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Abstract

Volumetric studies suggest smaller amygdalae in subjects with schizophrenia (SZ) than with 

bipolar disorder (BP). We use morphometry to identify subregions of amygdala differentially 

affected in SZ and psychotic BP. Based on template centered population analysis, the shape of the 

amygdala in psychotic BP differs from SZ (pleft=0.044, pright=0.042). Using a high-field 7T atlas, 

the bilateral basolateral, basomedial and centromedial subregions and the right lateral subregion 

were significantly atrophied in SZ compared to psychotic BP (p<0.02). These results suggest that 

change in shape of amygdala may represent a morphologic feature distinguishing SZ from 

psychotic BP.
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1. INTRODUCTION

Epidemiologic, genetic and neuroimaging studies suggest both shared and unique 

susceptibility factors for bipolar disorder (BP) and schizophrenia (SZ) (Craddock and Owen, 

2010). One potentially informative distinction can be made between subtypes of BP 

presenting with and without psychosis (Potash, 2006) and it has been suggested that 

neuroanatomical features of psychotic BP, rather than BP without psychosis, may be more 

similar to what is seen in SZ (Strasser et al., 2005). However, volumes of amygdala have 

been reported to be smaller in SZ than in psychotic BP (Frazier et al., 2008; Mahon et al., 

2012; Velakoulis et al., 2006).

The amygdalae are comprised of many functionally different nuclei. Assessing the surface 

of the amygdala may provide additional information about specific nuclei or pathways 

affected, which might then correlate with clinical features. We are aware of only two studies 

examining shape of amygdala in both SZ and BP (Mamah et al., 2010; Qiu et al., 2013). 

These studies reported discrepant findings, with one observing atrophy in SZ and the other 

not. Evidence for differential involvement of amygdalar subregions in SZ and BP also 

comes from resting state functional connectivity and postmortem studies (Liu et al., 2014; 

Varea et al., 2012).

We previously reported smaller amygdala volume in SZ compared to psychotic BP (Mahon 

et al., 2012). Here, we extend that study by utilizing morphometry to examine 

neuroanatomic features of amygdala in the same sample. Specifically, we examine amygdala 

for differences in surface shape and utilize a high-field 7T parcellation of amygdala to map 

features across coordinate systems and examine differences in four subregions.

2. METHODS

2.1 Subjects

This sample has been described in detail previously (Mahon et al., 2012; Ratnanather et al., 

2013). All subjects provided informed consent prior to participating in the study. Briefly, 

right-handed subjects were selected from SZ and BP studies at Johns Hopkins University 

School of Medicine. Consensus diagnosis of BP or SZ was determined using a semi-

structured interview and two instruments, either the DIGS and MINI or SCAN and CIDI-SF. 

All BP patients had at least one episode of psychotic symptoms. Healthy comparison (HC) 

subjects were screened for mental illness using the same instruments. All affected 

participants had a history of medication use. No SZ subjects were on lithium. Distributions 

of age and sex of subjects were similar across the diagnostic groups (Table 1).

2.2 MRI

T1 weighted 3D volumes were acquired using a 1.5 T Philip MR system and MPRAGE 

sequence (TR = 13.40 ms, TE = 4.6 ms, flip angle = 20, FOV 256 × 256), with 1-mm3 

isotropic resolution across the entire cranium. Skullstripping was performed in Freesurfer 

3.0.5 (Ségonne et al., 2004). Semi-automated segmentation of amygdala was performed in 

MRIStudio software (Jiang et al., 2006), utilizing the LDDMM algorithm (Oishi et al., 

2009) and the JHU-MNI-SS Type II atlas (www.mristudio.org). Segmentations were blind 
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to diagnosis, were visually inspected and manually edited where necessary. Segmentations 

were converted into triangulated surfaces using isosurface polygonization.

2.3 Amygdala Subregion Parcellation

A T1 weighted 3D volume for a 42 year old healthy male volunteer was acquired using a 

7.0T Philips Achieva scanner. The subject was scanned using a standard MPRAGE protocol 

with 0.8mm isotropic resolution (TR =4.3 ms, TE=1.95ms, flip angle = 7, FOV = 

220x220x180). Based on The Atlas of the Human Brain (Mai et al., 2007), the amygdala 

was partitioned into four subregions: lateral, basolateral, basomedial and centromedial 

(http://caportal.cis.jhu.edu/wiki/tutorials/amygdala/amygdala.html).

2.4 Shape Analysis via Surface-Based Morphometry

2.4.1 Vertex Marker—These methods have been described in detail previously (Miller et 

al., 2014; Younes et al., 2014). Briefly, all 1.5T amygdalar surfaces were rigidly aligned. A 

population template, a common coordinate system of all surfaces, was generated using the 

aligned volumes and a generative shape model. The population template was mapped to 

each subject’s structure, and a deformation marker measuring the expansion/atrophy at each 

vertex for each subject was calculated. The log-Jacobian is a measure of the local expansion/

atrophy of the surface around a particular vertex. To a first approximation, it is the % 

increase or decrease in surface area around a particular vertex. The vertex marker has 796 

dimensions, associated with the number of vertices.

2.4.2 High-field Markers—We also computed four high-field subregion markers, defined 

from the 7T image described above and mapped onto the population template using 

LDDMM surface matching. This transports the labeled high-field template to the population 

template allowing the labeling of the vertices (Miller et al., 2014).

2.5 Statistical Analysis

Generalized linear models were used to compare the shape markers for group differences. 

Age and gender were included as covariates. Education and socioeconomic status did not 

contribute significantly (LRT≥0.12) and were not included in the final model. For the vertex 

markers, statistics were computed at each vertex of the template surface and permutation 

tests were utilized to account for multiple comparisons. For the high-field markers, statistics 

were computed for each of the four subregions and a threshold for significance was 

determined based on permutation testing.

3. RESULTS

The vertex marker and high-field marker results indicate bilateral atrophy in SZ as compared 

to psychotic BP (Table 2 and Figure). Specifically, left basolateral and centromedial 

subregions show the largest proportion of atrophy in SZ as compared to psychotic BP with 

6% atrophy in both regions. There was also 5% atrophy in the left basomedial subregion in 

SZ. The left lateral subregion was similar between SZ and psychotic BP. For right 

amygdala, all subregions were significantly atrophied in SZ as compared to psychotic BP 
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(4-5% atrophy). Trends toward atrophy in SZ (pvertex=0.09) and expansion in BP 

(pvertex=0.075) as compared to HC were observed in right amygdala (Table 2).

4. DISCUSSION

This study expands upon our previous work comparing volume of amygdala in patients with 

psychotic BP and SZ, where we reported a significantly smaller volume of amygdala in SZ 

than in psychotic BP. Here, we examined surface shape of amygdala in the same sample and 

observed similar left lateral amygdala in the SZ and psychotic BP groups. All other 

subregions showed significant atrophy in SZ as compared to psychotic BP.

To our knowledge, only two previous studies have directly compared shape of amygdala in 

SZ and BP. Mamah et al (2010) were unable to detect morphometric differences using 10 

principal components representing variation in surface shape in their sample of 11 SZ 

subjects and 12 BP subjects. Similar to our findings, a second larger study with 28 

participants in each group found that subjects with first episode SZ displayed atrophy in the 

right amygdala, as compared to subjects with first-episode mania based on a log-Jacobian 

marker (Qiu et al., 2013). Using a vertex marker, we identified a similar small region of 

atrophy in SZ versus psychotic BP, although we observed atrophy bilaterally. Two 

potentially important differences between our study and both previous studies is our focus 

on the phenotype of psychotic BP and the different shape markers utilized. Interestingly, 

atrophy in the basolateral subregion of amygdala has been reported in familial pediatric BP, 

paralleling findings of reduced volume of amygdala in pediatric BP (Kelley et al., 2013).

The amygdala, or amygdaloid complex, is comprised of many different nuclei and is 

involved in a variety of functions including memory, perception, attention and fear 

conditioning. In functional neuroimaging studies, bilateral amygdala hyperactivation to 

facial affect processing has been found in patients with BP and hypoactivation in patients 

with SZ (Anticevic et al., 2012; Chen et al., 2011; Delvecchio et al., 2013; Li et al., 2010; 

Taylor et al., 2012). Different patterns of functional connectivity between amygdala 

subregions and frontal regions have been identified in BP and SZ (Liu et al., 2014). In 

postmortem studies, synaptic and plasticity-related markers have also been shown to differ 

between BP and SZ in specific amygdala nuclei (Varea et al., 2012).

Our high-field marker results suggest that the left lateral subregion is similar in SZ and 

psychotic BP, but not the right. The lateral nucleus of the amygdala receives projections 

from the sensory neocortex and thalamus and acts as the primary sensory interface for the 

amygdala . Our finding of different subregions affected in left and right amygdala may 

reflect on the lateralization of amygdala function reported for various facets in emotion 

perception studies (Costafreda et al., 2008; Fusar-Poli et al., 2009; Murphy et al., 2003; 

Sergerie et al., 2008; Wager et al., 2003).

A limitation of the current study is that we do not have available a sample with non-

psychotic BP for comparison. Also, this study was not designed to assess the potential 

confounding effects of medication. For example, pre-clinical studies suggest that lithium 
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may have a neuroprotective effect in the amygdala (Johnson et al., 2009). Thus, it is possible 

that our observed differences might be attributable to medication use.

These results suggest that change in shape of amygdala may represent a morphologic feature 

distinguishing psychotic BP from SZ. While the nature of abnormalities of the amygdala in 

BP and SZ differ, this brain region might still be the locus of a partially shared 

pathophysiology between these disorders.
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Figure. Results modeling SZ as compared to psychotic BP
Top and bottom rows portray left and right amygdala respectively. The left column shows 

the vertex marker and all % atrophy, regardless of significance. Note that the relative % 

surface atrophy is shown, with 100% meaning no difference. The middle column shows the 

vertex maker with regions of statistically significant atrophy shown in red, the blue implies 

no statistically significant atrophy (determinant Jacobian=1). The right column shows the 

four high field markers, with 7T subfields transferred to the 1.5T population template. 

Where there is statistically significant reduction, the relative % atrophy is shown in warm 

hues (yellow to red), with red indicating the largest % atrophy, the blue implies no 

statistically significant atrophy (determinant Jacobian=1). The legend shows the 

segmentations of the four subregions in the left amygdala.
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Table 1

Demographic and clinical characteristics

Psychotic Bipolar 
Disorder (n=36)

Schizophrenia (n=31) Healthy Comparison (n=27) Statistical Test, p-value

Age, years 39.9(11.1) 41.4(9.5) 44.0(15.6) F=0.93, p=0.400

Males (%) 52.8 54.8 44.4 χ2=0.69, p=0.707

Education level, years 14.6(2.5) 12.5(2.2) 13.7(2.6) F=5.61, p=0.005

Socioeconomic status 3.2(1.0) 3.9(1.2) 3.8(1.0) F=4.10, p=0.020

Duration of illness, years 17.6(12.7) 19.3(11.0) NA t59=0.54, p=0.593
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Table 2

Group differences in amygdala shape
a

Vertex Marker
High Field Markers

Basolateral Basomedial Centromedial Lateral

SZ v. BP Left 0.044 0.004 0.008 0.002 0.443

Right 0.042 0.014 0.019 0.012 0.019

SZ v. HC Left 0.456 0.110 0.293 0.104 0.984

Right 0.09 0.012 0.040 0.076 0.278

BP v. HC Left 0.344 0.265 0.149 0.218 0.521

Right 0.075 0.840 0.856 0.572 0.125

a
Shown are the p-values from permutation testing at 5% familywise error rate. Columns list the p-values from the vertex (796 dimensions per 

structure) and the four high-field regions (1 dimension per structure). Thresholds determined by permutation with p-values shown in bold 
significant. SZ=schizophrenia, BP=psychotic bipolar disorder, HC=healthy comparison
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