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Objective: Brain-based Biotypes for psychotic disorders 
have been developed as part of the B-SNIP consortium 
to create neurobiologically distinct subgroups within idio-
pathic psychosis, independent from traditional phenomeno-
logical diagnostic methods. In the current study, we aimed 
to validate the Biotype model by assessing differences in 
volume and shape of the amygdala and hippocampus con-
trasting traditional clinical diagnoses with Biotype classi-
fication. Methods: A total of 811 participants from 6 sites 
were included: probands with schizophrenia (n  =  199), 
schizoaffective disorder (n = 122), psychotic bipolar disorder 
with psychosis (n = 160), and healthy controls (n = 330). 
Biotype classification, previously developed using cogni-
tive and electrophysiological data and K-means clustering, 
was used to categorize psychosis probands into 3 Biotypes, 
with Biotype-1 (B-1) showing reduced neural salience and 
severe cognitive impairment. MAGeT-Brain segmentation 
was used to determine amygdala and hippocampal volu-
metric data and shape deformations. Results: When using 
Biotype classification, B-1 showed the strongest reductions 
in amygdala-hippocampal volume and the most widespread 
shape abnormalities. Using clinical diagnosis, probands 
with schizophrenia and schizoaffective disorder showed the 
most significant reductions of amygdala and hippocampal 
volumes and the most abnormal hippocampal shape com-
pared with healthy controls. Biotype classification provided 
the strongest neuroanatomical differences compared with 
conventional DSM diagnoses, with the best discrimina-
tion seen using bilateral amygdala and right hippocampal 

volumes in B-1. Conclusion: These findings characterize 
amygdala and hippocampal volumetric and shape ab-
normalities across the psychosis spectrum. Grouping 
individuals by Biotype showed greater between-group dis-
crimination, suggesting a promising approach and a fa-
vorable target for characterizing biological heterogeneity 
across the psychosis spectrum.

Key words:  psychosis/Biotype/schizophrenia/bipolar/
amygdala/hippocampus

Introduction

Traditional diagnostic criteria among schizophrenia, 
schizoaffective, and bipolar disorders rely on clinical mani-
festations, but do not take into consideration the under-
lying pathologic mechanisms.1 Considering the increasing 
evidence of a biological overlap between these diagnoses,2,3 
the concept of psychosis dimension representing a con-
tinuum based on phenomenological description has been 
proposed.4 The psychosis dimension concept is further 
supported by the lack of success in identifying brain-based 
biomarkers differentiating people with schizophrenia, 
schizoaffective, and bipolar disorders.5,6 Furthermore, treat-
ment modalities of psychosis spectrum disorders oftentimes 
overlap, targeting specific symptoms rather than diagnosis.7 
This highlights the increased need for distinction based on 
underlying pathophysiology to improve identification of 
more similar subgroups of probands across the psychosis 
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spectrum, and in turn facilitate the selection of treatments 
promoting optimal responses.8

Two specific limbic structures involved in emotional 
and cognitive processing, the amygdala and the hippo-
campus, have been consistently found to be deviant in 
psychotic disorders.9–11 More specifically, compared with 
the general population, reductions in amygdala and 
hippocampal volumes have been observed in people with 
schizophrenia and schizoaffective disorders,12,13 as well 
as in people with bipolar disorder14 and bipolar disorder 
with psychosis.15 Two recent meta-analyses identified 
these structures as being among the most affected in these 
disorders.13,14 Although these disorders share common 
neuroanatomical abnormalities, some studies have shown 
more extensive reduction of amygdala and hippocampal 
volumes in people with schizophrenia compared with bi-
polar disorder.16–18

Aside from volume measures, subtle but meaningful 
changes in brain structures can be captured by their mor-
phology. If  a structure shows more subtle morphological 
properties along its surface, that may not be captured by 
its volume average, but these surface-based measures are 
meaningful19 and can provide more sensitive distinctions 
between subgroups of probands.20 For instance, amyg-
dala shape abnormalities differ between bipolar disorder 
with psychosis and schizophrenia, representing a distin-
guishing morphologic feature.17 The shapes of the hip-
pocampus can also demonstrate regional deformations 
despite the similar hippocampal volumes that can be seen 
across psychotic disorders.21 Hence, considering the shape 
of these structures can provide additional and novel per-
spectives on the nature of brain structural alterations in 
psychotic illnesses.19

In an attempt to improve psychotic disorder classi-
fication, our team has developed psychosis Biotypes 
that are biologically distinctive subgroups of  individ-
uals across the psychosis spectrum based on shared 
neurobiological phenotypes, which are independent of 
clinical diagnosis.8,22 These Biotypes were created using 
an unsupervised machine-learning approach and var-
ious dimensions of  cognition and electrophysiological 
brain responses. Three distinct Biotypes of  probands 
were then identified: Biotype-1 (B-1), defined by re-
duced neural response to salient stimuli, and significant 
cognitive impairment; Biotype-2 (B-2) with accentu-
ated intrinsic electrophysiological neural activity, com-
parable cognitive impairment to B-1; and Biotype-3 
(B-3) with minimal deviation from normal function 
with the best cognitive and electrophysiological re-
sponses of  all Biotypes. Initial findings showed that B-1 
has the most prominent gray matter reduction and im-
paired social function, suggesting that Biotypes mean-
ingfully discriminate probands based on both brain 
function outcomes and structural brain markers.22–24 
Nonetheless, further evidence of  validation of  Biotypes 
is critically needed.

As the amygdala and hippocampus were not used 
in the development of these Biotypes and are showing 
large volume reduction when subgroups of probands 
with psychosis are compared with healthy individuals, 
they are great candidates to validate the Biotype clas-
sification. Hence, we aimed to determine if  these brain 
structures can validate whether the Biotypes are more 
neurobiologically distinct compared with traditional 
clinical diagnoses. Based on their respective profiles, we 
hypothesized that (a) B-1 probands will show the most 
extensive amygdala and hippocampal volume reductions 
and shape abnormality, (b) B-2 probands will have mod-
erate amygdala and hippocampal volume reductions 
and shape abnormality, and (c) B-3 probands will show 
“near normal” amygdala and hippocampus compared 
with healthy controls. We also predicted that these limbic 
structural measures would provide better discrimination 
between the Biotypes subgroups of probands than the 
traditional clinical diagnoses.

Methods

A total of 984 participants with magnetic resonance 
scans were recruited from 6 sites in the United States 
(Baltimore, Boston, Chicago, Dallas, Detroit, and 
Hartford). Psychosis cases were recruited through advert-
isements and hospital clinics. Controls were also recruited 
from these sites in the community via advertisements. 
Diagnostic, clinical, and scanning procedures were stand-
ardized across all sites, and each individual biomarker 
was processed at the same site, as reported in prior 
studies.9,22,23 After visual scan inspection, quality control, 
and removing probands who did not receive Biotype clas-
sification (B-1, B-2, and B-3), a total of 811 participants 
were included in the current study, including 199 indi-
viduals with schizophrenia, 122 with schizoaffective dis-
order, 160 with bipolar disorder with psychosis, and 330 
healthy controls (supplementary figure S1).

A Structured Clinical Interview for DSM-IV Axis 
I Disorders (SCID)25 was done to confirm diagnoses of 
schizophrenia, schizoaffective, or bipolar disorder with 
a history of psychosis, in addition with available med-
ical and psychiatric history from health records and 
relatives. The Positive and Negative Symptom Scale 
(PANSS),26 Montgomery Asberg Depression Rating 
Scale (MADRS),27 and Young Mania Rating Scale 
(YMRS)28 were all used to rate clinical symptoms in par-
ticipants with an Axis 1 clinical psychosis diagnosis. For 
cognition assessment, the Brief  Assessment of Cognition 
in Schizophrenia (BACS) was administered to all parti-
cipants and the composite z-scores of all 6 subtests were 
used.29 Chlorpromazine equivalent antipsychotic daily 
dose was also calculated using the method described in 
Andreasen et al.30

Healthy controls were not part of  the Biotype clas-
sification. To determine the Biotype classification of 
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each proband, recording and testing conditions were 
standardized across all sites. The approach to Biotype 
classification is detailed in Clementz et al.22 Traditional 
intermediate phenotypes were assessed via brain func-
tion and phenotypic data derived from B-SNIP assess-
ments and used in Biotype development. The BACS, 
stop-signal tasks, pro- and anti-saccade tasks, and 
auditory-paired stimuli and oddball evoked brain re-
sponses were used to create the cognitive control and 
sensorimotor reactivity measures used for the Biotype 
classification.22 Further details on Biotype stratifica-
tion are provided in supplementary methods. A  total 
of  73 participants did not have enough data to be in-
cluded in the Biotype classification and were therefore 
removed from this study (supplementary figure S1). All 
clinical diagnoses were represented in all Biotypes (see 
table 2). The distribution of  diagnoses in each Biotype 
was significantly different (χ 2 = 26.01; df = 4; P < .001). 
Specifically, B-1 had fewer probands with bipolar dis-
order than B-2 and B-3. B-1 also had fewer probands 
with schizoaffective disorder than B-3.

Inclusion and Exclusion Criteria

Healthy controls were to have no lifetime history of 
psychotic or mood disorder confirmed by completing 
the Structured Clinical Interview for DSM-IV Axis 
I  Disorders and no family history of psychotic or bi-
polar disorders in their first‐ or second‐degree relatives. 
Exclusion criteria for all participants included the pres-
ence of a serious medical or neurological illness (eg, 
cancer, seizure disorders, and encephalopathy), mental 
retardation (ie, IQ < 65 on the Wide Range Achievement 
Test, 4th Edition31), current substance abuse (within 
3 months), dependence within 6 months or extensive his-
tory of drug dependence (DSM‐IV), and any magnetic 
resonance imaging contraindications.

Magnetic Resonance Imaging Acquisition and 
Preprocessing

Sequence parameters were standardized across all 
sites and established from the Alzheimer’s Disease 
Neuroimaging Initiative protocol.22 We acquired 
T1-weighted scans using 3T scanners from different 
manufacturers such as Achieva, Philips, GE Signa, 
Siemens Allegra, and Siemens Trio. There were slight 
variations in MPRAGE or IR-SPGR parameters at 
each site, as appropriate for each scanner brand or 
model. Overall, all sites adopted the following param-
eters: 3D acquisitions, sagittal slab, shot interval 2300 
or 3000 ms, inversion time 650–900 ms, TR 6.8–7.2 ms, 
TE 2.74–3.1 ms, flip angle 8 or 9º, FOV 176–270 (foot-
to-head) × 240–260 (anterior-to-posterior) mm2, ma-
trix approximately 256  × 256, in-pane resolution 1  × 
1  mm2, 160–170 slices, slice thickness 1.2  mm, voxel 

size 1 × 1 × 1.2 mm3, total scan duration 9 minutes 4 
seconds to 10 minutes 28 seconds. Site-specific imaging 
parameters are provided in supplementary methods 
and materials.

Preprocessing of T1-weighted images was carried 
out using the minc bpipe library (https://github.com/
CobraLab/minc-bpipe-library). Quality control on all 
scans were performed by visual inspection. Motion 
artifacts were first graded (0  =  no/very subtle motion, 
1 = moderate motion, and 2 = severe motion), and scans 
with moderate-to-severe motion artifacts were excluded 
from the study (supplementary figure S1). Freesurfer 6.0 
was used to estimate the total intracranial volume to con-
trol for its variability among participants in our analyses.

MAGeT-Brain Amygdala-Hippocampus Segmentation 
and Morphometric Modeling

The amygdala, hippocampus, and hippocampal subfields 
were segmented automatically on the preprocessed 
T1-weighted images. This was performed using the 
Multiple Automatically Generated Templates (MAGeT) 
Brain Segmentation algorithm,32 to improve segmentation 
accuracy by using neuroanatomical variability from the 
participant population, as previously described.33,34 This 
method provides accurate and reliable segmentations, re-
sulting in a closer estimation to manual segmentation in 
clinical populations.34 The selected template library from 
unlabeled participants was representative in terms of di-
agnosis/Biotypes category, site, age, sex, and race. Each 
atlas was matched to each template via the template layer 
using linear and nonlinear transformation estimates (car-
ried out using the Advanced Normalization Tools [ANTS] 
registration suite for MINC formatted images).35 Then, 
surface-based models of the amygdala and hippocampal 
structures were separately defined and morphologically 
smoothed.36 A  single averaged transformation was esti-
mated to estimate surface-based deformations, by con-
catenating individual nonlinear deformations from each 
of the subjects to a generated model from the atlases.37,38 
To increase accuracy and precision and reduce noise, 
transformations were averaged for each model-to-subject 
pathway into a single nonlinear transformation. Each 
participant was matched to surface-based representa-
tions, warped to fit the corresponding template. Surface 
vertices were redefined using a Vornoi diagram to en-
sure homology prior to MAGeT-Brain segmentations.39 
A surface-based diffusion smoothing kernel of 5 mm was 
used to blur all surface area values for both structures, 
after representing surface area as a sum for each polygon 
in the surface. A total of 41 scans were removed due to 
low segmentation quality through quantitative outlier de-
tection (more than 3 SD from the mean) and qualitative 
visual inspection of all MAGeT segmentations using a 
similar grading as for the quality control of motion arti-
facts (supplementary figure S1).
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Statistical Analysis

All statistical analyses were performed in R (version 
3.6), except the shape analysis that was performed using 
the SurfStat toolbox (http://www.math.mcgill.ca/keith/
surfstat/) in Matlab (R2018b). Multiple comparison cor-
rection for Type 1 error was applied when necessary, using 
the false discovery rate (FDR) Benjamini–Hochberg 
procedure.

Clinical and demographic analyses presented in ta-
bles 1 and 2 were conducted using Chi-square for cate-
gorical variables and ANOVA for continuous variables.

First, we performed a series of  general linear models to 
investigate group differences in amygdala-hippocampal 
volumes and hippocampal subfields volumes be-
tween both healthy control group and psychosis cases 
group. Then, post hoc contrasts were used to compare 

Table 1. Descriptive Statistics of Clinical and Demographic Information of All Participants Based on Clinical Diagnosis (N = 811)

Healthy Controls Schizophrenia
Schizoaffective 

Disorder
Bipolar Disorder  
With Psychosis

Pairwise  
Comparisons

n 330 199 122 160  
Age, mean (SD) 37.19 (12.42) 34.69 (12.24) 35.31 (11.98) 35.86 (12.94)  
Sex (%)      
 Female 179 (54.2) 66 (33.2) 69 (56.6) 109 (68.1) SZ vs SZA***  

SZA vs BDP***  
SZ vs HC***  
BDP vs HC**

 Male 150 (45.5) 133 (66.8) 53 (43.4)  51 (31.9)

Race (%)      
 Caucasian 211 (63.9) 93 (46.7) 67 (54.9) 118 (73.8) SZ vs BDP***  

SZ vs HC***  
SZA vs BDP**

 Other 119 (36.1) 106 (53.3) 55 (45.1) 42 (26.2)

  American Indian/Alaska Native 3 (0.9) 0 (0) 0 (0) 0 (0)  
  Asian 16 (4.8) 4 (2.0) 2 (1.6) 4 (2.5)  
  Black or African American 86 (26.1) 89 (44.7) 47 (38.5) 33 (20.6)  
  Hawaiian or Pacific Islander 1 (0.3) 0 (0) 0 (0) 0 (0)  
  More than one race 6 (1.8) 8 (4.0) 5 (4.1) 2 (1.2)  
  Other 6 (1.8) 5 (2.5) 1 (0.8) 3 (1.9)  
Site (%)      
 Baltimore 50 (15.2) 65 (32.7) 26 (21.3) 27 (16.9) SZ vs SZA***  

SZ vs BDP**  
SZ vs HC***  
SZA vs BDP***  
SZA vs HC***  
BDP vs HC**

 Boston 34 (10.3) 5 (2.5) 2 (1.6) 5 (3.1)
 Chicago 71 (21.5) 40 (20.1) 25 (20.5) 56 (35.0)
 Dallas 69 (20.9)  18 (9.0)  33 (27.0) 24 (15.0)
 Detroit 37 (11.2) 26 (13.1) 1 (0.8) 20 (12.5)
 Hartford 69 (20.9) 45 (22.6) 35 (28.7) 28 (17.5)
Handedness (%)      
 Ambidextrous 4 (1.2) 4 (2.0) 4 (3.3) 1 (0.6)  
 Left handed 33 (10.0) 20 (10.1) 9 (7.4) 24 (15.0)
 Right handed 281 (85.2) 171 (85.9) 109 (89.3) 135 (84.4)
 PANSS Total Score, mean (SD) N/A 65.77 (17.06) 68.58 (15.98) 54.14 (14.31) SZ vs BDP***  

SZA vs BDP***
 MADRS Total Score, mean (SD) N/A 8.57 (8.14) 14.02 (10.06) 9.83 (8.93) SZA vs BDP***  

SZA vs SZ***
 YMRS Total Score, mean (SD) N/A 5.43 (5.50) 7.22 (6.11) 5.96 (6.81) SZA vs SZ*
 CPZ Equivalency, mean (SD) N/A 528.40 (425.44) 525.35 (462.31) 332.52 (335.20) SZA vs BDP**  

SZ vs BDP**
 BACS Cognition Score, mean (SD) 0.02 (1.14) −1.72 (1.30) −1.44 (1.36) −0.90 (1.30) HC vs BDP***  

HC vs SZ ***  
HC vs SZA***  
SZA vs BDP***  
SZ vs BDP***  
SZ vs SZA*

Note: HC, healthy controls; SZ, schizophrenia; SZA, schizoaffective disorder; BDP, bipolar disorder with psychosis; PANSS, The Pos-
itive and Negative Syndrome Scale; MADRS, The Montgomery–Åsberg Depression Rating Scale; YMRS, Young Mania Rating Scale; 
CPZ, chlorpromazine. Participants with missing data were removed from the analyses of the fields of their missing data (1 healthy con-
trol did not have data for age and sex, 16 participants did not have data for handedness, 11 probands did not have data for PANSS, 12 
probands did not have data for MADRS, 12 probands did not have data for YMRS, and 172 probands did not have data for antipsy-
chotic intake).
*P < .05, **P < .01, ***P < .001 false discovery rate corrected.
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all psychosis subgroups (based on either diagnoses 
or Biotypes) to healthy controls in one general linear 
model. Separate general linear models were also used to 
investigate possible interaction between diagnoses and 
Biotypes. Age, sex, race, intracranial volume, site, and 
handedness of  participants were entered as covariates in 
all models.

To investigate the shape differences, we specified a 
general linear model with between-group contrasts at 

each vertex with surface area as a dependent variable to 
compare all psychosis subgroups (based either on diag-
noses or Biotypes) to healthy controls in one model. 
FDR corrections were then performed across all ver-
tices of each structure separately. Separate general linear 
models were also used to investigate the possible inter-
action between diagnoses and Biotypes. Age, sex, race, 
intracranial volume, site, and handedness of participants 
were entered as covariates in all models.

Table 2. Descriptive Statistics of Clinical and Demographic Information of All Participants Based on Biotype (N = 811)

Healthy Controls B-1 B-2 B-3
Pairwise  

Comparisons

n 330 121 161 199  
Age, mean (SD) 37.19 (12.42) 36.27 (13.09) 34.59 (11.77) 35.13 (12.49)  
Sex (%)      
 Female 179 (54.2) 61 (50.4) 83 (51.6) 100 (50.3)  
 Male 150 (45.5) 60 (49.6) 78 (48.4) 99 (49.7)
Race (%)      
 Caucasian 211 (63.9) 45 (37.2) 101 (62.7) 132 (66.3) B-1 vs B-2***  

B-1 vs B-3***  
B-1 vs HC***

 Other 119 (36.1) 76 (62.8) 60 (37.3) 67 (33.7)

  American Indian/Alaska Native 3 (0.9) 0 (0) 0 (0) 0 (0)  
  Asian 16 (4.8) 0 (0) 6 (3.7) 4 (2.0)  
  Black or African American 86 (26.1) 69 (57) 48 (29.8) 52 (26.1)  
  Hawaiian or Pacific Islander 1 (0.3) 0 (0) 0 (0) 0 (0)  
  More than one race 6 (1.8) 5 (4.1) 2 (1.2) 8 (4.0)  
  Other 6 (1.8) 2 (1.7) 4 (2.5) 3 (1.5)  
Site (%)      
 Baltimore 50 (15.2) 51 (42.1) 24 (14.9) 43 (21.6) B-1 vs B-2***  

B-1 vs B-3**  
B-1 vs HC***  
B-2 vs B-3*  
B-2 vs HC**  
B-3 vs HC***

 Boston 34 (10.3) 4 (3.3) 2 (1.2) 6 (3.0)
 Chicago 71 (21.5) 23 (19.0) 34 (21.1) 64 (32.2)
 Dallas 69 (20.9) 14 (11.6) 35 (21.7) 26 (13.1)
 Detroit 37 (11.2) 14 (11.6) 16 (9.9) 17 (8.5) 
 Hartford 69 (20.9) 15 (12.4) 50 (31.1) 43 (21.6) 
Handedness (%)      
 Ambidextrous 4 (1.2) 3 (2.5) 2 (1.2) 4 (2.0)  
 Left handed 33 (10.0) 11 (9.1) 16 (9.9) 26 (13.1)
 Right handed 281 (85.2) 106 (87.6) 141 (87.6) 168 (84.4)
 PANSS Total Score, mean (SD) N/A 64.20 (17.37) 63.82 (17.00) 60.59 (16.56)  
 MADRS Total Score, mean (SD) N/A 9.61 (9.33) 11.02 (8.87) 10.40 (9.31)  
 YMRS Total Score, mean (SD) N/A 5.46 (5.50) 6.16 (6.32) 6.35 (6.36)  
 CPZ Equivalency, mean (SD) N/A 527.55 (438.26) 519.99 (496.86) 379.52 (298.41) B-1 vs B-3*  

B-2 vs B-3*
 BACS Cognition Score, mean (SD) 0.02 (1.14) −2.62 (0.90) −1.93 (0.93) −0.19 (0.84) HC vs B-1***  

HC vs B-2***  
HC vs B-3*  
B-1 vs B-2***  
B-1 vs B-3***  
B-2 vs B-3***

Diagnosis (%)      
 Schizophrenia N/A 69 (57.0) 67 (41.6) 63 (31.7) B-1 vs B-2*  

B-1 vs B-3*** Schizoaffective disorder N/A 30 (24.8) 42 (26.1) 50 (25.1)
 Bipolar disorder with psychosis N/A 22 (18.2) 52 (32.3) 86 (43.2)
 Healthy controls N/A N/A N/A N/A

Note: HC, healthy controls; B-1, Biotype-1; B-2, Biotype-2; B-3, Biotype-3; PANSS, The Positive and Negative Syndrome Scale; 
MADRS, The Montgomery–Åsberg Depression Rating Scale; YMRS, Young Mania Rating Scale; CPZ, chlorpromazine. Participants 
with missing data were removed from the analyses of the fields of their missing data (1 healthy control did not have data for age and sex, 
16 participants did not have data for handedness, 11 probands did not have data for PANSS, 12 probands did not have data for MADRS, 
12 probands did not have data for YMRS, and 172 probands did not have data for antipsychotic intake).
*P < .05, **P < .01, ***P < .001 false discovery rate corrected.
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A series of  logistic regressions using adjusted mean 
for age, sex, race, intracranial volume, site, and hand-
edness of  participants were then performed to deter-
mine whether amygdala-hippocampal volumes could 
discriminate the various subgroups of  probands from 
each other. In addition, receiver operating characteristic 
(ROC) curves were used to compare subgroup discrim-
ination sensitivity and specificity. ROC curves analyses 
allowed us to directly compare the sensitivity of  clinical 
diagnosis and Biotypes at discriminating subgroups of 
probands.

Finally, we explored the effect of cognitive perfor-
mance and antipsychotic intake on these brain structures 
(see supplementary methods and materials).

Results

Clinical and Demographic Data

Descriptive statistics of clinical and demographic in-
formation of all participants are shown in tables 1 and 2.

Amygdala and Hippocampal Volumes

After FDR correction, significant group differences 
were observed while using traditional clinical diagnosis 
classification for the left amygdala (F(3,781) = 10.60, cor-
rected P < .001), right amygdala (F(3,781) = 6.39, corrected 
P < .001), left hippocampus (F(3,781)  =  6.37, corrected 
P < .001), and right hippocampus (F(3,781) = 5.29, cor-
rected P  =  .001). We also observed significant differ-
ences between subgroups of  probands across different 
Biotypes for the left amygdala (F(3,781) = 7.70, corrected 
P < .001), right amygdala (F(3,781) = 8.85, corrected P < 
.001), left hippocampus (F(3,781)  =  7.53, corrected P < 
.001), and the right hippocampus (F(3,781) = 10.97, cor-
rected P < .001).

Figure 1 and table 3 summarize the post hoc between-
group contrasts results for the left and right amyg-
dala and hippocampus. Individuals with schizophrenia 
showed significantly smaller right amygdala volumes 
and left hippocampal volume and trending significant 
smaller right hippocampus when compared with con-
trols. People with schizoaffective disorder showed sig-
nificantly smaller left amygdala, whereas people with 
bipolar disorder with psychosis showed significantly 
smaller volume of the left hippocampus compared with 
healthy controls.

For probands across different Biotypes, probands of 
B-1 had significantly smaller amygdala-hippocampal 
volumes, compared with healthy controls. In addition, 
probands of  B-3 showed significantly smaller volume 
for the left hippocampus, when compared with healthy 
controls.

The effect sizes observed for significant differences 
when Biotypes were compared with controls were gen-
erally higher than when clinical diagnoses were used (see 

table  3). There was no significant interaction between 
Biotype and diagnosis for any of the structures (P > .18). 
Means and standard deviations for each Biotype group 
within each diagnosis are illustrated in supplementary 
figure S4.

Hippocampal Subfields

Figure 2 illustrates the differences in hippocampal subfield 
volumes between healthy controls and probands across 
different clinical diagnoses and Biotypes. After FDR cor-
rection, the left cornu ammonis (CA) 4 and dentate gyrus 
(DG) was significantly smaller in probands across all 
clinical diagnoses compared with controls. In addition, 
the left stratum and CA2/CA3 were significantly smaller 
in individuals with schizophrenia and bipolar disorder 
with psychosis compared with controls. The right CA4/
DG was marginally significantly smaller for people with 
schizophrenia.

Significantly smaller volumes were also observed in 
all hippocampal subfields in B-1 compared with healthy 
controls. The left stratum, CA4/DG, and CA2/CA3 were 
significantly smaller in B-3 when compared with healthy 
controls.

Finally, there was no significant group interaction 
between diagnoses and Biotypes for any hippocampal 
subfield (P > .23).

Amygdala and Hippocampal Shape Analysis

Figure 3 depicts shape differences in amygdala and hip-
pocampus between probands and healthy controls. As il-
lustrated, the significant differences in the shape of the 
left and right amygdala were widespread and particularly 
notable in the comparison between B-1 and healthy con-
trols (corrected P < .05). Among diagnoses, the com-
parison between people with schizophrenia and healthy 
controls showed a small significant abnormal shape on 
the dorsomedial posterior region on the right amygdala 
(corrected P < .05).

Fig. 1. Results of volume analyses for left and right amygdala 
and hippocampus. †P < .10, *P < .05, ***P < .001 from post hoc 
contrasts comparing all psychosis subgroups to healthy controls 
in one general linear model. HC, healthy controls (n = 330); SZ, 
schizophrenia (n = 199); SZA, schizoaffective disorder (n = 122); 
BDP, bipolar disorder with psychosis (n = 160); B-1, Biotype-1 
(n = 121); B-2, Biotype-2 (n = 161); B-3, Biotype-3 (n = 199).
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In contrast to amygdala, significant shape differences 
of the left and right hippocampus were present in al-
most all subgroups of probands (corrected P < .05). B-1, 
B-3, schizophrenia, and schizoaffective groups demon-
strated more significant differences in both anterior and 
posterior hippocampus compared with healthy controls. 
Overall, B-1 was the subgroup of probands that showed 
the most widespread abnormal shape for both left and 
right hippocampus (corrected P < .05). Subtle shape dif-
ferences were also observed in the left posterior hippo-
campus in B-2 and in the right posterior hippocampus in 
individuals with bipolar disorder with psychosis. There 
was no significant diagnosis by Biotype interaction for 
the shape of either of these structures (P > .78).

Discrimination Between Different Subgroups of 
Probands

When using the amygdala volumes, we observed signifi-
cant discrimination between B-1 and the other Biotypes 
(left amygdala [B-1 vs B-3]: B  =  0.003, SE  =  0.001, 
z-ratio = 2.72, x2 = 7.39, corrected P = .03; right amyg-
dala [B-1 vs B-2]: B = 0.004, SE = 0.001, z-ratio = 3.23, 
x2 = 10.41, corrected P = .01; right amygdala [B-1 vs B-3]: 
B = 0.004, SE = 0.001, z-ratio = 3.03, x2 = 9.17, corrected 
P =  .01), whereas no significant discrimination was ob-
served between B-2 and B-3 or between any clinical diag-
noses (corrected P > .05).

When using the hippocampal volumes, we observed 
significant discrimination between B-1 and the other 
Biotypes for the right hippocampus ([B-1 vs B-2]: 
B = 0.002, SE = 0.001, z-ratio = 3.40, x2 = 11.50, cor-
rected P  =  .01; [B-1 vs B-3]: B  =  0.002, SE  =  0.001, 
z-ratio = 3.23, x2 = 10.43, corrected P = .01). No other 
significant discrimination was observed between any 
Biotypes nor clinical diagnoses using hippocampal vol-
umes (corrected P > .05).

ROC curves analyses showed that amygdala and 
hippocampal volumes are more sensitive for separating 
Biotypes than clinical diagnosis (supplementary figure 
S5). The greatest discriminations were observed between 
B-1 and other Biotypes (AUC range = 0.573–0.617).

Discussion

In the current study, we examined amygdala and 
hippocampal structures across the psychosis spectrum, 
using both volumetric and shape data in traditional 
DSM-IV diagnoses and psychosis Biotypes. Various pat-
terns of differences across psychosis subgroups were ob-
served, but overall, our results demonstrated that using 
Biotype classification was more effective at identifying a 
specific subgroup of cases with greater abnormalities (ie, 
B-1) than using traditional clinical diagnosis. Hence, using 
volume and shape data of the amygdala and hippocampus 
provide additional validation for the Biotype model as a 
more efficient way of detecting neurobiologically mean-
ingful subgroups of probands.

B-1 showed the most significant and widespread 
volume and shape abnormalities on various amygdala 
and hippocampal measures from all subgroups of prob-
ands. These results are in line with the cognitive profile of 
individuals in B-1 showing impaired cognition and pro-
foundly deficient neural responses to sensory stimuli.22 
Other B-SNIP studies have also shown that prob-
ands in B-1 have reduced gray matter density, reduced 
hippocampal volume, abnormal low intrinsic neural ac-
tivity, and functional connectivity.23,40–42 Together, these 
findings suggest that there are extensive impairments in 
brain structure and function seen in B-1 psychosis cases.

Our results showed that differences in bilateral amyg-
dala and hippocampal volumes provided the best dis-
crimination between psychosis subgroups when B-1 was 
compared with other Biotypes. B-1 was also the only 

Fig. 2. Hippocampal subfield volume differences for individuals across diagnoses and Biotypes when compared with healthy controls. 
†P < .10, *P < .05, **P < .01, ***P < .001 false discovery rate corrected. SZ, schizophrenia (n = 199); SZA, schizoaffective disorder 
(n = 122); BDP, bipolar disorder with psychosis (n = 160); B-1, Biotype-1 (n = 121); B-2, Biotype-2 (n = 161); B-3, Biotype-3 (n = 199); 
CA, cornu ammonis; DG, dentate gyrus. The mean differences are adjusted for age, sex, race, intracranial volume, site, and handedness. 
All regions showing a significant difference represent smaller subfield volumes in psychosis cases compared with controls.
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Biotype that had significant volume reductions in bilateral 
amygdala and hippocampus, with the largest effect size of 
all subgroups of probands. Amygdala and hippocampal 
alterations are commonly seen in psychosis, which have 
also been associated with cognitive deficits.11,43,44 In ad-
dition, shape results showed widespread abnormalities 
for B-1. As B-1 has severe cognitive impairments com-
bined with profound electrophysiological responses, it 
could reflect why they also show the largest amygdala and 
hippocampal abnormalities. It is also in line with our cur-
rent findings showing that lower cognitive performance 
was associated with lower volumes of the amygdala and 
hippocampus in our participants (see supplementary re-
sults for more details).

In the initial Biotype construction, individuals in 
B-2 also showed cognitive impairments, but a normal 
ability to respond to sensory stimuli combined with ac-
centuated background brain activity; B-3 cases had the 
most similar profiles to healthy controls.22 Additionally, 
when measuring overall gray matter density, the most 
extensive gray matter loss was in B-1, intermediate loss 
in B-2, and near-normal gray matter density in B-3.23 
The current sample used in this study showed a sim-
ilar pattern of  cognitive profile, with more severe cog-
nitive deficits in B-1, intermediate cognitive deficits in 
B-2, and near-normal cognition in B-3. However, con-
trary to our initial hypothesis based on previous gray 
matter findings, we only observed subtle significant 

Fig. 3. Significant surface shape deformation for the left and right amygdala and hippocampus for each group of probands compared 
with healthy controls. Darker regions represent significant surface-based deformations (ie, smaller surfaces, false discovery rate corrected) 
observed in psychosis cases when compared with healthy controls. HC, healthy controls (n = 330); SZ, schizophrenia (n = 199); SZA, 
schizoaffective disorder (n = 122); BDP, bipolar disorder with psychosis (n = 160); B-1, Biotype-1 (n = 121); B-2, Biotype-2 (n = 161); 
B-3, Biotype-3 (n = 199).
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abnormalities in the shape of  the left posterior hippo-
campus for B-2, similarly as for B-3, who also showed 
significant smaller volumes of  the left CA2–CA3, CA4, 
and stratum hippocampal subfields. Interestingly, the 
left CA2–CA3 was not significantly associated with 
cognitive scores on the BACS in psychosis cases (see 
supplementary results for more details). Therefore, it 
is possible that subfields and shape analysis can iden-
tify more subtle abnormalities on the posterior hippo-
campus, especially on the left hemisphere, that could 
be related more to psychosis pathology, than general 
cognitive profiles.45

When using traditional clinical diagnoses, individ-
uals with schizophrenia showed significant reductions 
for the right amygdala and the left hippocampus, as well 
as trending smaller right hippocampus when compared 
with healthy controls. Significant volume reductions 
compared with healthy controls were also observed in the 
left amygdala in schizoaffective probands and in the left 
hippocampus in bipolar disorder with psychosis prob-
ands. Our findings are consistent with previous research 
reporting reduced amygdala and hippocampal volume in 
schizophrenia and schizoaffective disorders13,46 and bi-
polar disorder with psychosis14,47 compared with healthy 
controls. Significant shape abnormalities of the left 
and right hippocampus were also seen mostly in schiz-
ophrenia and schizoaffective subgroups compared with 
healthy controls. These findings are in line with previous 
studies showing that individuals with schizophrenia and 
schizoaffective disorder showed hippocampal shape de-
formations that differ from individuals with bipolar dis-
order with psychosis.17,19 

The current study is the first to utilize shape along 
with volume data of  the amygdala and hippocampus, 
comparing both conventional clinical diagnoses and the 
psychosis Biotype model in a large sample of  people on 
the psychosis spectrum. Biotype categories were based 
on cognitive and electrophysiological biomarkers, but 
not imaging biomarkers. Importantly, the Biotype de-
fining parameters were not markers related to amygdala 
nor hippocampal structures. Furthermore, no significant 
interaction was observed between the traditional diag-
noses and Biotypes, suggesting that regardless of  the 
clinical diagnosis of  the probands, Biotypes presented 
consistent patterns of  results. Biotype classification pro-
vided the greatest neuroanatomical differences for the 
amygdala and hippocampus compared with controls, 
but the specificity and sensitivity to discriminate within 
subgroups of  probands remains modest. Hence, more 
work is needed in the field to improve the identification 
of  distinct subgroups of  probands across the psychosis 
spectrum.

Nonetheless, the Biotype organization can be seen as 
a first step toward more effective classification methods 
in psychosis. This first step could lead to a more effec-
tive way to identify subgroups of  probands, which are 

biologically meaningful across the psychosis spectrum.8 
Hence, our findings support Biotype classification com-
pared with clinical diagnoses and highlight the need for 
more effective objective methods of  classification that 
could benefit early intervention and personalized treat-
ment.48 Our findings also support the value of  shape 
abnormalities as potentially valuable biomarkers to 
characterize biologically distinct subgroups of  psy-
chotic disorders for future pathophysiological research. 
For instance, our shape analysis was more sensitive in 
detecting subgroup differences between probands and 
controls than our volume analysis. Finally, amygdala 
and hippocampal shape alterations may be potential 
endophenotypic markers, suggesting that investigating 
these biomarkers in relatives at risk for psychotic dis-
orders are likely to be fruitful.

Our findings should be appreciated in the context of 
some limitations. First, most individuals with psychosis 
were medicated, creating a potential confound of medica-
tion effects and state of illness of the probands. Although 
antipsychotic treatment may affect brain measures, our 
post hoc analysis did not show a significant effect of med-
ication dose on volume and shape of the amygdala or 
hippocampus, suggesting that dose differences between 
groups unlikely account for neuroanatomic differences 
(see supplementary results for more details). Nonetheless, 
it would be interesting to further investigate Biotype clas-
sification in unmedicated cases and high-risk popula-
tions. In addition, our subgroups of probands were not 
perfectly matched. Further cross-diagnostic investigation 
with more homogeneous subgroups of probands on sex, 
race, and antipsychotic uptake is warranted. The current 
study was an a priori hypothesis-driven investigation of 
2 important limbic regions involved in psychosis (ie, the 
amygdala in the hippocampus) and further investigation 
of subcortical regions also involved in these disorders (eg, 
the thalamus) could be of interest. Importantly, trained 
individuals who performed motion and segmentation 
quality control were blind to the diagnosis and Biotype 
conditions. Therefore, although, like in most structural 
imaging studies, it is possible that some motion-related 
noise may have remained in our data, it is unlikely that it 
would explain the between-group findings. Nonetheless, 
future studies should aim to include continuous meas-
ures of image quality as covariates in statistical analyses. 
Finally, the cross-sectional design is a limitation, and the 
longitudinal trajectory of these observations across the 
whole course of illness needs to be characterized in future 
studies.

Conclusion

The results from the current study provide further in-
sight into psychiatric disease classification. B-1 showed 
greater amygdala and hippocampal volume and shape 
abnormalities and better discrimination from other 
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psychosis case subtypes compared with differences ob-
served using traditional clinical diagnoses. Using more 
objective methods to identify neuroanatomically distinct 
subgroups of probands on the psychosis spectrum, such 
as the Biotype classification, could have important con-
tributions in progressing toward more personalized treat-
ment in psychosis.

Supplementary Material

Supplementary data are available at Schizophrenia 
Bulletin online.
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