. Future studies investigating the hippocampal
asymmetry index should account for the prevalence of IHI
in their sample.

IHI was more severe in the left hemisphere of schizo-
phrenia patients. We found that criterion 3, i.e., the medial
positioning of the hippocampus, differed most significantly
between the two groups. This finding suggests a reduction
in the width of the hippocampal body in schizophrenia.
Numerous shape analyses conducted on the hippocampus of
schizophrenia patients have described inward displacements
on the medial or lateral surfaces of the left hippocampal
head [6, 9, 59], body [59–61], and tail [61, 62]; however,
whether IHI contributes to these findings is unknown.
Future studies are needed to investigate the impact of IHI on
shape differences observed between healthy control parti-
cipants and schizophrenia patients.

It is important to note that of the 360 participants in this
study, automated hippocampal segmentation failed in 48
participants. Automated segmentation was more likely to
fail with hippocampi that met more severe IHI criteria. In
addition, partitioning individual IHI criteria revealed that
participants with failed segmentations have hippocampi
with widespread IHI-like features. These findings indicate
automated segmentation can successfully segment mild
IHI, but fails when there are extensive changes to hip-
pocampal structure. In studies using automated hippo-
campal segmentation to measure hippocampal volume,
IHI can be a potential confound [39]. Specifically, if IHI is
more severe or more frequent in a patient population and

individuals with failed segmentations are excluded from
the analysis, then the mean volume estimates may be
biased and may underestimate the true volume difference.
Here, we manually corrected automated segmentation
failures, which allowed us to include all IHI cases, as we
investigated the relationship of this anatomical variant
with hippocampal structure.

Our study has several limitations. First, IHI criteria were
only measured in the coronal view of the hippocampal
body; therefore, IHI patterns located in the hippocampal
head cannot be captured using the established protocol we
used here [20]. Second, a recent study has shown a smaller
CA1 volume in healthy participants with IHI [37], but our
segmentation methods did not allow us to investigate hip-
pocampal volumes at the subfield level because of manual
corrections to the segmentations. Third, we did not examine
the prevalence of other anatomic variants within the hip-
pocampus [63] or in other brain structures associated with
IHI [20, 24]. Future studies investigating the co-occurrence
of IHI with other morphological variants will provide
additional evidence that IHI is a marker of atypical devel-
opment in schizophrenia and help determine the timing of
developmental disruption. Lastly, we did not assess whether
participants had a history of obstetric complications (i.e., a
trigger for aberrant in utero development). Evidence sug-
gests that obstetric complications may mediate hippocampal
volume reductions in both healthy control participants and
schizophrenia patients [64] and increase schizophrenia
susceptibility [65]. Future studies should collect obstetric
information to better elucidate the relationship between IHI,
hippocampal volumes, and obstetric complications.

In conclusion, our finding of more prevalent and more
severe IHI supports the neurodevelopmental hypothesis of
schizophrenia. The impact of this developmental variant
deserves further exploration in studies of the hippocampus
in schizophrenia.
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