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1 GENERAL SUMMARY 
 

English summary  

Twin studies have shown high heritability estimates for brain structure. However, 

common genetic variants only account for a minor proportion of this heritability, where the 

individual common genetic variants show minor associations to brain structure. In recent 

years, emerging evidence suggests that certain rare recurrent copy number variants (CNVs) 

have substantial impact on brain structure in addition to putting people at higher risk for 

somatic, psychiatric, and neurodevelopmental disorders. CNVs are deletions or duplications 

of a large segment of the genome that may occur during meiosis or be inherited from the 

parents to the offspring. CNVs can alter transcription levels, including affecting 

spatiotemporal gene expression levels during neurodevelopment, potentially resulting in 

atypical brain structure. Thus, establishing the brain profile of CNV carriers may provide a 

window into early neurodevelopmental mechanisms and thus inform our understanding of 

brain development.  

The current thesis aims to provide novel insight into the brain structural differences in 

the relatively frequent 1q21.1 distal, 15q11.2 BP1-BP2 and 22q11.2 CNVs, by examining 

differences in magnetic resonance imaging (MRI)-derived measures. We did this through 

investigating different aspects of the influence of the CNVs on brain structure.    

Carriers of the 1q21.1 distal deletion or the 15q11.2 BP1-BP deletion have shown 

global differences in brain structure compared to non-carriers. Specifically, they exhibit a 

lower cortical surface area (both 1q21.1 distal deletion carriers and 15q11.2 BP1-BP2 deletion 

carriers) and a thicker cortex (15q11.2 BP1-BP2 deletion carriers) compared to non-carriers. 

Still, some of the regional estimates do not appear to follow the overall global pattern: Some 

brain regions show structural characteristics that resemble those of non-carriers, while other 

brain regions diverge more than the global difference. This indicates variation within the brain 
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of 1q21.1 distal deletion carriers and 15q11.2 BP1-BP2 deletion carriers. In study I, we shed 

light on brain structural variability by applying a novel method, i.e., regional intra-deviation 

scores, to estimate regional divergence from the global effect on the brain on carriers of the 

15q11.2 BP1-BP2 and 1q21.1 distal CNVs. We found that certain brain regions differed more 

than the overall global effect on the brain, whereas other brain regions differed less than the 

overall global effect. The regions that differed more than the global effect were mostly areas 

associated with higher-order level processing (i.e., association cortices). In contrast, regions 

that differed less than the global effect were, for the majority, areas associated with 

sensorimotor processing (i.e., sensorimotor cortices). 15q11.2 BP1-BP2 duplication carriers 

also showed evidence for a thinner cortex compared to non-carriers, but they do not exhibit 

differences in regional intra-deviation scores. The results indicate that 1q21.1 distal deletion 

and 15q11.2 BP1-BP2 deletion may yield differential effect on regional brain structure, 

possibly reflecting regional specific disruptions during neurodevelopment.   

The atypical brain structure in 15q11.2 BP1-BP2 deletion carriers is thought to reflect 

disruptions to neurodevelopmental processes. However, middle-to-old aged 15q11.2 BP1-BP2 

deletion carriers also show alterations in physical traits that typically deteriorates with age, 

possibly indicating altered ageing. However, it is unclear if the differences in brain structure 

and performance in physical traits that declines with age indicate neurodegenerative effects. 

In study II, we examined this by estimating brain age gap through machine learning models in 

older individuals carrying the 15q11.2 BP1-B2 deletion or duplication, and non-carriers. Brain 

age gap is defined as the discrepancy between the estimated age from the machine learning 

model and the chronological age. We found small to moderate differences in brain structure 

between 15q11.2 BP1-BP2 deletion carriers and non-carriers, which were characterized by 

thicker cortex, lower cortical surface area and lower subcortical volume in 15q11.2 BP1-BP2 

deletion carriers. Nevertheless, we did not find evidence for a group difference in brain age. In 
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accordance with the lack of differences in brain age gap, the ageing trajectories of measures of 

motor, heart, and lung function in 15q11.2 BP1-BP2 CNVs were comparable to the age 

trajectories of non-carriers. The results indicate that 15q11.2 BP1-BP2 deletion and 

duplication carriers display typical age-related differences in brain structure, and a relatively 

typical age trajectory in motor, heart, and lung function. Thus, they do not show clear signs of 

neurodegenerative effects.  

Previous studies have shown that MRI can yield measures that are sensitive for 

detecting brain structural differences between CNV carriers and non-carriers. However, the 

neurobiology that contributes to the group-level differences is poorly understood. This is 

partly because MRI provides relatively nonspecific measures of the underlying biological 

tissue. In study III, we investigated the neurobiological underpinnings of the white and grey 

matter differences in 22q11.2 deletion carriers. We applied advanced diffusion MRI 

techniques that are sensitized to displacement of water molecules, yielding measures of 

axonal density and dispersion of white matter microstructure in 22q11.2 deletion carriers 

compared to controls. Further, we established neurobiological correlates of the interregional 

group differences in cortical grey matter (i.e., brain profile) of 22q11.2 deletion carriers vs 

controls, by examining the spatial convergence of cell-type gene expression levels and the 

brain profile of 22q11.2 deletion carriers. Finally, we examined gene expression data obtained 

from cortical spheroids, to identify potential disrupted gene networks in 22q11.2 deletion 

carriers compared to controls. We found evidence for higher axonal density in white matter 

microstructure, spatial convergence between the cortical brain profile of 22q11.2 deletion 

carriers and gene expression of cell-type markers and disrupted gene networks in 22q11.2 

deletion carriers. The results indicate widespread alterations to axonal density in white matter 

and regional-specific effects of cell-types and disrupted gene networks in cortical grey matter 

in 22q11.2 deletion carriers.  
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To conclude, the 1q21.1 distal deletion and the 15q11.2 BP1-BP2 deletion may impact 

brain structure, but the effect on brain structure is not equal for all brain regions – some 

regions appear to be more affected by the deletion than others. The effect of 15q11.2 BP1-

BP2 CNVs on brain structure does not seem to include atypical brain age but may be 

established by early biological processes. The 22q11.2 deletion may result in higher axonal 

density in white matter microstructure, alterations to cell-specific properties of the brain, and 

disruption of early gene networks, possibly contributing to the observed differences in MRI-

derived measures. The results from the thesis provide novel insight into the impact of CNVs 

on brain structure, enhancing our understanding of the genetic underpinnings of brain 

architecture.   
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Norsk sammendrag  

Tvillingstudier har vist høye arvbarhetsestimater for hjernestruktur. Derimot, så har 

studier fra molekylær genetikk vist at vanlige genetiske variasjoner kun forklarer en mindre 

del av arvbarhetsestimatene fra tvillingstudier. I tillegg til dette, så har vanlige genetiske 

varianter, individuelt sett, vist kun små statiske assosiasjoner til hjernestruktur. Nyere 

forskning viser derimot at sjeldne kopitallsvarianter kan ha store effekter på hjernestruktur. 

Kopitallsvarianter er delesjoner eller duplikasjoner av en større del av arvematerialet som kan 

forekomme spontant under meiose eller være nedarvet fra foreldre. Kopitallsvarianter kan 

endre transkripsjonsnivåer, som kan påvirke spatiotemporale genuttrykk under 

hjerneutvikling. Dermed kan kopitallsvarianter påvirke typisk hjerneutvikling, som kan 

resultere i en atypisk hjernestruktur hos bærere av visse typer kopitallsvarianter. En 

karakterisering av hjerneprofilen til bærere av kopitallsvarianter kan dermed gi oss et innblikk 

inn i de tidlige biologiske mekanismene som er viktig for hjerneutvikling. En slik 

karakterisering kan også bidra til å øke vår forståelse av psykiatriske og 

nevroutviklingsforstyrrelser som er antatt å være påvirket av forstyrrelser under 

hjerneutvikling. 

Denne avhandlingen tar sikte på å gi ny innsikt i hjernestruktur hos de relativt 

frekvente 1q21.1 distal, 15q11.2 BP1-BP2 og 22q11.2 kopitallsvariantene, med varierende 

grad av klinisk penetrans, ved å undersøke forskjeller i deriverte mål fra 

magnetresonanstomografi (MR). Vi gjorde dette ved å undersøke forskjellige aspekter ved 

atypisk hjernestruktur hos bærere av en patogen kopitallsvariant.  

Både bærere av en 1q21.1 distal delesjon eller en 15q11.2 BP1-BP2 delesjon har 

tidligere vist globale forskjeller i hjernestruktur sammenlignet med ikke-bærere. Det vil si at 

de, generelt sett, har en mindre kortikal overflate (observert hos både 1q21.1 distal delesjon 

og 15q11.2 BP1-BP2 delesjon), og en tykkere korteks (observert hos 15q11.2 BP1-BP2 
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delesjon) enn ikke-bærere. Likevel, så ser det ut til at noen hjerneområder ikke følger dette 

globale mønsteret, hvor noen hjerneområder har strukturelle karakteristikker som ligner på de 

observert hos ikke-bærere, mens andre hjerneområder ser ut til å avvike mer enn den globale 

forskjellen. Dette tyder på at det også er variasjon innad i hjernen til 1q21.1 distal 

delesjonsbærere og 15q11.2 BP1-BP2 delesjonsbærere. I studie I kaster vi nytt lys over den 

regionale variasjon i hjernestruktur ved å ta i bruk en ny metode, i.e., regional 

intraavviksskåre, for å estimere regionalt avvik fra den globale effekten på hjernen hos bærere 

av en 1q21.1 distal eller 15q11.2 BP1-BP2 kopitallsvariant. Her fant vi at visse hjerneregioner 

avviker mer enn den globale effekten på hjernen, mens andre hjerneregioner avviker mindre 

enn den globale effekten på hjernen hos 1q21.1 distal delesjonsbærere og 15q11.2 BP1-BP2 

delesjonsbærere. Hjerneregionene som avviket mer enn den globale effekten, var stort sett 

hjerneområder som er assosiert med høyere-ordens kognitiv prosessering (i.e., 

assosiasjonsområder). Hjerneregionene som avviker mindre enn den globale effekten var stort 

sett hjerneområder som er assosiert med sensomotorisk prosessering (i.e., sensomotoriske 

områder). Vi fant også at 15q11.2 BP1-BP2 duplikasjonsbærere har en tynnere korteks 

sammenlignet med ikke-bærere, men de viser ingen statistiske forskjeller i de regionale intra-

avvikskårene. Resultatene tyder på at 1q21.1 distal delesjonsbærere og 15q11.2 BP1-BP2 

delesjonsbærere kan ha ulik påvirkning på regionale hjernemål, noe som muligens reflekter 

regional spesifikke forstyrrelser under hjerneutvikling. 

Den atypiske hjernestrukturen hos bærere av en 15q11.2 BP1-BP2 kopitallsvariant er 

antatt å reflektere forstyrrelser under hjerneutvikling. Det er derimot uklart hvorvidt de 

atypiske trekkene i hjernestruktur hos eldre individer også kan reflektere nevrodegenerative 

effekter. I studie II undersøkte vi dette ved å estimere hjernealder ved bruk av 

maskinlæringsmodeller hos eldre individer som var bærere av en 15q11.2 BP1-BP2 delesjon 

eller duplikasjon og ikke-bærere. Hjernealder defineres som diskrepansen mellom predikert 
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alder fra maskinlæringsmodellen og kronologisk alder. Her fant vi små til moderate forskjeller 

i hjernestruktur mellom 15q11.2 BP1-BP2 delesjoner og ikke-bærere, karakterisert av en 

tykkere korteks, mindre kortikal overflate og mindre subkortikalt volum. Det var derimot 

ingen statistiske signifikante forskjeller i hjernealder. I tråd med dette, fant vi heller ingen 

statistiske forskjeller i aldringsrelaterte endringer i motorisk, hjerte-, og lunge-funksjon hos 

bærere av en 15q11.2 BP1-BP2 kopitallsvariant sammenlignet med ikke-bærere. Resultatene 

tyder på at 15q11.2 BP1-BP2 delesjons og duplikasjonsbærere har et mer eller mindre typisk 

aldringsforløp i hjernestruktur og motorisk, hjerte- og lunge-funksjon.  

Tidligere studier har vist at MR kan gi sensitive mål for å oppdage forskjeller i 

hjernestruktur mellom kopitallsbærere og ikke-bærere. Likevel har vi en manglende forståelse 

av den underliggende nevrobiologien som bidrar til disse gruppeforskjellene. Dette skyldes at 

MR gir et relativt uspesifikt mål på spesifikke karakteristikker av hjernevev, inkludert celle 

komposisjon og morfologi. I studie III undersøkte vi de nevrobiologiske korrelatene til gruppe 

forskjellene i hvit og grå hjernematerie hos 22q11.2 delesjonsbærere. Vi tok i bruk avanserte 

hjerneavbildningsteknikker for å estimere tettheten og spredningen av aksoner i hvit materie 

hos 22q11.2 delesjoner sammenlignet med kontroller. Videre etablerte vi nevrobiologiske 

korrelater mellom grå materie hjerneprofil (i.e., variasjonen i regionale grupper forskjeller på 

tvers av korteks) hos 22q11.2 delesjonsbærere, ved å analysere den spatiale konvergensen 

mellom genuttrykks data fra gener som er assosiert med spesifikke celletyper og 

hjerneprofilen til 22q11.2 delesjonsbærere. Til slutt undersøkte vi genekspresjonsdata fra 

kortikale sfæroider (differensiert fra humane induserte pluripotente stamceller) for å 

identifisere mulige forstyrrelser i gen nettverkene (i.e., gener som har et genuttrykk som viser 

høyt topologisk overlapp med hverandre) hos 22q11.2 delesjonsbærere. 

Her fant vi at gener som er en del av et forstyrret gen nettverk under tidlig utvikling hos 



 

 12 

22q11.2 delesjonsbærere, har et genuttrykk som spatialt konvergerer med hjerneprofilen for 

kortikal tykkelse hos 22q11.2 delesjonsbærere.  

For å konkludere, så kan både 1q21.1 distal delesjon og 15q11.2 BP1-BP2 delesjon 

påvirke hjernestruktur, men effekten på hjernen er ikke lik for alle hjerneregioner, og noen 

hjerneregioner ser ut til å være mer avvikende enn andre. Effekten av 15q11.2 BP1-BP2 

kopitallsvarianter på hjernestruktur kan reflektere forstyrrelser av tidlige biologiske prosesser 

under utvikling, men det ser ikke ut til at de reflekterer atypisk hjernealdring. 22q11.2 

delesjonen kan føre til høyere aksontetthet i hvit hjernematerie, endringer i celle-spesifikke 

karakteristikker i hjernen og forstyrrelser av tidlige nevrobiologiske prosesser, som alle er 

biologiske karakteristikker som kan bidra til de observerte forskjellene i deriverte MR mål. 

Resultatene fra avhandlingen gir ny kunnskap om hvordan kopitallsvarianter påvirker 

hjernestruktur, og øker vår forståelse av de genetiske mekanismene som er involvert i 

hjerneutvikling. 
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3 ABBREVIATIONS 
 

AD   Axial Diffusivity 

ADC   Apparent Diffusion Coefficient 

bp    base pairs    

BP1-BP2  Breakpoint 1 to Breakpoint 2 

CNV   Copy Number Variant 

DTI   Diffusion Tensor Imaging 

DWI   Diffusion Weighted Imaging 

ENIGMA-CNV Enhancing Neuro Imaging Genetics through Meta Analysis – CNV 

ECVF  Extracellular Volume Fraction 

FA  Fractional Anisotropy 

GWAS Genome-Wide Association Studies  

ICVF  Intracellular Volume Fraction 

iPSC induced Pluripotent Stem Cells 

iSD    intraindividual Standard Deviation  

ISO   Isotropic Volume Fraction 

MD   Mean Diffusivity 

MRI    Magnetic Resonance Imaging 

NODDI  Neurite Orientation Dispersion and Density Imaging 

ODI   Orientation Dispersion Index 

RD   Radial diffusivity  

RID   Regional Intra-Deviation 

ROI   Region of Interest 

SNP   Single Nucleotide Polymorphism  

TE    Echo Time 

TR   Repetition Time  
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4 INTRODUCTION 

In the current thesis, we take a genetic-first approach to increase our understanding of 

brain structural variations between individuals. We focus on brain structural group differences 

between individuals that are carriers of a copy number variant (CNV), i.e., deletion or a 

duplication of longer stretches of genetic material and compare to individuals without a 

corresponding deletion or duplication 

(Figure 1). The 15q11.2 breakpoint 1 to 

breakpoint 2 (BP1-BP2) and 1q21.1 distal 

CNVs and the 22q11.2 deletion will be 

described in more detail, since these are the 

specific CNVs examined in the three thesis 

studies.  

Depending on the field of interest, 

the use of the term CNV may refer to 

different biological origins of the CNV. 

Thus, it is important to establish clear 

definitions of the terminology used in this 

thesis. CNVs occur during cell division, 

either during meiosis or mitosis, and can be transmitted from the parents to the offspring 

(inherited). If the CNV occurs during meiosis, it is referred to as being de novo. The inherited 

or de novo CNVs are then referred to as germline CNVs. If the CNV occurs during mitosis, it 

is referred to as a somatic CNV. Several CNVs are recurrent, which means that they reoccur 

spontaneously in the population at the same genomic loci. The recurrent CNVs are typically 

flanked by low copy repeats, which makes them susceptible to misalignment during 

recombination. This is also known as non-allelic homologous recombination1. In this thesis, 

Figure 1. Copy number variants. Copy number variant 
carriers may have a deletion (left, one copy of D) or a 
duplication (right, three copies of D) compared to non-
carriers (middle, two copies of D). 
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CNVs that are associated with a clinical phenotype will be referred to as pathogenic CNVs, 

and the proportion of CNV carriers that exhibit clinical phenotypes indicate the clinical 

penetrance of the CNV. This is often measured with odds ratio or Cohen’s D that are 

measures of effect size. Here, the odds ratio of 1.68, 3.47 and 6.71 will be used to indicate 

small, medium and large effect sizes, respectively, which are equivalent to Cohen’s D of 0.2 

(small effect size), 0.5 (medium effect size) and 0.8 (large effect size)2,3. The current thesis 

will focus on rare recurrent germline CNVs whose copy number differ between individuals in 

the human population. Henceforward, these will be referred to as simply CNVs unless stated 

otherwise. Likewise, individuals without a known pathogenic CNV will be referred to as non-

carriers, unless it is uncertain if the controls carry a pathogenic CNV, then they will be 

referred to as controls.  

By focusing on CNVs, we restrict the genetic link to differences in brain structure to 

structural variation of a smaller fragment of the DNA (i.e., CNV-harboring region), where 

studying the differences in gene dosage (i.e., having one, two or three copies of certain genes) 

has the potential to yield a mechanistic understanding of the links between genes and brain 

structural phenotypes. This is predicated on the idea that alterations in gene dosage can 

disrupt neurobiological processes that are important for brain ontogeny. Thus, studying the 

impact of CNVs on brain structure may provide a window into mechanisms that are involved 

in early neurodevelopment. Further, certain CNVs confer a higher risk of developing 

neuropsychiatric disorders. Thus, it has the potential to aid our understanding of 

neurodevelopmental psychiatric disorders, which are thought to be due to disruptions to 

neurodevelopmental processes4,5.    

In the following sections, I will provide an overview of some of the key discoveries 

and concepts that underlies the rationale behind this thesis. First, I describe why genetics are 

thought to influence variation in brain structure. Second, I will address what constitutes 
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typical brain structure to understand what constitutes atypical brain structure, and how we can 

use CNVs to inform our understanding of atypical brain structure. Finally, a description of the 

neuroimaging techniques and their applications in elucidating the brain structural 

characteristics between individuals will be provided. 
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4.1 Genetics and phenotypic variation  

 

[Children] resemble their parents more than remoter ancestors, and resemble those ancestors 

more than any chance individual. 

Aristotle6 (p.126) 

As illustrated by the quote from Aristotle, it has long been thought that individuals 

resemble their family. Founded on this idea, several scientific questions have arisen. One of 

which is how much of this familial resemblance can be attributed to nurture (i.e., shared 

environment) and nature (i.e., genetics). Even today, there are ongoing scientific discussions 

about how much of the variation in complex phenotypic traits that can be attributed to 

genetics and environmental factors. Still, results from quantitative genetics have yielded 

important findings that aid our understanding of the genetic influence on phenotypic variation, 

including brain structure.  

4.1.1 Quantitative genetics and phenotypic variation 

Over the last century, substantial efforts have been put into examining how genetic 

variation between individuals is associated with individual differences in phenotypic traits, 

including behavioral and psychological traits. Although Francis Galton suggested that 

“intellectual capacity” is transmitted by descent more than 150 years ago7, it was not until the 

1920s that quantitative genetic research emerged (e.g., Freeman et al., 19288 Lauterbach, 

19259; Merriman, 192410). The early 1900s was also a period that was heavily influenced by 

environmentalism, where individuals were thought to be born as a “blank slate”, neglecting 

the importance of genetic influence on behavioral and psychological traits11. Still, efforts to 

examine the genetic influence on behavioral and psychological traits were growing. Over the 

following years, researchers took advantage of the genetic similarity between individuals 
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within the same family to examine the heritability of a range of different phenotypes, 

including cognitive ability12,13 and psychopathology14.  

To estimate heritability of a phenotype, one calculates how much genetic differences 

among individuals statistically account for the variation in a phenotype. Historically, 

heritability estimates were based on three main types of studies: adoption, family, and twin 

studies. Twin studies became the golden standard for estimating heritability due to the high 

genetic similarity between twins, and since age, environmental and familial factors are more 

even compared to family and adoption studies. Twin studies are based on dizygotic twins (i.e., 

siblings that, on average, share 50% of their genes) and/or monozygotic twins (i.e., siblings 

that share approximately 100% of their genes). Twins that are reared together share much of 

the same environmental influences. Thus, if the phenotypic correlation between monozygotic 

twins is higher than that of dizygotic twins, this can be attributed to genetic influences. 

Heritability estimates are calculated by subtracting the concordance rate of dizygotic twins 

from the concordance rate of monozygotic twins and multiply the product by two15.  

Twin and family studies have found high heritability estimates for both global and 

regional brain structures16–22. Global features (i.e., brain volume, total cortical surface area, 

mean cortical thickness) all show high heritability estimates: ~70%, whereas brain regional 

heritability estimates are more variable: From ~10% to ~70%22. Moreover, the genetic 

correlation between cortical thickness and cortical surface area is weak, indicating that there 

are distinct genetic factors that influence the two global measures23. In addition, when 

accounting for global cortical thickness, others have identified specific genetic influence on 

regional cortical thickness24. However, it is important to note that regional heritability 

estimates may differ across datasets and that environmental factors are also important 

contributors to the variation in brain structure, despite the lack of evidence for strong effects 

of shared environmental factors on brain structure25 
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Taken together, the results indicate substantial, but also regional-specific, genetic 

influences on brain structure. However, the genetic variants that underlie the high heritability 

estimates are still under extensive investigation. 

4.1.2 Molecular genetics and phenotypic variation 

The discovery of the double helix structure of DNA is arguably one of the most 

important scientific findings in human history. Accompanied by the sequencing of the human 

genome in 200326, it has allowed us to examine genetic variation at a molecular level, which 

has revolutionized our investigation of diseases and disorders. Genetic variation refers to the 

differences in genetic material within and between individuals of a population. The genetic 

variation between individuals has been extensively used to examine the relationship between 

variations in the DNA and phenotypic variation, which has the potential to provide a 

molecular understanding of heritable traits. Today, an impressive amount of research has 

yielded novel insight into the association between genetic variation and brain structure. Much 

of this research has focused on the association to common genetic variants, with a particular 

focus on single nucleotide polymorphisms (SNPs) present in at least 1% of the population. 

SNPs refer to variation in a single base position, whereas other genetic variants can include 

longer stretches of base pairs (bp).  

The definition of the other types of genetic variants are somewhat arbitrarily defined 

with regards to the number of bp. Indels can refer to an insertion or deletion of 1-49 bp27, 

whereas translocations and inversions may refer to structural variations that are at least >50 

bp long28. Translocations and inversions refer to instances where a piece of genetic material 

from one chromosome attaches to another chromosome or at the same chromosome but in the 

reverse orientation, respectively. Finally, CNVs are deletions or duplications of a larger 

segment of DNA, often defined as a structural variant spanning >1000 bp28–30.  
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In genome-wide association studies (GWAS), thousands of SNPs can be studied at 

once. Results from GWAS of different phenotypes are an alternative and a relatively new 

approach to estimating heritability, the so-called SNP-based heritability. SNP-based 

heritability estimates are lower than the twin-based heritability estimates, and thus cannot 

fully account for the epidemiological heritability estimates from e.g. twin studies, a numerical 

gap that has been termed “missing heritability”31. For instance, GWAS have identified 

hundreds of significant SNPs associated with brain structure, but the total explained variance 

of the common variants explains only ~1/3 of the heritability estimates derived from twin 

studies32. Moreover, the association between common genetic variants and brain structure 

vary across the cortex, indicating that genetic variants have regional-specific effects on the 

brain33. However, individual SNPs explain only a minor proportion of the variance in brain 

structure, and even the strongest regionally associated SNP accounts only for a minor 

proportion of the variance (i.e., 1.03%)32.  

In parallel, twin studies have also reported high heritability estimates for autism 

spectrum disorder and schizophrenia (i.e., > 60%)34–36, whereas the SNP-based heritability is 

estimated to explain only ~12%37 and ~24% of the variance, respectively. Same as for brain 

structures, individual SNPs typically only show minor effects on the risk for 

neurodevelopmental psychiatric disorders, exemplified by the significant SNPs in 

schizophrenia for which the highest reported odds ratio was 1.23 and the median odds ratio 

reported to be < 1.0538,39. Interestingly, emerging evidence indicates that variation in brain 

structure and neurodevelopmental psychiatric disorders are related, as indicated by their 

shared genetic architecture40–43. Still, the genetic architecture of brain structure appears to be 

less polygenic than brain-related disorders, such as schizophrenia42, indicating that there are 

overlapping but also distinct genetic influences on brain structure and brain-related disorders.  
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The numerical gap between SNP-based heritability and twin-based heritability indicate 

that the genetic determinants of brain structure and brain-related disorders are not fully 

characterized. There are several plausible reasons for the missing heritability, one of which 

may be due to unidentified SNPs of small effect size or rare genetic variants that are not 

included in GWAS, such as CNVs44. 

 

4.1.3 CNVs and phenotypic variation 

In recent years, individuals carrying a CNV have gained considerable interest due to 

their elevated risk of neurodevelopmental psychiatric disorders38,45–47 and somatic disorders48. 

In parallel, some display altered anthropometrics (physical traits) with variable effect size 

estimates49 and small to large effects on brain structure compared to non-carriers50,51. CNVs 

have also been used to investigate phenotypic variation across species and are important 

contributors to evolutionary changes. Indeed, gene duplication is considered to be a primary 

force for evolutionary changes by creating new genes52 while preserving the function of the 

original gene copy53. For instance, duplication of the opsin genes have been linked to the 

development of trichromatic vision in Old World monkeys and apes54, and duplication of 

NOTCH2 gene followed by modification to the NOTCH2NL gene have been linked to the 

expansion of the human brain55,56. Efforts to examine the impact of CNVs on current human 

phenotypic traits are ongoing, including the effects on brain structure and brain-related 

disorders.  

Previous large-scale studies have typically examined up to 93 CNVs of interest48,49,57, 

which are individual CNVs present in less than 0.5% of the population45,58–61. In the UK 

Biobank, which is a large-scale biomedical database of over 500.000 middle-to-old aged 

individuals, the majority of these 93 CNVs have a prevalence of less than 0.01%57. However, 

the UK Biobank has been found to have a participation bias62, and generally yields lower 
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prevalence estimates of pathogenic CNVs compared to unbiased population estimates45,60. 

Despite CNVs being individually rare in the population, it is estimated that they are present in 

~10-15% of neurodevelopmental disorder cases58,63–65. Indeed, previous studies have found 

that ~9% of individuals diagnosed with an autism spectrum disorder and ~2.5% of individuals 

diagnosed with schizophrenia are carriers of a known pathogenetic CNV66,67. The higher risk 

for being diagnosed with a neurodevelopmental psychiatric disorder when carrying a CNV is 

also illustrated by odds ratio estimates that range from ~2 to >60 depending on the CNV of 

interest38,46. In accordance, chromosomal microarray is considered a first-tier clinical 

diagnostic test for patients with neurodevelopmental disorders, such as intellectual disability 

or autism64, with a potential to be used in psychiatric clinics1, emphasizing the clinical 

relevance of studying CNVs.  

In patients referred for chromosomal microarray analyses, the most commonly 

observed inherited or de novo CNVs include 1p36 deletion, 1q21.1 deletion, 2q13 deletion 

and duplication, 7q11.23 deletion (Williams-Beuren syndrome), 9q34 deletion, 15q11.2 BP1-

BP2 deletion, 15q13.3 deletion and duplications, 16p11.2 deletion, 22q11.21 deletions 

(22q11.2 deletion/DiGeorge/Velocardiofacial syndrome), and SHANK3 deletion (Phelan-

McDermid syndrome) with variable degree of clinical penetrance for neurodevelopmental 

disorders68,69. For instance, the clinical penetrance for neurodevelopmental disorders is 

considered to be lower for the 15q11.2 BP1-BP2 deletion compared to other pathogenic 

CNVs and it has been suggested to be a pathogenic CNV of mild effect size70. In contrast, the 

clinical penetrance of the 22q11.2 deletion syndrome is associated with a broad spectrum of 

clinical phenotypes, including variable penetrance of immune deficiencies, palatal anomalies, 

congenital heart defects, hypocalcemia71, as well as neurodevelopmental psychiatric 

disorders38,60,72–74.  
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It is important to note that studies that report the clinical phenotype of CNV carriers   

are largely based on clinical studies, which invariably gives an ascertainment bias, i.e., the 

included participants had a clinical phenotypic profile that initiated genetic investigations. 

However, as indicated by the prevalence estimates and phenotypic profile from the population 

studies, a substantial proportion of individuals in the population carry a “genetically 

undetected” CNV. Thus, the phenotypic profile of the whole population of CNV carriers is 

rarely fully characterized, including their phenotypic brain profile.  

Due to the low prevalence of CNV carriers, studies examining brain structural 

differences between CNV carriers and non-carriers are scarce. However, studies have 

investigated brain structural differences in a subset, primarily those with a higher frequency, 

including the 1q21.1 distal75 CNV, 7q11.13 deletion76,77, 15q11.2 BP1-BP278–81, 16p11.2 

proximal82–84 and 16p11.2 distal85, and 22q11.2 CNVs86,87. For these, the effect sizes on brain 

structure range from small/moderate (Cohen’s D = ~.3) to large (Cohen’s D > 1.0) depending 

on the CNV. The results from the abovementioned studies indicate that CNVs may play an 

important role in understanding the genetic architecture that is associated with variation in 

brain structure. 

To summarize, both common and rare genetic variants contribute to the genetic 

architecture of the brain. Some of the “missing heritability” – the numerical gap between 

SNP-based and twin-based heritability, can be accounted for by rare genetic variants, 

including CNVs. Certain individual CNVs are enriched in individuals diagnosed with brain-

related disorders and show small to large effects on brain structure. However, the 

characterization of the phenotypic profile of each CNV has been difficult to research due to 

the low prevalence of CNVs. Thus, most CNVs still remain to be investigated in detail. 

Establishing the brain profile of CNVs may provide a window into alterations in early 

neurodevelopmental processes that contributed to the atypical brain structure, with the 
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potential to provide a molecular link between gene variants and the development of the brain. 

However, a prerequisite to understanding what constitutes atypical brain architecture and 

neurodevelopment is to establish what constitutes typical brain architecture and 

neurodevelopment. 

 

4.2 Brain architecture 

Brain architecture refers to the complex structural organization of the brain, including 

the macrostructural and microstructural components of cortical brain areas. The spatial 

organization of the brain is hierarchically organized according to their functions, connectivity, 

cell type composition and properties, gene expression, and ontogenetic and phylogenetic 

development88–90. Understanding the typical organization and development of the brain is of 

importance to understand the disruptions and mechanisms that may underlie atypical brain 

structure, with a further potential to inform the etiology of brain-related disorders.  

4.2.1 Macrostructural and microstructural characteristics of the brain 

At the macrostructural level, the organization of the human brain corresponds to a 

sensorimotor to transmodal gradient, where the sensorimotor areas (i.e., primary visual, 

auditory, somatosensory cortex) are thought to be unimodal and involved in lower-order 

cognitive processing, such as visual, auditory and somatosensory processing. Transmodal 

areas (i.e., areas in the temporal, parietal and prefrontal cortex) are thought to be primarily 

multimodal and involved in higher-order cognitive processing88, also known as the 

association cortex90.  

At the microstructural level, the human brain is made up by different cell types, 

including neuronal and non-neuronal cells. Non-neuronal cells include glial cells 

(oligodendrocytes, microglia, astrocytes) and endothelial cells. In the adult human brain, there 

are ~86 billion neurons and ~85 billion non-neuronal cells. The neuronal and non-neuronal 
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cell numbers differ between different parts of the brain, where ~80% of the neurons are found 

in the cerebellum and ~19% and ~1% of the neurons are found in the cerebral cortex and the 

rest of the brain (i.e., diencephalon, mesencephalon, basal ganglia and pons), respectively. 

The non-neuronal cells are mostly found in the cerebral cortex, which occupy ~72% of all 

non-neuronal cells, whereas the cerebellum and the rest of the brain consist of ~19% and ~9% 

of all the non-neuronal cells, respectively91. The neurons are connected through synapses, 

allowing them to be functionally connected by transmitting information across the brain, but 

the neuronal composition also varies across the cortical grey matter. For instance, the number 

of neurons change along the posterior to anterior axis (i.e., higher number of neurons in the 

posterior regions and lower numbers in the anterior regions)92 and, in the macaque brain, 

areas with lower neuronal density have been found to be associated with larger number of 

structural connections to other areas93. Further, lower neuronal density has been suggested to 

be associated with larger neuronal size, including dendritic and axonal branching and soma94, 

and likewise, there is considerable variation in the dendritic architecture across the human 

brain. For instance, there is a higher dendritic spine density, length and number of spines in 

regions within the association cortex compared to regions in the somatosensory cortex95. 

Furthermore, histological studies have shown that the organization of the brain has deep roots 

in humans’ phylogenetic and ontogenetic history. 

4.2.2 Phylogenetic and ontogenetic perspectives on the brain   

The human brain has been suggested to reflect a scaled-up primate brain and is 

accordingly the largest brain among primates with more neurons compared to other non-

human primates. However, when accounting for brain size, the scaled cellular composition of 

the brain is relatively similar to that of other non-human primates96,97. Still, humans show a 

longer period of development with a gestation time of 268 days98 compared to other primates 
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(gestation period ranging from 133 to 238 days)99, pointing towards a complex and protracted 

ontogenetic development of the human brain.  

The human brain changes across the lifespan, but most of the brain development 

occurs during the prenatal period. According to the radial unit hypothesis, radial glial cells 

(also referred to as stem cells) create a scaffold of the brain during gestation, and the radial 

fibers span from the embryonic ventricular zone (inner layer of the brain) up to pial surface of 

the brain (outer layer 

of the brain, Figure 2). 

During development, 

neurons migrate along 

the radial fibers 

forming ontogenetic 

columns, which make 

up the cortex100. In 

later gestation periods 

in humans, this has 

been shown to be a 

physically 

discontinuous 

process101. Radial glial cells can also produce daughter cells that migrate along the parental 

fiber into the subventricular zone. These daughter cells also reproduce (referred to as 

intermediate progenitor cells) and can generate both neurons and glial cells, including 

astrocytes and oligodendrocytes102,103. In the outer subventricular zone, radial glia cells 

without contact to the ventricular surface, referred to as outer radial glia cells, also undergo 

self-renewing divisions104. Outer glial cells are highly enriched in the human brain and have 

Figure 2. Simplified illustration of the radial unit hypothesis. Radial glia cells in 
the ventricular zone (VZ) proliferate and migrate towards the pial surface of the 
brain, through the subventricular zone (SZ), intermediate zone (IZ), subpalate 
(SP), cerebral palate (CP) to its end point in the marginal zone (MZ), creating 
ontogenetic radial columns in the outer layer of the brain. Neurons migrate along 
these fibers, contributing to the complex cellular architecture of the brain. In 
humans, the creation of the scaffold of the brain has been found to be a 
discontinuous process in the outer subventricular zone. Inspired by Rakic (1988). 
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been suggested to be important for the evolutionary expansion of the human cortex104,105. The 

evolutionary conserved NOTCH signaling pathway plays a key role in this process by 

regulating cell fate106,107 and influencing dendritic morphology108.  

The formation of new neurons (i.e., neurogenesis) and synapses (i.e., synaptogenesis) 

play key roles in the organization of the brain. For instance, it has been suggested that the 

developmental processes during the prenatal period can be divided into two phases and that 

disruption to one of the two phases may result in different cortical phenotypes: A disruption 

before neurogenesis influences cortical surface area due to altered number of radial units, 

which can result in microcephaly (small surface area of the brain) and/or lissencephaly 

(smooth cortex), whereas a disruption after neurogenesis influences cortical thickness due to 

alterations in the ontogenetic column formation, which can result in a thinner cortex109.  

Synaptogenesis show rapid development into postnatal stages, with continuous 

pruning well beyond childhood110,111. The number of synapses reaches its peak earlier in the 

visual and auditory cortex compared to the prefrontal cortex112. In the prefrontal cortex, the 

dendritic spine density peaks during childhood and shows subsequent synaptic pruning into 

young adulthood113,114. In addition, the gene expression levels of gene markers for synaptic 

density in the human prefrontal cortex peak in childhood, four years later than what is 

observed in the chimpanzees and macaques115. In the corpus callosum, the number of 

oligodendrocytes, which is important for myelination of the brain, seems to reach a plateau 

before the age of 5 years. Still, the myelination of the brain continues well into young 

adulthood116, where the myelination appears to develop in areas within the sensory cortices 

before areas within association cortices117.    

The size of the brain shows rapid expansion during early development, and reaches 

90% of an adult size brain around 5 years of age118,119  There is an increase in areal expansion 

of the cortex across ontogenetic development, where areas in the association cortices show 
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greater expansion relative to limbic and sensorimotor areas120. Interestingly, the brain areas 

that show greater evolutionary cortical expansion in humans reflect the regions that show the 

greatest postnatal brain development121.  

Aging affects the brain in various ways: It has been characterized by brain volume and 

weight loss122,123, loss of myelination124 and synapses125, lower dendritic spine density126, and 

neuronal shrinkage127. However, the actual number of cortical neurons does not appear to 

show a strong decrease with age128,129 and programmed cell death is thought to be absent in 

old age130.  

To conclude, the organization of the billions of neuronal and non-neuronal cells of the 

human brain is complex. The spatial variability of cellular composition in the human brain is 

not random but is deeply rooted in humans´ ontogenetic and phylogenetic development. 

Sensorimotor regions appear to be evolutionary conserved, exhibit higher neuronal density, 

and develop faster compared to association cortices. Thus, it becomes apparent that 

disruptions to the spatiotemporal neurogenesis can have dramatic consequences for brain 

development, potentially affecting both global and regional-specific brain features. 

Disruptions to the spatiotemporal neurogenesis could be caused by altered gene expression,  

for instance through the effects of a CNV. 

4.2.3 CNV-related gene expression and the brain  

The complex ontogenetic development of the human brain is dependent on 

spatiotemporal gene expression131,132, and altered gene expression during development has 

been suggested to contribute to the development of neurodevelopmental psychiatric 

disorders133,134. The study of CNVs offers an opportunity to examine the impact of altered 

gene expression levels on cellular morphology and function, providing novel insight into the 

structural and functional consequences of altered gene expression levels. 
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CNVs are likely to have a direct influence on gene expression, as haploinsufficiency 

and triplosensitivity most often alter transcription levels135. For instance, the 22q11.2 deletion 

has been shown to reduce the protein-coding gene expression levels of the haploinsufficient 

genes by ~50% in cortical spheroids136. Such altered gene expression may also have important 

consequences for cell composition, morphology and function. As an example, cortical 

spheroid-derived neurons from 22q11.2 deletion carriers showed altered neuronal excitability 

and calcium signaling compared to controls136. Likewise, heterozygous deletion of the 

cytoplasmic FMRP interacting protein 1 (CYFIP1), present in the 15q11.2 BP1-BP2 genomic 

region in humans, reduced the number of oligodendrocytes and lower myelin thickness in the 

corpus callosum in rats137. In addition, expression of the human-specific NOTCH2NL gene 

(humans have three to four copies, whereas non-human primates have only one copy), located 

within the 1q21.1 distal genomic region, has been shown to increase NOTCH signaling. The 

human-specific NOTCH2NL gene delays neuronal progenitors and prolong neurogenesis, 

which ultimately leads to a higher number of cortical neurons55,56. Thus, the human-specific 

NOTCH2NL gene is a likely contributing factor to the smaller head size (i.e., microcephaly) in 

1q21.1 distal deletion carriers and the larger head size (i.e., macrocephaly) in 1q21.1 distal 

duplication carriers138. This supports a role of the NOTCH2NL genes and NOTCH signaling 

in the phylogenetically and ontogenetically related brain expansion and is in line with radial 

unit hypothesis. 

CNVs can also affect gene expression levels of genes outside the deleted or duplicated 

loci, presumably by influencing regulatory elements or disrupting the organization of the 

chromosomes139,140. For instance, compared to controls, individuals with a 22q11.2 deletion 

show different gene expression levels within and outside the 22q11.2 locus in blood: 

Individuals with a 22q11.2 deletion show downregulation of 23 genes within the 22q11.2 



 

 31 

locus, and 2 downregulated genes and 1 upregulated gene outside the 22q11.2 locus after 

adjusting for medication and cell type composition141.  

Studying CNVs may yield important insight into the phylogenetic and ontogenetic 

expansion of the human brain, as well as cellular phenotypes. CNVs change the 

microstructural and macrostructural properties of the brain likely through alterations of gene 

expression. However, the cellular composition of the brain varies across brain regions, and 

less is known about how CNVs impact specific brain regions at the microstructural level. 

Moreover, much of the abovementioned research on the cellular complexity and development 

of the brain is based on post-mortem ex vivo examinations. Such studies require slicing of 

brain tissue to examine the microstructural properties of the brain and an extensive effort to 

map different brain regions. Other methods are required to study the human brain in vivo, 

such as magnetic resonance imaging. 

4.3 Magnetic Resonance Imaging (MRI) 

Using MRI scanners, we can obtain 3D images of the whole brain in vivo. Today, 

images from MR are widely used in research to examine brain structural changes within 

individuals and differences between individuals. To understand MRI findings, there is a need 

to characterize what a MR image reflects. A comprehensive description of the MRI sequence 

and physics is beyond the scope of the current thesis, but a brief overview of what an MRI 

image represents is presented due to the emphasis on MRI findings in the current thesis. 

4.3.1 Physics of MRI 

MRI takes advantage of the abundance of water in humans. A water molecule consists 

of two hydrogen atoms (H2) and one oxygen atom (O). The hydrogen atom consists of an 

electron and a proton. In a magnetic field, such as in an MRI scanner, the protons will line up 

with the magnetic field in either a parallel (low energy state) or antiparallel (high energy state) 
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fashion. Here, the protons will move in a circular “cone-like” fashion along the Z-direction of 

the magnet, called precession. The precession rate is given by the Larmor equation that is 

dependent on the strength of the magnetic field, which is measured in Tesla (T), formulated as 

follows: 

!! = 	$%!,  

where !!  is the precession frequency determined by the gyromagnetic ratio $ times 

the magnetic field %!.  

For protons, the $ equals ~42.5 MHz and the magnetic field %! in an MRI is typically 

either 1.5T or 3.0T. For a 3T MRI, the precession frequency !! will be 42.5*3 = 127.5.  This 

produces a net magnetic vector along the direction of the magnet (i.e., Z-direction). The MRI 

also contains gradient coils in the x-y-z directions, which are used to alter the magnetic field. 

This is done to alter the Larmor frequency rate of the atoms in a linear fashion (i.e., faster 

with higher magnetic field), which is crucial for slice localization of the brain (or any other 

tissue of interest). Subsequently, the gradients can be turned on and off to generate a phase 

shift of the proton spins (spinning at different rates), which is important for localization within 

the slice of interest. 

A radiofrequency coil transmits radio frequency pulses at the Larmor frequency into 

the body where the energy is picked up by the precessing protons with the same Larmor 

frequency, a phenomenon referred to as resonance.  This tilts the alignment of the nuclei, 

where some protons in the low energy state go into a high energy state. The protons start to 

synchronize and precess in phase, producing a magnetic vector in the transverse direction. 

When the radiofrequency pulse is turned off, the atoms go back into their original state. 

During this process, the absorbed energy from the radiofrequency pulse is released and is 

picked up by the surrounding radiofrequency coils. The coils receive signals at different 

radiofrequency waves (with different amplitudes, frequencies and phases). This signal is 
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digitalized and make up a data matrix, which is referred to as k-space and contains 

information about the spatial frequencies and phases of the signal. To obtain the image of the 

brain, an inverse Fourier transformation is performed on the k-space data matrix.  

4.3.2 T1-weighted imaging  

Different MRI sequences (e.g. T1 and T2) are used to obtain different information. The 

parameters adjusted to achieve different sequences are: Repetition time (TR) - represents the 

time between each radiofrequency pulse is sent to the same slice. The echo time (TE) - refers 

to the period when the signal is received. Flip angle - represents how much the magnetic 

vector is tilted or flipped and will be influenced by the magnitude of the radiofrequency pulse.  

A T1 sequence is characterized by a short TR and TE, whereas a T2 sequence is 

characterized by a longer TR and TE. For a T1-weighted image, the coils are picking up the 

radiofrequency signal that is emitted by the protons when they return to their original state 

(i.e., in the low energy state). The time period where the protons return to their original state 

varies as a function of the surrounding tissue. In the ventricles, where the protons are in the 

cerebrospinal fluid, the protons hold on to the energy for a longer period compared to other 

tissue types that release the energy faster. Hence, depending on the surrounding tissue, the 

protons return faster to their original state compared to the protons in the ventricles. With the 

short TR and TE in T1, the transverse magnetization will be different across tissues. Protons 

in fluids are not given sufficient time to go out of phase and return to their original state, 

whereas protons in other tissues are further into that process. Thus, the additional 

radiofrequency signals tilt more of the protons in fluid faster into a high energy state, yielding 

small transverse magnetization. However, protons in brain tissue will produce a greater 

transverse magnetization. Thus, the radiofrequency coils receive a low amount of energy from 

the protons in fluid and higher amount of energy from other tissue types. Still, different tissue 

types will also yield slightly different amount of energy. By convention, the areas that have 
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been releasing low amount of energy will appear black (low intensity values) and the areas 

that have been releasing higher amount of energy will appear grey/whiter (high intensity 

values) on the T1-weighted MR image. 

A T1-weighted MR image is made up by voxels that are typically 1x1x1 mm, where 

the voxels consist of different intensity values that form the image of the brain. There are two 

important limitations to the output of the T1-weighted image. First, the intensity values in an 

MR image are based on the released energy from water molecules, and do not directly 

measure specific cell types, cell density or myelinated axons. Still, the intensity values are 

influenced by the surrounding tissue, which contribute to the spatial map of the brain. Second, 

the intensity values may be influenced by a complex composition of different cell types. Since 

there are over ~86 billion neurons and ~85 billion non-neuronal cells in the human brain91 and 

the cellular composition varies across the brain92,95, it becomes apparent that the intensity 

value of a single voxel is influenced by many and also different cell types. For instance, by 

extrapolating numbers from a rat, with the caveat that we do not know the exact scaling 

between rats and humans, it has been estimated that that a 2 mm isotropic voxel in humans 

may contain as much as ~0.5 to >5 million axons or 52,000 oligodendrocyte precursor cells 

and 76,000 microglia or ~700,000 oligodendrocytes and 180,000 astrocytes142. The accuracy 

of the estimate is unknown, but this uncertainty warrants caution in our interpretation of what 

an MR image reflects. Still, MRI can provide insight into larger anatomical structures of the 

brain, suitable to detect variation in global brain measures, as well as regional macrostructural 

variations. 

4.3.3 T1-weighted MRI-derived measures  

Over the last couple of decades, powerful tools have been developed to analyze the 

T1-weighted MR images of the brain. One of the most popular tool for analyzing brain 

structural imaging data is FreeSurfer143, which can be used to parcellate the brain into distinct 
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brain regions using brain atlases and to extract global and regional specific brain measures. 

The most common brain measures extracted include cortical surface area, cortical thickness, 

and subcortical volume. The cortical surface area is reconstructed to get an estimate of the pial 

surface of the brain144. Cortical thickness is estimated by the shortest distance between the 

grey/white matter boundary and the pial surface145. Subcortical volume is estimated by 

labeling voxels in the subcortical structures and calculating the volume of the structures146. 

Cortical regional-specific brain measures can be obtained by labeling different regions using a 

brain atlas, such as the Desikan-Killiany atlas that includes 34 gyral based regions of interest 

(ROI)147. A visualization of the derivation of MRI-derived measures is shown in Figure 3. 

The MRI-derived measures of cortical thickness, surface area, and subcortical volume 

show overlapping, but primarily distinct genetic architecture32,33, which indicates different 

genetic influences on the MRI-derived measures. Global and regional-specific MRI-derived 

measures have been extensively used to examine group level differences between 

neurodevelopmental psychiatric disorders, and in recent years differences between CNV-

carriers and non-carriers (see section 4.4 for a detailed description). 

 

Figure 3. Parcellation and segmentation of brain structures. A brain atlas is overlaid on the T1-weighted 
image that makes up the regions of interest. Cortical parcellation is based on the outer layers of the brain, 
whereas subcortical segmentation is based on subcortical structures. Grey matter and white matter may yield 
different voxel intensity values that appear darker and lighter on the T1-weighted image, respectively. 
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4.3.4 Diffusion weighted imaging 

Diffusion weighted imaging (DWI) is an MRI sequence that is sensitized to the motion 

of water molecules in vivo. In a free environment, water molecules will exhibit Brownian 

motion and will follow a Gaussian distribution in a 3-dimensional space over a given time 

interval. This random motion of molecules in a specific space and time is described as 

diffusion (see Beaulieu, 2002148; Le Bihan, 2003149 for reviews). To obtain DW images, a 

dephasing gradient pulse will vary along the gradient and a second rephasing pulse will be 

applied in the opposite direction. The dephasing of the precession of protons will rephase to 

its initial state after the second pulse if the molecules have not changed their position. In 

contrast, the molecules that have moved will not have protons in phase after the second pulse, 

which will result in a loss of signal. The signal loss can be used to estimate an apparent 

diffusion coefficient (ADC) indicating the diffusion of water molecules in each voxel148. 

Without any barriers, such as in the cerebrospinal fluid, water molecules will flow freely in 

space and time and the diffusion displacement across time will be isotropic reflected by a high 

ADC value150. However, in biological tissue this is rarely the case, as biological barriers such 

as myelin, cell membranes and microtubules would hinder or restrict the movement of water 

molecules148. For instance, myelin surrounding axons will restrict the diffusion perpendicular 

to the axonal direction of a neuron and at the same time allow water molecules to flow 

relatively freely along the direction of the axon, reflected by a low ADC value148,149 

 

4.3.5 Diffusion MRI-derived measures  

Diffusion MRI-derived measures can be used to gain insight into white matter 

microstructure. From diffusion MRI, we can obtain ADC maps that are sensitive to diffusivity 

along the applied magnetic gradient. However, a single ADC image is insufficient to the 

describe overall displacement of water molecules in three dimensions, as required for 
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diffusion tensor imaging (DTI). In DTI, at least six different gradient directions and a non-

weighted image are required to create a tensor151. A tensor represents a three-dimensional 

ellipsoid and can be calculated in each voxel with DTI. Here, 3 parameters define the length 

(eigenvalues: λ₁, λ₂, λ₃) and 3 parameters define the orientation (eigenvectors: Ԑ₁, Ԑ₂, Ԑ₃) of a 

tensor. The eigenvalues and eigenvector are used to calculate fractional anisotropy (FA), 

mean diffusivity (MD), radial diffusivity (RD), and axial diffusivity (AD) of white matter 

fiber tracts. DTI is a tensor-based approach, meaning that the MRI-derived signal is used to fit 

a tensor and the derived measures are used to describe the properties of the tensors. Thus, it is 

relatively nonspecific to the underlying biology. 

 In contrast, neurite orientation dispersion and density imaging (NODDI) is a 

multicompartment-based approach and can be used to estimate specific biological properties 

of the underlying cellular architecture152. In NODDI, predefined geometrical representations 

are used to predict microstructural properties from the MR signal. By setting a priori model 

parameters of microstructural properties, NODDI generates normalized signals that represent 

extracellular, intracellular, and cerebrospinal fluid compartments. This can be used to obtain 

measures that are useful for characterizing white matter microstructure, including the 

extracellular volume fraction (ECVF), intracellular volume fraction (ICVF), isotropic volume 

fraction (ISO) and orientation dispersion index (ODI). In white matter, the ECVF represents 

the extra-axonal space, ICVF represents the volume of intra-axonal space, ISO represents the 

isotropic Gaussian diffusion (i.e., diffusion in free water), whereas ODI represent the 

dispersion of axons152. It is important to note that both DTI and NODDI measures are only 

indirect measures of white matter microstructure. Nevertheless, it can be used to get insight 

into some of the microstructural properties of white matter of the brain.   
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4.3.6 MRI-derived measures and cognition  

The MRI-derived estimate of total brain volume is considered to be the best and most 

replicated neuroimaging predictor of cognitive performance, where higher estimates of brain 

volume is linked to better cognitive performance153–155. It is important to note, however, that 

the association between brain volume and cognitive performance is likely not driven by brain 

volume per se. For instance, there are substantial differences in total brain volume between 

males and females (Cohen’s d = 1.41)156, but no to negligible sex differences in general 

cognitive ability157,158. In accordance with this, the association between total brain size and 

general cognitive ability do not vary by sex, indicating that the association still holds within 

sexes155. Thus, this points towards a more complex relationship between brain size and 

cognitive ability, likely reflecting an important role of the cellular architecture and function of 

the brain.     

Regional measures of grey and white matter have also been associated with cognitive 

performance, with variable regional effect size estimates. For instance, the strongest 

associations between regional volume and cognitive ability are found in the prefrontal 

cortex155. For white matter microstructure, the strongest associations between FA and general 

cognitive ability are found in thalamic pathways, association fibers and forceps minor155. In 

general, brain-cognition associations are characterized by small effect sizes, and large sample 

sizes are required to reliably detect such associations159,160. Still, the results point toward an 

association between brain structure and cognitive functioning, indicating that alterations to 

brain structure have functional consequences.  

 

4.3.7 MRI-derived measures and age-related differences  

MRI-derived measures can be used to gain insight into age-related differences in vivo. 

For instance, cortical grey matter in sensorimotor regions have a slower growth rate compared 
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to association cortices in the first two years after birth using longitudinal data161. Structural 

covariance analyses (i.e., grouping brain regions based on high inter-regional correlations) 

have shown that the gray matter networks in sensorimotor cortex are well established in early 

childhood, whereas gray matter networks in the association cortex show a continuous 

expansion through adolescence162. In line with this, MRI-derived cortical regions in the 

sensorimotor areas appear to mature faster than association areas, supported by their 

differential trajectories in cortical volumes163, cortical surface area121 and cortical thickness164. 

Both the numerical estimates of cortical thickness and cortical surface area show a steep 

increase during the first two years of life165, where cortical thickness peaks in early childhood 

and cortical surface area in late childhood166. This is followed by a subsequent decline in 

cortical thickness from childhood and a slight decline in cortical surface area during 

adolescence166–168. The MRI-derived measures continue to show age-related changes across 

the lifespan169–172. Some of the late maturing areas in the association cortices are regions that 

are susceptible for atrophy in older age163. The association between MRI-derived measures 

and age, indicate that MRI-derived measures carry age-related information about an 

individual, which has the potential to be used as a marker for biological age.  

 

Brain age prediction 

Since the brain changes across the lifespan, MRI-derived measures can be used to train 

models to predict an individual’s age. The accuracy is quite high but still, some variation 

between the predicted age and chronological age will exist: Some individuals get a predicted 

age that is lower than their chronological age, while others get a higher predicted age than 

their chronological age. Such differences have been termed brain age gap and has been 

suggested to be a biomarker for brain ageing, where a higher brain age gap could indicate 

accelerated or accentuated (i.e., a sudden change or “hit” in the ageing trajectory) but 
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otherwise stable ageing173. Higher brain age gap has been associated with a number of 

markers of older age, including increased mortality risk, worse motor and lung function174, 

increase in measures of cardiometabolic and cardiovascular risk factors175,176, lower 

performance on cognitive tasks177,178, and older looking facial appearance177. In addition, 

brain age gap is heritable and is higher in individuals diagnosed with certain brain-related 

disorders compared to controls179.  

Brain age may be of interest for CNV research as certain CNV carriers associate with 

brain disorders and show group differences in brain structure. Interestingly, carriers of certain 

pathogenic CNVs show poorer physical health and increased mortality risk in middle-to-old 

age48,49, potentially indicating atypical ageing. If the haploinsufficent genes in CNV carriers 

influence brain structure, this may also affect age-related brain structural changes, either 

through accelerated or accentuated brain ageing. This can be tested through brain age gap 

calculations. Still, the interpretation of differences in brain age is limited to the input of MRI-

derived measures, and the cellular architecture underlying MRI-derived measures are largely 

unknown. However, such interpretations can be aided by recent advances in imaging 

transcriptomics. 

 

Spatial convergence between MRI-derived phenotypes and gene expression 

The emerging field of imaging transcriptomics can provide novel insights into the 

spatial convergence between ex-vivo gene expression levels and in-vivo MRI-derived 

measures180,181. A widely used database to obtain ex vivo gene expression levels comes from 

the Allen Huma Brain Atlas derived from post-mortem brain tissues182. Despite low number 

of specimens (i.e., 6 post-mortem brains), it includes gene expression data that span the 

macrostructural regions across the cortex, which can be used to obtain regional gene 

expression levels that can be spatially overlapped with MRI-derived measures extracted from 
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a brain atlas, such as the Desikan-Killiany atlas180. This approach is founded on the idea that 

gene expression levels can be exploited to provide insights into the cellular and molecular 

underpinnings of MRI-derived measures. As such, since gene expression levels vary across 

brain regions183, there is a potential to identify genes that have an expression pattern that 

spatially converge with regional variation in MRI measures. Further, by establishing regional 

overlap between gene expression levels and variation in the MRI-derived phenotypes, we can 

potentially infer biological processes and cellular phenotypes that are associated with the 

MRI-derived phenotypes through functional and cell-type enrichment analyses184,185.  

Another similar approach, known as virtual histology, can be used to link cell-type 

gene expression and MRI-derived phenotypes by focusing on genes that are enriched in 

different cell types4,186–188. For instance, cortical regions that experience less cortical thinning 

during childhood through early adulthood also exhibit higher gene expression of astrocytes 

and microglia gene markers186, whereas higher expression of genes involved in myelination 

are associated with greater cortical thinning in childhood and adolescence188. The imaging 

transcriptomics approach has also been fruitful in identifying neurobiological correlates of the 

regional variation in group differences in various brain disorders4,187. For instance, higher 

expression levels of genes specific to astrocyte, CA1 pyramidal and microglia cells have been 

associated with greater case vs control differences in cortical thickness for schizophrenia and 

autism spectrum disorder187. Such studies can be useful for establishing neurobiological 

correlates of group differences in case-control studies, including those observed in CNV 

carriers.  

 

4.4 Characteristics of 1q21.1 distal, 15q11.2 BP1-BP2, and 22q11.2 CNVs 

Studying CNVs offer a powerful, yet relatively unexplored, approach to examine 

associations between genetic variants and phenotypic variability. By establishing their brain 
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profile, we may get insights into the consequences of the early formative years of brain 

organization, which may be useful to disentangle neurodevelopmental events that contribute 

to the global and regional brain structural characteristics of CNV carriers. Previous studies of 

the phenotypic profile, including the brain profile, of the 1q21.1 distal, 15q11.2 BP1-BP2, and 

22q11.2 CNVs have provided some intriguing findings.  

4.4.1 1q21.1 distal deletion and duplication 

The 1q21.1 distal deletion has a prevalence of approximately 1 in 4800 and the 

reciprocal duplication approximately 1 in 103045. The 1q21.1 distal CNVs are both associated 

with schizophrenia73,189, autism spectrum disorder45, attention deficit/hyperactivity 

disorder45,190 and major depression disorder45,191. The 1q21.1 distal deletion carriers show 

worse cognitive and motor functioning, as well as speech problems and hypotonia compared 

to controls192. 

Both 1q21.1 CNVs display small to large effects on the brain. Group differences on 

intracranial volume to non-carriers are present for 1q21.1 distal deletion and duplication 

carriers, respectively, with a Cohen’s d of -1.84 and 0.9, respectively. This mirrors previous 

findings of microcephaly in deletion carriers and macrocephaly in duplication carriers138,192. 

Microstructurally, the 1q21.1 distal deletion carriers show evidence for a lower total cortical 

surface area compared to non-carriers including effects on several individual regional cortical 

surface areas75. In turn, the 1q21.1 distal duplication carriers show lower volume of the 

caudate and hippocampus in addition to higher cortical surface area of the pars opercularis75.  

4.4.2 15q11.2 BP1-BP2 deletion and duplication  

The 15q11.2 BP1-BP2 deletion and duplication prevalence is estimated at 

approximately 1 in 230 and 1 in 204 individuals45. The 15q11.2 BP1-BP2 deletion confers a 

higher odds ratio for schizophrenia46,73,189 and is associated with dyslexia and dyscalculia79. 
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Likewise, deletion carriers show worse performance in cognitive tasks of small to moderate 

effect sizes compared to non-carriers57,78,81. Deletion carriers also exhibit lower height, worse 

lung functioning, and increased body mass index, fat, blood pressure, heel bone density and 

waist-to-hip ratio of small effect size in middle-to-old aged individuals49. The 15q11.2 BP1-

BP2 duplication have not been convincingly associated with any specific neuropsychiatric 

disorder45 although they display higher body mass index and higher fat percentage in addition 

to lower hand grip strength compared to non-carriers49.  

Both 15q11.2 CNV carriers display small to moderate effects on the brain. The 

15q11.2 BP1-BP deletion carriers show an overall thicker cortex, lower total cortical surface 

area, as well as smaller nucleus accumbens compared to non-carriers. The higher cortical 

thickness and lower cortical surface were primarily found in frontal regions. The 15q11.2 

BP1-BP2 duplication carriers show a higher cortical thickness in postcentral gyri, insular 

cortex, and pars opercularis compared to non-carriers81.  

4.4.3 22q11.2 deletion  

The 22q11.2 deletion occurs in approximately 1 in 3700 individuals60. The 22q11.2 

deletion syndrome is caused by the 22q11.2 deletion and is a multisystem disorder 

characterized by psychiatric disorders, congenital malformations, immune deficiencies, heart 

defects, and palatal and facial anomalies193,194. In addition, it represents one of the largest 

known genetic risk factor for schizophrenia to date (estimated odds ratio up to > 67)38,73, and 

yields a significant risk for other neurodevelopmental disorders such as attention 

deficit/hyperactivity disorder and autism spectrum disorder72,74,195. The 22q11.2 deletion show 

moderate to large effects on brain structure, including a higher cortical thickness and lower 

cortical surface area with variable effect size estimates for regional specific estimates of 

cortical thickness and cortical surface area. In contrast to the wide-spread lower cortical 

surface area and higher cortical thickness, the 22q11.2 deletion carriers specifically show a 
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higher cortical surface area in the precentral gyri and insula and thinner cortex in the 

parahippocampal and superior temporal gyri and left caudal anterior cingulate compared to 

controls87. For subcortical structures, the 22q11.2 deletion carriers show lower volume for the 

hippocampus, thalamus, amygdala, and putamen, and higher volumes for the lateral ventricle, 

caudate and nucleus accumbens compared to controls86. Further, 22q11.2 deletion carriers 

with psychosis show overall thinner cortex and lower volumes of the thalamus, hippocampus, 

and amygdala compared to 22q11.2 deletion carriers without psychosis, where the 

interregional effect sizes for cortical thickness and subcortical volume resemble those 

observed in idiopathic schizophrenia86,87.  

4.4.4 Implications of CNV brain profiling.  

The group differences in CNV carriers may provide clues about possible 

neurodevelopmental processes that results in atypical brain structure. For instance, the 

differences in intracranial volume and cortical surface area in 1q21.1 distal CNV carriers has 

been hypothesized to be a consequence of the altered copy numbers of the NOTCH2NL gene 

(mentioned above), which influence neurogenesis55,56. Likewise, the higher cortical thickness 

in 15q11.2 BP1-BP2 deletion carriers may be due to alterations in myelin thickness137, as 

increased myelin is linked to cortical thinning as measured with MRI196. The 15q11.2 BP1-

BP2 CNVs also show group differences in diffusion MRI-derived measures compared to 

controls78,197, which includes measures that are influenced by myelination.  

Differences in diffusion MRI-derived measures are also found in 22q11.2 deletion 

carriers. The deletion carriers display lower MD, RD, and AD of moderate to large effect 

sizes on cortical white matter tracts, but also regionally varying directional effects (i.e., higher 

and lower) for FA on the white matter tracts198. Just as MRI-derived measures, DTI-derived 

measures are also challenging to interpret as they are inherently nonspecific to the underlying 

microstructural characteristics199. Through imaging transcriptomics, the gene expression 
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levels of the protein-coding genes within the 22q11.2 loci were correlated to the 22q11.2 

deletion brain profile. The gene expression levels of the P2RX6 gene were found to be 

associated with the cortical thickness brain profile, whereas the gene expression levels of the 

AIFM3 and DGCR8 genes were associated with the cortical surface area brain profile of 

22q11.2 deletion carriers200. It should be noted, that the 1q21.1 distal, 15q11.2 BP1-BP2 and 

22q11.2 CNVs harbor many genes. Thus, even if specific genes are implicated through 

imaging transcriptomics, a direct link between any genes and MRI-derived measures are 

speculative at this point and must be supported by complementary evidence.  

Establishing the brain profile of CNV carriers may in itself aid in future stratification 

of brain-related disorders. Despite robust mean group differences in neuroimaging studies, 

brain-related disorders are characterized by substantial brain heterogeneity. For instance, 

individuals with schizophrenia show increased inter-individual differences in MRI-derived 

measures compared to healthy controls201. The effect sizes in MRI-derived measures observed 

in CNV research yield two-to-four times larger effects sizes (Cohen’s D from ~0.3 to > 1.0) 

compared to those observed in case-control studies of neurodevelopmental and psychiatric 

disorders (Cohen’s D from ~0.1 to ~0.5)202.  

Interestingly, some of the effect sizes in CNV carriers go in the opposite direction of 

what is observed in case-control studies of schizophrenia, even for CNVs associated with 

schizophrenia. For instance, the higher cortical thickness in 15q11.2 BP1-BP2 deletion and 

22q11.2 deletion contrasts with lower mean cortical thickness observed in schizophrenia203. 

This could indicate distinct subprofiles of individuals with brain-related disorders, potentially 

useful for stratification.  

A recent paper established the CNV-specific brain profile of 8 different CNV carriers 

based on clinical samples204. This was used to identify individuals in the UK biobank with 

brain profiles that resembled the CNV-specific brain profiles and then the brain profile was 
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correlated to ~1,000 lifestyle indicators through the UK Biobank resource. Although the 

CNV-specific brain profiles are distinct from each other, their associations to phenotypical 

traits converged, including convergence to various bodily systems. This illustrates how brain 

profiling of CNV carriers can be used to detect meaningful associations to clinical 

phenotypes.  

4.5 Summary 

The high heritability of brain structure combined with the relatively lower SNP-based 

heritability estimates (compared to twin-derived estimates) indicate that something beyond 

common genetic variants contributes to the genetic architecture of the brain. Some CNVs 

show substantial effects on brain structure as measured with MRI, implicating CNVs as 

contributors. Macro- and microstructural characteristics of the brain are determined by 

complex biological processes during neurodevelopment. In certain CNV-carriers biological 

processes are likely disrupted by the haploinsufficiency or triplosensitivity of the CNV-

harboring region. The 1q21.1 distal, 15q11.2 BP1-BP2 and 22q11.2 CNVs all harbor genes 

that can potentially alter cellular characteristics of the brain, which may contribute to the 

observed differences in MRI-derived measures of brain structure. Thus, MRI studies of CNV 

carriers may provide a window into the mechanisms that are important for neurodevelopment. 

Taken together, studying CNVs provides a ‘genetic-first’ approach that has the potential 

increase our understanding of brain structural variations between individuals. 
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5 THESIS AIMS 

The primary objective of the current thesis is to gain novel insight into how rare 

recurrent copy number variants impact brain structure. To address this objective, we examined 

how the brain architecture of the 1q21.1 distal (study I), the 15q11.2 BP1-BP2 (study I & 

study II), and the 22q11.2 (study III) CNV carriers differ from non-carriers. The secondary 

objectives were to advance our understanding of what the brain structural differences reflect 

in terms of age-related differences and the underlying neurobiology.  

5.1 Study I 

In study I, we aimed to dissect the regional and global differences of the brain in the 

1q21.1 distal and 15q11.2 BP1-BP2 CNV carriers. We hypothesized that anterior regions 

within the association cortices were more affected, whereas posterior regions within the 

primary sensorimotor cortices were less affected in carriers of the 1q21.1 distal and 15q11.2 

BP1-BP2 CNVs. 

 

5.2 Study II 

In study II, we aimed to examine the apparent brain ageing and ageing trajectories of 

motor, heart and lung functioning in a sample of older adults with either a 15q11.2 BP1-BP2 

deletion or duplication. We hypothesized that the 15q11.2 BP1-BP2 CNV carriers will exhibit 

group differences in the estimated brain age gap.  

 

5.3 Study III 

In study III, we aimed to characterize 1) differences in axonal density between 

22q11.2 deletion and controls using NODDI measures, 2) the spatial convergence between 

gene expression levels of cell types and 22q11.2-specific gene networks and the cortical brain 
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profiles of 22q11.2 deletion carriers using imaging transcriptomics. We hypothesized that the 

22q11.2 deletion carriers will show evidence for higher axonal density compared to controls 

and aimed to establish novel neurobiological correlates of the cortical brain profiles of the 

22q11.2 deletion carriers.   
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6 METHODOLOGY 

Research on rare CNVs – including the 1q21.1 distal, 15q11.2 BP1-BP2 and 22q11.2 

CNVs - require extensive national and international collaboration between researchers and 

participants to obtain sufficient sample sizes and thus power to test the hypotheses 

statistically. Consequently, large collections of data are of fundamental importance for CNV 

research. The current thesis contains data from several cohorts across the world, as well as 

data available from open access databases. The statistical analyses applied are based on case-

control designs and the data is primarily cross-sectional data. This section provides an 

overview of the material and methods used in the studies of the thesis.  

 

6.1 Samples 

The three studies included in the thesis are based on samples from a variety of data 

sources.  

For study I, the samples were derived from the UK Biobank and the Enhancing Neuro 

Imaging Genetics Through Meta Analysis-Copy Number Variant (ENIGMA-CNV) working 

group core dataset. An overview of the sample characteristics for study I is shown in Table 1. 

For study II, the sample was derived from the UK Biobank only. An overview of the 

sample characteristics for study II is shown in Table 2. 

For study III, the samples were derived from data collected at Stanford University and 

University of California, Los Angeles (UCLA), as well as gene expression data obtained from 

cortical spheroids, the Allen Human Brain Atlas, and the Gene Expression Omnibus database. 

An overview of the sample characteristics of the diffusion MRI dataset used in study III is 

shown in Table 3. Note that this overview describes the sample characteristics after exclusion 

of participants with insufficient MRI data quality (see below for details).  
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Cortical spheroids are three-dimensional brain cultures derived from human induced 

pluripotent stem cells (iPSCs), which is found to yield high reliability of neural differentiation 

across cell lines205 and to recapitulate the transcriptional architecture of fetal brain tissue206,207. 

Here, the gene expression data from cortical spheroids were derived from 17 22q11.2 deletion 

samples and 25 control samples. Gene expression data were derived from day 25, 50, 75 and 

100 of differentiation. Post-mortem gene expression data from the Allen Human Brain Atlas 

were derived from 6 adults without a diagnosed psychiatric or neurological disorder (mean 

age = 42.50 years, age range = 24-57 years, 1 female).  

Table 1: Sample characteristics for the participants included in study I. 

 1q21.1 distal  
deletion 

1q21.1 distal 
deletion comparison 

group 

1q21.1 distal 
duplication 

1q21.1 distal 
duplication 

comparison group 

N 30 150 27 135 
Mean Age 41.6 44.6 56.4 53.7 
Age range 7.7-68.7 9.2-76.2 18.7-73.1 9.5-77.2 

Females (%) 

 

14  
(46.7%) 

73  
(48.7%) 

15  
(55.6%) 

77  
(57.0%) 

 15q11.2 BP1-BP2 
deletion  

 

15q11.2 BP1-BP2 
deletion comparison 

group 

15q11.2 BP1-BP2 
duplication 

 

15q11.2 BP1-BP2 
duplication 

comparison group 

N 170 850 243 1,215 
Mean Age 55.9 55.9 55.8 55.9 
Age Range 7.1-77.7 6.8-90.0 7.83-88.5 3.75-89.8 

Females (%) 90  
(52.9%) 

428 
 (50.4%) 

127  
(52.3%) 

608 
 (50.0%) 
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Table 2: Sample characteristics for the participants included in study II.  

 15q11.2 BP1-
BP2 deletion 

 

15q11.2 BP1-BP2 
deletion comparison 

group 
 

15q11.2 BP1-BP2 
duplication  

 

15q11.2 BP1-BP2 
duplication 

comparison group 

N 124 496 142 568 
Mean Age 64.7 64.9 63.9 63.6 
Age Range 49.3-77.5 47.2-80.5 46.7-81.3 48.3-80.2 

Females (%) 62 
(50.0%) 

248 
(50.0%) 

75 
(52.8%) 

300 
(52.8%) 

 
Table 3: Sample characteristics for the participants with diffusion MRI included in study III.  

 22q11.2 deletion 
 

22q11.2 deletion  
comparison group 

 
N 50 35 

N scans 69 46 
Mean Age 21.0 20.4 
Age Range 7.40-51.1 7.81-45.3 
Female (%) 46  

(66.7%) 
27  

(58.7%) 

Note. Age and sex are based on the full sample, across all observations. 

6.1.1 The UK Biobank.  

The UK Biobank is a large biomedical database, including >500,000 middle to older 

aged participants across the United Kingdom. The biobank contains a variety of genetic and 

health-related information and measures from the participants included in the study. At the 

time of the analysis for study I and II, genome-wide genetic data were available for ~490,000 

participants and MRI data of the brain were available for ~40,000 participants. To determine 

the presence of CNVs, we utilized the returned dataset (Return 1701, 

https://biobank.ndph.ox.ac.uk/ukb/dset.cgi?id=1701) as described elsewhere48,57.  

 
6.1.2 The ENIGMA-CNV working group 

The ENIGMA-CNV is a working group under the Enhancing Neuroimaging Genetics 

through Meta-Analysis (ENIGMA) consortium. ENIGMA is an international collaboration 

https://biobank.ndph.ox.ac.uk/ukb/dset.cgi?id=1701
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between researchers across the world aiming to understand brain architecture and function 

based mainly on MRI-derived measures – often in combination with other types of data 

including genetics. At the time of analysis for study I, MRI-derived data from 1q21.1 distal 

and 15q11.2 BP1-BP2 CNV carriers were available from a total of 61 scanner sites (including 

three scanner sites from the UK Biobank). CNV calling and MRI preprocessing were 

performed independently by each cohort following standardized protocols 

(https://github.com/ENIGMA-git/ENIGMA-CNV). 

6.1.3 The 22q11.2 deletion sample  

The 22q11.2 deletion sample contains MRI data from individuals scanned at Stanford 

University and UCLA. A minor subset of the individuals with MRI data also had cortical 

spheroids derived - 22q11.2 deletion carriers and a control group (i.e., five participants: 4 

22q11.2 deletion carriers and 1 control).  

For the cortical spheroids, gene expression data were obtained from four time points: 

Days 25, 50, 75 and 100, as described elsewhere136. In brief, fibroblasts were derived from 

carriers of the 22q11 deletion (n = 12; 7 females) and controls (n = 11; 6 females) to generate 

human iPSCs. Note that several lines of iPSCs were derived from the same individual, 

resulting in a total of 17 gene expression arrays derived from 22q11.2 deletion carriers and 25 

gene expression arrays derived from the control group. Regional microarray gene expression 

data from the Allen Human Brain Atlas were obtained from 6 post-mortem brains208 and 

spatiotemporal gene expression data were obtained from the Gene Expression Omnibus 

database series GSE25219131.  

6.2 MRI acquisition, quality control and preprocessing 

UK biobank: The MRI data derived from the UK Biobank were acquired across three 

different scanner sites using a 3T Siemens Skyra scanner. Full documentation of the image 
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acquisition protocol can be found on the UK Biobank website 

(https://biobank.ctsu.ox.ac.uk/crystal/crystal/docs/brain_mri.pdf). Briefly, the 3D T1-weighted 

magnetization prepared rapid gradient echo images were acquired with the following 

parameters: TI = 880ms, TE = 2.01ms, TR= 2000ms, flip angle = 8°, resolution = 1x1x1 mm. 

The preprocessing steps, including quality control, of the T1-weighted MR images are 

described elsewhere209. Images that were severely affected by artifacts or incomplete were not 

made available by the UK Biobank team. In addition, we removed participants that were 

flagged as outliers according to their standardized Euler number, which is used as an index of 

image quality210.  

ENIGMA-CNV: For the ENIGMA-CNV working group core dataset, all participating 

cohorts were asked to preprocess and quality control the MRI data. The quality control and 

preprocessing were conducted according to the ENIGMA protocols 

(https://enigma.ini.usc.edu/protocols/). An overview of the MRI acquisition for each scanner 

site and FreeSurfer version for each individual site can be found in appendix 1 in study I. As 

the data were obtained from multiple scanner sites, we harmonized the data before 

downstream analysis using ComBat, which is an instrument for data harmonization that has 

been found to improve statistical power for mega-analyses211.  

Both UK biobank and ENIGMA-CNV: The MRI-derived measures used in study I and 

II were extracted/obtained using FreeSurfer using the Desikan-Killany atlas and include 

measures of cortical surface area, cortical thickness, and subcortical volumes.    

The 22q11.2 sample: The multi-shell diffusion MRI data from the 22q11.2 deletion 

sample were acquired at two different scanner sites using a 3T Siemens Prisma scanner. The 

diffusion MRI data were acquired with the following parameters: TE = 89.2ms, TR = 3230ms, 

flip angle = 78°, resolution = 1.5x1.5x1.5mm. The images were acquired with both anterior to 

posterior and posterior to anterior phase encoding directions, resulting in a total of 216 

https://biobank.ctsu.ox.ac.uk/crystal/crystal/docs/brain_mri.pdf
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volumes and 14 b0 images. For quality control, the images were visually inspected to exclude 

individuals with excessive artifacts, primarily due to excessive head motion. Here, 18 

individuals had one or more MRI scans that were deemed to be of insufficient quality and 

were discarded from further analyses, yielding a total sample of 85 individuals with one or 

more MRI scans for analyses. For preprocessing, diffusion data underwent denoising, and 

correction for Gibbs ringing artifacts, susceptibility induced distortions, head movement and 

eddy currents using DIPY and FSL212–215. The DTI and NODDI derived scalar maps were 

registered to the ENIGMA-DTI template216. Average ROI-based measures were calculated for 

each DTI and NODDI measure based on the Johns Hopkins University White Matter atlas217 

6.3 Statistical analyses 

All statistical analyses were performed in R v.4.0.0 (study I and II) and v.4.2.0 (study 

III).  

Study I: We used the FreeSurfer-derived regional values from 68 cortical regions (34 

regions per hemisphere) and 16 subcortical regions (8 regions per hemisphere). All values 

were harmonized across scanner site using ComBat (see above) and subsequently adjusted for 

age, age2, sex and intracranial volume.  We calculated the regional Z-score (standard deviation 

from the control group mean) for each ROI across measures of cortical surface area, cortical 

thickness, and subcortical volume. Further, we estimated the mean Z-score (global index) and 

the intraindividual standard deviation (iSD) per MRI-derived feature (i.e., cortical surface 

area, cortical thickness, and subcortical volume) as an individualized measure of the regional 

deviation across the MRI-derived measures. In addition, we calculated the intra-regional 

deviation (RID) score that takes into account the standardized difference from the global 

index for each individual. Thus, the RID score will represent to what extent the regional ROI 

deviates from the individualized global index, thus accounting for each individual’s overall 

difference in cortical surface area, cortical thickness, and subcortical volume. A group 
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difference in RID scores for a given ROI indicates that the regional differences are more 

pronounced or less pronounced than the overall global difference of the MRI-derived 

measure. To test for group differences in the global index, iSD and RID, we used a linear 

regression model with carrier status (carrier or non-carrier) as the independent factor variable 

and the global index, iSD and RID scores as the continuous dependent variables. To account 

for multiple comparisons, we adjusted the p-values using the False Discovery Rate (FDR) 

correction. 

Study II: We used machine learning (ML) to create four different models to predict 

age, based on MRI-derived features. The models were based on a training set of 36,013 

individuals with a ten-fold cross validation. We utilized a total of 1,145 MRI-derived 

measures to predict age, referred to as the “full ML model”. Three separate ML models that 

included either measures of (i) cortical thickness (360 MRI-derived measures), (ii) surface 

area (360 MRI-derived measures or (iii) subcortical volume measures (16 MRI-derived 

measures) were also created and referred to as “cortical thickness ML model”, “surface area 

ML model” and “subcortical volume ML model”, respectively.  

All the models were applied to the independent groups of 15q11.2 BP1-BP2 CNV 

carriers and matched non-carrier groups. The difference between the estimated age and 

chronological age is referred to as the brain age gap. A brain age gap will indicate if an 

individual has a brain profile that resembles a younger looking brain (a numerically negative 

value) or an older looking brain (a numerically positive value), which is used to index brain 

ageing.  

In addition, we estimated the cross-sectional, age-related differences of the cortical 

thickness, cortical surface area, and subcortical volume, and the age-related trajectories of 

reaction time, grip strength (motor function), forced expiratory volume (lung function), 
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systolic and diastolic blood pressure (heart function) using mixed cross-sectional and 

longitudinal data.  

Group differences in brain age gap were tested using a two-sided t-test and reported 

with Cohen’s d as a measure of effect size. For the age-related trajectories, we used linear 

regression models to test for differential age-related changes in mean cortical thickness, total 

cortical surface area and total subcortical volume by examining the interaction term between 

age and carrier status. To adjust for multiple comparisons, the p-value thresholds were 

determined by dividing 0.05 with the number of comparisons.  

For the motor, lung and heart function age-related trajectories, linear mixed effects 

models were fitted with a random effect of participant on intercepts and with sex and affection 

status (i.e., having an F or G-diagnosis based on the International Classification of Diseases) 

included as covariates (+ body mass index for the blood pressure measures). To obtain the 

model that best fitted the data, we compared models with either: (a) only covariates, (b) age 

and covariates, or (c) age, age2 and covariates. Then, we tested the model that best fitted the 

data against the same model but including carrier status as either (d) main effect or (e) 

interaction effect. We used the Akaike information criterion (AIC) as model criterion, where 

the more complex model was chosen if the AIC dropped by 2 with a p-value < 0.05.  

Study III: The diffusion MRI-derived measures were analyzed using mixed effects 

linear models. The diffusion MRI-derived measures were included as the dependent variable, 

and group status (22q11.2 deletion vs control) as the independent factor variable. We included 

age, age2, sex, scanner site and the average root mean square voxel displacement as 

covariates. Participant IDs were fitted as a random intercept to account for repeated measures. 

Confirmation of the 22q11 deletion was obtained through analysis of single nucleotide 

polymorphism arrays. For the gene expression data derived from cortical spheroids, gene 

expression levels were collected at four time points (days 25, 50, 75, and 100) and consisted 
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of expression levels for 17,043 genes after quality control across 42 cell lines on day 100 of 

differentiation. Gene expression data were obtained through bulk RNA-seq and corrected for 

sex, batch, the first 2 principal components for genetic ancestry, and the first 20 principal 

components for sequencing, and were used to detect gene networks using the weighted 

correlation network analysis package in R218. The gene expression data from day 100 of 

differentiation were used to create clusters of highly correlated genes, defined as modules or 

gene networks. Further, the eigengene (i.e., first principal component) for each module was 

calculated and is used as a measure of the gene expression network. The eigengenes for all 

modules were compared between the 22q11.2 deletion carriers and control group using linear 

mixed models. Here, individual ID as a random intercept in the model was used to account for 

the dependency in the data (i.e., samples derived from the same individual). For the imaging 

transcriptomics analyses, we obtained four sources of cell-type gene sets, including two 

sources of gene sets derived from the fetal brain, one source of gene sets derived from the 

adult brain and one source of gene sets derived from the mouse brain219–221, as well as one 

gene set representing disrupted gene networks in 22q11.2 deletion carriers identified from 

cortical spheroid data (as mentioned above). The gene expression resampling approach (i.e., 

imaging transcriptomics) was conducted using gene expression data from the Allen Human 

Brain Atlas, preprocessed with the abagen toolbox180,182,208, resulting in gene expression data 

from a total of 15,633 genes. P-values were adjusted for multiple comparisons using FDR 

correction.  

 

6.4 Ethical considerations  

Due to the sensitive nature of the data used in this thesis, including brain imaging, 

genetics and disease information, appropriate ethical approvals and considerations are of 

importance. The research presented in the thesis was carried out in full accordance with the 
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Helsinki declaration and implemented based on the Responsible Research and Innovation 

standards.  

The Thematically Organised Psychosis Research Study (TOP)/Norwegian Centre for 

Mental Disorders Research (NORMENT) projects were approved by Regional Committees 

for Medical and Health Research Ethics (REK), South East division in Norway (Ref: REK 

2009/2485 & 2016/1226) and the Norwegian Data Protection Authority (Ref: 03/02051-

16/HPG) to collect and store sensitive information until 2050, including neuroimaging data.  

Data collection of the 22q11.2 deletion sample was approved by for the Institutional 

Review Board (IRB) for the UCLA sample (Ref: 10-001071) and the Stanford sample (Ref: 

eProtocol, 41517). 

For study I and II, the research on UK Biobank data was conducted using the UK 

Biobank resource under Application Number 27412. Participants who withdrew from the UK 

Biobank were removed from the analyses and were not included in the studies. For study I, all 

ENIGMA sites involved obtained ethical approvals and all participants gave written informed 

consent. If required by the participating ENIGMA cohorts, necessary Data Transfer 

Agreements (DTA) were obtained and signed.  

All data from study I and II were stored and analyzed on services for sensitive data 

(TSD), University of Oslo, Norway, with resources provided by UNINETT Sigma2 - the 

National Infrastructure for High Performance Computing and Data Storage in Norway, in line 

with the General Data Protection Regulation (GDPR). For study III, samples were 

deidentified and stored at a secure high-performance cluster (The Hoffman2 Cluster, Institute 

for Digital Research and Education Cluster Hosting Program).    

Some ethical considerations regarding the research conducted need to be mentioned. 

In the context of this study, we identify CNVs that are potentially pathogenic in the 

individuals who, for the majority of cases, are unlikely to have knowledge of their genetic 
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condition. This information is not reported back to the participants, and, to our knowledge, the 

majority of studies do not provide the opportunity to return such information to the 

participants. To underline how CNVs are often unknown to the individual, in a clinical 

context where CNV carriers were identified only 5.8 % already had a genetic diagnosis222. 

These individuals overall had high rates of CNV-related clinical symptoms. Returning such 

information could introduce the opportunity for early intervention treatment both for 

neurodevelopmental and somatic disease. Nevertheless, despite the higher risk of developing 

neurodevelopmental, psychiatric and somatic disorders, the vast majority do not develop such 

disorders45,48,60,223. Thus, a potential practice of providing genetic information back to the 

individuals must be weighted up against the harm of receiving such information, including the 

knowledge and potential discrimination of being at a higher risk of developing such disorders. 

The ethical questions related to returning genetic information need more attention and more 

neuroethics research.  

Overall, when disseminating and communicating, it is crucial to emphasize that many 

individuals with a pathogenic CNV live their lives without any psychological or somatic 

diagnoses.  

Genetic testing for CNVs is part of today’s clinical practice, aiding medical care and 

genetic counselling1,64. Nevertheless, only a fraction of the ~15% of neurodevelopmental 

disorder cases that is estimated to be explained by de novo and inherited CNVs are 

identified224. This high rate of CNV carriers among neurodevelopmental cases shows that the 

health care system has met and will meet many patients with a pathogenic CNV regardless of 

whether the genetic diagnosis is known or not. Despite the high clinical relevance of CNVs, 

research on CNV carriers is scarce and is hampered by their overall low prevalence in the 

population. A better understanding of CNV carriers can inform on CNV-specific profiles and 

additional insight into the general disease mechanisms of neurodevelopmental disorders can 
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be gained which may improve health care, prediction, and early interventions for CNV 

carriers.  

To summarize, certain CNVs may yield an increased risk of developing 

neurodevelopmental, psychiatric, and somatic disorders, however, the utility of providing 

genetic information back to the individuals may be limited. The ethical considerations of 

providing genetic information need to be considered with regards to the benefits, privacy, and 

integrity of the individuals.  
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7 SUMMARY OF STUDIES 

7.1 Study I 

Title: Beyond the Global Brain Differences: Intra-individual Variability Differences in 1q21.1 

Distal and 15q11.2 BP1-BP2 Deletion Carriers 

Background: The 1q21.1 distal deletion and the 15q11.2 BP1-BP2 deletion carriers exhibit 

brain structural differences compared to non-carriers using MRI-derived measures, 

characterized by global differences and wide-spread regional differences. However, it is 

unclear to what extent the regional effects vary across brain regions within deletion carriers 

and if the regional MRI-derived measures show a more pronounced or less pronounced 

difference relative to the overall global effect. Here, we define more affected brain regions as 

regions that differ more than the global mean difference, and less affected brain regions as 

regions that differ less than the global mean difference. 

Methods: MRI data were used to obtain regional brain values for 1q21.1 distal and 15q11.2 

BP1-BP2 deletion CNV carriers and matched non-carriers. A global index, which is the mean 

Z-score across all ROIs for an MRI-derived feature (i.e., either cortical surface area, cortical 

thickness, or subcortical volume) was estimated for each individual. An intraindividual 

standard deviation (iSD) measure was calculated based on the standard deviation of the global 

index. The global index and the iSD were used to test for group differences between CNV 

carriers and non-carriers. Regional intra-deviation (RID) scores i.e., the standardized 

difference between an individual’s regional difference and global difference, were used to test 

for regional differences that diverge from their global difference in CNV carriers and non-

carriers.  
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Results: The 1q21.1 distal deletion and the 15q11.2 BP-BP2 deletion carriers showed a lower 

global index for surface area, whereas the 15q11.2 BP1-BP2 deletion and duplication carriers 

showed a higher global index for cortical thickness and a lower global index for surface area 

compared to non-carriers. The iSD for cortical surface area was higher for the 1q21.1 distal 

duplication, whereas the iSDs for cortical thickness and cortical surface area were higher for 

the 15q11.2 BP1-BP2 deletion carriers compared to non-carriers. For the 1q21.1 distal 

deletion carriers, cortical surface area for regions in the medial visual cortex, posterior 

cingulate and temporal pole differed less, and regions in the prefrontal and superior temporal 

cortex differed more than the global difference in cortical surface area. For the 15q11.2 BP1-

BP2 deletion carriers, cortical thickness in regions in the medial visual cortex, auditory cortex 

and temporal pole differed less, and regions in the prefrontal and somatosensory cortex 

differed more than the global difference in cortical thickness.  

Conclusion: We find evidence for a global effect on brain structure of 1q21.1 distal deletion 

and 15q11.2 BP1-BP2 deletion and duplication carriers. The iSD measure indicates that the 

1q21.1 distal duplication and the 15q11.2 BP1-BP2 deletion show a more heterogenous 

regional neuroanatomic profile compared to non-carriers. Differences in the RID scores in the 

1q21.1 distal deletion and 15q11.2 BP1-BP2 deletion carriers indicate that some brain regions 

are differentially affected by the genetic deletion, potentially underlying differences in the 

ontogenetic development of the sensorimotor and association cortices. The results provide 

new insight into the neuroanatomic profile of the 1q21.1 distal deletion and the 15q11.2 BP1-

BP2 deletion.  
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7.2 Study II  

Title: No signs of neurodegenerative effects in 15q11.2 BP1-BP2 copy number variant 

carriers in the UK Biobank 

 

Background: The 15q11.2 BP1-BP2 CNV carriers show group differences in MRI-derived 

measures (i.e., cortical thickness, cortical surface area, and subcortical volume) and physical 

traits (i.e., reaction time, hand grip strength, lung function and blood pressure) that are 

associated with age-related changes in older age. The differences in brain morphology and 

performance on physical measures may indicate altered ageing in 15q11.2 BP1-BP2 CNV 

carriers.  

Method: MRI-derived measures in 15q11.2 BP1-BP2 deletion and duplication carriers and 

matched controls were obtained from the UK Biobank study to examine the association with 

MRI-derived brain measures and estimates of brain ageing. Machine learning algorithms were 

trained on MRI-derived measures on an independent group of non-carriers to create models 

that predict brain age in a sample of 15q11.2 BP1-BP2 CNV carriers and matched controls. 

We tested for group differences in measures of brain age gap and age-related changes in MRI-

derived measures using cross-sectional data. We also tested for group differences in the 

ageing trajectories of measures of motor, lung, and heart function (reaction time, hand grip 

strength, lung function, and blood pressure) in 15q11.2 BP1-BP2 CNV carriers compared to 

non-carriers using mixed cross-sectional and longitudinal data.  

Results: In this ageing population, the results recapitulated previously identified group 

differences in brain structure, with deletion carriers displaying thicker cortex and lower 

subcortical volume compared to the deletion-controls and duplication carriers, and lower 

surface area compared to the deletion-controls. However, the estimated brain age gaps  
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did not differ between the 15q11.2 BP1-BP2 CNV carriers and non-carriers, and the 15q11.2 

BP1-BP2 CNV carriers did not significantly deviate from non-carriers on any of the brain and 

physical age-affected measures. 

Conclusion: Middle-to-old aged 15q11.2 BP1-BP2 deletion carriers show moderate effects on 

cortical thickness, cortical surface area and subcortical volume. However, we did not find any 

clear signs of altered apparent brain age, nor in motor, heart, or lung function. The results do 

not indicate neurodegenerative effects in 15q11.2 BP1-BP2 CNV carriers, suggesting that 

factors unrelated to ageing influence the atypical brain structure observed in the 15q11.2 BP1-

BP2 CNV carriers.  

7.3 Study III 

Title: Characterizing the neurobiological correlates of brain structural alterations in 22q11.2 

deletion syndrome 

Background: The 22q11.2 deletion carriers show large differences on MRI-derived measures 

compared to controls, including wide-spread differences in white matter tracts, cortical 

thickness, and cortical surface area. However, the underlying neurobiology that contributes to 

the group-level differences is poorly understood. Here, the word “brain profile” will refer to 

variation in interregional differences across the regional measures of cortical thickness and 

cortical surface area using the Desikan-Killiany atlas. 

Method: Measures of diffusion MRI were obtained from a sample of 22q11.2 deletion 

carriers and controls. To complement the differences in DTI-derived measures, we used 

measures from NODDI to examine differences in the ICVF, ECVF and ISO and ODI between 

22q11.2 deletion carriers and controls. A resampling approach were used to associate gene 

expression, related to the disrupted gene networks in 22q11.2 deletion carriers and cell-
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specific markers, and the brain profiles of cortical thickness and surface area in 22q11.2 

deletion carriers. 

Results: In line with previous results, the 22q11.2 deletion carriers showed higher mean FA, 

lower mean MD, RD, and AD in white matter tracts compared to controls. In addition, they 

showed lower overall ECVF, and higher overall ICVF compared to controls. 22q11.2 deletion 

carriers showed group differences in 4 gene expression networks, in addition to a group of 

genes that were not placed into a distinct gene network, compared to the control group. Gene 

expression levels of genes that are found to be altered in the gene networks were also 

associated with the brain profile of cortical thickness of 22q11.2 deletion carriers. In addition, 

both neuronal and non-neuronal cell-specific gene expression markers were associated with 

the brain profiles of cortical thickness and cortical surface area of the 22q11.2 deletion 

carriers.  

Conclusion: The widespread lower ECVF and higher ICVF in 22q11.2 deletion carriers 

compared controls, indicate a higher density of axons in white matter microstructure in 

22q11.2 deletion carriers. Gene expression levels of gene networks, containing genes within 

and outside the 22q11.2 genomic region, are altered in 22q11.2 deletion carriers and correlates 

with their brain profile of cortical thickness, possibly indicating that specific disruptions to 

gene networks contribute to regional variation in cortical thickness among 22q11.2 deletion 

carriers. The cortical thickness and cortical surface area brain profiles of the 22q11.2 deletion 

carriers are correlated with cell-specific gene expression levels, possibly indicating regional-

specific glial involvement for thicker regions and regional specific number of cortical 

columns in regions with greater cortical surface area.   
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8 DISCUSSION 

The primary objective of the current thesis is to gain novel insight into how rare 

recurrent copy number variants impact brain structure. To reach this aim, we used several 

different methods to examine the effect of the 1q21.1 distal 15q11.2 BP1-BP2 and 22q11.2 

CNVs on brain structure.  

8.1 Main findings 

We advanced the field by doing the largest mega-analysis on brain structure in the 

1q21.1 distal and 15q11.2 BP1-BP2 CNVs (study I), the first study on brain ageing of CNV 

carriers (study II) in a sample of middle-to-old aged 15q11.2 BP1-BP2 CNV carriers, and the 

first study on NODDI measures in 22q11.2 deletion carriers (study III). In the process, we 

adapted a new methodological approach to the field of neuroimaging, i.e., intraindividual 

variability measures of brain structure (study I), utilized state-of-the-art neuroimaging 

techniques including machine learning algorithms (study II) and advanced diffusion MRI 

(study III).  

The three studies provide novel insight into intraindividual variability of brain 

structure in 1q21.1 distal and 15q11.2 BP1-BP2 CNVs, brain age in 15q11.2 BP1-BP2 CNVs 

and neurobiological correlates of the brain profile in 22q11.2 deletion carriers.  

8.2 Discussion of the results 

At the set-up of this thesis, group-wise brain structural differences had already been 

identified for both the 1q21.1 distal and 15q11.2 BP1-BP2 CNV carriers75,81. Thus, further 

pursuit of classical case-control comparisons of brain structural differences could potentially 

add power and depth. Nevertheless, not being in possession of that much larger samples, we 

chose a different approach to extend our understanding of these CNVs, namely by adapting a 

novel method - intraindividual variability measures of structural differences across the brain. 
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Inspired by the research in cognitive neuropsychology225–227, where intraindividual variability 

refers to the variation in a measure or across measures within an individual, we adapted a 

similar method to the profile of interregional differences of cortical and subcortical measures 

in CNV carriers to identify regional-specific differences in brain structure (i.e., RID) and 

individual measures of structural variation (i.e., iSD). Besides being a novel methodological 

contribution to neuroimaging research, it is also a methodological approach that confronts one 

major challenge in CNV research, i.e., disentangling the regional effects from the substantial 

global effect on the brain, by identifying regions that are less affected or more affected 

relative to the global CNV effect on the brain.    

In study I, we hypothesized that that anterior regions within the association cortices 

were more affected, whereas posterior regions within the primary sensorimotor cortices were 

less affected in carriers of the 1q21.1 distal and 15q11.2 BP1-BP2 CNVs. Our findings of 

lower RID scores for cortical surface area in regions within the association cortices and lower 

RID scores for cortical surface area in sensorimotor regions in 1q21.1 distal deletion, and 

higher RID scores for cortical thickness in association cortices and lower RID scores for 

cortical thickness in sensorimotor regions provide partial support for our hypothesis. 

However, we also find that some regions deviate from the interpretation of a less affected 

sensorimotor cortex and a more affected association cortex exemplified by a more affected 

cortical thickness of the postcentral gyri, a primary somatosensory region, in the 15q11.2 

BP1-BP2 deletion carriers.  

For the 1q21.1 distal deletion carriers, the lower cortical surface area in the 1q21.1 

distal deletion carrier would be in line with a disruption to the cell cycle processes in the 

ventricular zone before the onset of neurogenesis109, possibly due to haploinsufficiency of the 

NOTCH2NL gene, present in the 1q21.1 distal region, which can affect Notch signaling, 

neuronal differentiation, and progenitor self-renewal55,56. This would trigger premature 
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neurogenesis, possibly resulting in a disruption to progenitor self-renewal56 and early 

differentiation of neuronal progenitor cells into cortical neurons55. Self-renewal in the outer 

subventricular zone has also been suggested to be important for the evolutionary expansion of 

the human cortex104,105, where association cortices appear to have expanded more relative to 

the sensorimotor regions – which mirrors the cortical expansion during ontogenetic 

development121. This could indicate that progenitor self-renewal continues for a longer period 

in association cortices compared to sensorimotor regions. Thus, the 1q21.1 distal deletion may 

disrupt the progenitor self-renewal process, which may have a more prolonged effect on the 

cortical expansion of the association cortices compared to sensorimotor regions, possibly 

underlying the observed higher RID score for association cortices in study I.  

In line with previous results81, we found evidence for a lower cortical thickness for the 

15q11.2 BP1-BP2 deletion. In addition, we identified regional specific effects on cortical 

thickness. Previous studies have shown that different brain regions are differentially 

influenced by genetic variants33, and that the regional differences in cortical thickness 

underlie specific genetic influence after accounting for global cortical thickness24. 

Intracortical myelination is thought to contribute to the grey/white matter boundary in MRI-

derived estimates, influencing MRI-derived estimates of cortical thickness196. A heterozygous 

deletion CYFIP1 (present as one of four genes in the 15q11.2 BP1-BP2 region) has been 

found to reduce the number of oligodendrocytes and lower myelin thickness in the corpus 

callosum in rats, where the larger axons appear exhibit a more pronounced decrease in myelin 

thickness137. Thus, to speculate, the 15q11.2 genomic region may be involved in the genetic 

architecture that underlies regional-specific characteristics of the brain, such as myelination. 

Gene expression of genes implicated in in myelination are associated with greater cortical 

thinning in children and adolescents188, and myelination appears to develop in areas within the 

sensory cortices before areas within association cortices117. Thus, it seems plausible that some 
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of our findings of a higher RID scores in cortical thickness in 15q11.2 BP1-BP2 deletion 

carriers may reflect disruptions to the prolonged myelination processes, such as in the 

association cortices. Anterior brain regions are characterized by lower number of neurons 

compared to posterior regions92 and lower neuronal density has been suggested to be 

associated with larger neuronal size, including dendritic and axonal branching and soma94. To 

speculate, if the more pronounced effect of CYFIP1 on myelination thickness of larger 

axons137 can be extrapolated to neurons in anterior regions in 15q11.2 BP1-BP2 deletion 

carriers, it may be that that a reduced myelin thickness in larger neurons cause a less clear 

grey/white matter boundary in the MRI-derived estimates of anterior regions, ultimately 

yielding higher RID scores for anterior regions compared to posterior regions in 15q11.2 BP1-

BP2 deletion carriers.  

The differences in RID scores were not affected by affection status, nor did we 

observe any significant interaction effects between CNV status and affection status, indicating 

that the RID score differences are relatively specific to the corresponding genetic deletion. 

These results provide complementary insight into classical case-control differences, where 

some significant regional differences may be driven by a global effect on the brain, and do not 

necessarily provide insight into which brain regions that are more affected (or less affected) 

by the genetic deletion.  

By going beyond global brain differences, novel insight can be made into the regional 

convergence and divergence with psychiatric disorders. For instance, the 15q11.2 BP1-BP2 

deletion is characterized by overall thicker cortex compared to non-carriers (study I), whereas  

schizophrenia is characterized by overall thinner cortex203. After adjustment, for the global 

mean differences in cortical thickness, both 15q11.2 BP1-BP2 deletion and individuals with 

schizophrenia show evidence of a thicker right precentral gyrus (study I, van Erp et al., 

2018203). Likewise, both 1q21.1 distal deletion and individuals diagnosed with schizophrenia 
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are characterized by overall lower cortical surface are. However, after adjustment for global 

differences in cortical surface area, the cortical size of the left paracentral gyrus is lower for 

1q21.1 distal deletion carriers (study I) and higher for individuals diagnosed with 

schizophrenia203. Such converging and diverging patterns may have gone unnoticed without 

going beyond the global differences. 

There are some key conceptual differences between the RID approach and the 

classical covariation approach (as used in e.g., van Erp et al., 2018203). Of note, the classical 

covariation approach utilizes the linear relationship between a global metric (e.g., total 

cortical surface area, mean cortical thickness, total subcortical volume) and the values derived 

from an ROI, which is used to regress out the linear relationship between the global metric 

and the ROI values. Thus, the variability in the adjusted regional values is based on the 

residuals from the linear slope. It seems plausible that the residuals also contain noise, 

possibly due to an inaccurate estimation of the linear relationship or a more complex 

relationship between the global metric and regional measures. For instance, subgroups within 

the sample may exhibit different relationships between global and regional measures. Thus, 

the linear slope may not be an accurate way of extracting out the effect of the global measure 

on regional measures for each individual included in the study. In contrast, the RID score for a 

given ROI, depends on the mean and distribution of the MRI-derived feature for a particular 

individual. As shown in study I, the classical covariation and RID score approach yield 

somewhat similar, but also different results, where the RID scores yield a numerically higher 

number of significant ROIs compared to the classical covariation approach. This may indicate 

that the RID scores are more sensitive to detect regional-specific differences in brain structure 

compared to the classical covariation approach that predominates today. This may be useful 

for studies in molecular genetics that have sought to identify the genetic determinants and 

heritability estimates of regional estimates of brain structure25,33. Thus, the RID approach may 
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provide novel insight into the genetic determinants of brain architecture if applied in GWAS 

and twin studies.  

 Further, the results may be useful for stratification of cases in clinical neuroimaging 

studies, as schizophrenia is characterized by higher heterogeneity in measures of cortical 

thickness and cortical surface area compared to healthy controls201. It remains an open 

question if evidence for a higher heterogeneity in schizophrenia will remain in RID scores. If 

there is none, the RID approach has the potential to reduce heterogeneity in clinical groups, 

possibly increasing the sensitivity of meaningful biological signals that are related to the 

disorder. In contrast, if the higher heterogeneity persists, both the conventional case-control 

and the RID score approach may be useful for future stratification of CNV carriers in clinical 

groups. For instance, a classification model showed that the most informative brain structures 

to differentiate 22q11.2 deletion from controls were the cortical surface area in the left caudal 

anterior cingulate, precentral gyrus, and bilateral cuneus and cortical thickness in the left 

insula87. These are regions that, at face value, appear to deviate from the overall global effect 

on brain structure among 22q11.2 deletion carriers vs controls. Although the RID scores for 

22q11.2 deletion carriers are unknown, it seems plausible that the main contributors to the 

classification model mentioned above are regions that will show a different RID scores in 

22q11.2 deletion carriers compared to controls.  

The RID score approach utilizes the distribution across several brain measures. This 

relates to another major challenge in neuroimaging research, which is to incorporate high-

dimensional neuroimaging data and relate them to meaningful clinical biomarkers, such as 

disease risk or brain ageing. In recent years, machine learning algorithms have been used to 

incorporate high dimensional MRI data to predict a phenotype. In study II, we used machine 

learning algorithms to create models that predict age based on MRI-derived features. The 

difference between the predicted age and chronological age (i.e., brain age gap) has been 
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suggested to be an ageing biomarker173,174, where a higher brain age gap could indicate early 

genetic or environmental factors that alter the ageing trajectory, accelerated ageing or 

accentuated (i.e., a sudden change or “hit” in the ageing trajectory) but otherwise stable 

ageing173. Thus, CNV carriers are of interest, as they may confer a genetic risk of altered 

ageing trajectory. Thus, if the 15q11.2 BP1-BP2 CNVs cause altered neurodevelopment this 

may also alter their brain-ageing trajectories. If true, it could be hypothesized that the 15q11.2 

BP1-BP2 will show altered brain age gap estimations. This could also complement their 

somatic profile. For instance, the phenotypic profile of middle-to-old age 15q11.2 BP1-BP2 

CNV carriers are characterized by alterations to physical traits49, which are also measures that 

associate with brain age gap174–176.  

Since 15q11.2 BP1-BP2 deletion carriers exhibit a higher cortical thickness, and lower 

cortical surface area and subcortical volume (study I), it seems reasonable that this reflects an 

altered neurodevelopmental trajectory caused by the genetic deletion. In study II, we 

hypothesized that 15q11.2 BP1-BP2 CNV carriers will show group differences in brain age 

gap compared to non-carriers. We validated our brain age models in a sample of individuals 

diagnosed with multiple sclerosis, which yielded moderate to large group differences 

compared to healthy controls. Thus, the models were sufficient to detect brain age gap 

differences in individuals that are diagnosed with a neurodegenerative disorder compared to 

healthy controls. We also found an association between brain age gap and lung function in a 

sample of 15q11.2 BP1-BP2 duplication and non-carriers, which indicate that the brain age 

gap captures meaningful biological associations beyond measurement error. However, 

contrary to our expectations, we did not find evidence for differences in brain age gap in any 

of the brain age models, nor did we find support for alterations in the age trajectories of 

motor, heart, and lung function in 15q11.2 BP1-BP2 CNV carriers compared to non-carriers. 

The lack of brain age gap differences, including the comparable age trajectories in physical 
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and somatic traits, do not support neurodegenerative effects of the 15q11.2 BP1-BP2 CNVs in 

the UK Biobank.  

In addition, whilst caution is warranted given the lack of results to support such 

hypothesis, this may suggest that the brain alterations identified in 15q11.2 BP1-BP2 CNV 

carriers are more likely explained by an early offset in brain structure caused by atypical 

neurodevelopment rather than alterations in neurodegeneration. It may also indicate that brain 

age models capture patterns in brain structure that are important for the prediction of age, but 

do not capture differential brain age trajectories caused by altered early neurodevelopment. If 

the latter is true, this has important implications for our understanding of brain age estimates. 

For instance, this may indicate that the differences in brain age in brain related disorders179 do 

not necessarily reflect a sudden “hit” or acceleration of their brain age trajectories during 

early neurodevelopment but rather changes in brain structure later in life.  

We also find that alterations to physical measures in CNV carriers vs non-carriers are 

not necessarily reflective of neurodegenerative processes. For instance, we found that 

although 15q11.2 BP1-BP2 CNV carriers may exhibit a group difference in physical traits that 

typically deteriorate with age, the age trajectories of these measures were relatively 

comparable to the non-carriers. The results emphasize the importance of examining 

longitudinal trajectories to get a deeper insight into age trajectories including those of CNV 

carriers. Still, there is a scarcity of longitudinal data overall, also for CNV carriers, and more 

research is highly needed.  

Overall, the results from studies I and II indicate that MRI-derived measures are 

sensitive to detect differences between CNV carriers and non-carriers. However, MRI-derived 

measures are relatively nonspecific to the underlying biological tissue, and other methods are 

required to gain insight into their neurobiological correlates.  
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Structural alterations in white matter microstructure and cortical and subcortical grey 

matter of the brain have been well characterized for the 22q11.2 deletion carriers compared to 

controls86,87,198,228. However, the neurobiological mechanisms driving the group-level 

differences remain poorly understood. To further advance the field, we characterized the 

neurobiological correlates of the brain structural differences in 22q11.2 deletion carriers 

compared to controls, by using advanced diffusion MRI and imaging transcriptomics. 

Regarding white matter microstructure, it has been postulated that the DTI results in 22q11.2 

deletion carriers relate to larger cellular membrane circumference198, possibly caused by a 

higher density of axons in conjunction with a smaller axonal diameter198,228.  

In study III, we found evidence for widespread higher ICVF and lower ECVF in 

22q11.2 deletion carriers compared to controls, indicating a higher density of axons in white 

matter in 22q11.2 deletion carriers. In addition, our results provide novel information about 

the structural dispersion of the three major white matter tracts in 22q11.2 deletion carriers: 

The ROIs with a higher component of association fibers (i.e., tracts connecting regions within 

the same hemisphere), such as the superior longitudinal fasciculus and superior fronto-

occipital fasciculus, appear to be more dispersed, whereas some of the ROIs with a higher 

component of projection fibers (i.e., tracts connecting cortical regions to subcortical regions), 

such as the internal capsule and posterior thalamic radiation, appear to be less dispersed in 

22q11.2 deletion carriers compared to controls. We also found that the posterior limb of the 

internal capsule showed a higher AD in 22q11.2 deletion carriers compared to controls. The 

higher AD may indicate larger axonal diameter in 22q11.2 deletion carriers compared to 

controls for the posterior internal capsule. The motor axons travel through the posterior limb 

of the internal capsule from the precentral gyrus, which is one of few regions that is larger in 

22q11.2 deletion carriers compared to controls87. Thus, our results indicate that a larger 
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number of neurons contribute to the greater expansion of the precentral gyrus in 22q11.2 

deletion carriers.  

Using imaging transcriptomics, we provided novel neurobiological correlates of the 

cortical brain profiles of the 22q11.2 deletion carriers to the gene expression levels of cell-

type markers from the fetal, adult and mice brain219–221,229. The use of four dataset sources is 

an improvement from previous studies that have used only one source of cell-type genes from 

mice to examine the neurobiological correlates of MRI-derived brain profiles187,230,231. In 

study III, we found that thicker regions among 22q11.2 deletion carriers were associated with 

higher gene expression of neuronal cell-types and lower gene expression of non-neuronal cell-

types. Higher cortical surface area among 22q11.2 deletion carriers was associated with 

higher gene expression of neuronal and nonneuronal-specific cell types. The association 

between the brain profile of cortical thickness in 22q11.2 deletion carriers and non-neuronal 

cell types, may point towards a role of biological processes such as synaptic pruning and 

axonal myelination during neurodevelopment5,112,196,232. For instance, synaptic pruning is 

thought to be driven by glial cells, including astrocyte and microglia232, whereas myelin 

related genes have been associated with an MRI-marker of myelination233 and are associated 

with greater cortical thinning in children and adolescents188. These are biological processes 

that have been postulated to be involved in the atypical cortical thinning of 22q11.2 deletion 

carriers during development234. Moreover, the neurobiological correlates of the brain profile 

of cortical surface area in 22q11.2 deletion carriers, may indicate a higher density of neuronal 

and non-neuronal cells in larger areas among 22q11.2 deletion carriers. To speculate, this may 

be related to alterations to cortical columns and tangential cell migration to the developing 

cortex, where the amount of cortical columns are directly related to the degree of symmetric 

cell division among the radial glial population100,109. 
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A previous study has established neurobiological correlates of the brain profiles of 

cortical thickness and cortical surface area in 22q11.2 deletion carriers by using gene 

expression profiles of 22q11.2 protein coding genes200. However, functional genomics 

analysis of the 22q11.2 locus suggests that many of the genes within the locus are part of gene 

networks that target similar biological processes235 and is likely part of gene networks that 

include genes outside the 22q11.2 locus141. Thus, to further advance the field, we sought to 

further characterize the transcriptional architecture during early neurodevelopment and to 

establish a link between genes implicated in the disrupted gene networks in 22q11.2 deletion 

carriers to the cortical brain profiles of 22q11.2 deletion carriers.  

The study of cortical spheroids has emerged as a powerful tool to examine early 

neurodevelopment as these models have been shown to recapitulate the transcriptional 

architecture of fetal brain tissue206,207. By using gene expression data from cortical spheroids 

derived from 22q11.2 deletion carriers and controls, we identified three gene expression 

modules that showed significant case-control differences and a significant association with the 

brain profile of cortical thickness, implicating disruptions to cell adhesion, subcellular 

compartments, and protein degradation and synthesis (i.e., deubiquitinase activity) and 

modification of ribosomal RNA in 22q11.2 deletion carriers. When comparing the results to 

cell-type gene expression analyses as described above, we find further support for a role of 

synaptic alterations in 22q11.2 deletion carriers. For instance, cadherin binding is important 

for spine pruning and maturation236, whereas deubiquitination has been suggested to play a 

role in synapse size and morphology237.   

Taken together, the results from study III support the hypothesis of higher density of 

axons in 22q11.2 deletion carriers as indicated by the NODDI results. In addition, we 

establish novel neurobiological correlates of the cortical brain profiles in 22q11.2 deletion 

carriers, which may be useful for targeting specific cell types in cortical spheroid research. 
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Finally, we take a novel approach in imaging transcriptomics research, by utilizing gene 

expression from cortical spheroids to identify disrupted gene networks in 22q11.2 deletion 

carriers. This can be used to establish gene sets of altered CNV-specific gene networks to 

associate with their cortical brain profiles.  

8.3 Methodological considerations  

The results of the present thesis are based on state-of-the-art neuroscientific and 

imaging transcriptomics methods, and novel applications of standard methodological 

approaches. The results need to be considered with regards to the limitations and 

methodological frameworks in each of three studies, including sample characteristics, effect 

size, and operationalization of the dependent variables.     

8.3.1 Samples 

The CNVs studied in this thesis are all rare CNVs found in less than 1% of the 

population. Thus, large or targeted recruitment datasets are of fundamental importance to 

examine individuals with CNVs, and even more important in neuroimaging research where 

MRI data is limited. This thesis has some key strengths and limitations with the datasets used. 

The UK Biobank neuroimaging dataset is the largest existing sample on neuroimaging in 

existence and all individuals were imaged at only three sites limiting scanner variation. 

However, the sample is restricted to older adults and is limited to a smaller proportion of the 

UK population. Samples derived from volunteers are also subject to a “healthy volunteer 

bias”, meaning that the individuals that take part in research may be healthier than the rest of 

the population. For instance, individuals in the UK Biobank have a lower rate of cancer and 

obesity, and smoke and drink less, compared to the general population62. Such healthy 

volunteer bias seems even more prominent in neuroimaging samples. For instance, individuals 
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that participate in neuroimaging research have been found to show lower levels of anxiety 

compared to individuals included in behavioral studies238.   

Some of this healthy volunteer bias may be partially compensated by individuals 

included from the ENIGMA-CNV core working group dataset in study I, as this dataset also 

includes clinical cohorts. Still, many of the cohorts included in the ENIGMA-CNV dataset are 

also likely to involve a healthy volunteer bias.  

For MRI, excessive MRI artifacts (e.g., due to head motion) do not yield sufficient 

data quality and are discarded from further analyses. This is evident in the 22q11.2 deletion 

sample in study III, where a significant proportion of the MRI data was discarded due to 

insufficient data quality (i.e., 18 individuals). In contrast to the samples in studies I and II, the 

22q11.2 deletion sample is a clinical sample consisting of individuals with 22q11.2 deletion 

syndrome with associated behavioral issues, which may yield a higher proportion of discarded 

MRI data in clinical samples compared to volunteer-based studies.  

It is remarkable that, despite the phenotypic variability, the CNVs can yield group 

differences of small to large effect sizes. Nevertheless, neuroimaging studies have a history of 

replication failure due to low statistical power239, warranting caution in interpretation of 

results. One important consideration in this regard is sample and effect size.   

8.3.2 Sample size and effect size 

Over the last couple of decades, a substantial part of research in both genetics and 

neuroimaging has failed to replicate. One important reason for the replication failures has 

been due to low statistical power, resulting in false positive results239,240. Effect sizes of SNPs 

on MRI-derived brain measures are small32 and brain-cognition associations are found to be 

of negligible to small effect sizes159,160, indicating that large sample sizes are required to 

detect such associations. In study I, we find small effect sizes for associations between 

structural MRI-derived measures and a measure of cognitive ability using ~40k individuals 
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from the UK Biobank. Thus, given the low frequency of CNVs (most are <0.5%) and thus 

small samples size, examining the associations between brain structure and cognition in CNV 

carriers will probably remain exploratory for some years. 

Brain structural group differences in neurodevelopmental and psychiatric disorders 

compared to controls have yielded higher effect sizes compared to brain-cognition 

associations, including small to moderate effect sizes for attention deficit/hyperactivity 

disorder, autism spectrum disorder241 and schizophrenia203,242 based on samples of thousands 

of cases and controls. Brain structural group differences in CNV research yield two to four 

times larger effect sizes than those reported in case-control studies of neurodevelopmental and 

psychiatric disorders50,51,202. Thus, despite the low number of CNV carriers compared to those 

included in psychiatric research, reliable case-control differences can be detected in CNV 

research due to the high effect sizes in some MRI-derived estimates.  

For study I and II, we detected moderate to large group differences, which is expected 

based on previous studies75,81 and the power sensitivity analysis reported in study II. 

However, the results do not exclude the possibility of group differences in MRI-derived 

measures of negligible to small effect sizes. Non-significant group differences in brain 

structure may represent regional variability that falls within the typical variation of 

individuals but can also consist of important biological signals that are not detected using 

conventional mass-univariate approaches. Thus, larger sample sizes are needed in CNV 

research, as well as other complementary approaches to the conventional mass-univariate 

approach. One such complementary approach includes the use of intraindividual variability 

measures (as mentioned above), which can be used to characterize the heterogeneity of 

regional variation within individuals.  
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8.3.3 Intraindividual variability measures  

The intraindividual variability measures provide a new methodological approach to 

examine the non-uniformity of brain structural differences. While the interpretation of these 

measures is still in its infancy, the insights gleaned from study I could be of interest to a wider 

audience in neuroimaging research. However, some methodological considerations need to be 

addressed.  

The RID approach considers the distribution of the regional-specific effects across the 

MRI-derived feature, thus substantial anatomical disruptions, indicating deviations from a 

typical organization of the brain, may have a significant impact on the RID scores. Therefore, 

a significant RID score may indicate group differences that are more pronounced or less 

pronounced than the global index, but it can also indicate substantial alterations in the 

anatomical relationship between regions. Thus, it is of importance to use complementary 

approaches, as examining the regional Z-score differences for each ROI across the brain, iSD 

and the classical global covariation approach to get a deeper overview of the brain profile of 

the group of interest. 

The differences in RID scores and iSD indicate that new insight into the 

neuroanatomical brain structure of CNV carriers can be made by examining brain structural 

variations within individuals. Thus, CNV carriers show group differences that cannot be 

accounted for by a global effect alone, emphasizing the importance of studying both regional-

specific and global brain measures, as well as the relation between the regional and global 

measures. This also shows that it may be useful to evaluate regional differences between 

individuals, but also regional variation within an individual.  

8.3.4 Brain age gap estimations 

Brain age gap has been suggested to be an ageing biomarker173,174, and has been found 

to be associated with measures that are relevant for ageing, including mortality risk, motor 
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and lung function174, cardiometabolic and cardiovascular risk factors175,176, cognitive 

performance177,178, and physical appearance177, emphasizing its potential as a clinical relevant 

biomarker for ageing. Still, there are some inherent limitations with the approach used in 

study II. The predicted age is still based on cross-sectional data, both in the training group and 

in the test group. Thus, brain age gap estimations are still limited to a static view of the 

included participants and do not contain information about within-individual brain age gap 

changes over time, i.e., age trajectories, which would require longitudinal data. Indeed, others 

have raised concerns about the interpretation of the brain age gap, indicating that the 

variations in cross-sectional brain age gap estimations are not associated with within-

individual changes in longitudinal measures of brain age gap estimations, but are rather 

associated with early life factors243. The results from study II also indicate that brain age 

estimations are not necessarily sensitive to detect alterations in brain structure during 

neurodevelopment, as indicated by the lack of brain age gap differences in 15q11.2 BP1-BP2 

CNV carriers.  

The high data dimensionality that are fed into the machine learning model, makes it 

somewhat difficult to understand the mechanisms that are involved in producing the output 

(i.e., predicted age). It is clear that the MRI-derived measures contain information that can 

predict age, as demonstrated by the high correlation between predicted age and chronological 

age. However, this may also indicate that the algorithm simply recapitulates interregional 

differences in brain structure. Simply put, if the volume estimates of subcortical structures are 

lower as a consequence of having a generally lower total subcortical volume than what is 

typically observed in population, this may yield a lower brain age prediction that is unrelated 

to ageing. However, individuals with a 15q11.2 BP1-BP2 deletion that show group 

differences in mean cortical thickness, total cortical surface area and total subcortical volume 

(study I) did not show brain age gap differences in any of the brain age models (study II). This 
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is surprising because the models are likely to focus on the information from regions that are 

susceptible for atrophy in older age. Frontal regions are more susceptible for atrophy in older 

age compared to posterior regions163, and frontal regions are also those that diverge more than 

the global effect in 15q11.2 BP1-BP2 deletion carriers as shown in study I. Thus, our results 

indicate that case-control differences in brain structures, even in regions often considered to 

be specifically affected by old age, are not sufficient to yield case-control differences in brain 

age gap. 

8.3.5 Gene expression and brain profile  

In imaging transcriptomics, genes selected for gene expression correlations should be 

associated with the phenotype of the group of interest. In study III, we selected gene sets that 

were shown to be altered in 22q11.2 deletion carriers (i.e. disrupted gene networks), as well as 

genes that were identified as cell-specific based on previous results219–221,229. The use of a 

resampling approach, as used in virtual histology186,187,230,231, provides an overview of gene 

expression sets that are significantly associated with the cortical brain profiles of the 22q11.2 

deletion carriers compared to a random distribution of gene sets correlations. Importantly, the 

gene expression data used for correlations between network-specific and cell-type specific 

genes are derived from post-mortem data of adults, providing correlations between gene 

expression levels and MRI-derived phenotypes across space. However, it does not provide 

any information about the association between regional gene expression levels and regional 

MRI-derived estimates of the same individuals, which would be an ideal method to study the 

link between gene expression levels and brain phenotypes.  

We also utilized weighted correlation network analysis to detect group differences in 

gene networks, where the gene networks are interpreted as genes that are co-expressed based 

on topological overlap of gene expression correlations218. However, in case-control designs 

where group differences exist, the correlations may also be driven by group differences in 
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gene expression levels and cannot be solely attributed to co-expression. Such occurrence is 

demonstrated in one of the modules presented in study III, where 34 out of 119 genes are in 

the 22q11.2 genomic region. Thus, the constructed gene networks need to be considered as 

gene networks consisting of co-expressed genes but are also likely to be influenced by gene 

expression differences between groups.  

For the imaging transcriptomics analyses, using cell-specific markers, we included one 

gene list that are based on cell-specific genes derived from single-cell RNA sequencing from 

the mouse cortex and hippocampus229. Although, the cellular architecture between mice and 

humans is well conserved between the species, there are some differences that may not have 

been accounted for using this cell-specific gene list244. To account for this, we also included 

several gene lists that were derived from the human fetal and adult brain219–221, which 

replicated the associations detected using the cell-specific gene list derived from the mice.  
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9 CONCLUDING REMARKS AND PERSPECTIVES 

The present thesis aimed to examine the effects of copy number variants on brain 

structure. It complements and extends on previous findings by showing 1) regional-specific 

effects of the 1q21.1 distal deletion and 15q11.2 BP1-BP2 deletion beyond the global effect 

on the brain, partially reflective of the sensorimotor to association axis, 2) that the structural 

group differences in the 15q11.2 BP1-BP2 deletion do not signal clear patterns of 

neurodegenerative effects in middle to late adulthood, 3) that the brain architecture of the 

22q11.2 deletion carriers are characterized by widespread lower neurite density in white 

matter, whereas the cortical brain profiles spatially overlap with typical gene expression levels 

of cell-type markers and disrupted gene networks in 22q11.2 deletion carriers. 

In study I, we showed that new insight into CNV brain profiles can be made by going 

beyond global differences in brain structure by applying the novel method, intra-individual 

variability approach. Such approaches may be useful to disentangle the genetic effect of 

global and regional group differences, providing a window into early neurodevelopmental 

mechanisms. In addition, brain profiling of CNV carriers have the potential to be used for 

future stratification of brain-related disorders, such as schizophrenia – which are characterized 

by higher inter-individual differences in MRI-derived measures compared to healthy 

controls201. Moreover, CNV-associated brain profiles have shown to be useful to detect 

meaningful associations to clinical phenotypes in individuals with similar brain profiles204 and 

RID score profiles could potentially be used for the same type of analysis. Thus, the 

intraindividual variability measures in brain structure has the potential to be used by the 

neuroimaging community for various purposes, providing a novel tool to examine non-

uniformity of brain structural differences. 

In study II, we showed that 15q11.2 BP1-BP2 CNV carriers do not display differences 

in brain age gap, nor in the ageing trajectories of motor, heart and lung function compared to 
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non-carriers. Our results suggest that brain age models do not necessarily capture altered 

neurodevelopment in CNV carriers. It would be of interest to compare these results to brain 

age estimates in other CNV carriers that do show evidence for longitudinal neurodegenerative 

effects in physical traits.  

In study III, we showed that advanced diffusion MRI and imaging transcriptomics 

methods can yield novel insight into the white matter and grey matter brain structure of 

22q11.2 deletion carriers. The results demonstrate the usefulness of utilizing complementary 

methods to get a deeper understanding of the MRI-derived measures of CNV carriers. The use 

of NODDI measures has the potential yield novel insight into the underlying white matter 

microstructure in CNV carriers. In addition, the use of gene expression data from cortical 

spheroids can be used to establish gene sets of disrupted gene networks in CNV carriers, 

moving beyond the association between the CNV-harboring region and the CNV brain profile.    

Taken together, the results from the thesis have expanded our knowledge on the brain 

structure of 1q21.1 distal, 15q11.2 BP1-BP2, 22q11.2 CNVs, as well as providing novel 

methodological approaches to study CNVs. The results can provide a window into the 

neurodevelopmental mechanisms in the formative years of brain organization and has the 

potential to be used for stratification of brain-related disorders and to detect meaningful 

associations to clinical phenotypes of individuals with CNV-associated brain profiles.  
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Abstract 

Background: The 1q21.1 distal and 15q11.2 BP1-BP2 CNVs exhibit regional and global 

brain differences compared to non-carriers. However, interpreting regional differences is 

challenging if a global difference drives the regional brain differences. Intra-individual 

variability measures can be used to test for regional differences beyond global differences in 

brain structure.  

Methods: Magnetic resonance imaging data were used to obtain regional brain values for 

1q21.1 distal deletion (n=30) and duplication (n=27), and 15q11.2 BP1-BP2 deletion (n=170) 

and duplication (n=243) carriers and matched non-carriers (n=2,350). Regional intra-

deviation (RID) scores i.e., the standardized difference between an individual’s regional 

difference and global difference, were used to test for regional differences that diverge from 

the global difference.   

Results: For the 1q21.1 distal deletion carriers, cortical surface area for regions in the medial 

visual cortex, posterior cingulate and temporal pole differed less, and regions in the prefrontal 

and superior temporal cortex differed more than the global difference in cortical surface area. 

For the 15q11.2 BP1-BP2 deletion carriers, cortical thickness in regions in the medial visual 

cortex, auditory cortex and temporal pole differed less, and the prefrontal and somatosensory 

cortex differed more than the global difference in cortical thickness.  

Conclusion: We find evidence for regional effects beyond differences in global brain 

measures in 1q21.1 distal and 15q11.2 BP1-BP2 CNVs. The results provide new insight into 

brain profiling of the 1q21.1 distal and 15q11.2 BP1-BP2 CNVs, with the potential to 

increase our understanding of mechanisms involved in altered neurodevelopment.    
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Introduction 

Carriers of certain rare recurrent copy number variants (CNVs) - i.e., deletions or duplications 

of a segment of the genome - have a higher risk of developing psychiatric and 

neurodevelopmental disorders, including schizophrenia and autism spectrum disorder1–5 

Several rare recurrent CNVs have moderate to large effects on structural brain measures 

derived from magnetic resonance imaging (MRI)6,7. The effects of CNVs on brain structure 

have been suggested to occur primarily during early neurodevelopment8, and some rare 

recurrent CNVs have been associated with altered cellular function, composition and size 

derived from cortical organoids that models fetal and early neurodevelopment9–12. The 1q21.1 

distal and 15q11.2 BP1-BP2 deletions are two of the most common recurrent CNVs1,13,14. 

They yield a higher risk of psychiatric and neurodevelopmental disorders1–5 and show 

moderate to large effects on brain structure15,16. Thus, studying 1q21.1 distal and 15q11.2 

BP1-BP2 deletion carriers offer a promising genetics-first approach to study deviations in 

neurodevelopment and brain structure, which may underlie the increased risk of developing 

psychiatric and neurodevelopmental disorders5,8. 

 

To date, the neuroimaging studies on CNVs have focused on conventional mean comparisons 

between carriers and non-carriers, which have been informative for brain profiling of CNV 

carriers. For instance, several CNVs have shown global effects on the brain, as demonstrated 

by group differences in mean cortical thickness, total cortical surface area and total 

subcortical volume, in addition to wide-spread regional differences6,7. However, brain 

profiling may be challenging if an overall global difference on the brain drives many of the 

regional mean differences or if regional differences are driven by distinct subgroups in each 

comparison, rendering inter-regional brain profiles difficult to interpret. To overcome this 

challenge, detecting brain regions that diverge from the global difference could benefit from 

intraindividual variability measures, in which regional values represent its position within an 

individualized brain profile. Identification of brain regions that diverge from the overall 

global difference of the CNV may provide valuable insights into the regional penetrance, 

brain organization and functional consequences in CNV carriers. Indeed, as has been 

demonstrated in other fields such as cognitive science and neuropsychology, e.g.17–22, novel 

scientific and clinical insights can be achieved by looking beyond mean group differences 

through investigating intraindividual variability.  
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Both 1q21.1 distal and 15q11.2 BP1-BP2 deletion carriers exhibit global differences in brain 

structure, with the former displaying a lower total cortical surface area
15

 and the latter 

showing a higher mean cortical thickness and lower total cortical surface area
16

. Additionally, 

these deletions also exhibit regional differences across the cortex
15,16

. However, the regional 

differences vary across the brain as indicated by variation in effect sizes across brain regions. 

This could indicate that the carriers of the 1q21.1 distal and 15q11.2 BP1-BP2 deletion 

exhibit higher variability in brain structure, along with systematic inter-regional differences in 

brain structure as measured by MRI-derived features. 

 

In both 1q21.1 distal and 15q11.2 BP1-BP2 CNV carriers, the largest regional differences are 

typically found in frontal regions, associated with higher-cognitive processing. In contrast, the 

posterior brain regions, associated with primary sensory processing, typically do not show 

significant differences
15,16

. Insight into variation in brain structure may be useful for 

understanding differences in brain function as cortical morphology overlaps with the 

functional hierarchical gradient of the brain
23

. This functional hierarchical gradient reflects a 

sensorimotor (i.e., involved in unimodal and functional specific processes) to association axis 

(i.e., involved in higher-order cognitive processes) in the human brain
23–25

, which has been 

supported by anatomical, functional, and evolutionary data
24

. Thus, a more fine-grained brain 

profile of the structural differences in 1q21.1 distal and 15q11.2 BP1-BP2 CNV carriers may 

aid our understanding of their phenotypic profile.   

 

Brain structural differences in 1q21.1 distal and 15q11.2 BP1-BP2 CNV carriers indicate 

global mean differences (i.e., cortical thickness and cortical surface area), as well as regional 

group differences in primarily frontal brain regions. The regional group differences indicate 

that some brain regions are more affected than others. Here, we define more affected brain 

regions as regions that differ more than the global mean difference, and less affected brain 

regions as regions that differ less than the global mean difference. To measure this, we use an 

intraindividual variability measure to detect brain regions that diverge from the global 

difference, where the regional values represent its position within an individualized brain 

profile. We expected that anterior regions within the association cortices were more affected, 

whereas posterior regions within the primary sensorimotor cortices were less affected in 

carriers of the 1q21.1 distal and 15q11.2 BP1-BP2 CNVs.   
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Methods and Materials 
Sample 
Individuals carrying a 1q21.1 distal or 15q11.2 CNV and a matched non-carrier group were 

taken from the ENIGMA-CNV working group core dataset and the UK Biobank across 61 

scanner sites. Each CNV carrier was matched with five non-carriers based on age, sex, 

scanner site and ICV using the MatchIt package in R26. This resulted in four subsets (sample 

characteristics are presented in tables 1 and 2, supplementary note 1).  

 
Table 1. Sample characteristics for 1q21.1 distal CNVs and non-carrier comparison 
groups  
 1q21.1 distal  

deletion 
1q21.1 distal 
deletion 
comparison 
group 

1q21.1 distal 
duplication 

1q21.1 distal 
duplication 
comparison 
group 

  
N 30 150 27 135 
Mean Age in 
years 

41.6 44.6 56.4 53.7 

Min-Max Age 
range in years 

7.7-68.7 9.2-76.2 18.7-73.1 9.5-77.2 

Females (%) 
 

14  
(46.7%) 

73  
(48.7%) 

15  
(55.6%) 

77  
(57.0%) 

Intracranial 
Volume, mm3 
*106 (SD) 

1.25 
(.23) 

 

1.26 
(.25) 

1.59 
(.16) 

1.56 
(.30) 
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Table 2. Sample characteristics for 15q11.2 BP1-BP2 CNVs and non-carrier comparison 
groups 
 15q11.2 BP1-

BP2 deletion  
 

15q11.2 BP1-BP2 
deletion 
comparison group 

15q11.2 BP1-
BP2 duplication 
 

15q11.2 BP1-
BP2 duplication 
comparison 
group  

  
N 170 850 243 1,215 
Mean age in 
years 
 

55.9 55.9 55.8 55.9 

Min-max age 
range in years 
 

7.1-77.7 6.8-90.0 7.83-88.5 3.75-89.8 

Females (%) 90  
(52.9%) 

 

428 
 (50.4%) 

 

127  
(52.3%) 

 

608 
 (50.0%) 

 
Intracranial 
volume, mm3 
*106 (SD) 

1.48  
(.20) 

1.50  
(.20) 

1.46  
(.19) 

1.46  
(.20) 

 
 
MRI-derived features, CNVs and quality control      

Neuroimaging data were obtained from the UK Biobank, as described elsewhere27, and from 

the ENIGMA-CNV core dataset. The ENIGMA-CNV neuroimaging measures were collected 

from several sites (see appendix 1 for details) and analyzed using the standardized ENIGMA 

protocol (https://enigma.ini.usc.edu/protocols/imaging-protocols/). Details of the quality 

control of the MR images are provided in supplementary note 2. Briefly, the MRI data from 

the ENIGMA-CNV working group underwent the ENIGMA cortical quality control 

procedures (https://enigma.ini.usc.edu/protocols/imaging-protocols/), where the 68 cortical 

and 14 subcortical regions were extracted using the Desikan-Killiany atlas. For the UK 

Biobank sample, we used the Euler number as a proxy for image quality28 and removed all 

participants with Euler numbers below minus four standard deviations from downstream 

analyses (n =437). To account for site effects in the samples, we ran each of the four subsets 

through ComBat, an instrument for data harmonization29. CNV calling in ENIGMA-CNV 

was based on previous publications15,16. For the UK Biobank sample, we identified CNVs 

based on the returned dataset from Crawford et al.30 All participants with a CNV as defined in 

previous publications15,16,30 were removed from downstream analyses, except for the 

individuals flagged with the 1q21.1 distal or the 15q11.2 BP1-BP2 CNV. 
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Derivation of dependent variables 

We adjusted for the effect of age, age2, sex and ICV on every brain regional value using linear 

regression across the carriers and the non-carriers. The residualized brain regional values were 

used to calculate the mean and standard deviation for the non-carriers only. We estimated 1) 

Z-scores per region (similar calculations as in31) and created 2) global index and 3) 

intraindividual standard deviation (similar calculations as in 21) as well as 4) regional intra-

deviation (RID) score.  

 

1. Z-scores. Specifically, Z-scores for CNV carriers and non-carriers were calculated based on 

the mean and standard deviation from the non-carriers as shown in Eq. (1):  

 

!!" =
#$!" −&!"'

()!"
 

( 1 ) 

Where Zif is the standardized value for brain region i in feature f (i.e., cortical thickness, 

surface area, or subcortical volume), and Xif is the regional value for brain region i for feature 

f, Mif and SDif  represent the mean and standard deviation, respectively, for brain region i 

using feature f across the non-carriers. Thus, for every individual we obtained a vector of 

standardized Z-scores across 68 cortical regions for cortical thickness and cortical surface 

area, and 14 subcortical regions.  

 

2. Global index: We created an individualized global index (GI) for cortical thickness, cortical 

surface area and subcortical volume, respectively, by calculating the mean Z-score across the 

cortical and subcortical regions as shown in Eq. (2)  

*+" =	
1
."
	/!!"
#!

!$%
 

( 2 ) 

where GIf is the global index for feature f, n is the total number of brain regions for feature f, 

and Zif is the standardized value for the brain region I for feature f derived from Eq. (1).  

 

3. Intraindividual standard deviation: Furthermore, we also calculated the intraindividual 

standard deviation (iSD) across the Z-scores for cortical thickness, cortical surface area, and 

subcortical volume to obtain measures of within-individual variability, as shown in Eq. (3): 
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( 3 ) 

where the nf is total number of brain regions for feature f, Zif is the standardized value for 

brain region i for feature f, GIf is the global index for feature f (i.e., mean Z-score across brain 

regions for an individual) as derived from Eq. (2). A low iSD indicates that an individual’s Z-

scores across brain regions are relatively consistent and do not vary much across brain 

regions, while a high iSD indicates that the Z-score across brain regions are relatively 

inconsistent, indexing a more variable brain.  

 

4. Regional intra-deviation score: Finally, to identify regions that diverge more than expected 

from an individual’s global index and intraindividual standard deviation, we created a 

regional intra-deviation (RID) score calculated using Eq. (4) for every brain region across 

feature f:   

 

3+)" =	
#!!" − *+"'

0()"
 

  

( 4 ) 

where the Zif is the standardized value for brain region i for feature f, and GIf is the global 

index for feature f as shown in Eq. (2.). The iSDf reflects the standard deviation for the Z-

score across brain regions in feature f as formulated in Eq. (3). Here, we define regions that 

are less affected as those that do not follow the global tendency in the data, whereas the 

regions that exceed the global tendency of the data are considered to be more affected. To 

establish brain-cognition relationships between the brain measures and cognition, we tested 

for associations between RID and Z-scores and cognitive ability (supplementary note 3, 

Figure S1, Table S1).  

 

Statistical analyses 

All statistical analyses were conducted in R studio v4.0.0 and brain visualizations were 

created using the ENIGMA toolbox32. For the per-CNV analyses, we tested for group 

differences by including carrier status (i.e., either carrier or non-carrier) in a linear regression 
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model. The deletion and duplication carriers were tested separately with their corresponding 

matched non-carrier group used as the reference. The estimated standardized beta values were 

extracted from the models and are presented in the results as a measure of effect size. The p-

values underwent a False Discovery Rate (FDR)
33

 adjustment to account for multiple 

comparisons for each of the four CNV groups. Corrected p-values below .05 were considered 

statistically significant. Three main analyses were performed: First, in line with the 

conventional mass-univariate analysis approach, we performed group comparisons on the Z-

scores across all the ROIs for cortical thickness, cortical surface area and subcortical volume 

(FDR corrected for 150 comparisons). Second, we compared the global index, and 

intraindividual standard deviation and mean corrected intraindividual standard deviation 

values between carriers and non-carriers (FDR corrected for 12 comparisons). The mean 

corrected intraindividual standard deviation represents the intraindividual standard deviation 

after regressing out the global index, as the mean values tend to be correlated with the 

standard deviation. Third, for the RID scores, group comparisons were computed between 

carriers and non-carriers for all ROIs for cortical thickness, cortical surface area, and 

subcortical volume (FDR corrected for 150 comparisons). Due to missing values in some 

brain regions, the analyses were restricted to individuals with complete observations for the 

feature that was analyzed (i.e., cortical thickness, cortical surface area, and subcortical 

volume). Sensitivity analyses were conducted for the significant RID score differences by 

adjusting for affection status (i.e., known psychiatric or neurological diagnoses). In addition, 

we examined the interaction term between carrier status and affection status and between 

carrier status and cognitive ability. Finally, we compared the brain profile of significant 

differences in RID scores to the significant differences in Z-scores adjusted for the global 

index.  
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Results 

Global measures 
The group differences in the global index and the intraindividual standard deviation measures 

are presented in Table 3 with reference values for the non-carrier groups in Table S2. The 

1q21.1 distal deletion carriers had a lower global index for surface area, whereas the 15q11.2 

BP1-BP2 deletion carriers had a lower global index for surface area and a higher global index 

for cortical thickness. In addition, the 15q11.2 BP1-BP2 duplication carriers had a lower 

global index for cortical thickness. Furthermore, there was a higher intraindividual standard 

deviation for cortical surface for both the 1q21.1 distal duplication carriers (both for the mean 

corrected and uncorrected measure) and the 15q11.2 BP1-BP2 deletion carriers (only for the 

mean corrected measure), as well as a higher intraindividual standard deviation for cortical 

thickness in the 15q11.2 BP1-BP2 deletion carriers (both for the mean corrected and 

uncorrected measure). With one exception, correlations between the intraindividual standard 

deviation measures across CNV groups did not show any significant differences 

(supplementary note 4, Figure S2). 
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Table 3. Group differences in global index and intraindividual standard deviation.  
 1q21.1 distal 

deletion 
1q21.1 distal 
duplication 

15q11.2 BP1-BP2 
deletion 

15q11.2 
BP1-BP2 

duplication 

Global index  

   Cortical Surface Area -1.29 (.18) d .40 (.22) -.22 (.09) b -.09 (.07) 

   Cortical Thickness .39 (.21) -.04 (.22) .35 (.09) d -.24 (.07) b 

   Subcortical volume -.15 (.20) -.48 (.22) a -.17 (.09) a .02 (.07) 

Intraindividual standard deviation (mean uncorrected) 

   Cortical Surface Area -.20 (.21) .73 (.22) c .15 (.09) -.02 (.07) 

   Cortical Thickness .37 (.21) .44 (.22) a .20 (.09) b .00 (.07) 

   Subcortical volume -.08 (.20) .22 (.22) .04 (.09) .02 (.07) 

Intraindividual standard deviation (mean corrected) 

   Cortical Surface Area .24 (.21) .62 (.22) b .23 (.09) b .06 (.07) 

   Cortical Thickness .37 (.21) .46 (.22) a .19 (.08) b .00 (.07) 

   Subcortical volume -.06 (.20) .30 (.22) .08 (.09) .02 (.07) 
Notes. The values represent the standardized beta coefficient between carriers and non-
carriers, with non-carriers as the reference. Standard error is presented in parenthesis. 
a P < .05, b PFDR < .05, c PFDR < .01, d PFDR < .001. 
 

1q21.1 distal copy number variant  
The 1q21.1. distal deletion carriers showed widespread lower cortical surface area with 

significant differences in 63 ROIs using Z-scores (Figure 1a-b, top; Table S3), and exhibited a 

higher RID score for cortical surface area in regions within the occipital, superior parietal, 

temporal pole and posterior cingulate cortex, as well as lower RID scores in regions within 

the superior temporal and frontal regions (Figure 1a-c, bottom, Table S4). Further, 1q21.1. 

distal deletion carriers showed higher cortical thickness compared to non-carriers in 19 ROIs 

using Z-scores (Figure 2a-b, top, Table S3), in addition to lower RID scores for regions within 

the occipital lobe and paracentral lobule and higher RID scores for regions within the superior 

temporal and inferior frontal cortex (Figure 2a-c, bottom, Table S4). The 1q21.1 distal 

deletion carriers also exhibited lower subcortical volume in left thalamus and right nucleus 

accumbens (Table S3), and lower RID score for the left thalamus (Table S4). All the 

significant RID score differences survived adjustment for affection status. The interaction 

term between carrier status and affection status was not associated with the significant RID 
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scores (supplementary note 5, Table S5). A subset of the significant RID scores were 

implicated in the brain-cognition RID map (Figure S1). However, we did not observe any 

significant interactions between carrier status and cognitive ability on any of the significant 

RID scores (supplementary note 6, Table S6). The results yielded more significant group 

differences in RID scores (i.e., 24) compared to Z-scores adjusted for the global index 

between 15q11.2 BP1-BP2 deletion carriers and non-carriers (i.e., 13, supplementary note 7, 

Figure S3, Table S7). The 1q21.1 distal duplication carriers showed higher cortical surface 

area in the right pars opercularis and right superior frontal gyrus, and lower volume in the 

right and left hippocampus compared to non-carriers (Table S8). Using RID scores, no 

significant differences in the ROIs were found (Table S9).  

 

[INSERT FIGURE 1 HERE] 

 

[INSERT FIGURE 2 HERE] 

 

15q11.2 BP1-BP2 copy number variant  
The 15q11.2 BP1-BP2 deletion carriers showed lower cortical surface area in 10 ROIs using 

Z-scores (Figure 3a-b, top, Table S10), and higher RID scores for the left frontal pole and 

right pars opercularis surface area, but lower RID scores for the left and right pars orbitalis 

surface area compared to non-carriers (Figure 3a-c, bottom, Table S11). For cortical 

thickness, the 15q11.2 BP1-BP2 deletion carriers showed higher cortical thickness in 30 

regions using Z-scores (Figure 4a-b, top, Table S10). The RID scores for cortical thickness 

were lower in regions within occipital and temporal regions, and higher in motor and frontal 

regions compared to non-carriers (Figure 4a-c, bottom, Table S11). The 15q11.2 BP1-BP2 

deletion carriers also showed lower Z-scores for left caudate, right pallidum and right nucleus 

accumbens (Table S10). All significant RID scores remained significant after adjustment for 

affection status. No significant interactions between carrier status and affection status (Table 

S12, supplementary note 5) nor between carrier status and cognitive ability for the 15q11.2 

BP1-BP2 deletion carriers were observed (Table S13, supplementary note 6). The results 

yielded more significant group differences in RID scores (i.e., 14) compared to Z-scores 

adjusted for global index (i.e., 12) between 15q11.2 BP1-BP2 deletion carriers and non-

carriers (supplementary note 7, Figure S4, Table S14). The 15q11.2 BP1-BP2 duplication 

carriers showed lower cortical thickness in 11 ROIs and higher right superior frontal cortical 
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surface area using Z-scores (Table S15) but showed no significant differences in the ROIs 

using RID-scores (Table S16).  
 

[INSERT FIGURE 3 HERE] 

 

[INSERT FIGURE 4 HERE] 

 

Discussion 
The current study is the first to identify intraindividual variability differences in brain 

structure in CNV carriers. Using the intraindividual standard deviation measure, we observed 

higher variability in the regional effects for cortical surface area in both 1q21.1 distal 

duplication and 15q11.2 BP1-BP2 deletion carriers, and higher variability in the regional 

effects for cortical thickness for the 15q11.2 BP1-BP2 deletion carriers, compared to non-

carriers. Using RID scores, we find that a subset of brain regions diverged significantly from 

non-carriers for both the 1q21.1 distal and 15q11.2 BP1-BP2 deletion carriers. We also find a 

higher number of significant regional differences using RID scores compared to the 

conventional global covariation approach. The current results hold promise for identifying 

specific CNV-associated brain profiles by targeting regional differences using an 

individualized approach, which are overlooked in studies applying conventional brain MRI 

measures. 

 

In line with previous results15, the 1q21.1 distal deletion carriers showed lower global cortical 

surface area compared to non-carriers. The observed differences in Z-scores indicate 

widespread lower cortical surface area, whereas the RID scores indicate that the cortical 

surface area in posterior and primary sensory regions (i.e., lingual, pericalcarine, superior 

parietal, isthmus of the cingulate gyrus) are less affected and frontal and association cortices 

(i.e., caudal middle frontal, lateral orbitofrontal, rostral middle frontal, superior frontal cortex) 

are more affected. Thus, the observed regional Z-score group differences along lateral and 

medial parietal to lateral inferior temporal and motor cortex appear to be largely reflective of 

the global effect. A subset of the significant RID scores (i.e., the superior temporal gyri and 

left supramarginal gyrus cortical thickness and left lateral orbitofrontal and left lateral 

superior temporal gyrus cortical surface area) was associated with cognitive ability in non-

carriers. However, the effect sizes are low, and the current sample size of CNV carriers is too 

small to reliably detect such brain-cognition associations. 
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The 15q11.2 BP1-BP2 deletion showed a higher global cortical thickness compared to non-

carriers, primarily concentrated in the frontal cortex, recapitulating previously reported group 

differences in cortical thickness16. We complement these findings by showing group 

differences in RID scores, which indicates that the cortical thickness in sensory cortices (i.e., 

cuneus and pericalcarine area) are less affected, and the association cortices (i.e., rostral 

middle frontal and superior frontal cortex) are more affected by the deletion. The association 

cortices that show cortical thickness differences using RID scores are regions that underlies 

complex cognitive functions23–25, and may subserve the lower cognitive performance in 

15q11.2 BP1-BP2 deletion carriers compared to controls14,34.  

 

Notably, some findings deviate from the interpretation of a less affected sensorimotor cortex 

and a more affected association cortex. Both the 1q21.1 distal and 15q11.2 BP1-BP2 deletion 

carriers show evidence for a relatively less affected cortical surface area and cortical 

thickness, respectively, in the left temporal pole. We also find that the cortical thickness of the 

postcentral gyri, a primary somatosensory region, is more affected in the 15q11.2 BP1-BP2 

deletion carriers. To speculate, this may be associated with the motor delay observed in 

clinically affected 15q11.2 BP1-BP2 deletion carriers35. For cortical surface area in the 

15q11.2 BP1-BP2 deletion carriers, we find inconsistent effects for frontal regions: although 

we observe a relatively more different bilateral pars orbitalis, we also find evidence for a less 

different left frontal pole and right pars opercularis. Furthermore, we did not find significant 

differences in RID scores in the 15q11.2 BP1-BP2 duplication carriers, nor in the 1q21.1 

distal duplication carriers. The results complement previous findings of lower effect sizes in 

brain measures for duplication versus deletion carriers6,7, and thus may support that deletion 

carriers distort the anatomical relationships in the brain more than duplication carriers. 

 

Global and frontal regional group differences in cortical thickness are prominent brain 

features of several neurodevelopmental disorders, including autism spectrum disorder36 and 

schizophrenia37. Thus, group differences in brain structure may be confounded by individuals 

with neurodevelopmental or psychiatric disorders. Here, all the significant RID score 

differences in 1q21.1 distal and 15q11.2 BP1-BP2 deletions survived adjustment for affection 

status, and there were no interaction effects between carrier status and affection status on the 

significant RID scores. 
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The current results implicate novel mechanisms in neurodevelopment. Compelling candidates 

for the changes in the 1q21.1 distal CNV are the human specific NOTCH2NL genes, 

which have been linked to the evolutionary expansion of the human neocortex38,39. NOTCH 

signaling is important for outer radial glia cell self-renewal, which are thought to contribute to 

cortical expansion40. Deletion of the NOTCH2NL genes in human cortical organoids yields 

smaller organoids compared to controls38 and NOTCH2NL increases the number of cycling 

basal progenitors in the mouse embryonic neocortex41. Thus, NOTCH2NL could yield a 

potential mechanistic link between the assumed lower gene expression levels in 1q21.1 distal 

deletion carriers and the lower cortical surface area, possibly important for the expansion of 

frontal regions.  

 

Among the four genes in the 15q11.2 BP1-BP2 loci42, CYFIP1 has gained considerable 

interest due to its association to schizophrenia43,44 and autism45–47. CYFIP1 exhibits high 

expression levels in the developing mouse brain47. CYFIP1 has also been linked to variation 

in cortical surface area48, as well as various cellular phenotypes, including myelination49, 

neurite length and branch number, cell size50, dendritic spine formation51 and regulation of 

radial glia cells52. Notably, CYFIP1 haploinsufficiency lower myelination thickness in rats49. 

Cortical thickness, as estimated with MRI, has been suggested to be influenced by 

myelination53. Thus, the higher cortical thickness observed in 15q11.2 BP1-BP2 deletion 

carriers may be due to altered myelination in the brain, possibly with somatosensory cortex 

being particularly sensitive to these alterations. CYFIP1 deficiency has also been associated 

with functional connectivity deficits in motor cortices, as well as aberrant motor coordination 

in mice54. Finally, it should be noted that the 1q21.1 distal and the 15q11.2 BP1-BP2 loci span 

several genes, and genes within CNVs are likely to be involved in multifaceted genetic 

interactions55. More research is needed to identify the causative biological mechanisms of the 

brain structural phenotypes.  

 

This study has strengths and limitations. We use an intraindividual variability approach to 

examine brain metrics that are related to an individual’s own inter-regional brain profile. By 

examining metrics that consider the variation within individuals, it is possible to map the 

heterogeneity and deviations in CNV carriers compared to non-carriers. However, variability 

measures should be interpreted with caution, as some effects on the brain may be so extreme 

that further deviations are unlikely to be observed. That is, CNVs may yield large effects on 

brain structure, but only to a certain extent due to biological constraints. Thus, we urge 
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caution when interpreting intraindividual standard deviation in brain measures as ceiling and 

floor effects may bias the variability metrics. Still, we identify structures that are significantly 

less different or more different relative to the mean difference, indicating sufficient variability 

in the individualized brain metrics. About 1/2 (1q21.1 distal) and 2/3 (15q11.2 BP1-BP2) of 

the carriers are derived from the UK Biobank, which has a healthy volunteer bias56, possibly 

yielding underestimations of brain structural differences. However, this is somewhat counter-

balanced by the ENIGMA-CNV dataset that is likely to increase the heterogeneity in the 

study sample (although some datasets are likely to have similar bias towards healthy 

individuals as the UK Biobank). Indeed, the variability observed in brain structure within 

individuals underscores the heterogeneity between and within individuals in the sample. 

Future studies with larger sample sizes are needed to examine the phenotypic heterogeneity 

observed in CNV carriers.  

 

The results of the current study aid our understanding of 1q21.1 distal and 15q11.2 BP1-BP2 

CNV brain profiles by identifying regional differences using intraindividual variability 

metrics, which has the potential to give better insight into the neuronal mechanisms in 

neurodevelopment and risk for psychiatric diseases. We find evidence for regional differences 

beyond the global differences in brain structure, where the spatial effects partly support the 

hypothesis of less affected sensorimotor cortex and more affected association cortex in both 

the 1q21.1 distal and 15q11.2 BP1-BP2 deletion carriers.  
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Figure 1. Cortical surface area comparison between 1q21.1 distal deletion carriers and 
non-carriers. A) Top panel shows z-scores - group differences in regional cortical surface 

area. Bottom panel shows RID-scores - group differences in regional cortical surface area that 

are scaled to the individual’s own global index. Non-carriers are represented by gray lines, 

and 1q21.1 distal deletion carriers are represented by black lines. Blue dots indicate 

significant differences. The insular cortex is included under frontal cortex for visualization 

purposes. B) Top panel displays the significant differences in Z-scores, and the bottom panel 

shows the significant differences in RID-scores. Blue-red diverging maps represent the effect 

size. C) Spatial distribution of all the mean differences in RID scores. Please note that all 

values are shown regardless of significance. Yellow-purple diverging maps represent the 

direction of the mean differences. Increased yellow intensity represents values that are less 

deviant than the overall global mean difference in cortical surface area, and increased purple 

intensity represents values that are more deviant than the overall global mean difference in 

cortical surface area. Z- and RID-scores are based on raw values adjusted for age, age2, sex, 

and intracranial volume on site harmonized data. 
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Figure 2. Cortical thickness comparison between 1q21.1 distal deletion carriers and 
non-carriers. A) Top panel shows z-scores - group differences in regional cortical thickness. 

Bottom panel shows RID-scores - group differences in regional cortical thickness that are 

scaled to the individual’s own global index. Non-carriers are represented by gray lines, and 

1q21.1 distal deletion carriers are represented by black lines. Blue dots indicate significant 

differences. The insular cortex is included under frontal cortex for visualization purposes. B) 

Top panel displays the significant differences in Z-scores, and the bottom panel shows the 

significant differences in RID-scores. Blue-red diverging maps represent the effect size. C) 

Spatial distribution of all the mean differences in RID scores. Please note that all values are 

shown regardless of significance. Yellow-purple diverging maps represent the direction of the 

mean differences. Increased yellow intensity represents values that are less deviant than the 

overall global mean difference in cortical thickness, and increased purple intensity represents 

values that are more deviant than the overall global mean difference in cortical thickness. Z- 

and RID-scores are based on raw values adjusted for age, age2, sex, and intracranial volume 

on site harmonized data. 
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Figure 3. Cortical surface area comparison between 15q11.2 BP1-BP2 deletion carriers 
and non-carriers. A) Top panel shows z-scores - group differences in regional cortical 

surface area. Bottom panel shows RID-scores - group differences in regional cortical surface 

area that are scaled to the individual’s own global index. Non-carriers are represented by gray 

lines, and 15q11.2 BP1-BP2 deletion carriers are represented by black lines. Blue dots 

indicate significant differences. The insular cortex is included under frontal cortex for 

visualization purposes. B) Top panel displays the significant differences in Z-scores, and the 

bottom panel shows the significant differences in RID-scores. Blue-red diverging maps 

represent the effect size. C) Spatial distribution of all the mean differences in RID scores. 

Please note that all values are shown regardless of significance. Yellow-purple diverging 

maps represent the direction of the mean differences.  Increased yellow intensity represents 

values that are less deviant than the overall global mean difference in cortical surface area, 

and increased purple intensity represents values that are more deviant than the overall global 

mean difference in cortical surface area. Z- and RID-scores are based on raw values adjusted 

for age, age2, sex, and intracranial volume on site harmonized data. 
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Figure 4. Cortical thickness comparison between 15q11.2 BP1-BP2 deletion carriers and 
non-carriers. A) Top panel shows z-scores - group differences in regional cortical thickness. 

Bottom panel shows RID-scores - group differences in regional cortical thickness that are 

scaled to the individual’s own global index. Non-carriers are represented by gray lines, and 

15q11.2 BP1-BP2 deletion carriers are represented by black lines. Blue dots indicate 

significant differences. The insular cortex is included under frontal cortex for visualization 

purposes. B) Top panel displays the significant differences in Z-scores, and the bottom panel 

shows the significant differences in RID-scores. Blue-red diverging maps represent the effect 

size. C) Spatial distribution of all the mean differences in RID scores. Please note that all 

values are shown regardless of significance. Yellow-purple diverging maps represent the 

direction of the mean differences. Increased yellow intensity represents values that are less 

deviant than the overall global mean difference in cortical thickness, and increased purple 

intensity represents values that are more deviant than the overall global mean difference in 

cortical thickness. Z- and RID-scores are based on raw values adjusted for age, age2, sex, and 

intracranial volume on site harmonized data. 
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Supplementary note 1: Sampling procedure 

The included samples were drawn from a pool of participants from the ENIGMA-CNV 

working group and the UK Biobank. Participants flagged with either a 1q21.1 distal deletion, 

1q21.1 distal duplication, 15q11.2 BP1-BP2 deletion or 15q11.2 BP1-BP2 duplication were 

included in the study. For the participants pooled from the ENIGMA-CNV consortium, 

identification of the CNV carriers was derived as described in previously published articles on 

the 1q21.1 distal and 15q11.2 BP1-BP2. For the UK Biobank sample, we identified CNVs 

based on the returned dataset from Crawford et al.(1). All participants flagged to have a CNV 

as previously reported in Crawford et al. were removed from downstream analyses, except for 

those flagged with the 1q21.1 distal or the 15q11.2 BP1-BP2 CNVs. A matched non-carrier 

group for each of the four CNV samples were extracted using the MatchIt function in R(2). 

The non-carrier group was matched to each carrier on age, sex, scanner site and ICV. The 

sample size of the non-carrier group is based on previous published studies. For the 1q21.1 

distal deletion, sensitivity analyses indicated that group differences can be detected using 1:1 

ratio sample comparison due to large effect sizes(3). For the 15q11.2 BP1-BP2 deletion, 

previous power analysis has found a 1:4 ratio sample comparison suitable detect small to 

medium effect sizes(4). Here, we used a matched non-carrier group that was five times larger 

than the carrier group as we expected some reduction in sample size due to missing data (see 

below). Furthermore, we also harmonized the data across scanner sites and use a mega-

analytical approach to test for group differences, which has been reported to yield increased 

power compared to studies using a meta-analytical approach with scanner site included as a 

covariate(5). 

 

Supplementary note 2: MRI quality control 

The MRI data from the UK Biobank underwent an automatic quality control procedure, using 

the derived Euler numbers to exclude participants with Euler numbers that dropped below 

four standard deviations from the rest of the sample. For the ENIGMA-CNV sample, all 

cohorts were asked to complete the cortical quality control that includes visual and statistical 

evaluation of the included participants (https://enigma.ini.usc.edu/protocols/imaging-

protocols/). Further, after matching each carrier to five non-carriers, we examined the 

distribution of the Z-score in each of the four derived samples. Here, non-carriers that 

exhibited a highly atypical Z-score distribution (i.e., severe change in a regional Z-score 

within participants, i.e, > 6SD) were removed from the sample. The non-carriers were 

removed from the sampling pool, and we reran the matching procedure to obtain five non-
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carriers per carrier. We detected one regional value with a severe change in Z-score (i.e., > 

7SD) among one 15q11.2 BP1-BP2 deletion carrier from the UK Biobank. This region was 

excluded for this participant (i.e., regional value was set to NA) in downstream analyses. As 

the statistical procedure used in the current study is sensitive to individuals that do not have a 

full observation across the feature of interest (i.e., cortical thickness, surface area, and 

subcortical volume), we only included individuals with full observations for the feature of 

interest. Thus, the number of individuals included in the analyses differs between features. 

The number of individuals included in the analyses is included in the supplementary tables. 

The four samples were derived from a total of 61 scanner sites (including scanner sites from 

the UK Biobank). Thus, to account for systematic differences between scanner sites, we ran 

each of the four subsamples through ComBat, which is an instrument for data harmonization 

that increases the statistical power and can harmonize data with missing values(5).  
 

Supplementary note 3. Association between RID scores and Z-scores and cognitive 

ability.  
To test the associations between the RID-scores and Z-scores and cognitive ability, we 

utilized data from the UK Biobank.  

First, we created RID scores across all participants without a pathogenic CNV and with 

available imaging data (n = 40,312) using the sample’s own mean and standard deviation to 

generate the Z-scores.  

Second, we extracted cognitive scores from four different cognitive tasks that were available 

from the imaging visit (i.e., Data-Field 20016: fluid intelligence test (verbal and numeric 

reasoning), Data-Field 20023: reaction time test (simple processing speed), Data-Field 4282: 

digit span test (numeric working memory) and Data-Field 399: pairs matching test (episodic 

memory)). The intelligence measure is based on the number of correct responses on 13 

questions, reaction time is based on the log transformed mean reaction time after the removal 

of trials with responses <50 ms and >2000 ms, digit span is based on the maximum number of 

digits remembered, and pairs matching is based on errors in the second round using a log+1 

transformation. Further, we imputed values for the missing data using multivariate imputation 

by chained equations with classification and regression trees(6).  

Third, we ran a principal component analysis across the test scores to get the first principal 

component across the four tasks, which we used as a measure of cognitive ability(7,8). We 

transformed the first principal component, such that higher values indicate better cognitive 

performance. The first principal component was highly correlated with number of correct 
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responses on the intelligence task (r = .985, p < .001) and maximum number of digits 

remembered in the digit span task (r = .506, p < .001). Moreover, higher values of the first 

principal component were associated with fewer errors in the pairs matching task (r = -.175, p 

< .001) and faster reaction time in the reaction time test (r = -.165, p < .001).  

Fourth, the data were divided into two samples, 75% of the participants went into a discovery 

sample, and the remaining 25% of the participants went into a replication sample, yielding 

two groups consisting of 30,234 and 10,078 participants, respectively. We created a linear 

regression model, where the measure of cognitive ability was included as the independent 

variable and the RID scores included as the dependent variable. This resulted in 150 

comparisons. Here, we report the brain regions that were significant in the discovery sample 

after FDR correction (i.e., PFDR < .05) across the 150 comparisons and were below the 

uncorrected p < .05 threshold in the replication sample (Table S1, left). The values were 

scaled to get a standardized beta value, serving as a measure of effect size. To compare the 

associations and effect sizes to conventional brain-cognition analyses, we redid the analysis 

using Z-scores (Table S1, right). The results are visualized in Figure S1. Interestingly, a 

subset of the RID scores that differed significantly between 1q21.1 distal deletion and non-

carriers (i.e., left and right superior temporal gyri and left supramarginal gyrus cortical 

thickness and left lateral orbitofrontal and left lateral superior temporal gyrus cortical surface 

area) also displayed significant associations with cognitive ability in the UK Biobank non-

carrier sample.  
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Figure S1. Associations between brain Z-scores (top) and RID scores (bottom) and cognitive 

ability measure [as estimated by the first principal component across the four tasks: 

Intelligence, reaction time, digit span and match pairing]. Blue-red diverging maps represent 

the effect size as derived from the discovery sample.  

 

Supplementary note 4: Associations between the intraindividual standard deviation 
values for cortical surface area, cortical thickness, and subcortical volume.  

 
To examine the associations between the intraindividual standard deviation values across the 

MRI-derived features, we correlated the iSD measures for cortical surface area, cortical 

thickness, and subcortical volumes for both CNVs. To increase statistical power for the non-

carriers, we merged the two non-carrier groups in the 1q21.1 distal and 15q11.2 BP1-BP2 

CNV groups, respectively. To test if the correlations between deletions and duplication 

carriers statistically differ from each other, we used the Fisher’s Z test in the cocor package in 

R(9). The associations across CNV carriers and non-carriers are visualized in Figure S2.  



7 

 

 

Figure S2. Correlations between intraindividual standard deviation values (iSDs) for cortical 

thickness, surface area, and subcortical volume. A) Correlations across 1q21.1 distal deletion 

and duplication carriers and non-carriers. B) Correlations across 15q11.2 BP1-BP2 deletion 

and duplication carriers and non-carriers. Correlation coefficients and p-values for each group 

are presented in the figures and are matched to the color of each group. Yellow = deletion 

carriers, blue = duplication carrier, grey = non-carrier. iSD = intraindividual standard 

deviation. 
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For the 1q21.1 distal deletion and duplication, we did not find evidence for a statistical 

difference in the correlations between iSD cortical thickness and iSD cortical surface area (Z 

= -0.934, p = 0.350), iSD cortical thickness and iSD subcortical volume (Z = 0.962, p = 

0.336), or iSD subcortical volume and iSD surface area (Z = -1.053, p = 0.292).   
For the 15q11.2 BP1-BP2 deletion and duplication, the correlation between iSD cortical 

thickness and iSD surface area were significantly different from each other (Z = 3.207, p = 

0.001, PFDR= 0.004), whereas there was no statistical difference between the correlations of 

iSD cortical thickness and iSD subcortical volume (Z = 0.477, p = 0.633) or iSD cortical 

surface area and iSD subcortical volume (Z = 0.271, p = 0.786).   

The overall pattern of the results indicates that a more variable brain, as indicated by regional 

variability across ROIs, tend to be a feature of the whole brain, as indicated by the 

correlations between the MRI-derived measures (i.e., cortical surface area, cortical thickness, 

subcortical volume). This is supported by the consistent positive correlations between the 

MRI-derived measures from the well-powered non-carrier groups. However, for the 15q11.2 

BP1-BP2 CNV, this pattern appears to be slightly different, as the 15q11.2 BP1-BP2 

duplication does not show evidence for an association between the regional variability across 

ROIs using cortical surface area and regional variability across ROIs using cortical thickness, 

which significantly differed from the pattern observed in the 15q11.2 BP1-BP2 deletion.  

 

Supplementary note 5. RID scores and affection status  
To further examine the significant RID results between the 1q21.1 distal deletion carriers and 

non-carriers and 15q11.2 BP1-BP2 deletion carriers, we ran additional analyses to test the 

effect of affection status on the significant RID scores. Here, we included 1) affection status 

(i.e., having a known psychiatric or neurological diagnosis, or an F or G-ICD diagnosis for the 

UK Biobank participants, coded as 0 (none) and 1 (dx)) as a covariate and 2) an interaction 

term between affection status and copy number. The affection status was distributed as 

follows: 10 (33.3%) 1q21.1 distal deletion carriers and 18 (12%) non-carriers, and 19 (11.2%) 

15q11.2 BP1-BP2 deletion carriers and 91 (10.7%) non-carriers.   

All significant RID scores survived the adjustment for affection status for both the 1q21.1 

distal deletion (Table S5, top) and the 15q11.2 BP1-BP2 deletion (Table S12, top). None of 

the RID scores showed an interaction effect between copy number status (i.e., deletion or non-

carrier, non-carrier group used as the reference) and affection status (affection status 0 (none) 

used as the reference) for either the 1q21.1 distal deletion (Table S5, top) or the 15q11.2 BP1-

BP2 deletion (Table S12, bottom). 
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Supplementary note 6. RID scores and cognitive ability in 1q21.1 distal deletion and 
15q11.2 BP1-BP2 deletion carriers.  

The low effect sizes for the brain-cognition relationship described in supplementary note 3, 

indicate that brain-cognition associations are underpowered for the CNV groups. 

Nevertheless, to explore the possibility that the brain-cognition relationships are stronger in 

the 1q21.1 distal deletion and 15q11.2 BP1-BP2 deletion carriers compared to the non-

carriers, we tested for a significant interaction effect between our calculated measure of 

cognitive ability and carrier status using linear regression. A significant interaction term 

would indicate that the brain-cognition relationship is stronger for one of the groups. For each 

of the 1q21.1 distal deletion and 15q11.2 BP1-BP2 deletion samples, including their 

corresponding matched non-carrier group, we followed the same approach for imputation and 

principal component procedure as outlined in supplementary note 3. The cognitive ability 

measure was lower for the 1q21.1 distal deletion carriers (Estimate = -.667, S.E. = .307, t-

value = -2.169, p = .033) and the 15q11.2 BP1-BP2 deletion carriers (Estimate = -.392, S.E. = 

.097, t-value = -4.030, p < .001) compared to non-carriers. However, we did not find evidence 

for an interaction effect between copy number and cognitive ability on the RID scores for 

either the 1q21.1 distal deletion (Table S6) or the 15q11.2 BP1-BP2 deletion carriers (Table 

S13). These results - the effect sizes between RID scores and the cognitive ability measure 

using the full UK Biobank sample (standardized beta values > .06) and the lack of interaction 

term between carrier status and cognitive ability - indicate that the 1q21.1 distal deletion and 

15q11.2 BP1-BP2 deletion samples are likely underpowered to detect reliable brain-cognition 

relationships. 

 

 

Supplementary note 7. Comparison between the conventional case-control analysis adjusted 

for the global index and the RID score approach.  

To compare the significant RID scores to the conventional case-control analyses, adjusted for 

the global index, we created a linear regression model using copy number status as the 

independent variable with the global index as covariate and Z-scores as the dependent 

variable. The global index for cortical surface area, cortical thickness, and subcortical volume 

was included for cortical surface area, cortical thickness, and subcortical volume Z-scores, 

respectively. The continuous values were scaled and P-values that were below .05 after FDR 

correction were considered significant.  
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The Z-score results and RID score results are visualized in Figure S3 for the 1q21.1 distal 

deletion and in Figure S4 for the 15q11.2 BP1-BP2 deletion. The results indicate that the 

regions with the largest effect sizes remained significant after adjusting for the global index, 

but also showed some non-overlapping brain regions with their corresponding RID profile. 

That is, for the adjusted Z-scores the right paracentral cortical surface area was also 

significantly different between the 1q21.1 distal deletion and non-carriers, and the lateral 

occipital cortical thickness, right caudal anterior cingulate cortical surface area, and right 

nucleus accumbens subcortical volume differed significantly between the 15q11.2 BP1-BP2 

deletion and non-carriers.  

There are some key differences in the methodological approach between the estimations of 

RID scores and mean correcting for the global effect using linear regression. Of note, in 

contrast to the RID score approach, which use the estimated global index for each individual 

as the reference, the global covariation approach utilizes the linear relationship between the 

global index and the regional Z-scores across the sample to adjust for the global index. Here, 

we observe that the standardized beta values were smaller for the adjusted Z-scores and 

yielded a lower number of significant ROIs compared to the group differences using RID 

scores. 
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Figure S3. Comparison between the brain profile derived from adjusted Z-scores (top) and 

RID scores (bottom) derived from significant group differences between 1q21.1 distal 

deletion and non-carriers. Blue-red diverging maps represent the effect size.  
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Figure S4. Comparison between the brain profile derived from adjusted Z-scores (top) and 

RID scores (bottom) derived from significant group differences between 15q11.2 BP1-BP2 

deletion and non-carriers. Blue-red diverging maps represent the effect size. 
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ARTICLE OPEN

No signs of neurodegenerative effects in 15q11.2 BP1-BP2 copy
number variant carriers in the UK Biobank
Rune Boen1,2✉, Tobias Kaufmann 2,3, Oleksandr Frei2,4, Dennis van der Meer2,5, Srdjan Djurovic 1,6,7, Ole A. Andreassen 2,7,
Kaja K. Selmer8, Dag Alnæs 2,9 and Ida E. Sønderby 1,2,7
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The 15q11.2 BP1-BP2 copy number variant (CNV) is associated with altered brain morphology and risk for atypical development,
including increased risk for schizophrenia and learning difficulties for the deletion. However, it is still unclear whether differences in
brain morphology are associated with neurodevelopmental or neurodegenerative processes. This study derived morphological
brain MRI measures in 15q11.2 BP1-BP2 deletion (n= 124) and duplication carriers (n= 142), and matched deletion-controls
(n= 496) and duplication-controls (n= 568) from the UK Biobank study to investigate the association with brain morphology and
estimates of brain ageing. Further, we examined the ageing trajectory of age-affected measures (i.e., cortical thickness, surface area,
subcortical volume, reaction time, hand grip strength, lung function, and blood pressure) in 15q11.2 BP1-BP2 CNV carriers
compared to non-carriers. In this ageing population, the results from the machine learning models showed that the estimated brain
age gaps did not differ between the 15q11.2 BP1-BP2 CNV carriers and non-carriers, despite deletion carriers displaying thicker
cortex and lower subcortical volume compared to the deletion-controls and duplication carriers, and lower surface area compared
to the deletion-controls. Likewise, the 15q11.2 BP1-BP2 CNV carriers did not deviate from the ageing trajectory on any of the age-
affected measures examined compared to non-carriers. Despite altered brain morphology in 15q11.2 BP1-BP2 CNV carriers, the
results did not show any clear signs of apparent altered ageing in brain structure, nor in motor, lung or heart function. The results
do not indicate neurodegenerative effects in 15q11.2 BP1-BP2 CNV carriers.

Translational Psychiatry ����������(2023)�13:61� ; https://doi.org/10.1038/s41398-023-02358-w

INTRODUCTION
The human brain undergoes structural changes as people age,
including cortical thinning and volume loss [1–4]. Such age-related
changes in brain morphology have been linked to cognitive
decline [5, 6] and physical deterioration [7], and are presumably
the results of a complex interplay between many neurobiological
processes, including links to genetic factors [8–10]. Ageing affects
individuals differently as reflected in increased heterogeneity in
brain structure and cognition in mid to late adulthood [11]. In the
last couple of decades, several potential age biomarkers have
been investigated, e.g., through the use of measures of telomere
length, DNA methylation [12–14] and brain structure.
Studies have used machine learning (ML) techniques to predict

chronological age by using structural MRI measures as input
features [15–17]. The estimations provide a measure of an
individual’s brain age gap, i.e., the difference between the
predicted age and chronological age. Higher brain age gap has
been suggested to reflect either (i) an accelerated ageing rate
throughout life, (ii) an accentuated, but stable ageing, or iii) an
accentuated and accelerated ageing [12]. Higher predicted brain

age has been associated with other indicators of older age—e.g.
accelerated body age, older physical appearance, lower cognitive
functioning [15], weaker grip strength, poorer lung function,
slower walking speed, and increased mortality risk [18]. Brain age
gap has been found to be heritable and increased in several
neurological and psychiatric conditions [17, 19], linking brain age
to brain disorders and genetics. However, studies investigating
brain age in individuals carrying rare genetic variants and
displaying alterations in brain structure are scarce.
Some rare recurrent copy number variants (CNVs), i.e., regions

of the genome that are either deleted or duplicated, are
associated with alterations in brain structure [20–23]. Individuals
carrying recurrent microdeletions or duplications at the 15q11.2
BP1-BP2 genomic locus display differences in brain morphology
through altered cortical thickness, surface area, and white matter
fiber tracts [24, 25]. The 15q11.2 BP1-BP2 genomic region contains
four evolutionary highly conserved genes: CYFIP1, TUBGCP5, NIPA1,
and NIPA2 [26], which have been reported to be critical for
typical neurodevelopment [27]. Indeed, both the CYFIP1 and the
NIPA1 are highly expressed in the developing mouse brain [28].
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Further, the CYFIP1 has been suggested to important for dendritic
spine morphology [29, 30] and myelination [31]. The NIPA1 and
the NIPA2 encode for magnesium transporters [32], whereas the
TUBGCP5 is important for microtubule nucleation [33]. At the
phenotypic level, 15q11.2 BP1-BP2 deletion carriers have an
increased risk for schizophrenia [34] and learning difficulties, such
as dyslexia and dyscalculia [35], as well as lower cognitive
functioning [24, 25]. Duplication carriers, on the other hand, have
not been convincingly associated with any neurodevelopmental
or psychiatric disease and perform similarly to non-carriers on
cognitive tests [35–37]. Cortical thickness displays a dose response
of the 15q11.2 BP1-BP2 CNVs (i.e., decreased cortical thickness
with increasing copy number) with deletion carriers having
significantly thicker cortices, lower surface area and smaller
nucleus accumbens compared to non-carriers. Cortical thickness,
surface area, and subcortical volume are structural brain measures
that exhibit clear age-related changes during typical aging,
including cortical thinning [9, 38, 39], reductions in surface area
[40] and lower subcortical volume [41]. However, it is unclear
whether the group differences in brain structure among 15q11.2
BP1-BP2 CNV carriers are reflected by altered ageing as indicated
by estimations of brain age gap. There are also other factors that
may indicate accentuated ageing among 15q11.2 BP1-BP2 CNV
carriers. For instance, the 15q11.2 BP1-BP2 CNV is also associated
with several physical traits that typically deteriorate in older ages,
including reaction time, hand grip strength, lung function and
blood pressure [25, 42]. All of these measures are important
features for an age biomarker that is associated with mortality and
hospital admissions in older individuals [43], emphasizing their
clinical significance. In sum, the differences in brain morphology
and performance in physical traits that declines with age may
indicate altered ageing among 15q11.2 BP1-BP2 CNV carriers.
In the current study, we investigated apparent brain ageing in

15q11.2 BP1-BP2 CNV carriers. Due to alterations in brain
morphology and in physical traits among 15q11.2 BP1-BP2 CNV
carriers [25, 42], i.e., where the majority of these traits indicate
accentuated ageing, we predicted that the 15q11.2 BP1-BP2 CNV
carriers would also exhibit group differences in brain age gap. To
test for accelerated or decelerating ageing in other age-affected
measures, we follow-up brain age gap estimations with testing for
a cross-sectional interaction effect between 15q11.2 BP-BP2 copy
number and age on brain measures and an effect on the
longitudinal ageing trajectory in reaction time, grip strength, lung
function and blood pressure.

METHODS
Participants
The present study includes 124 15q11.2 BP1-BP2 deletion and 142
duplication carriers, 496 non-carrier deletion controls and 568 non-carrier
duplication controls from the UK biobank study—all with neuroimaging
data. Four non-carrier controls were matched to each CNV carrier based on
age, sex, scanner site, affection status (diagnosis of a neurological or
mental/behavioral disorder) and estimated intracranial volume (ICV). The
CNVs were identified as described previously [25]. We also extracted a
sample of individuals diagnosed with multiple sclerosis (n= 60) to validate
the brain age prediction models against the unaffected participants from
the deletion-control and duplication-control groups (n= 1210). A training
group consisting of non-carrier individuals (n= 36,013 individuals) with no
reported neurological or mental/behavioral diagnoses was used as a
training set for brain age prediction (see supplementary note 1 and
supplementary table 1 for details and descriptive statistics for the full data
set). The estimated effect sizes for group differences that could be reliably
detected using the current test sample ranged from Cohen’s d= 0.26 to
0.36 (see supplementary note 2 for power sensitivity analysis).

MRI acquisition
All MRI data were acquired on a 3 T Siemens Skyra scanner from three
scanner sites. Detailed information about the image processing and quality
control for the UK biobank is reported elsewhere [44]. Briefly, the

T1-weighted images were acquired with a sagittal orientation at 1.0 mm
isotropic resolution, TI= 880ms, TE= 2.01ms, TR= 2000 ms.

Structural brain/morphology measures
The MR images were preprocessed in Freesurfer version 5.3.0 [45] and
provided estimates of cortical thickness, surface area, volume across 180
regions per hemisphere, in addition to subcortical and cortical summary
measures using the Human Connectome Project (HCP) parcellation atlas
[46]. These HCP features were used to create models for brain age
prediction in a training set and used to predict brain age in an
independent test sample (see below). Participants were excluded if they
had a Euler number that was missing or exceeded three standard
deviations from the sample mean, or if they had mean values that
exceeded four standard deviations from the sample mean on cortical
thickness, surface area or subcortical volume adjusted for covariates (see
supplementary notes 1 for details). Here, we focus on the mean cortical
thickness, total cortical surface area, and total subcortical volume to
increase statistical power. Regional group differences between 15q11.2
BP1-BP2 CNV carriers and non-carriers have been reported elsewhere for
34 regions of interest [25]. However, to fully exploit the complex
relationship between brain structures, we used all of the values from the
parcellated brain regions to get a single estimated score for each
participant (i.e., predicted age).

Motor, lung, and heart function
Reaction time, grip strength, forced expiratory volume (lung function),
systolic and diastolic blood pressure (incl. body mass index (BMI) as
covariate for measures of blood pressure) were extracted from the UK
biobank. These measures are available from up to three timepoints,
resulting in a mix of cross sectional and longitudinal data. We used mixed
effects models in these analyses to cope with the dependency in the data.

Brain age gap estimations
We used the XGBoost package in R [47, 48] to build a ML model to predict
age from a set of cortical thickness, cortical surface area, cortical volume,
subcortical volume (i.e., 180/180/180/8 regions of interest for each
hemisphere) and cortical summary measures from the training group, in
total 1145 measures (similar to; [17, 49, 50] henceforth termed the ‘full ML
model’). In addition, we trained three separate ML models that included
either measures of (i) cortical thickness (360 measures), (ii) surface area
(360 measures) or (iii) subcortical volume measures (16 measures) only to
predict age. These three models will be referred to as ‘cortical thickness ML
model’, ‘surface area ML model’ and ‘subcortical volume ML model’,
respectively. The XGBoost package was used as it is resource efficient and
flexible, including implementation of machine learning algorithms using
gradient boosting, parallel computation, and flexible parameter settings. It
has also been shown to be superior to other machine learning models as
demonstrated in machine learning competitions [47]. Parameters for the
brain age ML models were tuned individually for each model following an
optimization procedure (see supplementary note 3 for details). An
overestimation and underestimation of the predicted ages at the tails of
the chronological age distribution is commonly observed in brain age
prediction models [49, 51, 52]. Thus, we corrected for this bias using a
recent correction method for predicted brain age [53] (see supplementary
note 4 for details). Next, we subtracted each individual’s chronological age
from the corrected predicted brain age to get an estimate of brain age
gap. That is, if an individual is 50 years of age, while the predicted brain
age is 52, the 2-year brain age gap will indicate that the individual has an
older looking brain than what is expected based on the individual’s
chronological age.

Statistical analysis
All analyses were carried out in R version 4.0.0. The brain measures (i.e.
mean cortical thickness, total cortical surface area, total subcortical volume,
brain age gap) were pre-residualized for age, age2, sex, scanner site,
affection status, ICV and Euler number using linear regression. First, for
group comparisons, deletion and duplication carriers were compared to
their respective non-carrier matched control group, and deletion carriers
were compared to duplication carriers. The dependent variables were
brain morphological measures (mean cortical thickness, total cortical
surface area, total subcortical volume) and brain age gap (i.e., derived from
the ‘cortical thickness ML model’, ‘surface area ML model’, ‘subcortical
volume ML model’, and the ‘full ML model’). These were tested using a
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two-sided t-test. Cohen’s d was calculated as measure of effect size for the
group comparisons.
Second, we investigated an interaction effect between age and carrier

status using the following linear model: Y ~ age+ age2+ carrier status+
age*carrier status after regressing out the effect of scanner site, affection
status, ICV and Euler number from the dependent variables. Carrier status
was coded as “yes” and “no” (i.e., “yes” for deletion and duplication carriers,
and “no” for deletion-control and duplication-control). The interaction
effect was tested separately between the 15q11.2 BP1-BP2 CNV groups,
such that deletion carriers and deletion-control were tested against each
other, and duplication-carriers and duplication control were tested against
each other. Dependent variables were mean cortical thickness, total
cortical surface area and total subcortical volume.
Third, we examined the age-related trajectory of reaction time, grip

strength, lung function, systolic and diastolic blood pressure. We used
cross sectional and longitudinal data (First visit: n= 1330, Mean age= 55.3,
SD= 7.53, age range= 40.5–70.6, Second visit: n= 224, Mean age= 60.8,
SD= 7.07, age range= 45.4–73.8, Third visit: n= 1330, Mean age= 64.2,
SD= 7.62, age range= 46.8–81.3) and mixed effects models. The models
were fitted with a random effect of participant on intercepts and with sex
and affection status included as covariates (+BMI for the blood pressure
measures). To obtain the best ageing model, we compared models with
either: (a) only covariates, (b) age and covariates, or (c) age, age2 and
covariates. The models were tested stepwise to get the age model that
best fitted the data. Then, we tested this model against the same model
but including carrier status as either (d) main effect or (e) interaction effect.
We used the Akaike information criterion (AIC) as model criterion, where
the more complex model was chosen if the AIC dropped by 2 with a
p-value < 0.05 (see supplementary note 5 for details). Finally, we examined
the correlation between brain age gap and age-affected physical measures
(reaction time, grip strength, lung function, systolic and diastolic blood
pressure). Here, we pre-residualized the measures for the variables
included in the model that best fit the data as described above, before
running the correlations. Bonferroni corrections were conducted across all
comparisons. The significance threshold for group comparisons on
measures of brain structure and brain age gap (21 comparisons),
interaction effect between age and measures of brain structure
(6 comparisons), and brain age gap correlations with measures of motor,
lung, and heart function (10 correlations), resulted in alpha set to 0.05/
(21+ 6+ 10) = 0.0014. For the models of motor, lung, and heart function,

the predictors were considered significant if the p < 0.05 in the model that
best fitted the data according to the selection criterions stated above. The
uncorrected p-value is presented across all analyses.

RESULTS
15q11.2 copy number variants and brain morphology
In the current study, 15q11.2 BP1-BP2 deletion carriers had
significantly thicker cortex (d= 0.33, CI= 0.13, 0.53; d= 0.63,
CI= 0.38, 0.87, both p < 0.001), and lower subcortical volume
(d=−0.34, CI=−0.54, −0.14; d=−0.44, CI=−0.68, −0.20, both
p < 0.001) compared to deletion-controls and duplication carriers,
respectively, and lower total surface area (d=−0.35, CI=−0.55,
−0.15, p < 0.001) in comparison to deletion-controls (Fig. 1;
Supplementary Figs. 1–3). The results did not reveal any significant
difference for duplication-carriers compared to duplication-con-
trols, nor any interaction effects of age and carrier status on any of
the brain measures (see Supplementary Tables 3–4; Supplemen-
tary Fig. 4). Part of the sample has previously shown higher mean
cortical thickness and lower total cortical surface area in deletion
carriers compared to non-carriers, and lower mean cortical
thickness in duplication carriers compared to non-carriers [25].

Brain age gap in 15q11.2 BP1-BP2 copy number variant
carriers
The ‘full ML model’ yielded the highest correlation between
predicted age and chronological age (r= .80) outperforming the
three simpler/narrower models—the ‘cortical thickness ML
model’ (r= .71), the ‘surface area ML model’ (r= 0.63), and the
‘subcortical volume ML model’ (r= 0.64; Supplementary Fig. 5).
None of the four ML models for brain age gap estimations
showed any significant differences between 15q11.2 BP1-BP2
deletion and duplication carriers and non-carriers, nor between
deletion and duplication carriers (Fig. 1A, B; Supplementary Figs.
6–9). Overall, brain age gap from the cortical thickness, surface
area or subcortical volume ML models correlated negatively with

Fig. 1 Brain morphology and brain age in 15q11.2 BP1-BP2 carriers. A Scatterplots: Residualized brain measures vs brain age gap. Density
plots; Horizontal: Brain measures, Vertical: Brain age gaps from the ‘cortical thickness machine learning model’, ‘surface area machine learning
model’, and ‘subcortical volume machine learning model’. Columns: Mean cortical thickness (left), total surface area (middle), and total
subcortical volume (right). Rows: Comparisons between: Deletion carriers versus deletion-controls, duplication carriers versus duplication-
controls and deletion carriers versus duplication carriers. B Brain age gap group differences obtained from the ‘full machine learning model’.
All values were adjusted for age, age2, sex, scanner site, affection status (having either a F or G- ICD10 diagnosis), ICV and Euler number. All
values were scaled for visualization purposes. Raw residuals, confidence intervals, and p-values can be found in Supplementary Figs. 1–3 (for
measures of brain morphology) and Supplementary Figs. 6–9 (for measures of brain age gap). Red= deletion, carriers, gray= non-carriers,
blue= duplication-carriers. R= correlation value across the two included groups. d= Cohens d. Group differences that survive the multiple
comparison threshold are marked in bold. *p < 0.0014, ***p < 0.000014.
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the mean cortical thickness, total surface area and total
subcortical volume, respectively (r ranging from −0.26 to −0.48;
Fig. 1A). To ensure that the lack of identified brain age gap was
not a result of poor brain age models, we briefly validated our
brain age models in a sample of individuals diagnosed with
multiple sclerosis. In support of the validity of our models, the
results showed strong group differences in brain age gap
between the multiple sclerosis group and a healthy control
group Cohens d= 0.49 to 1.11; see Supplementary Table 6),
which is in line with the previous literature [17, 54]. Thus, this
leads us to the conclusion that the 15q11.2 BP1-BP2 CNV is not
associated with a clear altered brain age gap.

Age-related decline in motor, lung, and heart function
None of the mixed models that included an interaction term
between age and carrier status yielded a better model fit
compared to the other age models without the inclusion of the
interaction term. Thus, generally the 15q11.2 BP1-BP2 deletion
and duplication carriers do not deviate strongly from non-
carriers on the expected age-related reductions in reaction time,
grip strength, lung function, and diastolic and systolic blood
pressure based on mixed cross-sectional and longitudinal data
(Supplementary Fig. 10; Supplementary Tables 6–7). However,
there were some main effects of carrier status, as the deletion
carriers had slower reaction time compared to deletion-controls
(Supplementary Table 6), whereas duplication carriers exhibited
higher diastolic and systolic blood pressure compared to
duplication-controls (Supplementary Table 7). In general, there
were no significant associations between brain age gap derived
from the ‘full ML model’ and the selected age-affected physical
measures among the deletion-carriers and deletion-controls or
duplication-carriers and duplication-controls. The exception was
for the duplication-carriers and duplication-controls, that
displayed a significant negative correlation between higher
brain age gap and lower lung function (r=−0.17, p < 0.001;
Supplementary note 6).

DISCUSSION
Focusing exclusively on an ageing population (47–81 years of
age), we showed that the 15q11.2 BP1-BP2 deletion carriers did
not display a significant difference in brain age gap in comparison
to non-carriers. In concordance with this pattern, the cross-
sectional age effect on cortical thickness, surface area and
subcortical volume did not significantly interact with 15q11.2
BP1-BP2 copy number, indicating comparable ageing trajectory in
brain structure. Likewise, the mixed cross-sectional and long-
itudinal analysis indicate that both deletion and duplication-
carriers had age-related deterioration at a comparable rate to non-
carriers in selected age-affected measures—reaction time, grip
strength, lung function and blood pressure. Further, we expanded
on previous results to show that 15q11.2 BP1-BP2 deletion carriers
exhibited a lower total subcortical volume overall compared to
deletion-control and duplication-carriers and confirmed results on
cortical thickness and surface area (i.e., thicker cortex and lower
surface area in deletion carriers compared to non-carriers). Thus,
the data did not show evidence for accelerated ageing among
15q11.2 BP1-BP2 CNV carriers compared to non-carriers but rather
a stable ageing trajectory. Brain age gap—the difference between
the predicted age and chronological age—has been suggested to
reflect brain ageing, where higher brain age gap may reflect
accelerated ageing, or accentuated, but stable ageing, or
accentuated and accelerated ageing [12]. In contrast to our
hypothesis, the current study shows that group differences in
brain structure among 15q11.2 deletion carriers did not coincide
with group differences in brain age gap estimations, neither when
using a ML model with many (i.e., ‘the full ML model’) or fewer
features (i.e., ‘cortical thickness ML model’, ‘surface area ML

model’, or ‘subcortical volume ML model’). The results indicate
stable adult group-level differences in brain structure between the
15q11.2 BP1-BP2 deletion carriers and non-carriers. This seems to
indicate that the observed group differences in brain phenotypes
have been established before the individuals reached their current
age range. This would indicate that the structural differences are
due to other factors unrelated to ageing. Whilst caution is
warranted given the lack of data to test this more directly, this
may suggest that the brain alterations identified in 15q11.2 BP1-
BP2 CNV carriers are more likely explained by an early offset in
brain structure caused by early atypical neurodevelopment rather
than neurodegeneration.
This study has strengths and limitations. The cross-sectional

nature of the MR data limits our interpretation of the brain
ageing trajectory. For instance, it is crucial to follow individuals
over time to gain information on the slope of brain atrophy,
ideally through multiple time points across the lifespan. As
always, caution should be made when interpreting the results
of cross-sectional data. Future studies using longitudinal brain
imaging data are needed to fully characterize the age-related
changes in brain structure. However, our mixed cross-sectional
and longitudinal data on other age-affected measures (i.e.,
motor, lung and heart function) do seem to indicate a similar
ageing trajectory between 15q11.2 BP1-BP2 CNV carriers and
non-carriers.
The interpretation of the brain age gap estimations from the

brain age models are relying on the assumption that the models
are reliable and valid. Indeed, the brain age gap is simply the
difference between the predicted chronological age and
the chronological age, which means that the brain age gap is
the error term from the brain age model. In the current study,
however, brain age gap was associated with lung function among
a sample of 15q11.2 BP1-BP2 duplication carriers and duplication-
controls. This indicates that the brain age gap also carries useful
biological information beyond measurement error. In addition,
the current study showed that our brain age model yielded
strong group differences between a multiple sclerosis group and
a healthy control group, replicating previously identified brain
age gap differences [17, 54]. Furthermore, brain age estimations
are based on models that are informed by the strong associations
between MRI features and age. Thus, deviation from a healthy
brain age trajectory might reflect alterations in brain structure
unrelated to ageing. It has also been suggested that brain age
might reflect variations in the brain from early life [15]. Indeed, if
the brain age models were simply reflecting variations in the
brain, we would expect the 15q11.2 BP1-BP2 CNV carriers to
exhibit alterations in brain age as they exhibit group-level
differences in cortical thickness, surface area, and subcortical
volume. However, we did not find any significant group
differences in brain age gap among 15q11.2 BP1-BP2 CNV
carriers. The low prevalence of carriers with the 15q11.2 BP1-BP2
CNV hinders the detection of small effects. Thus, the lack of
significant statistical group differences does not imply that there
is no neurodegenerative effect at all. However, the results do not
support strong neurodegenerative effects that would have been
of potential clinical relevance.
The 15q11.2 BP1-BP2 CNV carriers show phenotypic hetero-

geneity [25, 28, 35, 55]. This is important to note as the sample is
drawn from the UK Biobank, which has a healthy volunteer bias at
baseline [56], as well as a bias in the follow-up components [57].
For instance, the participants in the UK Biobank have been found
to be healthier (e.g., lower rate of cancer, lower levels of smoking
and daily alcohol consumption, lower likelihood of obesity) [56]. In
addition, the follow-up components in the UK Biobank have been
shown to be influenced by sample characteristics, including
cognitive ability, adiposity, and liability to certain neurodevelop-
mental disorders [57]. This could potentially underestimate
differences between 15q11.2 BP1-BP2 carriers and non-carriers.
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Despite the overall biases in the UK Biobank, we still identify
group-level differences in brain structure but not in their brain age
gap. Thus, these results do not support clear neurodegenerative
effects among the 15q11.2 BP1-BP2 CNV. However, more research
is needed in an unbiased population and caution is urged if
extrapolating the current result to the full population of 15q11.2
BP1-BP2 carriers.

CONCLUSION
To conclude, the 15q11.2 BP1-BP2 deletion carriers exhibit altered
cortical thickness, surface area and subcortical volume compared
to non-carriers. We did not find support for the hypothesis that
the differences in brain structure among 15q11.2 BP1-BP2 CNV
carriers are due to accentuated ageing neither in cross-sectional
MR data, brain age gap, or age-affected physical measures. Thus,
despite altered brain morphology and worse performance in
physical traits, these deviations do not seem to have significant
clinical implications for neurodegeneration or physical deteriora-
tion in an ageing sample. The altered brain morphology in
15q11.2 BP1-BP2 CNV carriers could reflect other factors unrelated
to ageing, possibly atypical neurodevelopment. Future studies
should investigate early developmental trajectories of 15q11.2
BP1-BP2 CNV carriers on brain structure and other physical
measures to clarify the life-span trajectory of the altered brain
morphology. Finally, the “healthy volunteer” bias in the UK
Biobank warrants caution when interpreting the results, and
studies examining age-related changes in a more population-
representative sample are needed.
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Supplementary Note 1: Participants  

In total, 41,959 individuals with a set of T1-weighted MR images from the UK biobank and 

genetics were available to the study. Participants were excluded in quality control based on a 

Euler number exceeding 3 standard deviations (n = 717), missing Euler number (n = 3) or 

having cortical thickness, surface area or subcortical volume exceeding 4 SD after regressing 

out age, age2, sex, scanner site, affection status (i.e., diagnosed with a neurological disorder or 

mental/behavioral disorder), estimated intracranial volume (ICV) and Euler number (n = 88), 

leaving a total of 41,151 participants. CNV carriers were identified as previously described1. 

The final quality controlled imaging subset contained 124 15p11.2 BP1-BP2 deletion and 142 

duplication carriers and 39,886 non-carriers (i.e. not carrying other pathogenic CNVs as per1). 

We extracted two controls groups for the deletion carriers and duplication carriers separately 

by matching each carrier on age, sex, scanner site, affection status (absence or presence of a 

reported psychiatric or neurological diagnosis as defined by a F or G-ICD10 diagnosis) and 

ICV using propensity scores with the “MatchIt” package in R 2. The remaining non-carrier 

sample was used as a training set for the machine learning (ML), following the removal of 

individuals with a reported psychiatric or neurological diagnosis as defined by a F or G-

ICD10 diagnosis, leaving a total of 36,013 individuals (Mage = 64.4, SDage = 7.56, 52.4% 

females). Descriptive statistics for the deletion-carriers, deletion-controls, duplication-

controls, duplication-carriers and the training sample are presented in Supplementary Table 1.  

 

As part of the validation of the brain age model prediction, we also extracted out individuals 

diagnosed with multiple sclerosis (ICD10-code: G35, n = 60) to compare against a healthy 

control group. Here, the deletion-control and duplication-control groups (excluding 

individuals with a F or G-ICD10 diagnosis) were used as the control group (n = 1210). 



Descriptive statistics for multiple sclerosis and control group are presented in Supplementary 

Table 2. 

 

Supplementary Note 2: Statistical Power: Sensitivity analysis 

 

We performed a power sensitivity analysis in G*power 3.1 to obtain the estimated effect size 

that can be reliably detected using an independent t-test given alpha level = .05 and power = 

.8. The estimated effect size was d = .28 for deletion carriers (n = 124) compared to deletion-

control (n = 496), d = .26 for duplication (n = 142) to duplication-control (n = 568) and d = 

.35 for deletion carriers to duplication carriers. The reports from a previous study indicated 

thicker cortex (d = .36), lower surface area (d = -.41) and smaller nucleus accumbens (d = -

.27) in deletion carriers compared to non-carriers1, which indicate that the current study has 

sufficient power to reliably detect differences in cortical thickness and surface area. We also 

expected that the smaller effects on subcortical volumes to accumulate for deletion carriers, 

yielding a larger effect size when using the total subcortical volume as dependent variable 

compared to the effect size estimated with nucleus accumbens alone. Thus, the current sample 

size should be sufficient to reliably detect differences in total subcortical volume as well.  

 

 

Supplementary note 3: Brain age prediction model using machine learning 

 

To tune the models, we ran a grid search on the parameters learning rate (i.e., 0.01, 0.05, 0.1) 

and maximum depth (i.e., 3,4, 5 6) with 50 iterations, ten-fold cross-validation and early 

stopping after 10 rounds (i.e., training stopped if the model did not improve within 10 

rounds). Root mean squared error (RMSE) for the test set was used for early stopping. The 



initial prediction of the model was set to the mean age of the training group.  Next, we used 

the parameters obtained from the models with the lowest RMSE value to train the ML model 

for the brain age prediction models with 5000 iterations as maximum and early stopping after 

10 rounds.  

 

Supplementary note 4: Correction method for the brain age models   

 

The corrected brain age models were based on the following corrected method where step 1 is 

conducted on the training group to obtain the slope and the intercept (where α is the slope, Ω 

represent the chronological age, and β is the intercept) 3:  

 

1. Predicted age= α × Ω + β 

 

Thus, the α and β are fixed numbers obtained from the training group and further used to 

correct for brain age bias in the test set: 

 

2. Corrected predicted age = Predicted age+ [Ω − (α × Ω + β)] 

 

Finally, the corrected predicted age is subtracted from the chronological age to obtain an 

estimate of the brain age gap.  

 

3. Corrected brain age gap = Corrected predicted age – Ω 

 



Supplementary note 5:  Model selection of age-related changes in motor, lung, and heart 

function  

 

We selected one cognitive measure and four biomedical measures that are associated with 

ageing4 and that have been associated with carrying a 15q11.2 BP1-BP2 CNV1,5 These 

measures included reaction time (Data-Field 20023), averaged hand grip strength for left and 

right hand (Data field 46 and 47), forced expiratory volume in 1-second (Data-Field 3063), 

systolic and diastolic blood pressure (Data filed 4079 and 4080) and body mass index (Data-

Field 21001). Participants included in the analyses had measures from either one, two or three 

time points, thus analyses were conducted with mixed cross sectional and longitudinal data. 

To cope with the dependency in the data, we used a mixed effect model with a random effect 

of participant on intercepts with maximum likelihood as the estimator. To test the age-related 

changes in the abovementioned measures, we first tested three different models to capture the 

age model that best fitted the data with sex and affection status as covariates (including BMI 

for the blood pressure variables).  

The models were as follows:  

1) Y = Sex + Affection status + random (1 | participant ID) + error  

2) Y = Age + Sex + Affection status + random (1 | participant ID) + error  

3) Y = Age + Age2 + Sex + Affection status + random (1 | participant ID) + error  

 

Secondly, to test whether 15q11.2 BP1-BP2 carriers deviated from their respective control 

group, two models were created with 1) an inclusion of a main term of carrier status and 2) an 

interaction term between age and carrier status to the age-model that best fitted the data (e.g., 

for a linear model):  

4)  Y = Age + Sex + Affection status + Carrier status + random (1 | participant ID) + error  



5)  Y = Age + Sex + Affection status + Carrier status + Age*Carrier status + random (1 | 

participant ID) + error 

 

The models were tested step-wise using the Akaike Information Criterion (AIC), where the 

more complex model was selected if the AIC dropped with at least 2 and with a p-value < .05 

 

Supplementary note 6:  Motor, heart and lung function and brain age  
 

Among the deletion-carriers and deletion-control group, there were no significant associations 

between brain age gap and reaction time (r (571) = .07, p = .092), grip strength (r (604) = -.08, 

p = 0.056), lung function (r (556) = -.07, p = .108) systolic (r (501) = .01, p = .906) and 

diastolic blood pressure (r (501) = .06, p = .215).  Among the duplication-carriers and 

deletion-control group, there was a significant negative correlation between brain age gap and 

lung function (r (630) = -.17, p < .001), whereas there were no associations between brain age 

gap and reaction time (r (653) = .10, p =.012), grip strength (r (682) = -.08, p = .029), systolic 

(r (563) = .10, p =.0167) and diastolic blood pressure (r (563) = .09, p = .034). 
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Supplementary Table 1. Descriptive statistics for deletion-carriers, deletion-controls, 

duplication-controls, duplication-carriers and the training sample.  

 Deletion  
(n = 124) 

Deletion-
control  

(n = 496) 

Duplication 
(n = 142) 

Duplication-
control 

(n = 568) 

Training set 
(n = 

36,013) 
Age 
  Mean (SD) 
  Median [Min, Max] 

 
64.7 (7.5) 
65.5 [49.3, 

77.5] 

 
64.9 (7.4) 
65.5 [47.2, 

80.5] 

 
63.9 (7.5) 
64.2 [46.7, 

81.3] 

 
63.6 (7.82) 
64.2 [48.3, 

80.2] 

 
64.4 (7.6) 
64.9 [44.9, 

82.8] 
Sex 
  Female 

 
62.0 

(50.0%) 

 
248.0 

(50.0%) 

 
75.0 

 (52.8%) 

 
300.0 

(52.8%) 

 
18,880 
(52.4%) 

Reported Diagnosis 
    CNS/mental/behavioral 
 

 
F-diagnosis 

 
 

G-diagnosis 
 
 
None 

  
9.0 

 (7.3%) 
 

4.0  
(3.2%) 

 
5.0 

 (4.0%) 
 

115 
(92.7%) 

  
36.0  

(7.3%) 
 

17.0  
(3.4%) 

 
18.0 

 (3.6%) 
 

460 
(92.7%) 

  
15.0 

(10.6%) 
 

6.0  
(4.2%) 

 
9.0  

(6.3%) 
 

127 
 (89.4%) 

  
60.0  

(10.6%) 
 

28.0  
(4.9%) 

 
32.0  

(5.6%) 
 

508  
(89.4%) 

 
   0.0  
(0%) 

 
 
 
 
 
 
 

36, 013 
(100%) 

Estimated ICV 
  Mean (SD) 
  Median [Min, Max] 

 
1500000 
(150000) 
1500000  

[1190000, 
1900000] 

 
1500000 
(154000) 
1490000  

[1120000, 
1960000] 

 
1460000 
(149000) 
1430000  

[1150000, 
1890000] 

 
1460000 
(149000) 
1440000  

[1110000, 
1910000] 

 
14900000 
(148000) 
1480000  
[722000, 
2270000] 

Note. CNS/mental/behavioral = Central nervous system disease or mental/behavioral 
disorders. ICV = intracranial volume  
 
 
Supplementary Table 2. Descriptive statistics for the control and multiple sclerosis groups 

 Multiple Sclerosis  
(n = 60) 

Control-group 
(n = 1210) 

Age 
  Mean (SD) 
  Median [Min, Max] 

 
61.2 (7.86) 

60.8 [47.9, 78.5] 

 
64.2 (7.59) 

64.7 [47.2, 81.3] 
Sex 
  Female 

 
43.0 (71.7%) 

 
650.0 (53.7%) 

Reported Diagnosis 
  CNS/mental/behavioral 
  None 

 
60.0 (100%) 

0.0 (0%) 

 
0.0 (0%) 

1210 (100%) 
Estimated ICV 
  Mean (SD) 
  Median [Min, Max] 

 
1450000 (135000) 
1430000 [1170000, 

 
1470000 (150000) 



1730000] 1460000 [1110000, 
1960000] 

Note. CNS/mental/behavioral = Central nervous system disease or mental/behavioral 
disorders. ICV = intracranial volume 
 
 
 
 
Supplementary Table 3. Deletion-carriers vs deletion-control: Age-related changes in 
cortical thickness, surface area and subcortical volume  

 Estimates Std. Error CI [95%] Statistic P-value 
Cortical Thickness      
  Intercept -0.06 0.24 -0.53,  

0.40 
-0.27 0.789 

  Age 0.01 0.01 -0.01, 
 0.02 

0.89 0.372 

  Age2 -0.00 0.00 -0.00,  
0.00 

-1.49 0.136 

  Deletion-carrier 0.11 0.07 -0.03,  
0.25 

1.53 0.126 

  Age*Deletion-carrier -0.00 0.00 -0.00,  
0.00 

-1.17 0.244 

Surface Area      
  Intercept -29928.48 10684.15 -50910.33, 

 -8946.62 
-2.80 0.005 

  Age 1065.69 334.46 408.87, 
1722.50 

3.19 0.002 

  Age2 -9.20 2.60 -14.30,  
-4.10 

-3.54 <0.001 

  Deletion-carrier -3690.93 3299.86 -10171.29, 
2789.43 

-1.12 0.264 

  Age*Deletion-carrier 36.86 50.66 -62.62,  
136.34 

0.73 0.467 

Subcortical Volume      
  Intercept -7609.92 8536.68 -24374.50, 

9154.66 
-0.89 0.373 

  Age 415.96 267.23 -108.84, 
940.75 

1.56 0.120 

  Age2 -4.58 2.07 -8.65,  
-0.50 

-2.21 0.028 

  Deletion-carrier 3498.01 2636.60 -1679.82, 
8675.85 

1.33 0.185 

  Age*Deletion-carrier -69.97 40.48 -149.45, 
 9.52 

-1.73 0.084 

 
Note. Observations = 620, R2 = 0.165 (Cortical Thickness), 0.080 (Surface Area), 0.195 
(Subcortical Volume) 
 
 
 



 
 
 
 
 
 
 
Supplementary Table 4. Duplication-carriers vs duplication-control: Age-related changes in 
cortical thickness, surface area and subcortical volume  
 
 Estimates Std. Error CI [95%] Statistic P-value 
Cortical thickness      
  Intercept 0.04 0.20 -0.36, 

0.43 
0.18 0.589 

  Age 0.00 0.01 -0.01,  
0.02 

0.60 0.548 

  Age2 -0.00 0.00 -0.00,  
0.00 

-1.37 0.170 

  Duplication-carrier 0.01 0.07 -0.12,  
0.15 

0.21 0.833 

  Age*Duplication-
carrier 

-0.00 0.00 -0.00,  
0.00 

-0.32 0.752 

Surface Area      
  Intercept -8145.15 9253.82 -26313.50, 

10023.20 
-0.88 0.379 

  Age 370.27 294.15 -207.24, 
947.78 

1.26 0.209 

  Age2 -3.65 2.31 -8.19,  
0.89 

-1.58 0.115 

  Duplication-carrier 7146.67 3053.81 1151.01, 
13142.32 

2.34 0.020 

  Age*Duplication-
carrier 

-125.45 47.52 -218.74, -
32.26 

-2.64 0.008 

Subcortical Volume      
  Intercept -3304.56 7223.85 -17487.40, 

10878.28 
-0.46 0.647 

  Age 307.88 229.62 -142.94, 
758.71 

1.34 0.180 

  Age2 -3.90 1.81 -7.44,  
-0.35 

-2.16 0.031 

  Duplication-carrier 3811.92 2383.91 -868.50, 
8492.34 

1.60 0.110 

  Age*Duplication-
carrier 

-58.03 37.09 -130.86, 
14.80 

-1.56 0.118 

Note. Observations = 710, R2 = 0.181(Cortical Thickness), 0.067 (Surface Area), 0.215 
(Subcortical Volume) 
 
 

 



 

 

 

Supplementary Table 6. Brain age prediction in a sample of patients with multiple sclerosis 

Brain age model  Multiple 
Sclerosis  

Healthy 
Controls 

t-statistic (df) p-value Cohens d (CI) 

 Mean Brain Age (SD)    
Cortical thickness 
ML model 

2.55 (4.43) -.13 (3.63) 5.51 (1268) < .001 .73 (.47, .99) 

Surface area ML 
model 

1.69 (4.10) -.08 (3.60) 3.69 (1268) <.001 .49 (.23, .75) 

Subcortical volume 
ML model 

2.99 (4.47) -.15 (3.81) 6.16 (1268) <.001 .81 (.55, 1.08) 

Full ML model 3.75 (3.99) -.19 (3.53) 8.37 (1268) <.001 1.11 (.84, 1.37) 
Note. SD = standard deviation, df = degrees of freedom, CI = 95% confidence interval. Mean 
brain age is adjusted for age, age2, sex, scanner site, intracranial volume, and Euler number. 
ML = machine learning 
 
 
Supplementary Tables 7. Final motor, heart and lung function models from the model 
selection procedure: Deletion-carriers and deletion-controls  
 
 
 Estimates Std.Error CI (95%) Statistic P-value 
 
Reaction Time 

     

  Intercept 5.78 0.04 5.70, 5.86 147.48 <0.001 
  Age 0.01 0.00 0.01, 0.01 17.26 <0.001 
  Sex [Male] -0.03 0.01 -0.06, -0.01 -2.89 0.004 
  Affection status [None] -0.02 0.02 -0.07, 0.02 -1.04 0.298 
  Deletion-carrier 0.04 0.01 0.01, 0.07 2.85 0.004 
 
Grip Strength 

     

  Intercept 38.47 1.65 35.24, 41.70 23.34 <0.001 
  Age -0.27 0.02 -0.31, -0.23 -11.92 <0.001 
  Sex [Male] 15.56 0.51 14.56, 16.57 30.42 <0.001 
  Affection status [None] 1.65 0.99 -0.28, 3.59 1.67 0.095 
 
Lung Function 

     

  Intercept 4.41 0.13 4.16, 4.67 33.62 <0.001 
  Age -0.04 0.00 -0.04, -0.03 -21.12 <0.001 
  Sex [Male] 1.02 0.04 0.93, 1.10 23.27 <0.001 
  Affection Status [None] 0.18 0.08 0.02, 0.35 2.21 0.028 
 
Blood Pressure, Diastolic 

     

  Intercept 66.48 3.08 60.44, 72.52 21.58 <0.001 



  Age -0.09 0.03 -0.16, -0.03 -2.87 0.004 
  Sex [Male] 3.57 0.68 2.23, 4.90 5.23 <0.001 
  Affection Status [None] -0.27 1.31 -2.83, 2.29 -0.21 0.837 
  BMI 0.65 0.07 0.50, 0.79 8.76 <0.001 
 
Blood Pressure, Systolic 

     

  Intercept 76.15 5.80 64.77, 87.52 13.12 <0.001 
  Age 0.63 0.06 0.51, 0.75 10.18 <0.001 
  Sex [Male] 3.90 1.28 1.38, 6.41 3.04 0.002 
  Affection Status [None] 1.44 2.46 -3.39, 6.26 0.58 0.560 
  BMI 0.78 0.14 0.51, 1.05 5.60 <0.001 

 
 
 
Supplementary Tables 8. Final motor, heart and lung function models from the model 
selection procedure: Duplication-carriers and duplication-control.  
 
 Estimates Std.Error CI (95%) Statistic P-value 
 
Reaction Time 

     

  Intercept 5.76 0.03 5.70, 5.83 172.20 <0.001 
  Age 0.01 0.00 0.01,0.01 19.21 <0.001 
  Sex [Male] -0.04 0.01 -0.06, -0.02 -3.89 <0.001 
  Affection status [None] 0.01 0.02 -0.02, 0.05 0.84 0.402 
 
Grip Strength 

     

  Intercept 42.15 1.37 39.47, 44.84 30.81 <0.001 
  Age -0.32 0.02 -0.35, -0.28 -16.48 <0.001 
  Sex [Male] 15.30 0.46 14.39, 16.20 33.04 <0.001 
  Affection status [None] 0.68 0.75 -0.80,2.16 0.90 0.367 
 
Lung Function 

     

  Intercept 4.41 0.11 4.19, 4.63 39.08 <0.001 
  Age -0.03 0.00 -0.04, -0.03 -21.88 <0.001 
  Sex [Male] 0.95 0.04 0.88, 1.03 24.09 <0.001 
  Affection Status [None] -0.01 0.06 -0.14, 0.11 -0.23 0.815 
 
Blood Pressure, Diastolic 

     

  Intercept 66.35 2.93 60.61, 72.08 22.67 <0.001 
  Age -0.08 0.03 -0.15, -0.02 -2.65 0.008 
  Sex [Male] 4.08 0.67 2.77, 5.39 6.10 <0.001 
  Affection Status [None] -0.04 1.09 -2.18, 2.09 -0.04 0.968 
  BMI 0.63 0.07 0.50,0.77 9.11 <0.001 
 Duplication-carrier 1.84 0.81 0.26, 3.41 2.28 0.023 

Blood Pressure, Systolic      
  Intercept 105.69 16.03 74.30, 137.08 6.59 <0.001 
  Age -0.44 0.54 -1.50, 0.62 -0.82 0.413 
  Age2 0.01 0.00 0.00, 0.02 2.05 0.041 



  Sex [Male] 6.73 1.21 4.35,9.10 5.55 <0.001 
  Affection Status [None] 0.80 1.97 -3.06,4.66 0.40 0.686 
  BMI 0.80 0.12 0.55,1.04 6.40 <0.001 
 Duplication-carrier 2.94 1.46 0.08,5.80 2.01 0.045 

 
 
 

 

Supplementary Figure 1. Group differences in cortical thickness adjusted for age, age2, sex, 

scanner site, affection status, intracranial volume and Euler number. P-values are uncorrected 

and are based on two-sided independent t-tests. Cohens d are presented in the top left corner 

where the coloring of the effect sizes correspond to the following comparisons: Red = 

Deletion vs Deletion-Control, Blue = Duplication vs Duplication-Control, Black = Deletion 

vs Duplication. d = Cohens d, CI = 95% confidence interval. 



 

Supplementary Figure 2. Group differences in surface area adjusted for age, age2, sex, 

scanner site, affection status, scanner site, intracranial volume and Euler number. P-values are 

uncorrected and are based on two-sided independent t-tests. Cohens d are presented in the top 

left corner where the coloring of the effect sizes correspond to the following comparisons: 

Red = Deletion vs Deletion-Control, Blue = Duplication vs Duplication-Control, Black = 

Deletion vs Duplication. d = Cohens d, CI = 95% confidence interval. 



 

Supplementary Figure 3. Group differences in subcortical volume adjusted for age, age2, 

sex, scanner site, affection status, scanner site, intracranial volume and Euler number. P-

values are uncorrected and are based on two-sided independent t-tests. Cohens d are presented 

in the top left corner where the coloring of the effect sizes correspond to the following 

comparisons: Red = Deletion vs Deletion-Control, Blue = Duplication vs Duplication-

Control, Black = Deletion vs Duplication. d = Cohens d, CI = 95% confidence interval.  

 

 

 

 

 

 



 

Supplementary Figure 4. Age-related changes between deletion-carriers and deletion-

controls (upper) and duplication-carriers and duplication-controls (lower) in cortical 

thickness, surface area and subcortical volume. Regression lines were fitted using linear 

regression, adjusting for sex, scanner site, affection status, intracranial volume and Euler 

number. The dependent variables were standardized for visualization purposes. 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

Supplementary Figure 5. Correlations between chronological age and predicted age based 

on machine learning algorithm (both corrected and uncorrected). CT = Cortical thickness only 

model, Surface = surface area only model, Subcortical = subcortical volume only model, All 

= full model.  



 

 

 

 

Supplementary Figure 6. Group differences in brain age gap, estimated through the cortical 

thickness only model, adjusted for age, age2, sex, scanner site, affection status, intracranial 

volume and Euler number. P-values are uncorrected and are based on two-sided independent 

t-tests. Cohens d are presented in the top left corner where the coloring of the effect sizes 

correspond to the following comparisons: Red = Deletion vs Deletion-Control, Blue = 

Duplication vs Duplication-Control, Black = Deletion vs Duplication. d = Cohens d, CI = 

95% confidence interval. 



 

Supplementary Figure 7. Group differences in brain age gap, estimated through the surface 

area only model, adjusted for age, age2, sex, scanner site, affection status, intracranial volume 

and Euler number. P-values are uncorrected and are based on two-sided independent t-tests. 

Cohens d are presented in the top left corner where the coloring of the effect sizes correspond 

to the following comparisons: Red = Deletion vs Deletion-Control, Blue = Duplication vs 

Duplication-Control, Black = Deletion vs Duplication. d = Cohens d, CI = 95% confidence 

interval. 



 

 

Supplementary Figure 8. Group differences in brain age gap, estimated through the 

subcortical volume only model, adjusted for age, age2, sex, scanner site, affection status, 

intracranial volume and Euler number. P-values are uncorrected and are based on two-sided 

independent t-tests. Cohens d are presented in the top left corner where the coloring of the 

effect sizes correspond to the following comparisons: Red = Deletion vs Deletion-Control, 

Blue = Duplication vs Duplication-Control, Black = Deletion vs Duplication. d = Cohens d, 

CI = 95% confidence interval. 

 



 

 

Supplementary Figure 9. Group differences in brain age gap, estimated through the full 

model, age, age2, sex, scanner site, affection status, intracranial volume and Euler number. P-

values are uncorrected and are based on two-sided independent t-tests. Cohens d are presented 

in the top left corner where the coloring of the effect sizes correspond to the following 

comparisons: Red = Deletion vs Deletion-Control, Blue = Duplication vs Duplication-

Control, Black = Deletion vs Duplication. d = Cohens d, CI = 95% confidence interval. 

 

 

 

 



 

 

 

 
 
 
 
 
 
 

Supplementary Figure 10. Age-related changes in reaction time, grip strength, lung function, 
diastolic and systolic blood pressure in 15q11.2 BP1-BP2 CNV carriers versus matched 
controls. Red = deletion carriers, grey = non-carriers, blue = duplication carriers. All values 
were residualized for sex and affection status (incl. BMI for blood pressure) using linear 
regression and standardized for visualization purposes only. The results from the mixed effects 
models are shown in Supplementary Tables 7 (Deletion-carriers and deletion-controls) and 
Supplementary Tables 8 (Duplication-carriers and duplication-controls).  
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