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Coordinated, large-scale efforts to study brain disorders are rare, with most neuroimaging 

studies collecting fewer than 100 study participants. Neuroimaging research is one of many 

biomedical fields that have suffered from low study power and reproducibility. Genetic variation 

and psychiatric disorders confer subtle effects on markers of brain structure and function, further 

complicating the discovery and validation of reproducible neuroimaging biomarkers.  

The Enhancing Neuro Imaging Genetics through Meta Analysis Consortium (ENIGMA) 

has developed harmonized processing and analysis protocols to empower large-scale 

neuroimaging studies of genetic variation and psychiatric illness. By using standardized 

methods, prospective meta- and mega-analysis carried out by the ENIGMA consortium improve 

upon conventional retrospective meta-analyses. ENIGMA working groups include both 

conventional studies of psychiatric disorders such as the ENIGMA Bipolar Disorder Working 
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Group, as well as genetics-first approaches like the ENIGMA 22q11.2 deletion working group, 

which study populations at high risk for psychiatric illness. These ENIGMA studies represent the 

largest collaborative efforts to study neuroimaging markers in their respective disorders.  

The ENIGMA bipolar working group has reported altered cortical and subcortical 

volumes, which show significant predictive power in discriminating patient populations. The 

ENIGMA 22q11.2 deletion syndrome working group has reported robust cortical, subcortical 

and white matter differences between 22q11.2 deletion subjects and healthy controls, differences 

between common microdeletion subtypes, as well as associations between 22q11.2 deletion-

related psychosis and idiopathic schizophrenia. Large-scale, harmonized processing and analysis 

efforts such as these make cross-diagnostic comparisons possible on an unprecedented scale. 

Given the known overlap between major psychiatric disorders, such cross-disorder studies may 

provide robust markers that improve diagnoses, help monitor disease progression, and provide 

insights into novel therapeutic targets. 
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CHAPTER 1 
Introduction 

 
 
1.1 Modern Brain Mapping  
 

The 1990’s have been termed the “Decade of the Brain” and were marked by an acceleration in 

the collection of neuroscientific data (Jones and Mendell, 2019). Growing access to MRI 

scanners led to widespread, noninvasive neuroimaging studies of the human brain. The power to 

relate MRI-based brain measures to clinical and behavioral features, as seen in early lesion 

studies, led to a flourishing brain mapping movement.  

 

Early brain mapping was supported in large part by the development of semi-automated tools 

able to quantify aspects of brain images, thus making rigorous analyses and larger studies 

possible. Tools such as Statistical Parametric Mapping (Friston et al., 1995; Frackowiak, 1997), 

the FMRIB Software Library (FSL) (Jenkinson et al., 2012), FreeSurfer (Fischl et al., 2004) and 

other tools became widely adopted in the analysis of brain imaging data. 

 

Around the time of early neuroimaging processing and analysis tool development, coordinated 

efforts such as the International Consortium for Brain Mapping began collecting neuroimaging 

data from around the world in order to establish brain mapping standards. These resources 

included tools such as average anatomical templates based on hundreds of brain scans. Software 

was developed to register study data to templates or atlases and thereby relate findings to 

existing data collections in a standardized coordinate space (Woods et al., 1993; Talairach et al., 

1993; Collins et al., 1994; Ashburner et al., 1999; Jenkinson et al., 2002,). Thanks in part to these 
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early standardization efforts, researchers began to collect brain MRI data from clinical 

populations using consistent protocols.  

 

One important consortium effort to collect and share brain imaging data was the Alzheimer’s 

Disease Neuroimaging Initiative (ADNI) (Weiner et al., 2012). The first phase of ADNI involved 

a coordinated multisite effort to collect multimodal brain MRI scans along with in-depth 

neuropsychological and biological specimens on an unprecedented scale to study biomarkers of 

dementia. Importantly, ADNI data (now in Phase 3 of the study) is made freely available to 

researchers around the world. The ADNI database includes over 1,000 research subjects and has 

resulted in hundreds of peer-reviewed studies. Other consortia include the Brain Imaging 

Research Network (Potkin and Ford, 2009), IMAGEN (Schumann et al., 2010), CHARGE 

(Psaty, et al., 2009), and the Mind Clinical Imaging Consortium (Gollub, 2013).  

 

However, coordinated large-scale efforts such as these are rare. Even today, typical 

neuroimaging studies collect fewer than one hundred subjects and challenges remain with regard 

to study power, replication and discovery in neuroimaging research. The effects of genetic 

variation and psychiatric disorders on brain structure and function are often subtle (Thompson et 

al., 2014). New approaches are thus necessary detect replicable and actionable structure/function 

relationships to empower future therapies and interventions. One way forward is in the 

aggregation of existing neuroimaging datasets to boost power and foster international 

collaboration. 

 

In the next section I address some of the advantages and challenges inherent to large-scale 
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neuroimaging research. I focus on advances made by the Enhancing Neuro Imaging Genetics 

through Meta Analysis Consortium (ENIGMA) and my unique contributions to these large-scale, 

global neuroscience efforts during my graduate studies. 

 

1.2 The Enhancing Neuro Imaging Genetics Through Meta Analysis Consortium 

(ENIGMA) 

Large-scale, collaborative neuroimaging studies offer the potential to answer new questions as 

well as address older findings with greater confidence and rigor. In the last decade, attention has 

been drawn to a potential ‘crisis of reproducibility’ in biomedical research, where findings from 

smaller, underpowered studies have sometimes failed to replicate in independent samples 

(Button et al., 2013; Dumas-Mallet et al., 2017; Ioannidis et al., 2017). Historically, the large 

cost of collecting neuroimaging data meant that most studies assessed fewer than one hundred 

subjects. This resulted in underpowered studies that may have been unable to reliably detect the 

statistically subtle effects of psychiatric illness or to consistently identify disease modulators in 

the genome (Ioannidis, 2011; Turner et al., 2014). Early psychiatric genetics studies sometimes 

made assertions about candidate genes and their effects on the brain that later failed to replicate 

when tested in independent samples (Farrell et al., 2015). A recent paradigm shift has led to the 

formation of large-scale consortia efforts that pool resources from around the world to scan the 

genome for loci that consistently affect disease risk. Furthermore, a number of large-scale, 

international imaging consortia have recently formed to study brain structure and function in a 

wide range of psychiatric disorders (Okada et al., 2016; Thompson et al., 2017; Satizabal et al., 

2017).  
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1.2.1 ENIGMA: Studying the effect of genetic variation on brain structure 

A growing number of loci along the human genome have been associated with increased risk for 

disorders such as schizophrenia, bipolar disorder, and major depression. The Psychiatric 

Genomics Consortium (PGC) is a prime example of the power of big data to drive discoveries in 

psychiatric genetics. The PGC has screened millions of genetic loci for associations with a range 

of disorders by aggregating effects across hundreds of thousands of samples. These efforts have 

uncovered hundreds of common variants that are over-represented in patients compared to 

controls (Schizophrenia Working Group of the Psychiatric Genomics Consortium, 2014; Bipolar 

Disorder and Schizophrenia Working Group of the Psychiatric Genomics Consortium, 2018, 

Wray et al., 2018). Large-scale genomics approaches such as these have also determined that 

there exists a significant overlap between disorders (Lee et al., 2013; Anttila et al., 2018; Gandal 

et al., 2018).  

 

In the field of psychiatry, neuroimaging research has been proposed as a means to identify 

biological measures of disease that may be directly influenced by genetic variation — the so-

called ‘endophenotype’ approach (14 Gottesman & Gould 2003). With the possible exception of 

APOE4 — the major risk factor for Alzheimer's disease — a small (but growing) number of 

candidate genes have been found with reproducible effects on brain structure and function 

(Jahanshad et al., 2017).  In 2009, in an effort led by Drs. Paul Thompson, Jason Stein and 

others, ENIGMA adopted the multi-site model similar to the PGC to perform genome-wide 

association studies (GWAS) on MRI-based brain measures in an effort to identify loci 

consistently associated with brain structure and function. To date, the ENIGMA consortium has 

published the largest genetic screens for human brain structures including hippocampal volume 



	
   5	
  
	
  

(Stein et al., 2012; Hibar et al., 2017), other subcortical structures (Hibar et al., 2015), and 

intracranial volume (Adams et al., 2016). Furthermore, these studies were among the first to 

assess neuroimaging data from over 10,000 individuals. 

 

1.2.2 ENIGMA methods and disease working groups 

The success of the initial ENIGMA GWA studies led to the formation of allied ENIGMA 

methods and disease working groups (Figure 1.2a). There are currently over 30 working groups 

developing standardized protocols and studying a wide range of neurodegenerative and 

psychiatric disorders. 

 

 



	
   6	
  
	
  

 
Figure 1.2a. ENIGMA methods and disease working groups 

 
 

Working in parallel, and sharing protocols developed by the ENIGMA methods groups, the 

ENIGMA clinical working groups have been active in publishing the largest neuroimaging 

studies of bipolar disorder (Hibar et al., 2016; Hibar et al., 2018), major depressive disorder 

(Schmaal et al., 2016; Schmaal et al., 2017), schizophrenia (van Erp et al., 2016; van Erp et al., 

2018), epilepsy (Whelan et al., 2018), obsessive compulsive disorder (Boedhoe et al., 2017; 

Boedhoe et al., 2018), autism spectrum disorder (van Rooij et al., 2018) and 22q11.2 deletion 

syndrome (Sun et al., 2018) (Figure 1.2b).  
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Figure 1.2b. Published case/control cortical thickness Cohen’s d effect sizes from the ENIGMA 
psychiatric disorder working groups. 
 

1.2.3 The ENIGMA Model: Advantages and challenges 

A large-scale consortium effort presents advantages and challenges compared to previous 

smaller-scale studies. ENIGMA takes advantage of existing datasets, reutilizing studies that have 

often finished data collection and published their primary findings. The sheer cost of data 

collection means that most prospective large-scale neuroimaging initiatives are limited in the 

number of subjects that can be acquired. The Alzheimer’s Disease Neuroimaging Initiative 

(ADNI) and the Parkinson’s Progression Markers Initiative (PPMI) are two of the larger 

initiatives and have produced multisite samples in the neighborhood of 1,000 subjects. More 

recently, the epidemiological UK Biobank study aims to scan 1000,000 participants, with 
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~15,000 scans currently available to researchers (Alfaro-Almagro et al. 2017). To date, the 

ENIGMA consortium has incorporated ~63,000 scans from a range of neurodegenerative and 

psychiatric disorders as well as healthy controls. ENIGMA currently includes over 700 scientists 

from 340 institutions, spanning 30 countries (Figure 1.2c). By taking advantage of existing data 

and utilizing parallel computing power across the world, ENIGMA has leveraged research 

resources that efficiently benefit to the wider research community at a relatively minimal cost.  

 

 
Figure 1.2c. The ENIGMA working groups around the world 

 

1.2.4 Harmonized processing protocols for large samples 

Unprecedented sample sizes have allowed ENIGMA to test hypotheses about nuanced effects of 

a disease or interventions on the brain. Subtle abnormalities that may have been undetectable in 

smaller studies have been identified as robust effects when data are aggregated from multiple 

centers.   
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One major strength of the ENIGMA approach over classic literature-based meta-analyses was 

the implementation of harmonized processing and analysis protocols. These procedures, 

validated and publicly available (http://enigma.ini.usc.edu/protocols/), make it possible to 

efficiently and consistently extract measures from MRI data and to perform robust statistical 

modeling that has reliably identified effects not detected within smaller cohorts. This approach 

also allows for the opportunity to compare results across ENIGMA working groups. 

 

As imaging studies in psychiatry and neurology grow from hundreds to tens of thousands of 

subjects, several considerations arise that affect the feasibility of performing such large-scale 

research. Many of the algorithms that derive measures from MRI scans segment the brain into 

distinct regions, but this segmentation process is never perfect. Segmentation protocols typically 

require expert raters to identify algorithm failures our outliers. In Chapter 2 I describe some of 

my contributions to harmonizing large-scale research efforts including contributions to the 

ENIGMA processing protocols that have been used by hundreds of researchers and applied to 

thousands of MRI scans from around the world.  

 

1.2.5 Big Data: Heterogeneity as advantage and disadvantage  

ENIGMA studies include varied ethnic/cultural populations, scanners, protocols, and enrollment 

criteria. While aggregating these types of data may result in higher subject heterogeneity, even in 

the case of harmonized reprocessing, it also results in more ecologically valid datasets. Even 

large, multisite, prospective studies such as ADNI and PPMI include possible site confounds. 

When handled appropriately, this heterogeneity allows researchers to determine common and 

distinct patterns of brain variation in a particular psychiatric disorder as they present across the 
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world. Furthermore, this type of data heterogeneity may make it possible to assert that results are 

somewhat invariant to minor differences in study protocol including factors such as educational 

level, socioeconomic status, and ethnic composition.  However, special care must be made when 

analyzing international, multicenter cohorts, and while some skepticism remains about the 

aggregation of imaging data across multiple centers, a growing body of replicated psychiatric 

imaging and imaging genetics findings provide evidence for the validity and utility of this 

approach.  Importantly, ENIGMA studies have detected genetic variants accounting for less than 

1% of the variance in key brain measures as well as subtle effect sizes in psychiatric case/control 

comparisons, demonstrating that data heterogeneity does not obscure signals of interest. 

ENIGMA working groups test for confounds of processing method and study site and have 

found minimal influence of these factors on overall effect sizes (Hibar et al. 2016 and 2018; 

Chapter 4).  

Important limitations are worth noting. Psychiatric disorders are clinically heterogeneous and 

study cohorts may differ more significantly in terms of demographic composition, duration of 

illness, treatment, age of onset, and other comorbid factors. When identifying common patterns 

of brain variation within a psychiatric disorder, there may be important subtypes within these 

overall patterns. Given the large individual variance in anatomy in both patients and controls, 

individual patients will not typically exhibit the exact distribution of brain variation seen in the 

group averages produced by such large-scale studies. Indeed, what the ENIGMA approach gains 

in power for replication and generalizability, it may loose with regard to subtle, subtype-specific 

effects.  
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In an effort to address some of these large-scale study limitations, the ENIGMA psychiatric 

disorder working groups support a growing list of parallel projects to resolve aspects of disorder 

subtype, disease risk and treatment effects. The ENIGMA bipolar disorder working group has 

performed analyses on medication effects and found brain alternations associated with common 

treatments such as lithium, anticonvulsants and antipsychotics. Extensive analyses have also 

been conducted on bipolar subtypes. For example, despite differences in clinical presentation, 

few detectable differences in brain structure or genetic background have been found between 

bipolar subtypes (Chapter 4). To evaluate disease risk, the ENIGMA relatives group studied 

discordant twins and first-degree relatives of patients across the ENIGMA bipolar and 

schizophrenia working groups. It’s known that anatomical variations may not be specific to 

patients alone, and may also be evident, to a degree, in first-degree relatives (de Zwarte et al., 

2019; Chapter 4).  

 

The ENIGMA 22q11.2 deletion syndrome (22q11DS) working group is conducting a unique 

investigation into the risk and development of psychosis. This particular chromosomal 

abnormality leads to heightened risk for psychosis and has provided an important avenue to 

studying neurodevelopmental markers of schizophrenia. The 22q11.2 deletion working group has 

performed the largest analyses of cortical, subcortical and diffusion-weighted brain measures in 

this disorder. In close collaboration with the ENIGMA schizophrenia working group, this project 

is shedding light on unique and overlapping patterns of both 22q11DS-related psychosis and 

idiopathic schizophrenia (Chapter 3).  
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1.2.6 Meta- and mega-analysis 

Both ENIGMA and the PGC have used meta-analysis techniques to sidestep some obstacles 

inherent to sharing primary brain measures or genetic data. In this approach, results from each 

ENIGMA cohort are combined by weighting statistical effects by the size of the cohort. Direct 

testing of the heterogeneity and reproducibility of the results within the full sample as well as 

across cohorts is reported. These techniques represent an important foundational principal of the 

ENIGMA consortium and were a significant factor in the initial success of the consortium. Early 

ENIGMA studies were based on the idea that no working group would ever be required to share 

any primary genetic or brain metrics. ENIGMA harmonized processing and analysis protocols 

could be run on site and effect size estimates would then be shared with the central analysis team 

to perform the necessary meta-analysis. 

 

Meta-analyses such as those employed by ENIGMA come with limitations. When an effect size 

is analyzed across multiple cohorts, it may be easy to overlook important or influential factors 

that operate only in certain contexts. One example of this is the different profile of brain 

abnormalities seen in adult versus pediatric patients. Meta-analyses may also fail to detect the 

effects from factors that are strongly age-dependent. For instance, the effect on hippocampal 

volume of the major Alzheimer's risk allele, APOE4, is not the strongest locus in the genome-

wide analysis of common variants that affect hippocampal volume (Stein et al., 2012). This 

limitation is important to consider, as some illness risk factors may not be reliably detected using 

this meta-analysis framework. To address some of these limitations, several of the ENIGMA 

working groups are now performing mega-analyses of individual level data in which primary 

brain measures are shared and analyzed jointly. These analyses allow for greater power and 
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modeling flexibility to detect subtle modulatory factors such as medication, sex differences, and 

environmental risk factors (Chapters 3, 4 and 6).  

 

Most ENIGMA studies have applied relatively simple mass univariate analysis methods when  

studying imaging features. Combining multiple imaging modalities is likely to improve 

predictions about diagnosis and prognosis. In addition to classical multivariate approaches, 

machine learning models are being applied to neuroimaging data across a variety of brain 

disorders to predict diagnostic groups, treatment response, and soon to identify and characterize 

subtypes or clusters within highly heterogeneous diagnostic categories (Chapter 5). ENIGMA 

provides an opportunity to evaluate such machine learning models across large samples. Our 

initial efforts in the diagnostic classification of affective disorders show promise but their 

accuracy is likely to improve as more advanced metrics are added, including multimodal 

structural, functional, and in-depth clinical information (Chapter 3 and 4).  

 

1.2.7 The future of ENIGMA 

A key question in psychiatric neuroimaging research is the extent to which brain variations may 

be shared or differentiate major psychiatric disorders. Initial case control studies from the 

ENIGMA clinical working groups (Figure 1.2b and 1.2d) suggest interesting patterns of cortical 

and subcortical variation across disorders. Among the most striking findings from these studies 

were that schizophrenia case/control cortical effects were more widespread and greater in 

magnitude than those found in other ENIGMA studies. In line with prior hypotheses about the 

anatomical correlates of bipolar disorder versus major depressive disorder, frontal lobe systems 

showed greater deficits in bipolar patients, whereas limbic regions tended to show greater 
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deficits in major depressive disorder. Another key finding are the volumetric deficits in the 

hippocampus found across disorders (Figure 1.2d). Ongoing efforts to better characterize these 

effects include the examination of hippocampal subfield volumes and shape analysis of 

subcortical structures (Chapters 3 and 4).  

 

 
Figure 1.2d. Published case/control subcortical volume effect sizes from the ENIGMA 
psychiatric disorder working groups. 
 

Psychiatric disorders, as currently defined by the major diagnostic manuals, represent syndromes 

or constellations of symptoms that broadly group individuals that share similar prognoses and 

respond to similar treatments. These diagnostic categories are inherently heterogeneous and can 

have seemingly vague boundaries between disorders with overlapping symptomatology (Carrol 

and Owen 2009). As noted earlier, growing evidence points to shared molecular markers across 

some psychiatric disorders (Gandal et al., 2018). As such, an important limitation of the early 
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ENIGMA analyses (and the majority of psychiatric neuroimaging studies to date) was the 

assessment of diagnostic categories rather than dimensional measures from specific symptom 

domains. The National Institutes of Health Research Domain Criteria (NIH RDoC) and other 

ongoing initiatives are motivating future studies to examine dimensional measures of cognitive 

and behavioral symptoms across classic diagnostic boundaries (Insel, 2014).  

 

In Chapter 5 I discuss ongoing work to directly compare harmonized brain measures from the 

ENIGMA bipolar, schizophrenia and major depression working groups. Of great interest will be 

whether those future analyses can discriminate between alternative patient groupings, such as 

those based on the presence of depressive or psychotic symptoms, disease severity, disease 

duration, substance use, and other shared characteristics across these three disorders. 

 

A major challenge in the aggregation and comparison of the ENIGMA data are the range of 

symptom and cognitive measures that have been deployed across studies. Before direct 

comparisons can be made of data from the different clinical working groups, a dedicated effort is 

underway to assemble a dictionary of common data elements containing factors that influence 

brain development and disease (Chapter 5, See Organic Data Science). Through this effort it 

will also be possible to better distinguish the effects of common risk factors including 

comorbidities like depression and substance use on the expression of various psychiatric 

disorders.  

 

An ever-present challenge for big data methods in psychiatry involves the need to relate imaging 

findings to cellular and molecular measures. A major barrier in psychiatric research is the 
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relative lack of histologic or molecular markers for psychiatric disorders. In Chapter 3 I discuss 

associations between genetic deletion size and brain structure in 22q11DS. These analyses, the 

first of their kind, have implications for how we understand the differential risk and gene dosage 

in neurodevelopmental and psychotic disorders. In the near future, it’s likely that connections 

will be made between neuroimaging measures and other types of high dimensional “omics” data 

such as plasma markers, metabolomic, epigenetic, gene expression, and other biological data.  

While a thorough discussion of the application of diffusion-weighted imaging and fMRI in 

ENIGMA are beyond the scope of this dissertation, they represent important avenues of future 

work throughout the consortium and will lend insights into the structural and functional basis of 

psychiatric disorders. 

 

ENIGMA studies will continue to be guided by the collective expertise of a strong network of 

neuroscientists, psychiatrists, data scientists, bioengineers and geneticists (Guglielmi, 2018). Big 

data consortia efforts such as these offer the opportunity to work cohesively on related research 

questions, bringing diverse sources of information to bear on converging neuroscientific 

problems, and will continue to provide valuable discoveries revealing consensus findings and 

informing future hypothesis-driven studies. 

 
 

1.2.8 ENIGMA leadership  

Paul M. Thompson and the team at the Imaging Genetics Center of The University of Southern 

California serve as the organizational core of the ENIGMA consortium. As an organizing 

member of the ENIGMA team, I have been involved in all stages of this worldwide, 

collaborative effort. This role has included design, implementation and support of harmonized 
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processing, analysis and quality control protocols. I currently co-chair the ENIGMA bipolar 

working group, the largest neuroimaging collaboration to ever study bipolar disorder, and I work 

closely with many of the ENIGMA clinical working groups (22q11DS, schizophrenia, major 

depression, PTSD, and others) to implement new study designs and projects.  

 
 
 
1.3 Organization of the Dissertation 
 
In Chapter 2 I discuss neuroimaging tools and techniques that I have helped develop to 

empower large-scale, multisite MRI studies of health and disease. These efforts include 

techniques such as tensor-based morphometry to empower clinical trials, harmonized ENIGMA 

protocols to study cortical and subcortical brain morphometry, and an advanced technique to 

study high-resolution shape morphometry of subcortical structures (The ENIGMA Shape 

Analysis Pipeline). 

 

In Chapter 3 I present my work with the ENIGMA 22q11.2 deletion syndrome (22q11DS) 

working group, chaired by Dr. Carrie E. Bearden. This work encompasses multiple studies that 

aim to better characterize cortical, subcortical and white matter alterations in 22q11DS, 

highlighting important discoveries linking brain structure to deletion size and psychosis. Through 

close collaboration with the ENIGMA Schizophrenia working group, this work is an 

unprecedented effort (in technique and scale) to evaluate the overlap between 22q11DS-

associated psychosis and idiopathic schizophrenia. 

 

In Chapter 4 I discuss findings from the ENIGMA bipolar disorder working group, the largest 

study of MRI-based markers of bipolar disorder ever conducted. As the co-chair and leader of 
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this effort, I focus special attention on subcortical shape variation as a follow-up to our original 

subcortical volumes study. 

 

In Chapter 5 I outline future directions that build off the presented dissertation work. Future 

ENIGMA cross-disorder studies are discussed including ongoing collaborations with the 

Psychiatric Genetics Consortium (PGC) and an effort I am leading to combine structural 

measures from the ENIGMA bipolar, schizophrenia and major depression working groups, 

which include over 35,000 subjects. These cross-disorder studies have important implications for 

probing some of the basic limitations of our current diagnostic systems and will provide 

important lessons for future psychiatric research.  

 

In Chapter 6 I provide two tensor-based morphometry studies of scan acceleration and 

phantom-based scaling outlining efforts to empower large-scale clinical trials. This work, while 

focused on aging and dementia, further represents my effort to develop robust methods to 

quantify brain structure across large, multisite studies. This work helped lead to more recent 

updates to the ADNI scanning protocol, the largest coordinated neuroimaging effort to study 

Alzheimer’s disease. 

 

In Chapter 7 I provide an overview of related works accomplished during my graduate study not 

central to this dissertation thesis but important to the overall breadth of my research activities 

during my graduate studies. This brief section includes reference to the aforementioned organic 

data science projects important to cross-disorder clinical/behavioral scale harmonization as well 

as a publication summarizing a graduate neuroscience course that I developed with a classmate, 
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which continues to be a required course for first year students in the UCLA Interdepartmental 

Neuroscience PhD Program. 
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CHAPTER 2 
Harmonized protocols for large-scale brain MRI research 

	
  
 
2.1 Overview 

Chapter 2 provides an overview of the work I have completed to develop harmonized processing 

protocols for large-scale, multisite neuroimaging studies. These efforts include techniques such 

as Tensor-based morphometry to empower clinical trials (covered in more detail in Chapter 6), 

harmonized ENIGMA protocols to study brain anatomy, and an advanced technique to study 

high-resolution shape morphometry of subcortical structures. 

 
 
2.2 Tensor-based morphometry 
 
Since joining the Imaging Genetics Center, I have acted as tensor-based morphometry (TBM) 

processing lead, in charge of overseeing longitudinal brain change processing and analysis for 

the Alzheimer's Disease Neuroimaging Initiative (ADNI). This work has been aimed at 

developing neuroimaging metrics to empower clinical trials, combining imaging with multiscale 

disease biomarkers to improve disease detection. These robust TBM measures of Alzheimer’s 

disease progression are provided to the wider research community through the LONI IDA 

(https://ida.loni.usc.edu/login.jsp). This work and relevant publications are further discussed in 

Chapter 6. 

 

2.3 ENIGMA harmonized protocols for cortical/subcortical quality assurance 

ENIGMA-harmonized protocols include a wide range of freely available neuroimaging 

processing pipelines. Quality assurance is an essential component of the ENIGMA processing 

pipelines and takes a crowd-sourcing approach. Individual sites are called upon to perform 
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quality inspection of ENIGMA-derived brain metrics. Sites submit quality rating based on 

standardized pass/fail criteria established by the ENIGMA methods team. I led a team 

responsible for processing and quality assurance for the ENIGMA cortical thickness and surface 

area method. We established standardized practices for processing, performing visual quality 

inspection, and results reporting. Code and resource guides, including visual quality rating 

criteria for 64 cortical regions of interest, are freely available and have been used by hundreds of 

groups around the world (http://enigma.ini.usc.edu/protocols/imaging-protocols/). Our recent 

GWA study of cortical brain structure, the largest study of the human cortex ever conducted 

(N>50,000 subjects), employed these methods (Grasby et al., 2018). 

 

 

2.4. ENIGMA shape analysis pipeline: Development, quality control, and implementation 

2.4.1 Rationale  

Neurological disorders do not affect all brain regions equally. Patterns of variation may reveal 

region-specific vulnerabilities that are important for understanding the etiology of a disease 

process, including underlying cellular/molecular mechanisms (Strange et al., 2014). In order to 

reveal these patterns in the human brain, neuroimaging techniques have been used to 

noninvasively extract a variety of structural measures such as volumes, thickness, and surface 

areas. Here I review some of the current work I have conducted to perform finer mapping of 

subcortical structures in psychiatric disorders and beyond. The advanced shape analysis 

technique presented here, including demonstrated applications in Chapters 3 and 4, represent 

large-scale efforts to map the topographic burden of these disorders across the brain.  
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Many of the ENIGMA disease working groups begin with studies of subcortical structure. This 

includes extracting volumetric measures from structures such as the lateral ventricles, thalamus 

hippocampus, amygdala, nucleus accumbens, caudate, putamen, and pallidum using ENIGMA-

harmonized segmentation pipelines. These studies utilize a single quality inspected gross volume 

from each structure. On average, subcortical results are relatively consistent across ENIGMA 

disease working groups. In Chapter 3 we performed an analysis to show that subcortical 

findings (direction and magnitude of effect size) are correlated across certain ENIGMA working 

groups. The patterns found across these studies tend to show higher ventricular and lower 

subcortical volumes in patients versus controls, though some variation is observed depending on 

the structure. For example the ENIGMA schizophrenia working group reported larger globus 

pallidus volumes in patients (van Erp et al., 2016). The ENIGMA OCD working group also 

reported larger globus pallidus volumes in adults and larger thalamic volumes in pediatric 

patients (Boedhoe et al., 2017). In Chapter 3 I report the more complex findings from the 

ENIGMA 22q11.2 deletion syndrome (22q11DS) working group and in Chapter 4 I discuss the 

mostly lower volumes we find in the ENIGMA bipolar working group. Furthermore, volumetric 

alterations are known to be mediated by treatment. For example, we found higher volumes were 

associated with Lithium treatment and lower volumes associated with antiepileptic treatment in 

the largest neuroimaging study of bipolar disorder (Hibar et al., 2016). 

 

In an effort to build from these early studies of gross volume, my work has moved toward finer 

mapping of disease effects across these subcortical structures of interest. Goals of this work 

include providing better resolution in mapping the distribution of these effects, to better 

understand the extent to which they may overlap underlying subregions (e.g. hippocampal 
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subfields), which may explain higher-level cognitive/behavioral deficits. Finer mapping may also 

serve to differentiate the overlapping gross volume effects we see across psychiatric disorders 

(e.g. smaller hippocampal volumes). 

 

Over the past several years I have worked closely with Dr. Boris Gutman to standardize and 

validate a subcortical shape analysis protocol capable of high-throughput measurements of 

subcortical brain structure. I have helped lead efforts to implement this method across many of 

the ENIGMA working groups where both mega- and meta-analytic shape analyses are carried 

out on thousands of subjects across the world in a variety of neurodegenerative and psychiatric 

studies.  

 
 
2.4.2 Shape analysis protocol 

The ENIGMA Shape Analysis Pipeline quantifies thousands of shape characteristics across 

seven bilateral subcortical structures (left and right nucleus accumbens, amygdala, caudate, 

hippocampus, putamen, pallidum, and thalamus). Using FreeSurfer or FSL subcortical 

segmentations as the initial input, shape registration is based on existing shape templates and 

template medial models. The shape template, or the default ENIGMA shape atlas, was 

constructed by averaging surface models of 200 unrelated individuals from the Queensland Twin 

Imaging Study (100 males/100 females, mean age: 22.9, SD: 2.8years). The Euclidean average 

of these shapes served as the template surface, from which the template medial curve was 

computed. Figure 2.4a shows shape templates for all 7 bilateral subcortical volumes of interest 

as well as the hippocampus in higher definition. 
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Two point-wise measures of shape morphometry are derived. The first, termed radial distance 

(local thickness), is derived by a medial model approach (Gutman et al., 2012). For each point 

𝑝 ∈ℳ on the surface, and given a medial curve  𝑐: 0,1 → ℝ!, the radial distance is defined by 

 

𝐷 𝑝 =   min 𝑐 𝑡 −   𝑝    𝑡 ∈ 0,1                    

 

The second, based on surface Tensor Based Morphometry (TBM), generalizes TBM from 

Euclidean spaces to surfaces (Gutman et al., 2012; Gutman et al., 2015). The differential map 

between the tangent spaces of two surfaces replaces the Jacobian: 

  

𝐽:𝑇ℳ! → 𝑇ℳ 

 

In our model, ℳ! is the average template, and ℳ is the surface we wish to study. 𝐽 is a linear 

mapping, and may be thought of as the restriction of the standard Jacobian to the tangent spaces 

of the template and study surfaces. Our model utilizes the Jacobian determinant, representing the 

surface dilation ratio between the template and the study subject. This measure can be interpreted 

as the dilation (surface dilation/contraction) required to match a small surface patch around a 

particular point of the template surface to the small patch of area around the corresponding point 

on the individual subject. A higher Jacobian value may suggest a larger volume for a 

corresponding subregion of the structure. Our final TBM measure is the logarithm of the 

Jacobian determinant, to obtain a distribution closer to Gaussian. 
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Both radial distance and the logarithm of the Jacobian determinant are calculated in native space 

for up to 2,502 homologous points across each subcortical structure, providing a detailed map of 

regional shape variation across subjects.  

 

 

 
Figure 2.4a. The ENIGMA Subcortical Shape Analysis Pipeline at a glance 

 

Current processing times allow for all 14 (7 bilateral) subcortical models to be created in less 

than 1 hour per subject. Parallel processing has made it possible to simultaneously run hundreds 

to thousands of subjects though the shape analysis pipeline on the scale of hours as opposed to 

days/weeks necessary for other neuroimaging processing pipelines.  
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We developed a standardized visual quality control rating system that has been successfully 

adopted by researchers around the world (Figure 2.4b). This process includes scripts to render 

three-dimensional shape models overlaid onto subjects’ T1-weighted images. A comprehensive 

guide including example quality ratings for all structures of interest is provided with the pipeline. 

Failure rates across all structures tend to be <5% as long as initial segmentation inputs 

(FreeSurfer/FSL) are of moderate to good quality. Visual quality ratings are logged in a 

standardized manner and only those structures that pass visual inspection, conforming to T1-

weighted MRI anatomical boundaries, are carried forward for statistical analysis.  
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Figure 2.4b. The ENIGMA Shape Analysis Pipeline is freely available and comes with guided 

protocol steps, visual quality controls scripts, as well as statistical modeling and visualization 

resources. 

 

2.4.3 Tracking disease-specific variation and genetic influence of subcortical structure 

We have performed a number of studies showing that subcortical shape measures are highly 

sensitive to disease-specific changes in brain morphometry (Gutman et al., 2013). Vitamin B12 

deficiency in the elderly is associated with poorer cognitive function, reduced overall brain 

volume and increased white matter hyperintensities. In a study of 600 ADNI subjects, we 

performed the largest investigation of the effects of B12 on the brain. Our shape analysis showed 

that lower vitamin B12 levels were associated smaller hippocampal and caudate volumes in both 
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Alzheimer’s and mild cognitive impairment, even when adjusting for factors such as APOE4 

status and cognitive impairment (Ching et al., 2012) (Figure 2.4c).  

 

   

Figure 2.4c. Effect of Serum B12 levels (pg/ml) on 600 ADNI subjects including results from 

the full cohort and a subset containing Alzheimer’s and mild cognitive impairment patients.  
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Shape analysis has also proven sensitive in cohorts with both pronounced atrophy and those with 

more subtle effects. In a study of 36 presymptomatic and 37 symptomatic Huntington’s disease 

subjects from the IMAGE-HD cohort, we found an intermediate patterns of local thinning and 

surface area reductions in presymptomatic versus symptomatic patients in caudate and putamen 

shape models. Lower regional thickness and surface area were associated with greater number of 

CAG sequence repeats, higher disease burden and rating scores (UHDRS), and fewer years to 
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onset (Abaryan et al., 2015; Wilkes et al., 2019) (Figure 2.4d). Here, shape analysis provided a 

better characterization of the spatial extent of (dorsal) striatal atrophy as patients progress toward 

symptom onset as well as how certain measures of disease severity map to atrophy in 

subcompartments of the caudate and putamen, structures undergoing significant atrophy in 

Huntington’s disease.  

 

 
Figure 2.4d. Shape analysis of presymptomatic and symptomatic Huntington’s disease. 

Intermediate reductions in caudate and putamen surface area in presymptomatic versus 

symptomatic patients as well as associations with clinical risk such as number of CAG repeats, 

impairment and estimated time to symptom onset (in presymptomatic patients only) (Abaryan et 

al., 2015; Wilkes et al., 2019). 
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In disorders where brain atrophy is known to be less profound, such as HIV+ infection, shape 

analysis may reveal subtle brain changes that are missed by conventional volumetric analysis. In 

a study of 264 individuals from the HIV Neuroimaging Consortium (HIVNC) and HIV-

associated brain dysfunction study at the Miriam Hospital and Brown University, we detected 

subtle but complex patterns of higher and lower local thickness associated with lower current and 

nadir CD4 lymphocyte count (a measure of disease severity) (Figure 2.4e). In a subset of 

individuals, we found lower local surface area in the thalamus, hippocampus and nucleus 

accumbens was associated with lower processing speed (Ching et al., 2015a; Ching et al., 

2015b), a hallmark of HIV-associated neurocognitive disorders (HAND) that affects ~50% of 

HIV+ patients (Clifford, 2008). Importantly, these associations were not detected when 

performing more traditional volumetric analysis using single-value FreeSurfer segmentation 

volumes (Figure 2.4f). 
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Figure 2.4e. Local thickness associations with current and nadir CD4-lymphocyte counts in a 

large population of HIV+ individuals. A: anterior; P: posterior; L: lateral; M: medial; S: superior; 

I: inferior (Ching et al., 2015a). 

 

Figure 2.4f. Associations between subcortical Jacobian values and processing speed (PS) 
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showing β values for regions passing FDR correction (q=0.05). Red/Yellow regions indicate 

positive β values or regions where lower Jacobian values (lower surface area and volume) are 

associated with lower PS scores (greater impairment). Left Image: dorsal view; Right Image: 

ventral view; A: anterior; P: posterior; L: left; R: right (Ching et al., 2015b). 

 

Human brain volumes derived from MRI are highly heritable (Blokland et al., 2012; Satizabal et 

al., 2019). To determine the heritability of the measures derived from the ENIGMA Shape 

Analysis pipeline, we studied the Jacobian and radial distance shape metrics of 1,400 subjects 

including both twins and siblings (Gutman et al., 2015). The heritability estimates were in line 

with previous studies using other measures of volume but provide a more detailed map of the 

heritability across subregions of each structure (Figure 2.4g). This was the first study to estimate 

heritability of vertex-wise features of subcortical structures and outperformed other shape 

analysis methods (SPHARM). The consistent genetic influence on these measures may be used 

in feature weighting for GWA studies of the brain. 
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Figure 2.4g Meta-analysis of heritability estimates for surface Jacobian shape metric across 

1,400 subjects. LB is the lower bound of heritability where an LB of  >.8 represents regions 

where genetic variation explains more than 80% of the Jacobian (phenotypic) variation (Gutman 

et al., © 2015 IEEE). 

 

In our recent study of common genetic variants influencing subcortical structure, we identified 5 

novel genetic variants influencing caudate and putamen volume (Hibar et al., 2015). We mapped 

the strongest effects of a particular novel snp (rs945270) to the putamen using our shape analysis 

technique to understand the specific patterns of genetic influence that locus has across the 

surface of the putamen (Figure 2.4h). As expected, this locus does not affect the entire putamen 

volume uniformly. Instead, the shape analysis revealed a pattern of influence across 
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subcompartments, motivating future explorations into the underlying cellular and molecular 

makeup of these regions. 

 

Figure 2.4h. A novel, genome-wide significant locus rs945270 was found to have a strong effect 

on putamen shape features as mapped in 1,541 subjects. Each copy of the rs945270-C allele was 

significantly associated with greater radial distance (warmer colors indicating greater local width 

of the putamen) (Hibar et al., 2015). 

 

While our subcortical shape measures provide a better map of the local variations that affect 

volume, the dense sampling of local measures presents a challenge to GWA studies that must 

apply strict statistical adjustments in proportion to the number of testes performed. One solution 

would be to down sample the number of shape metrics. Another option is to perform genetic 

clustering to define subregions with common genetic influences that could then be tested in the 

GWAS framework. In the first genetic clustering analysis of thalamic shape models, we found 



	
   40	
  
	
  

distinct clusters of genetically influenced morphology by applying X-means clustering (an 

iterative form of k-means) on genetic correlations between distances measures across the 

thalamic models (Figure 2.4i). Due to their consistent genetic determination, using these clusters 

as targets for genome-wide scans may boost power when searching for common variants 

affecting subcortical morphology by reducing the multiple comparisons problem (Ching et al., 

2013). 

 

Figure2.4i. Left and right thalamic clustering models including lateral and medial surfaces (A: 

anterior, P: posterior) with 2 main regions (red and green) found to have common genetic 

influence (Ching et al., 2013). 

 

The ENIGMA Shape Analysis Pipeline has been widely applied across the ENIGMA disease 

working groups and now includes manuscripts in preparation and submission from the ENIGMA 
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schizophrenia (Gutman et al., 2019), major depression (Ho et al., 2019), obsessive compulsive 

(Fouche et al., 2019), 22q11.2 deletion syndrome (Chapter 3), and bipolar working groups 

(Chapter 4), lending new insights into the subregional burden of these psychiatric disorders 

across subcortical structures. 

 

2.4.4 Advantages and limitations 

The ENIGMA Shape Analysis technique has several key advantages and limitations that are 

worth mentioning explicitly. One key advantage is that the method offers measures that are 

sensitive to subtle variations in local morphometry that are related to underlying compartments 

(subregions or subfields) with known functions. The ability to directly sample the underlying 

thickness and surface area of these subcompartments may help to better explain a biological 

effect or represent a stronger marker of pathophysiology than more conventional volumetric 

approaches.  

 

Degenerative and psychiatric disorders do not affect all brain structures in a uniform way. The 

disease-specific patterns detected by this method may provide a better understanding of the 

structure/function relationships, disease course and treatment response. Mapping of disease 

burden across subfields may also guide finer-grained investigations into specific 

cellular/molecular vulnerabilities and lead to more targeted therapeutics. 

 

Importantly, our technique is also able to discern complex effects within a structure. As opposed 

to single volume measures that only detect effects in one direction, the ENIGMA shape analysis 

method can discern complex patterns of both higher and lower thickness or surface area that may 
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indicate differential affects across the structure. As in Chapter 3, in the context of 22q11.2 

deletion syndrome, we see that the story of volumetric variation in a particular disorder is often 

made more complicated (or interesting) when viewed through the lens of shape analysis.  

 

These shape measures may also drive new insights regarding effects on neighboring or 

interconnected brain structures. Future work aims to investigate the relationship between 

subcortical shape variation and cortical structure as well as measures of white matter 

connectivity. Altered subcortical structures do not act alone in the presentation of psychiatric 

illness, calling for a multimodal approach that relates shape measures to integrated structural and 

functional brain networks.  

 

In terms of processing speed, the medial demons approach used by the ENIGMA Shape Pipeline 

is capable of processing subjects in less than 1 hour as opposed to hours or days in the case of 

other comparable techniques. The method also has good test-retest reliability with >0.81 ICC in 

unpublished tests. In terms of interpretability, the radial distance (local thickness) and surface 

Jacobian (local surface area dilation/contraction) metrics provide intuitive measures of local 

morphometry. However, more work is needed to relate ENIGMA shape metric variation to 

known underlying compartments such as hippocampal subfields (Mamah et al., 2016).  

 

As visual quality inspection represents a significant (though not insurmountable) bottleneck in 

processing time for any neuroimaging technique, the ENIGMA Shape Pipeline provides 

guidance for quality assurance with visual inspections of a single structures taking less than 2 

minutes in most cases. However, new machine learning approaches may significantly reduce the 
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amount of time spent on visual quality control. We have performed initial work applying 

machine learning techniques in the visual evaluation of subcortical shape models (Petrov et al., 

2017). Initial findings, based on models derived from large samples of visually inspected shape 

data from across the ENIGMA consortium, indicate such machine learning techniques may 

reduce visual inspection times by as much as 50%. 
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CHAPTER 3 
22q11.2 Deletion Syndrome Brain Structure 

 
3.1 Overview 
 
There is increasing evidence that rare copy number variants (CNV) may play an important role 

in the etiology of psychosis and account for a larger proportion of cases than previously believed 

(Cantor and Geschwind, 2008; Sebat et al., 2009; Malhotra and Sebat, 2009; Giman et al., 2011). 

Limited data exists on individuals carrying the same highly penetrant CNV, but studying cohorts 

with both genetically homogeneous and known etiology may provide an important framework to 

determine how genes within and/or outside CNV regions disrupt biological pathways that 

ultimately contribute to psychiatric phenotypes.  

 

The 22q11.2 locus is an important region to investigate gene dosage effects on brain 

development as it’s particularly susceptible to chromosomal rearrangements via non-allelic 

homologous recombination (McDonald-McGinn et al., 2012). 22q11.2 deletion syndrome 

(22q11DS) is a neurogenetic disorder resulting from a hemizygous microdeletion on the long 

arm of chromosome 22 and affects genes known to be involved in neurodevelopment. 22q11DS 

is associated with a wide range of physical abnormalities including craniofacial, cardiac, immune 

and neurocognitive defects. Over 60% of 22q11DS patients meet diagnostic criteria for a 

developmental neuropsychiatric disorder, including attention-deficit/hyperactivity, anxiety, 

mood and autism spectrum disorders (Drew et al., 2011; Jonas et al., 2014). With a prevalence of 

approximately 1 per 3,000-4,000 births, roughly 1 in 4 22q11DS patients develop a 

schizophrenia spectrum disorder in adolescence or early adulthood, making it the strongest 

known risk factor for schizophrenia (Murphy, 2002). Recent studies have also indicated a higher 

prevalence of early-onset Parkinson’s disease in 22q11DS (Zaleski et al., 2009). 
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The 22q11.2 region is a neurodevelopmental hotspot. Out of 90 genes present in the typical 3Mb 

locus, there are ~50 protein coding, 10 noncoding RNA’s and 27 pseudogenes, several of which 

are highly expressed in brain tissue. A number of these genes are widely studied, have been 

implicated in psychiatric disorders and are associated with intermediate phenotypes such as 

dopamine regulation, myelin, neural migration, and synaptic function (Jonas et al., 2014)  

 

Roughly 85% of patients carry the same 3Mb microdeletion (A-D subtype), ~10% carry a 1.5Mb 

deletion (A-B subtype), with the remaining carrying other smaller atypical deletions. Variability 

in deletion length, breakpoint position, as well as aspects of the intact chromosome, likely plays 

a role in the highly heterogeneous clinical presentation (Jonas et al., 2014, McDonald-McGinn et 

al., 2015).  

 

The pattern of 22q11DS burden on brain morphometry is far from understood. MRI-derived 

cortical and subcortical volume reductions have been reported by relatively small cohort studies 

and may follow an anterior to posterior gradient, with more pronounced brain volume reductions 

in more posterior brain regions (Kates et al., 2004; Bish et al., 2004; Tan et al., 2009; Bearden et 

al., 2008). Subcortical volume reductions are commonly reported, but many studies include 

relatively small samples, which may limit the power to detect complex brain change in 22q11DS. 

Mouse models of 22q11DS have found disrupted neurogenesis (Meechan et al., 2009), reduced 

hippocampal spine density (Stark et al., 2008), and reduced hippocampal-prefrontal synchrony 

(Sigurdsson 2010). 
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22q11.2 microduplications (22q11Dup) were first described clinically in 2003 (Ensenauer et al., 

2003). Unlike 22q11DS, which tends to occur de novo, the duplication is frequently inherited 

(Ou et al., 2008). Less is known about the 22q11Dup phenotype, which is highly variable 

(Wentzel et al., 2008), but it appears to be associated with elevated rates of ASD and delays in 

language and psychomotor development (Wenger et al., 2016). There are few studies of 

22q11Dup, but in a recent analysis of over 47,000 individuals, 22q11Dup was significantly less 

common in schizophrenia cases than in the general population (0.014% compared to 0.085%, 

OR=0.17), suggesting the first putative protective mutation for schizophrenia (Rees et al., 2014). 

This finding of lower schizophrenia incidence in 22q11Dup carriers has now been replicated in 

several independent studies (Marshall et al., 2016; Rees et al., 2016). In section 3.2 I present 

results from the first brain imaging study of 22q11Dup ever conducted. 

 

This genetically-defined neurodevelopmental condition offers a biologically tractable framework 

to dissect genetic mechanisms underlying brain phenotypes associated with complex 

neuropsychiatric disorders. The ENIGMA 22q11.2 deletion syndrome working group, led by Dr. 

Carrie Bearden, is the largest brain imaging study of 22q11DS and 22q11Dup, including 11 

international study samples and over 500 22q11DS, 35 22q11Dup and 330 healthy controls (6-56 

yrs, 49% female). The ENIGMA 22q11DS working group is studying reproducible MRI markers 

of 22q11DS and 22q11Dup, and how these markers are associated deletion subtypes and 

psychosis. Furthermore, we are comparing the markers identified in 22q11DS against those 

discovered in the largest brain imaging studies of idiopathic psychosis in close collaboration with 

the ENIGMA Schizophrenia working group.  
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In our recently published paper of ENIGMA 22q11DS cortical structure (Sun et al., 2018), the 

largest brain imaging study ever conducted of 22q11DS, we detected robust differences between 

22q11DS and controls (Figure 3.1a), associations with deletion size (Figure 3.1b), as well as a 

significant correlation between 22a11DS-related psychosis and idiopathic schizophrenia (Figure 

3.1c). 

 

When comparing 386 22q11DS patients to 315 healthy controls (HC), complex group 

differences emerged with a pattern of largely thicker cortex and lower surface are in 22q11DS 

compared to HC (Figure 3.1a). While the age range (6-56yrs) was an important strength of our 

study — few previous studies have investigated the effects of 22q11DS later in life — sparse 

age-by-group interactions were detected. Future large-scale longitudinal studies are needed to 

assess differential developmental trajectories in 22q11DS compared to typical brain 

development. Typically, cortical thinning initiates around year 2-4 and continues throughout life. 

Cortical surface area changes follow nonlinear trajectories staring in fetal development. And 

while the precise genetic mechanisms for disrupted cortical formations such as those detected 

here are unknown, several genes present in the 22q11.2 locus have been tied to early neural 

development. RanBP1 is expressed in cortical progenitors from the ventricular/subventricular 

zone and is involved in rapidly dividing precursors, which may cause deficits in cortical radial 

glial progenitors leading to reduced cortical surface area. DGCR8 is another candidate for altered 

cortical development and is widely expressed in cortical neurons. A preliminary classification 

analysis using cortical thickness and surface area alone (using support vector machines) provided 

an average case versus control classification accuracy of 93.8% (sensitivity: 94.2%; specificity: 

93.3%). The regions most important to correct classification were surface areas of the left caudal 
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anterior cingulate, bilateral cuneus, and precentral gyrus, as well as thickness of the left insula. 

When the derived model was applied to two test datasets, containing only 22q11DS patients, all 

subjects were correctly classified as 22q11DS.  

 

Figure 3.1a. Vertex-wise cortical thickness and surface area analysis showing differences 

between deletion patients and healthy controls. Thresholded p-values are displayed in regions 

that pass FDR correction. On the left the cooler blue colors represents thicker cortex in 22q11DS 

participants but the opposite effect was also detected, indicated by red/yellow in the medial 

temporal and cingulate regions where 22q11DS subjects were thinner compared to controls. On 

the right, surface area patterns are largely in the opposite direction, red/yellow indicating lower 

surface area in 22q11DS compared to controls, though some medial temporal, frontal and 

superior frontal regions showed the opposite effect (blue). 

 

This study provides the first evidence for brain differences across deletion subtypes, with prior 

smaller studies unable to detect effects, likely due to challenges in recruiting (3Mb A-D deletion 

is present in ~85% of cases and the 1.5Mb A-B deletion present in ~10% of cases). Here, group 
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differences were detected across all comparisons of 108 A-D, 23 A-B, and 87 matched controls 

(across 11 study sites) (Figure3.1b). Of particular interest was the widespread patter of lower 

surface area in the more typical A-D deletion compared to the smaller AB deletion, a finding that 

may drive future insights into the heterogeneity of 22q11DS clinical presentation. 

 

Figure 3.1b. Vertex-wise deletion subtype results comparing the most common 3Mb A-D 

deletion with the smaller less common 1.5Mb A-B deletion. Left panel includes cortical 

thickness, right panel includes surface area. The top row is A-D versus controls and looks quite 

similar to the 22q11DS versus HC comparison (as most 22q11DS have the A-D deletion 

subtype), showing largely thicker cortex and lower surface area in the A-D subjects. The second 

row shows the A-B versus HC, revealing a weaker but similar pattern to the A-D versus HC. The 

third row shows the first demonstrated evidence of brain difference between deletion subtypes, 

with A-D showing a widespread pattern of lower surface area compared to the smaller A-B 

deletion. 

 

22q11DS-related psychosis and idiopathic schizophrenia are known to share core symptoms and 

course of illness. However, the extent to which underlying neuropathology overlaps between 
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conditions is far from understood. Here we show a significant correlation between cortical 

thickness results from the 22q11DS+psychosis versus –psychosis comparison and the ENIGMA 

schizophrenia working group case/control analysis (van Erp et al., 2018) (Figure 3.1c), lending 

evidence to concordant brain alterations in both disorders. Importantly, no significant correlation 

was observed between 22q11DS +/- psychosis effect sizes and results from the ENIGMA major 

depressive working group study of cortical structure. Given ENIGMA harmonized processing 

and analysis techniques, work is now underway to directly compare these cortical measures, as 

well as other harmonized neuroimaging metrics across the ENIGMA 22q11DS and 

schizophrenia working groups (Chapter 5). 

 

 

Figure 3.1c. Cortical thickness comparison between 22q11DS+psychosis versus –psychosis with 

results plotted on same effect size scale (Cohen’s d) as those from the largest study of cortical 

structure ever conducted in idiopathic schizophrenia (ENIGMA SCZ working group). Results 



	
   54	
  
	
  

here reflect cortical ROI analyses (average thickness across 34 bilateral ROIs). Warmer colors 

(red/yellow) indicate thinner cortical regions in both 22q11DS+psychosis (left) and 

schizophrenia (right). 

 

In our recent ENIGMA 22q11DS study of diffusion-weighted metrics (Villalon et al. 2019), we 

found widespread white-matter alterations in 22q11DS compared to controls in the largest study 

of 22q11DS white matter ever completed. On average, 22q11DS displayed lower diffusivity 

compared to controls (mean diffusivity: a measure of total diffusion velocity, cellularity, edema, 

and necrosis; radial diffusivity: measure of inter-axonal spacing, de- dysmyelination; axial 

diffusivity: a measure of axonal damage). Case versus control results from the analysis of 

fractional anisotropy (FA), an measure that likely reflects axonal packing, were more complex, 

with regions of both higher and lower FA in 22q11DS. Trends for lower diffusivity in A-D 

versus A-B deletion subtypes were observed but did not survive correction for multiple 

comparisons. 22q11DS-related psychosis was associated with lower diffusivity. Interestingly, 

these results did not significantly overlap with those from the ENIGMA schizophrenia working 

group DTI study in which they reported a widespread pattern of lower FA in schizophrenia 

patients, suggesting possible divergent white matter alterations across both disorders. 

 

In the following sections I present work completed during my graduate studies focusing 

specifically on subcortical alterations in the 22q11DS brain and it’s relationship to psychiatric 

disease.  
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Lin A, Ching CRK, Vajdi A, Sun D, Jonas RK, Jalbrzikowski M, Kushan-Wells L, Pacheco 
Hansen L, Krikorian E, Gutman B, Dokoru D, Helleman G, Thompson PM, Bearden CE. 
Mapping 22q11.2 Gene Dosage Effects on Brain Morphometry. The Journal of Neuroscience. 
2017;37(26):6183-99. doi:10.1523/JNEUROSCI.3759-16.2017 
 
Sun D, Ching CRK, Lin A, Forsyth JK, Kushan L, Vajdi A, Jalbrzikowski M, Hansen L, 
Villalon-Reina JE, Qu X, Jonas RK, van Amelsvoort T, Bakker G, Kates WR, Antshel KM, 
Fremont W, Campbell LE, McCabe KL, Daly E, Gudbrandsen M, Murphy CM, Murphy D, 
Craig M, Vorstman J, Fiksinski A, Koops S, Ruparel K, Roalf DR, Gur RE, Schmitt JE, Simon 
TJ, Goodrich-Hunsaker NJ, Durdle CA, Bassett AS, Chow EWC, Butcher NJ, Vila-Rodriguez F, 
Doherty J, Cunningham A, van den Bree MBM, Linden DEJ, Moss H, Owen MJ, Murphy KC, 
McDonald-McGinn DM, Emanuel B, van Erp TGM, Turner JA, Thompson PM, Bearden CE. 
Large-scale mapping of cortical alterations in 22q11.2 deletion syndrome: Convergence with 
idiopathic psychosis and effects of deletion size. Mol Psychiatry. 2018. doi:10.1038/s41380-018-
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Villalón-Reina JE, Martínez K, Qu X, Ching CRK, Nir TM, Kothapalli D, Corbin C, Sun D, Lin 
A, Forsyth JK, Kushan L, Vajdi A, Jalbrzikowski M, Hansen L, Jonas RK, van Amelsvoort T, 
Bakker G, Kates WR, Antshel KM, Fremont W, Campbell LE, McCabe KL, Daly E, 
Gudbrandsen M, Murphy C, Murphy D, Craig M, Emanuel B, McDonald-McGinn D, Vorstman 
J, Fiksinski A, Koops S, Ruparel K, Roalf D, Gur RE, Schmitt JE, Simon TJ, Goodrich-
Hunsaker NJ, Durdle CA, Doherty J, Cunningham AC, van den Bree M, Linden DEJ, Owen M, 
Moss H, Kelly S, Donohoe G, Murphy26 KC, Arango C, Jahanshad N, Thompson PM, Bearden 
CE.  Altered White Matter Microstructure in 22q11.2 Deletion Syndrome: A Multi-Site 
Diffusion Tensor Imaging Study. In Review (Molecular Psychiatry 2018) 
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3.2 UCLA 22q11.2 cohort subcortical findings 

This section reproduces the subcortical study focusing on Dr. Bearden’s 22q11DS UCLA cohort 

and includes subcortical shape analysis in both 22q11DS and the very first analysis of brain 

variation in 22q11Dup. 

 
Lin A, Ching CRK, Vajdi A, Sun D, Jonas RK, Jalbrzikowski M, Kushan-Wells L, Pacheco 
Hansen L, Krikorian E, Gutman B, Dokoru D, Helleman G, Thompson PM, Bearden CE. 
Mapping 22q11.2 Gene Dosage Effects on Brain Morphometry. The Journal of Neuroscience. 
2017;37(26):6183-99. doi:10.1523/JNEUROSCI.3759-16.2017 
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3.3 ENIGMA 22q11DS subcortical volume and shape findings 

Building off the work in the UCLA cohort (Chapter 3.2) we performed the following study of 

subcortical volume and shape analysis across the ENIGMA 22q11DS cohort. The goal of this 

study was look at FreeSurfer-derived subcortical volumes across the larger ENIGMA 22q11DS 

working group and to map 22q11DS-related brain variation using our subcortical shape analysis 

technique to gain a better understanding of the distribution of those effects across the ROIs of 

interest. Comparisons between deletion subtypes, 22q11DS psychosis, and relationship to 

idiopathic schizophrenia (as well as comparisons to effects across all published ENIGMA 

subcortical studies) are presented. This work has extended our understanding of the topographic 

burden of 22q11DS on subcortical brain structures. 

 

Ching CRK, Gutman BA, Sun D, Villalón-Reina JE, Qu X, Ragothaman A, Isaev D, 
Zavaliangos-Petropulu A, Lin A, Forsyth JK, Kushan L, Jonas RK, van Amelsvoort T, Bakker 
G, Kates WR,Campbell LA, McCabe KL, Daly E, Gudbrandsen M, Murphy C, Murphy D, Craig 
M, Vorstman J, Fiksinski A, Gras L, Ruparel K, Roalf D, Gur R, Schmitt JE, Simon TJ, 
Goodrich-Hunsaker NJ, Bassett AS, Chow EWC, Butcher N, Vila-Rodriguez F, Doherty J, 
Cunningham A, van den Bree M, Linden DE, Owen MJ, Moss H, Repetto GM, Crossley NA, 
Thompson PM, Bearden CE. Mapping Subcortical Brain Alterations in 22q11.2 deletion 
syndrome: effects of deletion size and convergence with idiopathic psychosis. In preparation to 
be submitted to The American Journal of Psychiatry 
 

 

Abstract 

Objective: 22q11.2 deletion syndrome (22q11DS) is among the strongest known genetic risk 

factors for schizophrenia. Prior 22q11DS neuroimaging studies report variable alterations in 

subcortical brain structures. To elucidate the nature of subcortical changes in 22q11DS, 
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including modulating effects of clinical and genetic heterogeneity, we studied a large multicenter 

neuroimaging cohort from the ENIGMA 22q11.2 Deletion Syndrome Working Group. 

Method: Subcortical structures were measured using ENIGMA-harmonized protocols for gross 

volume and subcortical shape morphometry, in 533 patients with 22q11DS and 330 healthy 

controls (HC) (age: 6-56 years, 49% female). 

Results: Subjects with 22q11DS showed lower intracranial volume (ICV), thalamus, putamen, 

pallidum, hippocampus, and amygdala volumes and greater lateral ventricle, caudate, and 

accumbens volumes compared to HC (Cohen’s d = -0.90 - 0.93). Shape analyses revealed 

complex differences in 22q11DS across all subcortical structures, affecting subregions with 

projections to frontal, cingulate, and association cortices. The larger A-D deletion was associated 

with more extensive shape alterations compared to the smaller A-B deletion. 22q11DS subjects 

with psychosis (22q+Psy) showed lower ICV, hippocampus, amygdala, caudate and thalamic 

volumes (Cohen’s d = -0.53 - -0.91) compared to 22q11DS subjects without psychosis. Shape 

analysis revealed lower thickness and surface area across subregions of these structures. By 

comparing profiles of subcortical abnormalities across diseases studied by the ENIGMA 

Consortium, we identified significant overlaps between 22q+Psy with schizophrenia, major 

depression and obsessive compulsive disorder. 

Conclusions: Widespread alterations to subcortical brain structures were observed in 22q11DS, 

which depended on deletion subtype and psychotic symptoms. Furthermore, findings indicate 

convergence between 22q11DS-associated psychosis, idiopathic schizophrenia, and other 

neuropsychiatric illnesses. 
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Introduction 

22q11.2 deletion (22q11DS) — the most common cause of DiGeorge syndrome, velocardiofacial 

syndrome and conotruncal anomaly face syndrome — is a multisystem disorder resulting from a 

hemizygous microdeletion on the long arm of chromosome 22, affecting multiple genes involved 

in development. 22q11DS results in physical and medical comorbidities, including craniofacial 

abnormalities, cardiac malformations, immune and endocrine alterations, as well as 

neurocognitive deficits (1).  22q11DS has a prevalence of ~1 in 2,000-4,000 live births. Roughly 

1 in 4 patients will develop a schizophrenia spectrum disorder in adolescence or early adulthood, 

making the deletion one of the strongest known genetic risk factors for schizophrenia (2; 3). 

Over 60% of individuals with 22q11DS meet diagnostic criteria for a developmental 

neuropsychiatric disorder, including attention deficit hyperactivity disorder (ADHD), anxiety or 

mood disorders, or autism spectrum disorders (2; 4; 5). 22q11DS offers a genetically 

homogeneous framework to study how known microdeletions disrupt biological and neural 

pathways that contribute to developmental and psychiatric disorders. 

 

Individuals with 22q11DS who ultimately develop a schizophrenia spectrum disorder largely 

overlap in symptoms with patients who have idiopathic schizophrenia (6). In the largest 

coordinated analysis of subcortical brain volumes in schizophrenia to date, hippocampal volume 

showed the greatest reduction in patients relative to matched controls, but there were also deficits 

in intracranial volume (ICV), amygdala, thalamus and accumbens, and larger ventricle and 

pallidum volumes (7). However, the extent to which variations in underlying subcortical 

structure overlap between 22q11DS and idiopathic schizophrenia is not well understood, in part 

because of the lack of large, well-characterized cohorts with each condition.  
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In addition, the size of the microdeletion may affect subcortical brain structural alterations. 

Microdeletion breakpoints tend to occur within four regions of low copy repeats lying within the 

22q11.2 region. The most common deletion subtype — found in ~85% of 22q11DS cases — 

involves the loss of ~3 megabases (Mb) of DNA, and is known as the A-D deletion. A smaller 

1.5Mb deletion, termed the A-B deletion, is the next most common subtype, found in ~10% of 

cases (3). 

 

Mouse models of the 22q11.2 deletion show disrupted neurogenesis (8), altered brain 

development along the anterior-posterior axis (in a rostral to caudal gradient) and anomalies of 

midline brain structures (9; 10; 11). Consistent with this, subcortical volume reductions are 

reported in human 22q11DS (12; 13; 14) with greater volumetric reductions in more posterior 

brain regions (15) and thinning in midline structures (16). Even so, most published studies 

examine small samples, typically ascertained at a single site, limiting the power to detect subtle 

brain abnormalities and determine how consistently they are found.  

 

Most neuroimaging studies examine regional brain volumes, but the 22q11.2 deletion may 

differentially impact subregions of subcortical structures, in a profile that may be obscured when 

considering only the overall volume of the structure (14). High-resolution shape analysis of 

subcortical structures has been used to map fine-grained brain alterations in Alzheimer’s 

disease (17), psychopathy (18), and psychiatric disorders including ADHD and 

schizophrenia (19; 20; 21; 22), offering insights into specific subregions and circuitry that may 

be affected in each particular disease or disorder. 
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To address limitations of smaller, single site studies of 22q11DS, we performed a coordinated 

analysis of the largest MRI dataset to date, ascertained by the ENIGMA 22q11.2 Deletion 

Syndrome Working Group. To map abnormalities at a finer scale than is possible with regional 

volumetry, we used a fine-scale surface mapping approach (the ENIGMA Shape Analysis 

Pipeline) which is sensitive to subtle variations in subcortical morphometry (23; 24; 25). 

 

We assessed overall subcortical brain volumes and pointwise shape differences across the entire 

surface of each structure, to answer 3 questions: 

 

1. What is the spatial distribution of subcortical differences between 22q11DS and HC? 

2. Do differences in subcortical structure depend on the genetic deletion size?  

3. Do subcortical differences exist between 22q11DS subjects with a history of psychosis 

(22q+Psy) versus those without (22q11-Psy)? And do those 22q+Psy-related subcortical patterns 

overlap with those found in other harmonized large-scale studies of idiopathic schizophrenia and 

related neuropsychiatric disorders? 

Methods 

Data Sample 

After removing related individuals and those with poor quality MRI scans, a total of 863 subjects 

(22q11DS = 533, HC = 330) from 11 study sites were included. Participant demographics are 

listed in Table 3.3. All individual participating research studies had obtained approval from their 



	
   79	
  
	
  

local ethics committees and/or institutional review boards and written informed consent (and/or 

assent for minors) was obtained from all participants.  

	
  	
   Healthy	
  Control	
  (HC)	
   22q11DS	
  
N 330 533 
Age mean (sd) 18.14 (9.24) 17.85 (8.60) 
IQ mean (sd) 110.64 (15.35) 74.95 (12.53) 
Sex = Female (%) 148 (44.8) 275 (51.6) 
Psychotic_Disorder (%) 0 73 (13.8) 
Deletion_Type (%) 

     A-B 0 28 (8.0) 
   A-C 0 6 (1.7) 
   A-D 0 311 (88.6) 
   B-D 0 3 (0.9) 
   C-E 0 1 (0.3) 
   D-F 0 1 (0.3) 
   D-G 0 1 (0.3) 
Current Medication (%) 

  Typical Antipsychotic  0 (0.0) 15 (3.0) 
Atypical Antipsychotic  0 (0.0) 72 (14.5) 
Lithium  0 (0.0) 4 (0.8) 
Anticonvulsant  1 (0.4) 31 (6.3) 
Antidepressant  5 (1.8) 95 (19.2) 
Psychostimulant  5 (1.8) 65 (13.1) 

Table 3.3. Full Cohort Demographics 
 
 

Subcortical Segmentation 

All T1-weighted scans were segmented using the FreeSurfer software, version 5.3.0 (26) to 

derive subcortical volumes for 8 bilateral regions of interest (ROIs): lateral ventricle, nucleus 

accumbens, amygdala, caudate, hippocampus, putamen, pallidum, and thalamus (16 total 

structures per scan) along with intracranial volume (ICV).  
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Subcortical Shape Analysis 

As subtle and complex variations in local volume may be undetectable by gross volume 

measures, we applied a novel surface-based high-resolution parametric mapping technique, the 

ENIGMA Subcortical Shape Analysis Pipeline (23; 24; 25), to investigate high-resolution shape 

variation within 14 ROIs: the hippocampus, amygdala, caudate, putamen, pallidum, thalamus 

and nucleus accumbens, in each brain hemisphere. We recently applied this technique in a 

previous single-site study of reciprocal 22q11.2 CNVs (22). 

 

Briefly, using the subcortical FreeSurfer segmentations as inputs, two measures of shape 

morphometry were derived for each subject. The first, ‘radial distance’ (which we will 

subsequently refer to as ‘thickness’) is the distance from each surface vertex to a medial curve, 

and represents a measure of local thickness. (Note that each structure is computationally 

represented as a mesh of triangular tiles, and the points on the surface are known as vertices that 

form the overall 3D mesh). The second measure - the logarithm of the Jacobian 

determinant (‘Jacobian’ or surface area dilation/contraction from now on) - is the surface dilation 

ratio between the template and the individual subject’s structure. The Jacobian can be interpreted 

as areal dilation or contraction of the ROIs’ surface; higher Jacobian measures suggest larger 

local surface area. 

 

Both thickness and surface dilation measures were calculated in native space for up to 2,502 

homologous points across each of the 14 subcortical shape models to index regional shape 

differences in detail across subjects. 
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Quality Control 

Visual quality inspection was performed by a rater trained in neuroanatomy for each subcortical 

volume and shape model, with standardized rating criteria based on fidelity to known anatomical 

boundaries (overlaid on T1-weighted MRI). ENIGMA standardized processing and quality 

control protocols for FreeSurfer and ENIGMA Shape Analysis pipelines are freely available 

online (http://enigma.ini.usc.edu/protocols/imaging-protocols/). Only those ROIs passing visual 

quality inspection were used in the analysis. 

 

Statistical Analysis 

Analyses were conducted using multiple linear regression. The dependent variable was ROI 

volume for gross volumetric analysis and either thickness or regional surface area for vertex-

wise shape analysis. Primary analyses were run on left and right structures separately. The 

independent variable was the grouping variable of interest (e.g., diagnosis, deletion subtype, or 

history of psychosis) while adjusting for appropriate covariates. 

 

Basic covariate adjustments included those for age, age2, sex and ICV. Age effects were modeled 

with both a linear and quadratic term based on model fit. Sex was included as a covariate as it is 

associated with ROI volume, as was ICV. No age-by-sex interactions on ROI volume were 

detected. Handedness was largely not associated with ROI volumes and therefore not used as 

covariate in follow-up models, in line with our prior large-scale studies of handedness and brain 

laterality (27). IQ was available in a subset of subjects (22q11DS = 506, HC = 233); as IQ and 
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related measures have repeatedly been found to be associated with brain volume, IQ was 

included in follow-up analyses.  

 

Medications use at the time of scan acquisition were classified into 5 groups: typical (1st 

generation) antipsychotics, atypical (2nd generation) antipsychotics, lithium, anticonvulsants, 

antidepressants, and psychostimulants. Medications found to have significant associations with 

subcortical volume were added as covariates in secondary statistical analyses, and included 

typical and atypical antipsychotics, anticonvulsants and antidepressants. 

 

Cohen’s d effect size estimates were computed from the t-statistic of the group variable from the 

regression models (28; 29). To correct for multiple comparisons, a standard false discovery rate 

(FDR) correction was applied at the conventionally accepted level of 5% (q=0.05) (30). FDR-

corrected p-values below 0.05 were considered significant.  

 

For vertex-wise Jacobian and thickness analyses, the multiple linear regression model was fit at 

each point across the surface. As these values were calculated in native space (i.e., without 

scaling the image), ICV was used to adjust for effects of head size. While subcortical volumes 

often scale with overall brain size (ICV) (i.e., a larger overall brain correlates with larger overall 

subcortical structures), we fit alternative models for the shape analyses in which the volume of 

each structure was used as a covariate instead of ICV. For example, models fit at each vertex of 

the left hippocampus are adjusted for total left hippocampal volume (instead of ICV); this step is 

performed to identify any regionally selective effects on structures beyond those accounted for 
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by overall volume. Linear regressions were carried out using the lm function in the R statistical 

environment, version 3.1.3 (31; 32). 

	
  

22q11.2 Deletion Carriers vs. Healthy Controls 

Group differences between the 437 participants with 22q11DS and 330 HC were assessed using 

multiple linear regression. 22q11DS subjects from the Utrecht and Toronto2 sites were withheld 

from this analysis as they lacked matched HC data. The independent variable was group, and 

adjustments were made for age, age2, sex, intracranial volume (ICV), and scan site. Follow up 

analyses assessed diagnosis-by-age and diagnosis-by-sex interactions, and medication effects. 

Additional models treating scanner as a random variable in a linear mixed model approach were 

also assessed using the nlme library in R. 

 

Effects of Deletion Size 

Microdeletion size was measured from peripheral blood samples using a multiplex ligation-

dependent probe amplification (MLPA) (33) and a comparison of the two most common deletion 

subtypes (A-D vs. A-B) was carried out on matched samples. Demographic matching provided a 

cohort of 106 22q11DS subjects with A-D deletions, 23 22q11DS subjects with A-B deletions, 

and 86 HC. Within site, 22q11DS participants with the A-B deletion were matched with 4-5 

subjects with A-D deletions and 4-5 HC of comparable sex and age, as in our study of cortical 

structure in 22q11DS (34). Regional brain volumes  were compared across all three groups using 

an analysis of covariance (ANCOVA), controlling for age, age2, sex, ICV, and scan site. 

Multiple linear regressions were fit for all pairwise comparisons of A-D, A-B and HC, adjusting 
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for age, age2, sex, ICV, and scan site. Follow-up analyses adjusting for medication effects were 

also conducted. 

 

Effects of Psychosis 

A diagnosis of psychosis was assessed by structured clinical interview at each study site, with 

diagnoses validated across sites using a consensus procedure (35). Sixty-four subjects with 

22q11DS with a history of psychotic disorder diagnosis (22q+Psy) were compared to 64 subjects 

without a history of psychotic symptoms (22q-Psy) by matching +/-Psy participants within each 

site, with the same sex, and the nearest possible age. This sample also largely overlaps with the 

matched sample from our study of cortical brain structure in 22q11DS (34). Multiple linear 

regression models were fit comparing 22q+Psy and 22q-Psy groups, adjusting for age, age2, sex, 

ICV, and scan site. Follow-up analyses adjusting for medication effects were also conducted. 

 

Cross-Disorder Comparison of 22q-Psychosis, Idiopathic Schizophrenia and Other 

Neurosychiatric Disorders  

As most previously published ENIGMA studies of subcortical volume analyzed averaged left 

and right volumes (instead of the bilateral analyses here), an additional analysis was conducted 

in which 22q11DS versus HC models were fit on averaged left and right ROI volumes, which 

again served as the dependent variable, adjusting for age, age2, sex, ICV and scan site. 22q+Psy 

versus 22q-Psy averaged ROI models were fit adjusting for age, age2, sex and scan site given that 

ICV was significantly lower in 22q+Psy individuals (see results). 
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To compare the pattern of 22q+Psy to that of idiopathic schizophrenia, Spearman rank 

correlations were used to correlate the set of Cohen’s d effect size estimates from the 22q+Psy 

versus 22q-Psy analysis with comparable case-control analyses from the ENIGMA 

Schizophrenia Working Group (SCZ). The ENIGMA SCZ study is the largest study to date of 

subcortical volume in schizophrenia, based on 4,474 participants with schizophrenia and 5,098 

healthy controls (36). Spearman rank correlations were conducted using the R function, rcorr. To 

assess the specificity of this correlation, 22q+/-Psy effect sizes were compared to the case-

control subcortical effect size data from the ENIGMA major depressive disorder (37), bipolar 

disorder (38), obsessive compulsive disorder (39), autism spectrum disorder (40), and attention 

deficit hyperactivity disorder (41) working group studies. Each of these studies constitutes the 

largest investigation of subcortical structure to date, in their respective disorders. All of these 

studies used the same harmonized ENIGMA subcortical processing and quality control protocols 

enabling a cross-disorder comparison of subcortical structure, albeit with some inevitable 

limitations (see Discussion). 

 

Results 

22q11.2 Deletion vs. Healthy Controls 

Gross volumetric analysis revealed significant group differences across most of the ROIs 

(15/17), with moderate to large effects (Figure 3.3a). The pattern of effects includes 

significantly lower volumes, on average, in 22q11.2DS, for the thalamus, putamen, pallidum, 

hippocampal, amygdala and ICV, and greater ventricular, caudate and accumbens volumes. 



	
   86	
  
	
  

These results (in terms of both pattern and effect sizes) remained essentially the same when 

adjusting for medication, IQ, and when treating scanning site as a random effect. 

 

In addition, a diagnosis-by-age interaction was detected for the bilateral caudate, pallidum and 

left thalamus. Whereas the left thalamus and bilateral caudate volumes tended to be lower in 

22q11DS with increasing age, the pattern was flipped for the pallidum (i.e., higher pallidum 

volume with increased age in 22q11DS).  No sex-by-diagnosis interactions were detected for any 

ROI. IQ data was available for a subset of patients; as expected, IQ was significantly lower in 

22q11DS subjects compared to HC (p = 1.7 x 10-136).  IQ was highly associated with regional 

brain volumes. 
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Figure 3.3a. Cohen’s d effect size (with 95% confidence intervals) plotted for major pairwise 

volumetric comparisons. An asterisk (*) indicates significant group difference after correction 

for multiple comparisons for cases versus controls (group listed first = case, group listed second 

= control). FDR corrected P-values <0.05 were considered significant. 22q11DS vs. HC, A-D vs. 

HC, A-B vs. HC and A-B vs. A-D models were adjusted for age, age2, sex, ICV, and scan 

site. 22q+Psy vs. -Psy models were adjusted for age, age2, sex, and scan site.  Abbreviations: 
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L/R, left/right; LatVent, lateral ventricle; thal, thalamus; caud, caudate; put, putamen; pal, 

pallidum; hippo, hippocampus; amyg, amygdala; accumb, accumbens; ICV, intracranial volume.  

 

Subcortical shape analysis revealed complex group differences between 22q11DS and HC: most 

structures exhibited some subregions with higher – and others with lower – thickness and 

Jacobian values in 22q11DS subjects relative to HC (Figure 3.3b). In particular, local thickness 

measures revealed greater thickness in the head of the caudate, thalamus, and medial 

hippocampal regions, but thinner regions in the caudate body and lateral hippocampal 

subregions. The Jacobian metric, a measure of local surface area dilation/contraction, revealed 

surface contraction across large portions of the putamen, amygdala, and hippocampus, and 

dilation across anterior/lateral regions of the caudate and most of the nucleus accumbens. These 

effects were robust to adjustment for medication and ROI volume. 
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Figure 3.3b. Shape analysis with regression coefficient values plotted in regions passing 

correction for multiple comparisons (FDR<0.05). Blue/green colors indicate negative coefficient 

values, or regions of lower thickness or Jacobian measures in cases versus controls (group listed 

first = case, group listed second = control). Red/yellow colors indicate positive coefficient 

values, or regions of greater thickness or Jacobian values in cases versus controls. The left two 

columns include thickness results; the right two columns include Jacobian map results. 
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Thickness represents local radial distance and Jacobian represents local surface area 

dilation/contraction. Dorsal and ventral views of the structures are provided: A, anterior; P, 

posterior; L, left; R, right. 1. Caudate; 2. Putamen; 3. Globus Pallidus; 4. Hippocampus; 5. 

Amygdala; 6. Thalamus; 7. Nucleus Accumbens. Gray regions indicate areas of no significant 

difference after correction for multiple comparisons. Black structures are those for which no 

vertex-wise test was significant after correction for multiple comparisons. 

 

Effects of Deletion Size 

ANCOVA results indicated a significant difference between ROIs across A-D, A-B, and HC 

matched samples. 

 

Large A-D Deletion vs. HC Comparison 

Pairwise comparisons of A-D versus HC subjects revealed a similar pattern of ROI differences to 

that of the full 22q11DS versus HC comparison (Figure 3.3a), likely because ~89% of the 

22q11DS sample carried the more common 3Mb A-D deletion subtype. Compared to HC, A-D 

subjects had larger ventricle, caudate, and accumbens volumes, and smaller hippocampal and 

ICV volumes. These results were largely replicated when adjusting for current medication. 

 

Subcortical shape analysis revealed a pattern of both higher and lower local thickness and 

Jacobian measures, similar to 22q11DS versus HC comparison, but with lesser magnitude 

(Figure 3.3b). These effects were robust when adjusted for medication and ROI volume. 
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A-B vs. HC Comparison 

Subjects with an A-B deletion showed significantly higher ventricle and right accumbens 

volumes compared to matched HC (Figure 3.3a). Effects across all ROIs were largely in the 

same direction as those from the A-D versus HC and 22q11DS versus HC comparisons, 

indicating similar, though much attenuated group differences, likely driven somewhat by the 

much smaller A-B sample size (N=18). When adjusting for medication, no significant group 

differences passed correction for multiple comparisons. 

 

Subcortical shape analysis results showed a more extensive, though subtle, pattern of differences 

between A-B and HC (Figure 3.3b). The shape analysis revealed that higher accumbens 

volumes were likely driven by higher Jacobian (surface dilation) in A-B subjects. Results were 

diminished when correcting for ROI volume and medication, though, given the small sample 

size, this was somewhat expected. 

 

A-B vs. A-D Comparison  

There were no global volume differences between matched A-B and A-D subjects that passed 

correction for multiple comparisons (Figure 1). However, shape analysis showed that A-B 

deletion subjects had higher hippocampal, thalamic, and putamen Jacobian measures (higher 

surface area), and lower caudate and accumbens thickness/Jacobian measures compared to A-

D (Figure 3.3b). The hippocampus showed somewhat complex effects of thickness, with 

medial/lateral aspects being thicker and dorsal/ventral regions being thinner in A-B versus A-D. 

These results remained stable when adjusting for ROI and medication. 
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22q11.2 Deletion Psychosis Analysis 

The 22q+Psy and -Psy groups were largely matched in demographics. However, as 

expected, 22q+Psy subjects had a higher rate of typical/atypical antipsychotic and anticonvulsant 

treatment, and lower IQ compared to the -Psy group. A significant psychosis-by-age interaction 

was observed for the left and right caudate, in which 22q+Psy had higher caudate volumes with 

increased age compared to 22q-Psy. 

 

22q+Psy showed significantly smaller hippocampal, amygdala, right thalamus and ICV volumes 

compared to the matched 22q-Psy cohort  (Figure 3.3a). These effects were largely replicated 

when adjusting for medication and IQ. However, when additionally adjusting for ICV, no group 

differences survived correction for multiple comparisons, likely due to significantly lower ICV 

volumes in the 22q+Psy group.  

 

When adjusting for age, age2, sex, and scan site, subcortical shape analysis revealed lower 

thalamus, hippocampal, amygdala and nucleus accumbens thickness and Jacobian surface area 

measures in 22q+Psy subjects compared to 22q-Psy. There was one region along the left dorsal 

putamen where the reverse pattern was observed (higher thickness/surface area in 22q+Psy 

subjects) (Figure 3.3c). When adjusting for medication, effects were diminished but exhibited a 

similar pattern of lower thickness and surface area in 22q+Psy. When also adjusting for ICV, 

only two regions continued to pass correction for multiple comparisons: higher surface area of 

the left putamen and lower surface area of the right hippocampus. When adjusting for both ICV 
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and medication, no significant shape measure differences survived correction for multiple 

comparisons. 

 

Figure 3.3c. Shape analysis with regression coefficients plotted in regions passing correction for 

multiple comparisons (FDR<0.05). Blue/green colors indicate negative coefficient values, or 

regions of lower thickness or Jacobian measures in cases versus controls. Red/yellow colors 

indicate positive coefficient values, or regions of greater thickness (i.e., local radial distance) or 

Jacobian values (i.e., local surface area dilation/contraction) in cases versus controls. The top 

row includes thickness results; the bottom row includes Jacobian results. Dorsal and ventral 
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views of the structures are provided: A, anterior; P, posterior; L, left; R, right. 1. Caudate; 2. 

Putamen; 3. Globus Pallidus; 4. Hippocampus; 5. Amygdala; 6. Thalamus; 7. Nucleus 

Accumbens. Gray regions indicate areas of no significant difference after correction for multiple 

comparisons. Black structures are those for which no vertex-wise test was significant after 

correction for multiple comparisons. 

 

22q11DS Psychosis Cross-Disorder Comparisons 

22q+Psy versus 22q-Psy subcortical ROI volume Cohen’s d effect sizes were significantly 

correlated with those from the ENIGMA schizophrenia, major depression and obsessive 

compulsive disorder studies. 22q+Psy effect sizes were not significantly correlated with those 

from the ENIGMA bipolar, autism spectrum and attention deficit hyperactivity disorder case-

control studies (Figure 3.3d). 

 

22q11DS versus HC effect sizes were not significantly correlated with any other ENIGMA 

study. 
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Figure 3.3d. Cross-Disorder comparisons from the ENIGMA clinical working group subcortical 

studies. A. Case-control Cohen’s d effect size estimates are shown, from the ENIGMA 

schizophrenia (7), major depressive disorder (37), bipolar disorder (38), obsessive compulsive 

disorder (39), autism spectrum disorders (40), and attention deficit hyperactivity disorder (41) 

working group studies, which all used comparable analysis methods to the current study. An 

asterisk (*) indicates a significant group difference in the respective study and include 95% 
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confidence intervals from original study publication. Note that the ENIGMA autism group did 

not report 95% confidence intervals in their published report, and the ENIGMA attention deficit 

hyperactivity disorder group did not assess lateral ventricle volume in their subcortical 

studies. B. Spearman rank correlations between 22q+Psy vs. 22q-Psy effect size estimates and 

those from other ENIGMA working groups. Significant correlations were found between 

22q+Psy and the ENIGMA schizophrenia, major depressive disorder and obsessive compulsive 

disorder working group studies. 

 

Discussion 

This study represents the largest neuroimaging investigation to date of subcortical brain structure 

in 22q11DS and provides 4 key findings: 

1. We detected robust group differences between groups of individuals with 22q11DS and 

HC using conventional gross volumetric measures. 

2. Shape analysis revealed complex local differences across most subcortical ROIs and 

subtle differences as a function of deletion size. Significant differences between deletion 

subtypes were detected by shape analysis. 

3. 22q11DS subjects with a history of psychosis had lower ICV, thalamic, hippocampal, and 

amygdala volumes compared to 22q11DS subjects without history of psychosis; these 

effects were driven largely by contracted surface area across subregions of these 

structures. 
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22q11DS psychosis effects significantly overlapped with those from the largest study of 

subcortical structure in schizophrenia, major depression and OCD but differed from bipolar 

disorder, autism spectrum disorder, and ADHD. Subcortical effect sizes for 22q11DS were 

generally greater than those found in most other ENIGMA studies. 

 

Based on volumetric analysis, 22q11DS subjects had significant differences in nearly all ROIs 

studied, with moderate to large effect sizes. Our large multisite sample revealed overlapping but 

more extensive group differences than were previously detected in data from single site studies 

of 22q11DS (22). Shape analysis revealed 22q11DS effects to be complex in nature, with most 

structures exhibiting patterns of both higher (in some regions) and lower (in other regions) local 

thickness and surface area compared to HC. Interestingly, our vertex-wise cortical analysis of 

22q11DS also found somewhat complex thickness and surface area variations compared to 

HC (34). A general pattern of regionally lower cortical surface area with gyral thickening was 

flipped in some regions (thinner superior temporal, cingulate and parahippocampal regions), 

similar to complex opposing effects seen in the larger subcortical structures (caudate, putamen, 

hippocampus and thalamus).  

 

With respect to the complex group differences in the hippocampus, the 22q11DS group 

showed lateral/medial thinning and dorsal/ventral thickening compared to HC. Based on prior 

surface-based mapping of hippocampal subfields (21), the thinning along the lateral/medial axis 

may correspond to CA1 and subiculum subfields, whereas the dorsal/ventral thickening may 
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correspond to CA2-4 subfields as well as parts of the subiculum. The Jacobian maps indicate a 

more extensive pattern of contracted surface area across large portions of the hippocampus. 

 

Subjects with 22q11DS had thicker and greater surface area for thalamic subregions, roughly 

corresponding to anterior, dorsomedial and ventral lateral nuclei. The anterior thalamic nucleus 

receives input from the mammillothalamic tract and hippocampus, and projects to the cingulate 

gyrus. The dorsomedial nucleus receives input from and projects back to the prefrontal cortex. 

The ventral lateral nucleus receives input from the basal ganglia and cerebellum and projects 

back to motor areas of the cortex. Subjects with 22q11DS also appear to have lower thickness 

and surface area in the pulvinar, a region that receives input from – and projects to – the parietal, 

occipital and temporal lobes. Both the pulvinar and the dorsomedial nucleus make up the 

principal association nuclei of the thalamus, with projections to cortical association areas that 

mediate many higher order mental functions shown to be altered in 22q11DS individuals. 

 

With respect to the caudate, 22q11DS subjects had, on average, greater thickness and surface 

area in more anterior (head) and lateral portions of the caudate, and lower thickness and surface 

area in more posterior (tail) regions compared to HC. The caudate receives most of its inputs 

from cortical association areas, especially from the prefrontal cortex (42). Differential alterations 

to these caudate subregions may be related to frontal cortex alterations associated with the 

executive functioning deficits previously reported in functional studies of 22q11DS (43).  
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As in our study of cortical structure from the ENIGMA 22q11DS cohort (34), subcortical 

differences between A-B versus HC appeared similar, though diminished, compared to patterns 

in the A-D versus HC and 22q11DS versus HC comparisons. While there were no significant 

differences between A-B versus A-D subtypes with respect to gross volume, shape analysis 

revealed regions of higher surface area in the hippocampus, putamen and thalamus as well as 

lower caudate surface area and thickness in A-B compared to A-D. This pattern was seen to 

some extent in our cortical study, where A-B subjects had higher cortical surface area compared 

to A-D, which may point to overlapping neurodevelopmental mechanisms affecting both cortical 

and subcortical structures.  

 

22q+Psy was associated with lower ICV, hippocampal, amygdala and right thalamic volumes, all 

results that overlap with the ENIGMA schizophrenia study. Shape analysis revealed that lower 

gross volumes were driven primarily by contracted surface area across these structures. Mouse 

models of 22q11DS have revealed decreased dendritic spine density and reduced glutamatergic 

synapses in hippocampal neurons (44). Copy number variations in genes located in the 22q11.2 

region such as COMT or Tbx1 have been shown to disrupt adult neural stem and progenitor cells 

in the hippocampus and prevent normal working memory capacity in mouse models (45). Mice 

haploinsufficient for the gene Zdhhc8 – another gene within the homologous 22q11.2 region – 

suffer from deficits in spatial working memory and functional connectivity (46), all deficits that 

are well documented in schizophrenia and ASD. Together, these structural and functional deficits 

could explain the generally smaller hippocampal volumes we observed in 22q11DS, and 

particularly in those with psychosis.   
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Our cortical study found that 22q+Psy was marked by a pattern of mostly thinner frontal, 

temporal and lateral occipital regions compared to 22q-Psy. Functionally, altered hippocampal-

prefrontal connectivity has been found to be associated with working memory impairments in 

22q11DS mice (47), and may underlie disrupted frontal-temporal connectivity in patients with 

idiopathic schizophrenia. 

 

ICV was significantly lower in 22q11DS and 22q+Psy, findings that overlap with previous 

studies of 22q11DS (10), and schizophrenia (48; 7). RANBP1, a gene found in the 22q11.2 

region, plays an important role in cortical progenitor cells and has been shown to regulate brain 

development. Loss of RANBP1 may affect the overall quantity of radial glial progenitors, 

resulting in smaller brain volumes. A haplotype block including both DGCR8 and RANBP1 have 

been implicated in schizophrenia susceptibility (49).  

 

The significant correlation between 22q+Psy effect sizes with those from the ENIGMA 

schizophrenia working group suggest a structural concordance with idiopathic schizophrenia that 

we also found at the cortical level in the same cohort (34). Interestingly, 22q+Psy subcortical 

effect sizes were also correlated with those from the ENIGMA major depressive disorder and 

OCD studies, but not those from the bipolar, ASD and ADHD studies. While these findings 

suggest this set of psychiatric disorders may exhibit similar profiles of subcortical alterations, the 

ENIGMA consortium creates the opportunity for direct comparison of these harmonized brain 

measures across disorders. Common abnormalities in subcortical structure across psychiatric 

populations further motivates the use of our subcortical shape analysis technique, yielding 
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detailed information on topographic effects that may offer greater contrast between psychiatric 

populations (either with respect to classical diagnostic groupings or in relation to research 

domain criteria). 

 

The ENIGMA Shape Analysis Pipeline is currently being applied in the ENIGMA 

schizophrenia, major depressive disorder and OCD working groups to determine the spatial 

distribution of effects reported in their initial large-scale studies of conventional gross subcortical 

volumes and to study whether variations may be more complex, as we found in 22q11DS. These 

analyses may help reveal patterns of disease burden and disrupted development across known 

subcortical subregions with distinct cytoarchitecture and functional connectivity (50). 

Furthermore, the ENIGMA harmonized processing and analysis protocols facilitate direct 

comparisons of such shape metrics across disorders.  

 

Several limitations must be noted. Shape analysis offers a sensitive measure of local 

morphometic variation across subcortical structures. The thickness and Jacobian measures 

convey complementary but subtly different information with respect to underlying gross 

volumetric change. The relationship between subregional shape measures and underlying 

cytoarchitecture is not yet known. Ongoing work is investigating the correspondence of such 

shape variations to changes in underlying subfields and gene expression.  

 

We cannot rule out that some subjects with 22q11DS with no history of psychosis may later 

develop a schizophrenia spectrum disorder, which may have attenuated the group differences we 
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report here. Further investigation of 22q11DS comorbidities such as immune system, cardiac, 

and autism spectrum disorders was outside the scope of the current study, but will be pursued in 

future. 

 

Here, we have shown robust differences in subcortical structure between 22q11DS and 

demographically comparable healthy controls, with more extreme alterations in those with the 

larger deletions, and in those with psychotic illness. The pattern of 22q11DS psychosis effects 

overlaps those from the largest study to date of subcortical structure in idiopathic schizophrenia. 

This adds evidence to the notion that 22q11DS serves as a biologically applicable framework for 

understanding brain mechanisms that underlie of psychosis. Interestingly, subcortical effects 

overlapped across several major neuropsychiatric conditions, suggesting common subcortical 

alterations that will be explored in future cross-disorder shape and genetic analyses. 
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CHAPTER 4 
The ENIGMA Bipolar Disorder Working Group: Large-scale studies in bipolar disorder 

brain structure 
 

4.1 Overview 
	
  

Bipolar disorder (BD) consists of a spectrum of related mental illnesses that involve the neural 

circuitry of emotional and reward processing where patients present with a range of behavioral 

symptoms including mania and depression (Merikangas et al., 2011; Strakowski et al., 2012).  

BD is a leading cause of disability and affects 1-3% of the adult population worldwide (Grande 

et al., 2016). BD is highly heritable (McGuffin et al., 2003; Wray and Gottesman, 2012) and 

despite significant advances the understanding of the disorder, the underlying mechanisms are 

far from understood. Current psychiatric diagnostic criteria are based on descriptions of 

behavioral symptoms, leading to inaccurate and often delayed diagnosis of BD (Ghaemi et al., 

1999; Duffy et al., 2009; Bschor et al., 2012). Delayed diagnosis is estimated to be, on average, 

5-10 years between symptom onset and first treatment and has important implications for 

prognosis. While mania and depression are the most characteristic features of the disorder, 

complex presentation and comorbid factors contribute to difficult management with the majority 

of patients suffering long-term impairment (Conus et al., 2014). Given the global impact of this 

complex illness, there is an urgent need for objective biomarkers to improve diagnosis, track 

treatment effects, and inform future investigations into the cellular/molecular mechanisms of 

BD. 

 

A large number of brain-based MRI studies have reported a range of alterations in BD, 

implicating cortical regions such as the precentral, middle frontal, inferior frontal and fusiform 

gyri (Hajek et al., 2013; Ganzola and Duchesne, 2017). Alterations of subcortical structures such 
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as the thalamus, hippocampus and amygdala have also been tied to BD (Hajek et al., 2009; Hajek 

et al., 2012). However, previous studies have also offered conflicting volumetric results, ranging 

from volume increases and decreases in BD patients compared to controls (Phillips and Swartz, 

2014). Such discrepancies are likely due to patient heterogeneity, treatment effects and small 

sample sizes. Furthermore, many studies tend to only compare one BD subtype to healthy 

controls.  

 

The high cost of MRI data collection has led to underpowered studies whose findings often fail 

to replicate, cannot adequately model confounds, and lack the power to pick up key factors that 

modulate disease progression or recovery. Global initiatives such as the ENIGMA bipolar 

disorder working group aim to offer detailed, reproducible, and reliable data on brain changes in 

BD.  

 

The ENIGMA bipolar working group is co-chaired by myself and Dr. Ole A. Andreassen, 

professor of Medicine at the University of Oslo and the director of The Norwegian Centre for 

Mental Disorders (NORMENT). Dr. Andreassen also leads the Psychiatric Genetics Consortium 

working group on bipolar disorder. To date, the ENIGMA bipolar working group includes a 

growing sample of 44 international cohorts (Figure 4.1a) with multimodal neuroimaging data 

from over 3,000 BD subjects and 8,000 healthy controls, making it by far the largest 

neuroimaging consortia effort to ever study BD. 



	
   113	
  
	
  

 
Figure 4.1a. Map of ENIGMA bipolar disorder working group study sites 

 

The bipolar working group recently completed 3 large-scale meta- and mega-analyses of 

subcortical volume (Hibar et al., 2016), cortical thickness (Hibar et al., 2018), and machine 

learning classification (Nunes et al., 2018). There are 15 additional projects in various stages of 

completion led by an international team of researchers, all of which represent the largest studies 

of their kind (Figure 4.1b).  
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Figure 4.1b. All ENIGMA bipolar disorder working group projects 

 

4.2 Recent findings from the ENIGMA bipolar working group 

4.2.1 Subcortical Volumes 

The ENIGMA bipolar working group’s first study was a large-scale meta-analysis of 1,710 BD 

patients and 4,304 healthy controls (HC). Higher bilateral ventricular volumes and lower 

hippocampal, amygdala and thalamic volumes were detected in BD patients versus HC (Figure 

4.2a) (Hibar et al., 2016). These group differences may reflect either accelerated atrophy in 

patients or chronic effects of the illness or medication. Importantly, previous meta-analyses were 

unable to detect case/control differences in amygdala volume and smaller studies reported both 

higher and lower amygdala volume (Altshuler et al., 2000; Chang et al., 2005).  



	
   115	
  
	
  

 

Figure 4.2a. Cohen’s d effect size estimates for all BD patients versus controls using ENIGMA-

harmonized FreeSurfer volumes. Statistical model accounts for age, sex, and intracranial volume. 

Error bars indicate mean effect size ± s.e.m. Results passing study-wide significance threshold 

(P<4.91x 10-3) are indicated by (*) (Hibar et al., 2016). 

 

No differences between BD subtype (BD1, BD2 and BD-NOS) nor between BD subtype and HC 

were detected. Lithium treatment was associated with larger thalamic volumes compared to non-

treated BD patients (when adjusting for the effect of other medication). When compared to 

controls, BD patients taking Lithium had smaller hippocampal and thalamic volumes and larger 

lateral ventricles. On average, BD patients taking anticonvulsants had smaller hippocampal 

volumes compared to non-treated BD patients. As medication is one of the most debated sources 
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of patient variability in the literature, and has widely focused on Lithium treatment, we were able 

to isolate specific effects of Lithium and anticonvulsants on subcortical volume. These results 

should be interpreted with caution as medication status likely interacts with illness characteristics 

(such as symptom severity). Furthermore, a simple binary coding (prescribed/not prescribed) was 

used to determine medication status at the time of scan. A future study led by Dr. Colm 

McDonald from the ENIGMA bipolar working group aims to study more detailed measures of 

medication such as history, dose, and serum level in order to delve into interactions between 

different pharmacological agents and their effect on brain structure across the cohort.  

 

4.2.2 Cortical thickness and surface area 

Previous meta-analyses have reported lower cortical thickness in the anterior cingulate, 

paracingulate, superor temporal gyrus and prefrontal regions. Surface area findings have been far 

more variable. In our recent study of BD cortical structure, the largest of its kind (2,447 BD and 

4,056 healthy controls) and using ENIGMA harmonized measures of cortical thickness and 

surface area, we reported significant alterations in the cortex of BD patients (Hibar et al., 2018). 

 

Compared to controls, BD patients exhibited a widespread pattern of thinner cortex (Figure 

4.2b). Interestingly, no case/control differences were detected for cortical surface area. Again, as 

in the subcortical study, no significant differences were detected between BD subtypes. Longer 

illness duration was associated with a pattern of lower cortical thickness but not with surface 

area. 
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Figure 4.2b. A widespread pattern of thinner cortex in BD adult patients versus controls. Colors 

indicate Cohen’s d effect sizes after correction for multiple comparisons (Hibar et al., 2018).  

 

We found significantly higher cortical thickness in BD patients taking Lithium, with the largest 

effects located in the left paracentral gyrus (Figure 4.2c). Anticonvulsant treatment was 

associated with lower cortical thickness, with the highest effects observed in the left and right 

lateral occipital gyrus. Typical (first generation) antipsychotics were associated with higher 

cortical surface area in the left inferior parietal gyrus and atypical (second generation) 

antipsychotics were associated with lower surface area in the rostral middle frontal gyrus. 
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Figure 4.2c. Thicker cortex in BD patients on Lithium at time of scan. Cohen’s d effect sizes 

plotted in regions passing correction for multiple comparisons (Hibar et al., 2018).  

 

In summary, the cortical findings were largely in line with prior reports of thinner frontal and 

temporal cortices. Notably, regions with the largest case/control differences were the 

ventrolateral prefrontal cortex, an area that has been long implicated in the pathophysiology of 

BD. Important new contributions include the observation of lower thickness in inferior parietal, 

fusiform, and inferior temporal regions in adult BD patients. Structural deficits in these regions 

have been tied to disruptions in sensorimotor integration and language and may be tied altered 

emotion perception and rapid mood changes in BD.  
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Recently, the ENIGMA relatives project studied first-degree relatives (FDRs) of patients across 

the ENIGMA bipolar disorder and schizophrenia working groups. FDRs of BD subjects were 

found to have significantly larger ICV compared to controls. Higher ICV explained other whole-

brain enlargements seen in the FDRs-BD group (total volume, surface area, cortical gray matter). 

The effect sizes were quite small suggesting that familial brain risk in BD is subtle, though 

enlargements in ICV may represent a form of resilience to developing BD, as suggested in a 

report of hippocampal volume in non-affected co-twins (van Erp et al., 2012). 

 

4.2.3 Machine learning classification using cortical and subcortical measures 

We recently performed the largest machine learning study of BD, including 853 BD and 2,167 

controls across 13 international sites. In this study we applied a support vector machine 

technique to ENIGMA-harmonized measures of subcortical volume, and cortical thickness and 

surface area. The goal of the study was to differentiate BD patients from controls, interrogate 

alternate data handling strategies and determine the features most important for case/control 

classification (Nunes et al., 2018). 

 

A linear kernel, support vector machine (SVM) (without hyperparameter optimization) was used 

in the primary analysis. SVM fit to data pooled across all sites outperformed two other 

techniques: meta-analysis of site-level analyses and a leave-one-site-out cross validation 

procedure. The pooled (aggregate) model performed significantly above chance with the ROC-

AUC of 71.49% (Figure 4.2d) with an accuracy of 65.23%. Anatomical features driving 

classification were both biologically relevant and consistent across the 13 cohorts. 
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Anticonvulsant treatment and age were associated with the greatest odds of accurate 

classification.  

 

 
Figure 4.2d. ROC curves for pooled (aggregate) analysis. Faint gray lines indicate ROC curves 

for validation folds and the blue line represent the mean ROC curve (Nunes et al., 2018). 

 

While a classification accuracy of 65% sounds low, it’s important to note that the Cohen’s kappa 

reliability (inter-rater agreement) for BD-1 diagnosis is ~0.56 and can range as low as ~0.40 for 

BD-2 (Regier et al., 2013). Furthermore, the classification of BD from controls is not the end 

goal of this line of research. While falling short of the 80% accuracy mark set as clinically 

relevant (Savitz et al., 2013), these results show proof of concept that large-scale, multisite brain 

imaging data can be useful in such classification problems. The addition of other deeper 

phenotyping data, like those being collected through the ENIGMA cross-disorder project I’m 

leading now (Chapter 5), along with more advanced methods such as deep learning (requiring 
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sharing of raw data), may greatly improve classification and tackle more clinically interesting 

problems such as discerning treatment responders, BD subtypes, suicidal ideation, and more. 

 

*This study was listed a 2018 Leading Research Achievement by the Brain and Behavior 

Research Foundation (https://www.bbrfoundation.org/2018-research-highlights). 

 
 
 
4.3 Subcortical shape morphometry: A single site study 
 
Building off our initial study of BD subcortical structure (Hibar et al., 2016) and to address some 

of the limitations of previous BD studies of subcortical volumes, we analyzed a large cohort of 

patients with BD subtypes I and II (BD1, BD2) and not otherwise specified (BD NOS), assessing 

overall volumes and point-wise shape differences. We hypothesized that our novel shape 

analysis of these structures would reveal regional differences between BD and controls not 

detected by measures of gross volume. Shape analysis might also reveal subtle difference 

between BD subtype and associations with subcortical regions involved in emotional and reward 

processing.  
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4.4 Subcortical shape morphometry: Results from the ENIGMA bipolar working group 
 

As a follow-up to our study of gross volumes (Hibar et al., 2016), we have applied the high-

resolution ENIGMA shape analysis techniques to a large, multicenter cohort (N=3,488) to better 

characterize the localized patterns of morphometric variation we detected in that initial study of 

subcortical structure. We hypothesized that BD subjects would have generally lower 

hippocampal, amygdala and thalamus volumes compared to healthy controls (HC) and that shape 

analysis would reveal patterns of morphometric differences between groups not detected by our 

prior work. This ongoing subcortical shape analysis from the wider ENIGMA BD working group 

currently includes 13 international study samples with 1,272 BD and 2,216 HC (Table 4.4). 

 

Sample Country BD HC % Male Age Mean 
(SD) 

Cardiff UK 78 53 32 39 (±23) 
Frankfurt Germany 34 32 51 39 (±10) 

KCL UK 23 22 33 42 (±14) 
Paris France 36 55 50 37 (±12) 
Penn USA 58 88 45 34 (±13) 
Tulsa USA 68 90 31 35 (±11) 
UCSD USA 42 78 39 50 (±13) 
Yale USA 195 604 40 36 (±13) 

Japan Japan 158 573 36 46 (±16) 
TOP Norway 192 303 48 35 (±10) 

MALT Norway 44 44 34 33 (±8) 
Sydney Australia 58 100 41 23 (±4) 
Houston USA 286 174 42 26 (±14) 

Table 4.4. Demographics from ENIGMA BD subcortical shape analysis (Ching et al., 

manuscript in preparation) 

 

As described in Chapter 2, two measures of shape morphometry are computed along left and 



	
   128	
  
	
  

right nucleus accumbens, amygdala, caudate, hippocampus, putamen, pallidum, and thalamus 

shape models. The radial distance (thickness) metric represents the distance between up to 2,502 

surface points and a medial curve. The Jacobian measure is based on surface Tensor Based 

Morphometry and represents the surface dilation ratio between a surface template and study 

subject, where larger Jacobian values indicate larger local volume and surface area. A multiple 

linear regression model was fit at each homologous thickness and Jacobian value across the 

surface to assess differences between BD and HC groups while adjusting for age, sex, and 

intracranial volume. A vertex-wise random-effects meta-analysis (metafor R package) was used 

to combine results from all study samples. All results were corrected for multiple comparisons 

(FDR q=0.05). 

 

This ongoing analysis has several important preliminary findings (Ching et al., manuscript in 

preparation). Subcortical shape analysis has indicated mostly lower subcortical shape measures 

in BD compared to HC (Figure 4.4). Local thickness and surface area measures were smaller for 

bilateral hippocampal, thalamic, amygdala, and nucleus accumbens structures after correction for 

multiple comparisons. More complex patterns of both higher and lower thickness and surface 

area measures were found in bilateral putamen structures for BD subjects compared to HC. No 

significant differences in BD subtype (BDI versus BDII) or association with medication at the 

time of scan were detected after correction for multiple comparisons. 
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Figure 4.4. Shape meta-analysis with regression coefficient values plotted in regions passing 

correction for multiple comparisons. A. BD vs. HC thickness results: Blue/Green indicate 

regions of lower thickness in BD vs. HC. Red/Yellow indicate regions of greater thickness in 

BD vs. HC. Top: dorsal view; Bottom: ventral view. B. BD vs. HC Jacobian results: Blue/Green 

indicate regions of lower surface area in BD vs. HC. Red/Yellow indicate regions of greater 

surface area in BD vs. HC. Top: dorsal view; Bottom: ventral view. 2. putamen; 3. thalamus; 4. 

hippocampus; 5. amygdala; 7. nucleus accumbens. 

 

In the most current form of the analysis, subcortical shape findings were largely in line with our 

prior study of single-value measures of subcortical volume (Hibar et al., 2016). There, we 

reported lower hippocampus, thalamus and amygdala volumes. Here, our shape analysis has 

revealed patterns of subtle variation in local morphometry, which may provide a more detailed 

profile of BD-related burden across these subcortical structures. Furthermore, a complex pattern 

of both higher and lower volume and surface area in bilateral putamen models is found here that 
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was not reported in our prior work. Shape analysis also revealed a pattern of lower local 

thickness and surface area of the right nucleus accumbens, again a structure that was not 

implicated in our previous study of left and right averaged gross volumes.  

 

Patterns of lower hippocampal thickness and surface area appear to conform to possible 

boundaries of the subiculum/presubiculum as well as CA1-3 subfields. Interestingly, an 

ENIGMA bipolar working group effort focused on analyzing hippocampal subfields has reported 

preliminary findings indicating lower volumes in these same subfields in a highly overlapping 

sample of BD subjects and HC (Haukvik et al., 2019; Haukvik et al., 2019 in preparation). 

 

Lower thalamic thickness and surface area measures in BD compared to HC may overlap with 

anterior and dorsomedial nuclei. The anterior thalamic nucleus receives inputs from the 

mammillothalamic tract and hippocampus and sends projections to the cingulate gyrus. The 

dorsomedial nucleus receives input from prefrontal and limbic areas and projects to the 

prefrontal cortex. Alterations to the underlying cellular, molecular, or functional connectivity of 

these thalamic subreions could be related to known alterations in the frontal cortex (Dickstein et 

al., 2005; Blumberg et al., 2006; Hibar et al., 2018) and cingulate cortices (Gogtay et al., 2007), 

which have been tied to known deficits of emotional processing and executive behavior in BD 

(LeDoux, 1995). 

 

If such variations in shape morphometry do map to known underlying subfields as previously 

reported (Mamah et al. 2016), our findings may help guide more mechanistic investigations of 

distinct neuronal populations in these structures.  
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To our knowledge, our study represents the largest investigation of subcortical shape 

morphometry in BD and marks an unprecedented effort between BD researchers across the 

world to use harmonized processing and analysis protocols to study the complex subcortical 

alterations driving BD pathophysiology. 
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CHAPTER 5 
Future	
  Work	
  

 
5.1 Future work overview 
 
Even in the case of large-scale meta-analyses, neuroimaging studies generally compare single 

clinical groups, often defined by DSM criteria, to matched healthy controls. Rarely are groups 

compared cross-diagnostically (Busatto, 2013; Wise et al., 2016; Hanford et al, 2016). However, 

it’s well established that psychiatric disorders show significant overlap in symptomatology, 

response to medication and even in underlying genetic risk. Such examples include known 

overlap between bipolar disorder and major depression, as well as mood disorders and 

schizophrenia (Pearlson 2015; Rink et al 2016). Importantly, whether shared features reflect 

similar underlying brain structure and function is poorly understood.  

 

As the ENIGMA disease working groups begin to complete their initial case/control studies of 

cortical and subcortical structure, we are entering a new phase of the ENIGMA project. Tens of 

thousands of subjects have now been processed using ENIGMA-harmonized and quality control 

protocols. These data represent the largest collections of psychiatric neuroimaging data ever 

amassed using standardized processing techniques, and include the largest samples of bipolar 

disorder (BD), major depression (MDD), and schizophrenia (SCZ) data ever analysed. The 

efforts of thesee three groups have made possible one of the founding goals of the ENIGMA 

consortium: direct cross-diagnostic comparisons. 

 

Some cross-disorder work is already underway within the ENIGMA consortium. As co-chair of 

the ENIGMA bipolar disorder working group, we have an ongoing project to derive a 

multivariate brain-age metric. The goal of this project is to determine whether psychiatric 
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populations experience accelerated brain aging and whether deviations from normal aging 

trajectories are associated with factors such as disease severity and medication effects.  

 

Future work also involves studying how genetic risk for BD influences ENIGMA-harmonized 

brain measures. Dr. Ole Andreassen, co-chair of the ENIGMA bipolar disorder working group, 

leads the Psychiatric Genomics Consortium Working Group on Bipolar Disorders (PGC-BD). 

Our collaborative effort involves deriving polygenic risk scores (PRS) based on the latest PGC 

GWAS findings and mapping PRS vulnerability across brain structures in the ENIGMA bipolar 

working group.  

 

In the following sections I will discuss my role with regard to these large-scale studies. On this 

scale, these projects provide the unprecedented opportunity to address some of the major 

challenges in our field. 

 
 
5.2 Large-Scale cross-disorder studies of psychiatric disease: direct comparison of 

harmonized brain measures 

I am currently leading an effort to centralize harmonized brain measures from the ENIGMA 

bipolar, schizophrenia, and major depression working groups. These three working groups, 

having each published the largest cortical and subcortical case/control MRI studies of their kind, 

have paved the way for direct comparisons (Hibar et al., 2016; Schmaal et al., 2016; van Erp et 

al. 2016; Hibar et al., 2018; Schmaal et al., 2017; van Erp et al., 2018). These data will be used in 

an unprecedented mega-analysis, incorporating datasets from over 100 international sites (Table 

5.2). 
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 Study Sites Cases Controls 
ENIGMA Bipolar 42 3,071 7,979 
ENIGMA Schizophrenia 63 5,517 7,130 
ENIGMA Major Depression 35 3,310 9,137 
Total 140 11,898 24,246 

Table 5.2. Current estimated sample sizes from the ENIGMA bipolar, schizophrenia and 

depression working groups.  

 

Figure 5.2a shows case/control effect sizes from each of the three working group cortical 

publications plotted on the same scale.  

 
 

 
Figure 5.2a. Case/control cortical thickness Cohen’s d effect sizes from the ENIGMA 

schizophrenia, bipolar and major depression working group studies. 
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The initial aims of the cross-disorder project are the following: 
 
1. Deeper Phenotyping 

Over the past year I have helped lead an effort to collect in-depth clinical and demographic 

information from across the ENIGMA disease working groups. For pragmatic reasons, the 

initial case/control studies for all three working groups tended to include only the essential 

variables such as age, sex, diagnosis, age of onset, binary (yes/no) medication status at the 

time of scan, and simple severity measures. Our recent harmonized covariate request, now 

being collected across over 100 datasets, includes measures such as: education, 

socioeconomic status, IQ, obesity/body mass index, number of psychiatric hospitalizations, 

number of episodes (depressive, manic, psychotic), substance use disorder, comorbid 

psychiatric disorders, current/lifetime medication treatment, medication dose, medication 

serum level, detailed behavioral/symptom information (common scales/questionnaires). 

These measures will provide the basis for alternative groupings and allow for more dynamic 

comparisons not dependent on classic diagnostic categorizations (e.g. BD vs. MDD). Work is 

currently underway to find overlapping scales and measures and to resolve 

clinical/behavioral measurement harmonization (McMahon et al., 2018). 

 
2. Estimating possible site effects 

As patients (and healthy controls) from the different disease working groups are most often 

scanned at separate sites, comparisons may be confounded by diagnosis-by-site interactions. 

This potential confounding effect will be studied by estimating possible bias across healthy 

control subjects from each site.  
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One method to test this bias would be a likelihood ratio test where the predictor of interest in 

the fully specified model is a three-level factor indicating healthy controls from each 

diagnostic cohort, including age, sex, and intracranial volume as covariates (the exact 

combination depending on the imaging trait under study). The outcome of interest will be the 

brain measure of interest (subcortical volume, cortical thickness/surface area). Regions with 

significant differences between groups may indicate an inherent bias across diagnostic 

groups.  

 

Importantly, several studies within these three ENIGMA working groups collected data on 

multiple disorders. Any possible site effects found in the full sample can be examined in the 

subset of studies that scanned multiple disorders to confirm that the finding is not necessarily 

driven by site. Though, this test will have considerably less power given that few samples 

collected multiple diagnostic groups.  

 

The effect of a site-by-diagnosis interaction will also be directly tested in the models 

described in aim 3. Note that it is possible that the site and diagnosis effects may be highly 

correlated, in which case the aforementioned bias estimates will be important to any thorough 

discussion of the final results. 

 

3. Cross-diagnosis models 

Linear mixed effect models will be performed with diagnosis (HC, SCZ, BD, MDD), sex, 

age, diagnosis-by-age, diagnosis-by-sex and sex-by-age as fixed factors. Study site will be 

used as a random factor. Pooled subcortical volume, cortical thickness and cortical surface 
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area measures will be the outcome variables of interest. Importantly, this analysis will be 

repeated including medication status as covariates.  

 

Similar regression models will be fit by replacing diagnosis with the following variables to 

determine the main effect across disorders: 

• Presence of affective (depressive) symptoms, 

• Presence of psychotic symptoms (time of scan/history) 

• Disease severity 

• Age of onset 

• Disease duration 

• Medication status 

• Number of Psychiatric hospitalizations 

 

More complex models will be investigated including interactions between these clinical 

variables and diagnosis, diagnosis-by-age and diagnosis-by-sex. The influences of substance 

abuse/dependence, smoking status and IQ will be explored. 

 

4. Machine Learning 

We recently published the largest neuroimaging machine learning study of bipolar disorder in 

which we found modest case/control classification accuracies based on cortical and 

subcortical measures (Nunes 2018). Supervised machine learning will be applied to examine 

whether BD, MDD and SZ can be discriminated on the basis of subcortical volumes, cortical 

thickness and/or surface area. Of great interest will be whether multivariate, machine 
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learning techniques can discriminate between alternative groupings, such as presence of 

depressive or psychotic symptoms, disease severity, disease duration, substance use, and 

other shared characteristics across these three disorders.  

 

5.3 Brain age  

There is growing evidence that individual psychiatric disorders may experience accelerated brain 

atrophy, beyond that expected from normal aging. (Koutsouleris et al., 2014, Nenadic et al. 

2017).  Accelerated brain aging has been found in schizophrenia but to a lesser extent in bipolar 

and major depressive disorder. However, these previous studies are based on modest sample 

sizes and tend to focus on voxel-based metrics. Using ENIGMA-harmonized brain measures, 

several ongoing and future studies have incorporated much larger samples of healthy control data 

to derive a more generalizable model of normative brain age and incorporated measures such as 

cortical thickness and surface area — brain phenotypes known to be under the influence of 

differential neurodevelopmental genetic factors. 

 

In two forthcoming studies, the ENIGMA major depression working group has collaborated with 

the ENIGMA bipolar working group to develop a robust, multivariate estimator of brain age 

(Hahn et al., 2019; Eyler et al., 2019). Measures of subcortical volume, cortical thickness and 

cortical surface area were used from ~5,000 healthy MDD controls to derive a support vector 

regression model with a linear kernel to predict chronological age. This model was validated 

within the MDD sample and then tested for generalizability to the ENIGMA bipolar group’s 

healthy controls to determine whether mean absolute error (i.e. difference between chronological 

age and predicted brain age) was comparable to that of the MDD healthy control test sample. 
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Final measures of brain age discrepancy, or Brain-PAD (predicted brain-based age – 

chronological age), were calculated for the test samples (not included in the training of the brain 

age model). Importantly, the Brain-PAD models (separate for male and female) will be made 

available to the wider research community. 

 

Work is underway to evaluate the association between Brain-PAD measures and clinical 

characteristics within the ENIGMA BD working group. ENIGMA disease working groups are 

now beginning projects to derive Brain-PAD measures based on this model, resulting in a 

number of future large-scale psychiatric brain age studies. Future work will include evaluating 

the extent of accelerated brain aging across a range of disorders and in comparison to polygenic 

risk. 

 

5.4 Psychiatric genetics 

The ENIGMA bipolar disorder working group is uniquely positioned to study how genetic risk 

loci affect brain structure and function. In close collaboration with the Psychiatric Genomics 

Consortium Working Group on Bipolar Disorders (PGC-BD), we have begun a project to 

identify regions of the brain that are associated with the latest bipolar genetic risk loci, as well as 

genetic risk for other psychiatric disorders. This effort aims to both identify regions at risk in 

bipolar disorder and also construct overlapping genotype-phenotype risk maps across multiple 

psychiatric disorders (major depression, schizophrenia) with the goal of yielding more 

mechanistic models of shared and unique disease processes. 
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Using recent discoveries from the PGC-BD group (Stahl et al. 2018; Bipolar Disorder and 

Schizophrenia Working Group of the PGC 2018), we are currently working to calculate 

polygenic risk scores (PRS) across participating ENIGMA sites (2/3 of BD sites have collected 

genetic data). The ENIGMA PRS protocol was developed by Dr. Sarah Medland and the 

ENIGMA Genetics Working Group and is freely available (http://enigma.ini.usc.edu/protocols/).  
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Chapter 5 includes findings and work adapted from the following studies: 
 
Hahn LKM,  Hahn T, … (130+ authors) … Andreassen OA, Ching CRK, Thompson PM, 
Schmaal L, for the ENIGMA Major Depressive Disorder Working Group. Brain Aging in Major 
Depressive Disorder: results from the ENIGMA Major Depressive Disorder working group. In 
submission (Lancet Psychiatry) 
 
Eyler LT,  … (70+ authors) … Thompson PM, Ching CRK, Andreassen OA, for the ENIGMA 
Bipolar Disorder Working Group. Advanced Brain Age and its Clinical Correlates in Bipolar 
Disorder: A Global, Multi-Site Analysis Data from the ENIGMA Bipolar Disorder Working 
Group. In preparation (Molecular Psychiatry) 
 
McMahon MAB, D Garijo, R Espiritu, F Rashid, M Jang, T Patted, V Knight, CRK Ching, V 
Ratnakar, Y Gil, PM Thompson, N Jahanshad. ENIGMA-ODS: A Platform for Global 
Neuroscience Collaborations in the ENIGMA Consortium, Society of Biological Psychiatry 
2018, New York, May 2018. 
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CHAPTER 6 
Tensor-Based Morphometry and Longitudinal Brain Change 

 

6.1 Tensor-based morphometry: Scan parameter effects on longitudinal brain change 

As tensor-based morphometry (TBM) processing lead for the Imaging Genetics Center, I have 

overseen the longitudinal brain change processing and analysis for the Alzheimer's Disease 

Neuroimaging Initiative (ADNI). The goal of this work has been to develop neuroimaging 

metrics to empower clinical trials and to combine imaging with multiscale disease biomarkers to 

improve degenerative disease detection. An important part of our work is to make these 

longitudinal brain measures available to the wider research community 

(https://ida.loni.usc.edu/login.jsp).  

 

TBM is a validated method for detecting whole brain, voxel-wise morphometric differences 

between groups and across time. TBM uses a non-linear inverse consistent elastic intensity-based 

registration that has been shown to be an unbiased and robust surrogate marker for large, multi-

site neuroimaging studies. Subject scans are first linearly registered to a common space. Brain 

extraction is used to remove inconsistencies in the image background (due to site/scanner 

differences) that may affect follow-up registration steps. Follow-up time points are non-linearly 

registered to the baseline scan to create within subject 3D Jacobian maps of structural change 

over the scan interval. These 3D Jacobian maps are then non-linearly aligned to a study specific 

mean deformation template where all subjects share a common anatomical coordinate system 

(Hua et al., 2013). Statistical analyses of Jacobian determinants may be performed on a voxel-

wise or ROI level. These Jacobian determinant maps represent brain tissue shrinkage (e.g. 

temporal atrophy) or expansion (e.g. ventricular dilation) (Figure 6.1). 
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Figure 6.1. Tensor-based morphometry uses non-linear inverse consistent elastic intensity-based 

registration to derive voxel-wise Jacobian determinant maps that represent unbiased longitudinal 

brain expansion and contraction across a scan interval for each research subject. 

 

We have tested and applied this pipeline extensively to the ADNI cohort. When developing a 

potential biomarker for longitudinal brain using a technique like TBM, it is important to 

determine how protocol changes may affect the power to detect the measure of interest. In order 

to improve future large-scale trails of neurodegenerative disease, I have investigated the effects 

of phantom-based scaling and scan acceleration on the power to detect longitudinal brain change 

in dementia (Hua et al., 2013, Jack et al., 2015, Hua et al., 2016). Thanks in part to work 

presented here, the third phase of the ADNI project adopted accelerated T1-weighted 

acquisitions, freeing up valuable scan time for other cutting-edge sequences to track brain change 

and continue the search for biomarkers of Alzheimer’s disease (Ching et al., 2012; Ching et al., 

2015). 
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6.2 Phantom-based MRI corrections and power to track brain change 
 
CRK Ching, X Hua, C Ward, J Gunter, M Bernstein, CR Jack, M Weiner, PM Thompson. 
Phantom-based MRI corrections and power to track brain change. ISBI 2012, Barcelona, Spain, 
May 2-5 2012. © 20XX IEEE. Reprinted, with permission. 
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6.3 MRI scan acceleration and power to track brain change 
 
Ching CR, Hua X, Hibar DP, Ward CP, Gunter JL, Bernstein MA, Jack CR, Jr., Weiner MW, 
Thompson PM. Does MRI scan acceleration affect power to track brain change? Neurobiology of 
aging. 2015;36 Suppl 1:S167-77. PMCID: 4374606. 
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6.4 Chapter 6 selected works 
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Hua X, Hibar DP, Ching CR, Boyle CP, Rajagopalan P, Gutman BA, Leow AD, Toga AW, Jack 
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robustness and sample size estimates for Alzheimer's disease clinical trials. NeuroImage. 
2013;66:648-61. PMCID: 3785376. 
 
Ching CR, Hua X, Hibar DP, Ward CP, Gunter JL, Bernstein MA, Jack CR, Jr., Weiner MW, 
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aging. 2015;36 Suppl 1:S167-77. PMCID: 4374606. 
 
Hua X, Ching CRK, Mezher A, Gutman BA, Hibar DP, Bhatt P, Leow AD, Jack CR, Jr., 
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2016;37:26-37. PMCID: 4827255. 
 
Jack CR, Jr., Barnes J, Bernstein MA, Borowski BJ, Brewer J, Clegg S, Dale AM, Carmichael O, 
Ching C, DeCarli C, Desikan RS, Fennema-Notestine C, Fjell AM, Fletcher E, Fox NC, Gunter 
J, Gutman BA, Holland D, Hua X, Insel P, Kantarci K, Killiany RJ, Krueger G, Leung KK, 
Mackin S, Maillard P, Malone IB, Mattsson N, McEvoy L, Modat M, Mueller S, Nosheny R, 
Ourselin S, Schuff N, Senjem ML, Simonson A, Thompson PM, Rettmann D, Vemuri P, 
Walhovd K, Zhao Y, Zuk S, Weiner M. Magnetic resonance imaging in Alzheimer's Disease 
Neuroimaging Initiative 2. Alzheimers Dement. 2015;11(7):740-56. PMCID: 4523217. 
	
  
 

 

 

 

 

 



	
   168	
  
	
  

CHAPTER 7 
Related Works Completed During Graduate Studies 

 

7.1 Related works 

The studies included in this chapter were conducted during my graduate work. While not central 

to this dissertation thesis, these studies further convey the overall breadth of my research 

activities to date. Of special note is the following study: A Model For Teaching Advanced 

Neuroscience Methods: A Student-Run Seminar to Increase Practical Understanding and 

Confidence. This was an effort completed with a fellow graduate student, Tessa Harrison, in 

which we developed a student-taught course on advanced neuroscience research methods. This is 

the first student-taught course to be part of the required first year curriculum for the UCLA 

Interdepartmental Neuroscience PhD program. 

 

 

 

 

 

 

 

 

 

 

 

 



	
   169	
  
	
  

7.2 Chapter 7 selected works 

Adams HH, Hibar DP, Chouraki V, Stein JL, Nyquist PA, Renteria ME, Trompet S, Arias-
Vasquez A, Seshadri S, Desrivieres S, Beecham AH, Jahanshad N, Wittfeld K, Van der Lee SJ, 
Abramovic L, Alhusaini S, Amin N, Andersson M, Arfanakis K, Aribisala BS, Armstrong NJ, 
Athanasiu L, Axelsson T, Beiser A, Bernard M, Bis JC, Blanken LM, Blanton SH, Bohlken MM, 
Boks MP, Bralten J, Brickman AM, Carmichael O, Chakravarty MM, Chauhan G, Chen Q, 
Ching CR, …(304 authors)… Franke B, Debette S, Medland SE, Ikram MA, Thompson PM. 
Novel genetic loci underlying human intracranial volume identified through genome-wide 
association. Nature Neuroscience. 2016;19(12):1569-82. PMCID: 5227112. 
 
Harrison TM, Ching CR, Andrews AM. A Model For Teaching Advanced Neuroscience 
Methods: A Student-Run Seminar to Increase Practical Understanding and Confidence. J 
Undergrad Neurosci Educ. 2016;15(1):A5-A10. PMCID: 5105964 
 
Looi JC, Rajagopalan P, Walterfang M, Madsen SK, Thompson PM, Macfarlane MD, Ching C, 
Chua P, Velakoulis D. Differential putaminal morphology in Huntington's disease, 
frontotemporal dementia and Alzheimer's disease. Aust N Z J Psychiatry. 2012;46(12):1145-58. 
PMCID: 4113021 
 
Nir TM, Jahanshad N, Ching CRK, Cohen RA, Harezlak J, Schifitto G, Lam HY, Hua X, Zhong 
J, Zhu T, Taylor MJ, Campbell TB, Daar ES, Singer EJ, Alger JR, Thompson PM, Navia BA, On 
behalf of the HIV Neuroimaging Consortium. Progressive Brain Atrophy in Chronically Infected 
and Treated HIV+ Individuals. Accepted Journal of NeuroVirology January 2019 
 
Salminen LE, Wilcox R, Zhu AH, Riedel BC, Ching CRK, Boyle CP, Knight V, Saremi A, 
Rashid F, Thomopoulos SI, Harrison MB, Ragothaman A, Medland SE, Thompson PM, 
Jahanshad N. Altered cortical brain structure and increased risk for disease seen decades after 
perinatal exposure to maternal smoking: A study of 9,000 adults in the UK Biobank. Submitted 
(Cerebral Cortex 2018) BioRxiv doi: https://doi.org/10.1101/471839 
 
Tao C, Nichols TE, Hua X, Ching CRK, Rolls ET, Thompson PM, Feng J. Generalized reduced 
rank latent factor regression for high dimensional tensor fields, and neuroimaging-genetic 
applications. NeuroImage. 2017;144(Pt A):35-57. PMCID: 5798650. 
 




