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a b s t r a c t 

Genetic influences that govern the spatial patterning of the human cortex and its structural variability are still 

incompletely known. We analyzed structural MR images in twins, siblings, and pairs of unrelated subjects. A 

comprehensive set of methods was employed to quantify properties of cortical features at different spatial scales. 

Measures were used to assess the influence of genetic similarity on structural patterning. Results indicated that: 

(1) Genetic effects significantly influence all structural features assessed here at all spatial resolutions, albeit 

at different strengths. (2) While strong genetic effects were found at the whole-brain and hemisphere level, 

effects were weaker at the regional and vertex level, depending on the measure under study. (3) Besides cortical 

thickness, sulcal (geodesic) depth was found to be under strong genetic control. The local pattern indicated that 

two axes along (a) the anterior-posterior direction (insula to parieto-occipital sulcus), and (b) superior-inferior 

direction (central sulcus to callosal sulcus) presumably determine the segregation of four quadrants in each 

hemisphere early in development. (4) While strong structural asymmetries were found at the regional level, 

genetic influences on laterality were relatively minor. 
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. Introduction 

Billions of human brains develop with astounding similarity, yet in-

ricate individual detail. Decades of research have provided an increas-

ngly detailed understanding of the microscopic development of the hu-

an brain (reviews: Bae et al., 2015 ; Geschwind and Rakic, 2013 ), and

ecent recent large-scale genome-wide association studies enumerated

n ever-expanding list of genes involved brain development (e.g., Fiddes

t al., 2018 ; Elliot et al., 2018 ). However, determinants of the spatio-

emporal gyrification process of the human brain and its regional spe-

ialization are largely unknown (reviews: Llinares-Benadero and Borrell,

019 ; O’Leary et al., 2007 ; Silbereis et al., 2016 ). 

Interestingly, the macro-structural brain anatomy of monozygotic

wins is not identical (e.g., Lohmann et al., 1999 ), even at the time of

irth ( Teeuw et al., 2019 ). Besides genetic and epigenetic control, non-

enetic (environmental) factors shape brain structures. During the last

ecade, several longitudinal MRI studies from the fetal to early adult-

ood stages documented brain development quantitatively ( Awate et

l., 2010; Bayly et al., 2013; Clouchoux et al., 2012; den Braber et al.,

013; Dubois et al., 2017; Hu et al., 2011; Im and Grant, 2019; Jha et

l., 2018; Lenroot et al., 2009; Meng et al., 2014; Teeuw et al., 2019 ). 

Cross-sectional MRI studies involved pairs of monozygotic and dizy-

otic twins to study the influence of genetic factors on the brain (re-
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iews: Blokland et al., 2012 ; Jansen et al., 2012 ; Peper et al., 2007 ).

ommonly, the strength of genetic influences on an observed trait is as-

essed via the “ACE ” twin model ( Holst and Scheike, 2015; Neale and

aes, 2004 ) that divides a trait’s variance into relative fractions corre-

ponding to additive genetic ( A ), common environmental ( C ), and ran-

om effects ( E ). Peper et al. (2007) reviewed early studies that were

enerally based on small cohorts (i.e., less than 50 pairs). Consistently,

 strong heritability ( A > 0.7) was found for gross volumes of the brain,

ts hemispheres, tissue compartments and subcortical structures that

atched heritability estimates for other morphometric measures (e.g.,

ody height: Silventoinen et al., 2003 ). 

During the last decade, advances in MRI technology and image-

nalytic methods allowed studying large cohorts, along with a

ore detailed morphometric assessment of brain structures (review:

ansen et al., 2015 ). Most studies focused on estimating influence of

enetic effects on cortical thickness and regional surface size only (e.g.,

yler et al., 2012 ; Joshi et al., 2012 ; Panizzon et al., 2009 ; Patel et

l., 2018 ; Shen et al., 2018 ; Strike et al., 2019 ; Teeuw et al., 2019 ). A

oderate to high heritability ( A ∈ 0.4 ⋅⋅⋅0.7) was determined for both

arameters, although results differed between studies and cortical re-

ions ( Eyler et al., 2012; Panizzon et al., 2009 ), leading to concerns re-

arding estimation methods ( Winkler et al., 2010 ) and their test-retest

eliability ( Strike et al., 2019 ). Recently, a large genome-wide associ-
nia, Irvine, CA 92676-2755, USA. 
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tion study identified 187 loci influencing surface area and 12 influ-

ncing cortical thickness ( Grasby and Jahanshad, 2020 ). In a nutshell,

enetic influences on cortical thickness and regional surface size were

patially uniform, with minimal regional differences. However, local ge-

etic correlations were often not significant or even negative, indicating

hat an areal expansion leads to a thinner cortex. Genetic mechanisms

hat control thickness and size considered as independent ( Chen et al.,

012; Chen et al., 2013; Grasby and Jahanshad, 2020; Winkler et al.,

010 ). Recent advances in the neurobiology of brain development offer

ome insight into the modulation of cortical thickness and its relation to

egional expansion, leading to the hypothesis that a spatially differen-

ial cortical expansion drives gyrification ( Llinares-Benadero and Bor-

ell, 2019; Namba and Huttner, 2017; Rash et al., 2019 ). Considerable

oubt remains that mechanisms governing regional differences in corti-

al thickness and areal expansion alone explain the astounding similar-

ty of the brain’s folding pattern. Surprisingly, few studies used shape

easures to examine developmental and genetic influences on the cor-

ex (e.g., Awate et al., 2010 ; Fish et al., 2017 ; Le Guen et al., 2018a,b ).

In this study, we aimed at providing a comprehensive, quantitative

ssessment of structural features of the human cortex. We developed a

omprehensive battery of 11 methods to assess features across three spa-

ial scales: from the whole brain and its hemispheres to the regional level

10-100 cm 

2 ), and finally to the vertex (mm 

2 ) level. Besides the well-

xamined parameters cortical thickness and size, we studied geodesic

epth, surface curvature, and the myelin fraction (T1/T2 ratio), in ad-

ition to several composite measures characterizing sulcal and gyral

hape. Methods of this battery were designed with some redundancy

o allow comparisons across spatial scales and different levels of com-

lexity to better detect and understand method-related influences on the

esults. In addition to the determination of genetic influences per se, we

ssessed sex-related differences and hemispheric asymmetries. 

To perform a statistical evaluation across individual brains, an ap-

roach for spatial normalization and registration is necessary. However,

 “perfect ” method would remove all inter-subject differences, and cur-

ent methods for non-linear registration of surface use surface properties

hat we actually plan to assess. In contrast to previous studies, we did not

se an atlas-based scheme to define cortical regions, because non-linear

egistration is necessary for atlas adaption. 

Based on our previous work, we used sulcal basins ( Kruggel, 2018;

ang and Kruggel, 2008 ) that denote a cortical patch, centered around

ocally deepest points, including the neighboring sulcal walls up to the

yral crowns ( Fig. 1 C). It has been hypothesized that the deepest lo-

al points of the basins ( sulcal pits ) are location-invariant and expressed

arly in development ( Im et al., 2010; Im and Grant, 2019; Le Guen et al.,

018a; Meng et al., 2014; Regis et al., 1995; 2005 ). Basins are automat-

cally segmented on an individual surface representing the gray/white

atter (GM/WM) interface using local properties surface curvature and

eodesic depth ( Fig. 1 A, B). While basins are individual structures, we

emonstrated that basins cluster into 13 communities ( Fig. 2 ) that are

resumably common within a population and provide a registration-free

ssessment of regional properties ( Kruggel, 2018; Kruggel and Solodkin,

019 ). 

We used this test battery to analyze structural features of the human

ortex in twins, siblings, and pairs of unrelated subjects included in the

arge and well documented data base of the Human Connectome Project

2020) . We aimed at providing a comprehensive assessment of genetic

nfluences on structural patterning in the human cortex highlighting the

elationship to brain development. 

. Methods 

.1. Subjects and Imaging Data 

Based on imaging data and genetic testing of the 1113 subjects in

he “1200 Subjects Release ” of the Human Connectome Project (2020) ,

e selected 992 subjects grouped into pairs: Group MZ: 138 pairs of
onozygotic twins verified by genetic testing; Group DZ: 78 pairs of

izygotic twins verified by genetic testing; Group SB: 178 pairs of

iblings that randomly selected from their known family background;

roup UN: 102 pairs of unrelated subjects. The MZ group included 81

emale and 57 male pairs. All pairs of the DZ group had the same sex:

8 female and 30 male pairs. Sex was balanced within pairs in groups

B and UN. The mean age was similar between groups (Wilcoxon test).

.2. Segmentation of Cortical Features 

As the analytical procedures described in this section were extended

rom our previous work ( Kruggel, 2018; Kruggel and Solodkin, 2019 ),

e included only relevant details. 

Generation of hemispheric surfaces: Step 1: Native T1- and T2-

eighted structural images were co-registered, corrected for intensity

nhomogeneities, and the intracranial space was extracted. Step 2: This

pace was classified into four compartments, roughly corresponding to

M, WM, cerebro-spinal fluid (CSF) and connective tissue. The inner

avities of the WM segmentation (e.g., inner ventricles, basal ganglia)

ere filled to form a binary object with genus zero. The cerebellum and

rain stem were clipped 15 mm below the AC-PC plane, and split into

emispheres at the mid-sagittal plane. Step 3: A triangulated surface

as computed from this object, and optimally adapted to the GM/WM

nterface using the intensity-corrected T1-weighted data set. Cortical

hickness ( Osechinskiy and Kruggel, 2012 ) and ratio of the voxel-wise

1-weighted/T2-weighted intensity were determined at each vertex lo-

ation. This ratio was used as a proxy for myelin content ( Glasser and

an Essen, 2011 ) 

Segmentation of cortical basins: Surface curvature was computed

rom the hemispheric mesh, represented by the shape index ( Fig. 1 A).

eodesic depth was determined in image space, using a constrained

istance transform on the sulcal compartment and interpolated at ver-

ex positions ( Fig. 1 B). Finally, basins were segmented by a watershed-

egion growing process guided by surface curvature and geodesic depth.

tarting from seeds at locally deepest vertices in convex regions, this

rocess grew regions by adding neighboring vertices, prioritized by de-

reasing depth and curvature until regions match at cortical rims. Each

asin received a unique label stored at each vertex ( Fig. 1 C). Regions

hat were clipped at the mid-sagittal plane and the brain stem were

xcluded from the process. This procedure yielded 100-140 basins per

emisphere. 

Inter-subject alignment: Step 4: To compare data across individuals,

ach hemispheric mesh was unfolded to a unit sphere while minimizing

ngle and area distortion ( Kruggel, 2008 ). The overall correspondence

etween individual spherical meshes was maximized by finding a ro-

ation that optimizes the normalized mutual information (NMI) of the

ertex-wise basin labels with an arbitrarily chosen reference ( Fig. 1 D).

asin labels, geodesic depth, curvature, cortical thickness, and myelin

atio were re-sampled on a common icosahedral mesh while (approxi-

ately) retaining the spatial resolution. Note that this step introduces

 spatial normalization. Thus, data for each hemisphere were stored

s a 3D matrix of the 992 subjects by 163842 vertices by 5 features,

long with the spherical mesh that represented vertex positions and

eighborhood relationships. To maximize pair-wise similarity, data of

ember B was linearly registered to member A, using NMI as similarity

etric. 

Community segmentation: Step 5: Neighboring basins were clustered

nto communities based on their mutual overlap across individuals us-

ng a graph-based algorithm ( Campigotto et al., 2014 ), as previously

escribed ( Kruggel, 2018 ). Using each subject as a reference, 992 indi-

idual segmentations into communities were obtained. Individual seg-

entations were combined into a cohort-level map that expressed the

ertex-wise variability of community labels. Thus, regions of low vari-

bility are commonly found at similar locations with similar features

cross the cohort. Step 6: A watershed-region growing procedure was

sed to segment this variability map into 12 communities on the left
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Fig. 1. Processing stages for basin segmentation: Surface shape index (A, dimensionless units), geodesic depth (B, in mm), basin segmentation (C, arbitrary color 

labels), and aligned spherical map (D, arbitrary color labels). 

Fig. 2. Mapping of 13 cortical communities 

onto example left and right brain hemispheres: 

fronto-superior (FS, dark orange); fronto-polar 

(FP, white); fronto-inferior (FI, black); cen- 

tral sulcus (CS, gray); parietal (PA, dark 

green); insula (IN, light green); temporo-lateral 

(TL, red); occipito-lateral (OL, yellow); orbital 

(OR, pink); temporo-medial (TM, light brown); 

occipito-medial (OM, brown); medial-anterior 

(MA, light orange); medial-posterior (MP, light 

blue). Shown are views from the top (row A), 

side (row B), bottom (row C), and mid-sagittal 

place (row D). 
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Table 1 

Overview of methods M1-M11 included in the test battery, in relation to the structural level (column 1), the data 

type assessed (column 2), and measure type (columns 3 and 4). Glossary of abbreviations: AR = hemispheric 

surface area; BGS = pair-wise similarity of basin graphs; BLD = pair-wise vertex-vertex distance of sulcal bot- 

tom lines; BLS = pair-wise similarity of basin labels; BRR = ratio of brain inside cranium; BRV = brain volume; 

CLV = center of low variability; GMV = grey matter volume; ICV = intracranial volume; ISIM = pair-wise correla- 

tion of voxel-wise intensities in image space; SA = pair-wise overlap of vertices in sulcal areas; SSIM = pair-wise 

vertex-vertex distance WMV = white matter volume. 

Level Data Individual Measures Pair-wise Measures 

Brain T1/T2w MRI Intensity Correlation (M2: ISIM) 

Voxel-wise Classification Compartment Volumes 

(M1: ICV, BRV, GMV, 

WMV, BRR) 

Hemisphere WM/GM Surface Mesh Surface Area (M3: AR) Vertex Distance (M4: SSIM) 

Vertex-wise Estimates of Sulcal Areas (M7: SA), 

Cortical Thickness, Bottom Lines Distance 

Geodesic Depth, (M8: BLD), Center Depth 

Curvature, and Myelin and Position (M9: CLV) 

Community Basin and Community Community Statistics Basin Similarity (M6: BLS), 

Segmentation (M5: Basin Count, Size, Sulcal Areas (M7: SA), 

Max. Depth, Sulcal Bottom Lines Distance 

Fraction, Thickness, (M8: BLD), Basin Graph 

Myelin) Similarity (M10: BGS) 

Vertex Vertex-wise Estimates of Vertex-wise Statistics 

Cortical Thickness, (M11: Cortical Thickness, 

Geodesic Depth, Geodesic Depth, 

Curvature, and Myelin Curvature and Myelin) 

(  

K  

a  

c

2

 

t  

b  

t  

t  

e  

i  

t  

a

 

a  

t  

n  

A  

I  

t  

i  

s  

(  

a  

o

 

t  

w  

e  

m  

(  

v  

r  

c  

c  

b  

b

 

(  

w  

s  

s  

r  

s

 

(  

G  

t  

a  

e  

h

 

r  

c  

(  

t  

m  

h

 

2  

m  

v  

c  

p  

l  

T  

(  

b  

g  

t  

b  

i

 

o  

T  

h  
13 on the right) hemisphere ( Fig. 2 ). For further details, refer to

ruggel and Solodkin (2019) . The set of individual basins that comprise

 community is found by graduated assignment from the cohort-level

ommunity map. 

.3. Structural Features 

A comprehensive set of 11 methods ( Table 1 ) was compiled to ex-

ract structural features at different structural resolution levels: (a) the

rain and (b) its hemispheres; (c) cortical communities; (d) vertices of

he cortical surface mesh. Methods in column 3 quantify individual fea-

ures, while methods in column 4 rate the within-pair similarity. For

ach method, we describe data and processing, and the reasoning for

nclusion in this battery in the paragraphs below. Results compiled in

he Tables and Figures of the next section refer to method numbers and

bbreviation for derived measures. 

Some redundancy is intended in this battery: Firstly, some methods

ssess the same properties at different resolution levels (e.g., grey mat-

er volume, cortical thickness at the regional and vertex level). Thus, the

umber of observations that yield an individual measure varied widely.

n increase in spatial resolution comes with a higher error variance.

n this analytical context, larger random effects E lead to lower heri-

ability estimates A . Thus, a careful evaluation across resolution levels

s needed to compare heritability estimates across levels. Secondly, the

ame properties were used to characterize different structural features

e.g., curvature and geodesic depth to segment basins and sulcal areas),

s we wanted to assess the “latent variable ” heritability from different

bservations. 

Method 1 – Compartment volumes: The probabilistic segmentation of

he extracted brain into classes CSF, GM, and WM ( Section 2.2 , step 2)

as used to compute compartment volumes. The probability value in

ach voxel was interpreted as a volume fraction of the corresponding

aterial, and summed up over the whole domain. The brain volume

BRV) corresponds to the sum of GM and WM volumes, the intracranial

olume (ICV) to the sum of the brain and CSF volume, while the brain

atio (BRR) is given by the quotient BRV/ICV. Note that all measures in-

lude the cerebellum and brain stem. Except for BRR, values are given in

m 

3 . These individual measures are easily obtained and very robust but

ear little structural information, as the same volume can be occupied

y highly different structures. 
Method 2 – Hemispheric similarity in image space: The extracted brain

 Section 2.2 , step 1) of member A of each pair was linearly registered

ith member B using correlation as similarity metric. The within-pair

imilarity of the left (resp. right) hemisphere (ISIM LH, RH) is repre-

ented by the correlation coefficient ( Bartley et al., 1997 ). This cor-

elation coefficient provides a simple and robust assessment of global

tructural pair-wise similarity in image space. 

Method 3 – Hemispheric surfaces: Surface areas of both hemispheres

AR LH, RH) were computed from the meshes optimally adapted to the

M/WM interface ( Section 2.2 , step 3). Results are given in cm 

2 . Note

hat surface optimization depends on critical parameter choices. While

bsolute area measures depend on these settings, relative differences as

mployed here are robust. Of note, structure is not examined here, as

ighly different structures can have the same area. 

Method 4 – Hemispheric similarity in surface space: Triangle meshes

epresenting the GM/WM interface ( Section 2.2 , step 3) were used to

ompute the shortest Euclidean distance between vertices on the left

resp. right) side (SSIM LH, RH). Results are given as the mean dis-

ance in mm. Similar to the image-based correlation coefficient, this

easure assesses structural pair-wise similarity of surface shape at the

emispheric level. 

Method 5 – Community-level statistics: Previous studies (e.g., Im et al.,

010 ; Meng et al., 2014 ; Regis et al., 2005 ) defined a consistent set of ho-

ologue basins across subjects. Depending on definitions, their set size

aried between 40 and 70, and left out shallow structures that occupy a

onsiderable portion of the surface. Because we aimed at comparing the

atterning of the whole surface, we refrained from establishing basin-

evel correspondences, and examined similarity at the community level.

he individual set of basin labels was determined for a given community

 Section 2.2 , step 6). For each community, we computed: (a) the num-

er of basins, (b) the size (i.e., the number of vertices), (c) the maximum

eodesic depth (in mm), (d) the fraction of vertices in sulcal areas, (e)

he mean cortical thickness (in mm), and (f) the mean myelin fraction,

ased on data obtained in ( Section 2.2 , step 4). These measures quantify

ndividual, regional properties of cortical shape. 

Method 6 – Community-level similarity of basins: A matrix of the co-

ccurrence of basin labels in both members of a pair was computed.

he NMI of this matrix reflects the similarity of basin patterns between

omologue communities of a pair. Basin segmentation depends on the
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hoice of surface filter settings and the approach of using curvature and

epth in the region growing process. While the absolute number and ex-

ent of basins depend on these choices, relative differences as employed

ere are robust. 

Method 7 – Community-level similarity of sulcal areas: Deep sulcal re-

ions develop early, are less variable than gyral crowns and likely under

tronger genetic control ( Clouchoux et al., 2012 ; Dubois et al., 2017 ;

ruggel and Solodkin, 2019 ; Le Guen et al., 2018a ). Regions of deep

ulcal vertices (shape index < 0 and geodesic depth > 8 mm) were de-

ermined in both members ( Section 2.2 , step 4). The overlap of regions

etween members was expressed by the Dice similarity index. In com-

arison with the NMI measure, this definition of sulcal areas is trivial

nd robust but assesses a fraction of the surface only. 

Method 8 – Community-level similarity of sulcal bottom lines: Sulcal bot-

om lines were often used as structural features for establishing inter-

ubject correspondences. Regions of deep sulcal vertices obtained in

ethod 6 were separated into connected components. Each vertex was

ssigned a weight corresponding to the product of geodesic depth and

hape index. Local minima were selected as deep sulcal vertices. In each

onnected component, neighboring vertices were connected by shortest

aths constrained to deep sulcal areas. Paths were found by Dijkstra’s

lgorithm using the reciprocal of vertex weights. All sets of connected

ertices were denoted as sulcal bottom lines. The mean distance between

ines in subject pairs was considered as the similarity metric. Because

ertices reside on a sphere, we used the angle between unit vectors as

angular) distance here. In comparison with the area-based measure, a

parser representation of sulci was chosen, potentially less robust, but

ikely less variable. 

Method 9 – Centers of low variability: Regions of low variability were

egmented from the cohort-wise map obtained in ( Section 2.2 , step 5).

he most invariant region per community was selected ( Kruggel and

olodkin, 2019 ). For each subject and community, the deepest vertex

ithin the corresponding search region was detected. We recorded the

ithin-pair absolute difference in geodesic depth (in mm) and used the

ngular distance between the deepest vertices as similarity metric. Here,

 single, invariant location was used to represent a community. Com-

unities are understood as the “common structural core ” underlying all

ubjects. Thus, these locations are expected to be genetically constrained

cross all subjects, but depend less on subject- or pair-wise differences

n genotype. 

Method 10 – Community-level similarity of basin graphs: Im et al.

2011) developed a measure for the similarity of basin graphs. These

raphs consist of nodes corresponding to basins, and edges to their

eighborhood relationships. Node attributes are: (a) the position of the

eepest point (in mm), (b) the size (number of vertices), and (c) the

umber of neighboring basins. Edge weights include the distance be-

ween neighboring basins and the ridge height of the gyrus that sepa-

ates neighboring basins. Graphs are constructed from the basin configu-

ation in a community of member A and compared with the correspond-

ng graph of member B of a subject pair. Spectral matching was used

o find the optimal node assignment between graphs ( Leordeanu and

ebert, 2005 ). In contrast to Im et al. (2011) , we computed graphs

n normalized spherical space ( Section 2.2 , step 4), with weights op-

imized for this discrimination problem. This measure provides a com-

lex assessment of the local cortical patterning, and was proposed in the

ontext of addressing anatomical labels to sulci. However, results crit-

cally depend on the setting of weights used to integrate the different

eatures. 

Method 11 – Vertex-wise features: At the most detailed structural level,

ndividual, vertex-wise estimates of geodesic depth, surface curvature,

ortical thickness, and myelin fraction ( Section 2.2 , step 4) were as-

essed. Vertex-wise estimates of additive genetic variance (heritability

 ) were color-coded and mapped onto an “inflated ” hemispheric sur-

ace. 

The key issue here is how subject-wise measures are sampled at

omologue brain locations within the cohort. Suppose that structural
eatures in monozygotic twins were identical. Still, between-pair differ-

nces are expected to compare with those found in unrelated subjects.

ost commonly, filtering in the spatial domain (e.g., by Gaussian ker-

els of 20 mm width) or nonlinear registration was used to reduce indi-

idual variability. Unfortunately, the first approach also lowers spatial

esolution, while the second one uses the same (or correlated) features

or registration than those assessed later as phenotype trait. Thus, we

sed two approaches here. Firstly, we computed vertex-wise statistics

f heritability estimates that were based on a native vertex-wise defi-

ition of homology. Thus, maps are confounded by the inter-individual

ariability of the cortical patterning. Secondly, we corrected for individ-

al detail based on structural filtering. We used a wavelet filter basis on

he sphere ( Yeo et al., 2008 ) and reconstructed vertex-wise measures

t six resolution levels, and determined heritability estimates at each

evel. Especially level 3 is considered to represent the cortical shape at

estation week 26, before individual features develop. 

Source code for the methods provided here will be made available

n request to the communicating author. 

.4. Statistical Models 

Two statistical models were employed to analyze structural features

btained with the above methods: (a) individual, paired measures were

ssessed for additive genetic effects (heritability A ); (b) within-pair sim-

larity measures were used to estimate heritability R according to pro-

ortion of genes identical by descent (IBD). 

Model A – Statistics for individual measures: To analyze individual,

aired phenotype data for genetic influences, a generalized DeFries–

ulker (gDF) regression model was employed ( Lazzeroni and Ray, 2013 ):

 𝑖, 1 = 

𝑝 ∑
𝑘 =1 

𝑏 𝑘 𝑥 𝑖, 1 ,𝑘 + ( 𝐴 𝐼 𝐴 + 𝐶 𝐼 𝐶 ) 

( 

𝑦 𝑖, 2 − 

𝑝 ∑
𝑘 =1 

𝑏 𝑘 𝑥 𝑖, 2 ,𝑘 

) 

+ 𝜖𝑖 . (1)

here y i ,1 , y i ,2 correspond to the quantitative phenotypes of pair i , and

 i ,1, k , x i ,2, k to covariates x k for sex (female or male), body height (in cm),

ge (in years) and race , including an intercept 𝑥 𝑖,𝑗, 1 = 1 . 
The classical ACE twin model ( Horst and Scheike, 2015 ; Neale and

aes, 2004 ) uses a linear mixed effects model to decompose the residual

ariance into components addressed to additive genetic effects A , com-

on environmental effects C , and random errors E , with A ≥ 0, C ≥ 0 and

 + 𝐶 + 𝐸 = 1 . In this gDF model, components A and C were estimated

y regression. The regressor I A (corresponding to coefficient A ) repre-

ented the proportion of genes identical by descent (IBD), which was set

o 1 for MZ pairs, 0.5 for DZ and SB pairs, and 0 for UN pairs. Similarly,

he regressor I C modeled common environment factors C , which was set

o 1 for MZ, DZ and SB pairs, and 0 for UN pairs. The gDF model is

impler to implement and computationally more efficient, which is rel-

vant for the vertex-wise computation of heritability estimates. Refer to

he appendix for a formal comparison between the ACE and gDF model.

Errors 𝜖i were assumed to follow  (0 , 𝜎2 
𝑒 
) . Significance of models

nd regression coefficients was assumed at an error level 𝛼 < 0.05. The

umber of equations in this model was equal to the number of subjects

 , using double entry of pairs (i.e., switching indices 1,2 in Eq. 1 ). Stan-

ard errors and significance levels were based on a sandwich variances

stimator. If a two-sided test C ≠ 0 was not significant, this factor was

ropped, resorting to an AE model. Genetic heritability was assessed

y one-sided tests of A > 0 ( Lazzeroni and Ray, 2013 ). Community-

evel results were corrected for multiple comparison using the Bonfer-

oni method, with a factor of 12 for the left, and 13 for the right hemi-

phere. For vertex-wise measures y , resulting p -values were corrected

or a false-discovery rate (FDR) of 𝛼 = 0.05 using the ( Benjamini and

ochberg, 1995 ). Generally, we found that heritability estimates A ≥ 0.1

ere significant. 

Unless explicitly noted, age-related effects were not significant for

his cohort of young subjects with a narrow age range. Similarly, the in-

uence of body height was insignificant for all relative measures y (e.g.,
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Table 2 

Influence of sex, body height and heritability A on brain- and hemisphere-level measures. The cohort- 

level mean is specified in the third column; sex-related differences and effect size (Cohen’s d ) are given as 

relative to females. For GMV, a significant age-related loss was found (-2.43 cm 

3 /yr, p = 1.8e-7). Superscripts 

correspond to methods in Section 2.3 . Measures: (a) ICV = intracranial volume; (b) BRV = brain volume; (c) 

GMV = grey matter volume; (d) WMV = white matter volume; (e) BRR = ratio BRV/ICV; (f) AR = surface 

area of left (right) hemisphere. 

Measure Unit Mean Sex Body Height Heritability 

𝛽 p -value d 𝛽 p -value A 95% CI 

ICV 1 cm 

3 1385 142.5 < 2.2e-16 0.904 4.15 6.25e-14 0.85 (0.79, 0.91) 

BRV 1 cm 

3 1254 121.2 < 2.2e-16 0.876 3.55 7.40e-13 0.88 (0.83, 0.94) 

GMV 1 cm 

3 564 50.9 < 2.2e-16 0.767 1.50 1.864e-10 0.76 (0.69, 0.82) 

WMV 1 cm 

3 690 70.2 < 2.2e-16 0.841 2.04 2.36e-10 0.82 (0.76, 0.88) 

BRR 1 n.d. 0.906 -5.57e-3 9.83e-7 -0.389 – n.s. 0.67 (0.61, 0.74) 

AR LH 

3 cm 

2 926 74.7 < 2.2e-16 0.847 2.13 2.65e-11 0.82 (0.76, 0.88) 

AR RH 

3 cm 

2 927 71.8 < 2.2e-16 0.811 2.33 2.30e-13 0.84 (0.78, 0.90) 
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reas and distances on the unit sphere). Note that measures based on

 smaller number of observations (e.g., regional vs hemispheric surface

rea) are expected to have a larger variance at the cohort-level. This

arger variance is reflected as an increase in environmental effects E ,

ith consequentially lower values for A and C . For regional measures,

t is difficult to decide whether a relatively lower estimate of genetic

ffects is due to a higher variability or due to a limited precision of the

nderlying measure. 

Model B – Statistics for similarity measures: For the assessment of

ithin-pair similarity measures, we used ordinary least squares (OLS)

egression: 

 𝑖 = 

𝑝 ∑
𝑘 =1 

𝑏 𝑘 𝑥 𝑖,𝑘 + 𝑏 𝑎 𝐼 𝐴 + 𝑏 𝑐 𝐼 𝐶 + 𝜖𝑖 . (2)

here y i corresponds to the similarity measure of pair i , and x i,k to co-

ariates x k for sex (same or different), body height (absolute difference,

n cm), age (absolute difference, in years) and race (same or different),

ncluding an intercept x i ,1 = 1. Genetic influences were represented by

he IBD regressor I A (as above), which corresponded to the genetic sim-

larity within a pair. Thus, we assessed phenotypic similarity y i in terms

f genetic similarity I A . The significance of genetic influences was re-

orted as the p -value for the regression coefficient b a , termed heritability

 here. Similarly, common environmental effects were modeled via re-

ressor I C . Note that this coefficient is signed: negative for dis-similarity

easures (e.g., pair-wise distances) and positive for similarity measures.

ere, the number of equations was equal to the number of subject pairs

 /2. Community-level results were corrected for multiple comparison

sing the Bonferroni method, with a factor of 12 for the left, and 13

or the right hemisphere. Unless explicitly noted, coefficients for age-,

eight-, and race-related regressors and environmental effects were not

ignificant. 

. Results 

.1. Brain- and Hemisphere-Level 

At the highest structural level, results ( Table 2 ) demonstrate a strong

nfluence of genetic effects on the brain, compartment volumes, and

emisphere surface size. Heritability values A are at this level were pub-

ished recently ( Le Guen et al., 2018a; Patel et al., 2018; Strike et al.,

019 ), other cohorts ( Eyler et al., 2012; Lukies et al., 2017; Panizzon

t al., 2009 ), along other anatomical features (e.g., body height in adults:

ilventoinen et al., 2003 ). Males had between 8-10% larger compart-

ent volumes and surface sizes than females, taking body height and

ace into account. Except for GM volume, age was not found to signifi-

antly influence these measures, presumably due to the relative narrow

ge range of this cohort of young adults. 

Next, we assessed the within-pair similarity of cerebral hemispheres

ith several metrics: correlation in image space (ISIM), mean distance
etween ipsilateral surface vertices (SSIM), similarity of the basin seg-

entation (BLS), Dice overlap of sulcal areas (SA), mean distance be-

ween sulcal bottom lines (BLD), and similarity of whole-hemisphere

asin graphs (BGS). Results, compiled in Table 3 , demonstrated a strong

ositive correlation between the IBD regressor I and similarity metrics

ISIM, BLS, SA, BGS), and a strong negative correlation for distance mea-

ures (SSIM, BLD), indicating a strong genetic influence on overall sur-

ace features. Simple similarity measures such as BLS and SA allow dis-

inguishing MZ from DZ pairs with more than 90% correctness. Overall,

eritability was not different between hemispheres. Sex and body height

howed weak influences. We also checked for mirror-symmetric brains

n twins (i.e., if the LH in member A is similar to the RH in member

: Steinmetz et al., 1995 ; Teplica and Peekna, 2005 ), but did not find

triking examples. 

While in Table 2 , volumes and areas were assessed for similarity

ithout taking shape into account, Table 3 includes measures that ex-

mine voxel- or vertex-wise similarity based on stricter criteria. The

elevance of high heritability estimates (e.g., for brain volume) could

ence be considered arguable, because structural similarity is implied

ut actually not assessed. 

We also assessed the correlation between measures of Table 2 and

 (refer to supplementary Fig. S1 , top row). High correlations between

olumetric measures were trivial and expected. Moderate correlations

ere determined between measures BLS, SA, BLD and BGS which all

ssess different aspects of basins and their local depth and curvature

roperties. Correlations between volumetric and surface measures were

ow, and often not significant. 

.2. Community-Level Results 

At the regional level of cortical communities, we examined number

f basins per community, community size, maximum geodesic depth

ithin a community, fraction of vertices in sulcal areas, mean cortical

hickness, and mean myelin fraction ( Table 4 ). 

We found the strongest influence of genetic effects for cortical thick-

ess ( ~ 0.60) and myelin fraction ( ~ 0.45), similar across hemispheres

nd communities. Weaker influences were determined for the size of sul-

al areas ( ~ 0.40), maximum depth ( ~ 0.37), basin count ( ~ 0.30),

nd community size ( ~ 0.20). Here influences were similar across hemi-

pheres, but varied by community. Relatively strong genetic influences

ere found consistently for all parameters in communities CS and IN,

nd TL on both sides. 

Following, within-pair similarity of communities was assessed via:

ice overlap of sulcal areas (SA), similarity of the basin labels (BLS),

ean distance between sulcal bottom lines (BLD), and similarity of

ommunity-wise basin graphs (BGS), and depth and position of com-

unity centers. By construction, all six features represent different as-

ects of the local structural configuration. Compiled results in Table 5
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Table 3 

Influence of sex, body height and heritability R on hemisphere-level similarity measures. Superscripts correspond to 

methods in Section 2.3 : (a) ISIM = correlation coefficient of left (right) hemisphere in image space; (b) SSIM = mean 

vertex-wise distance between surface vertices of the left (right) hemisphere; (c) BLS = normalized mutual information 

of basin labels; (d) SA = Dice overlap coefficient of sulcal areas; (e) BLD = mean distance between sulcal bottom 

lines; (f) BGS = similarity of whole-hemisphere basin graphs. Means were provided in column 3 so that regression 

coefficients in columns 4, 7, and 9 can be understood in terms of their quantitative influence. Sex-related differences 

and effect size (Cohen’s d ) are given as relative to females. 

Measure Unit Mean Sex Body Height Heritability R 

𝛽 p -value d 𝛽 p -value 𝛽 p -value 

ISIM left 2 n.d. 0.548 – n.s. – – n.s. 0.1112 2.64e-9 

ISIM right 2 n.d. 0.546 – n.s. – – n.s. 0.1120 3.85e-9 

SSIM left 4 mm 1.656 -9.72e-2 3.19e-3 -0.240 1.350e-2 1.570e-7 -0.316 6.83e-9 

SSIM right 4 mm 1.649 -9.45e-2 3.03-e3 -0.239 1.394e-2 2.310e-8 -0.319 1.480e-9 

BLS left 6 n.d. 0.756 – n.s. – – n.s. 1.140e-2 < 2.2e-16 

BLS right 6 n.d. 0.759 – n.s. – – n.s. 1.024e-2 < 2.2e-16 

SA left 7 n.d. 0.584 -1.418e-2 5.27e-3 -0.209 – n.s. 8.73e-2 < 2.2e-16 

SA right 7 n.d. 0.592 -1.866e-2 4.74e-3 -0.304 – n.s. 8.67e-2 < 2.2e-16 

BLD left 8 n.d. 0.0550 -1.938e-3 5.39e-4 -0.035 – n.s. -7.11e-3 < 2.2e-16 

BLD right 8 n.d. 0.0540 -9.99e-4 4.80e-4 -0.175 – n.s. -5.98e-3 < 2.2e-16 

BGS left 10 n.d. 0.0496 – n.s. – -1.489e-4 7.91e-3 1.261e-2 < 2.2e-16 

BGS right 10 n.d. 0.0496 – n.s. – -7.186e-3 2.81e-2 1.283e-2 < 2.2e-16 

Table 4 

Heritability A of community-level properties: (a) basin count per community; (b) community size; (c) maximum geodesic depth; (d) fraction of vertices 

in sulci; (e) mean cortical thickness; (f) mean myelin fraction. Per property, the first column contains the heritability A , followed by 95% confidence 

ranges in the second column, as assessed by model A. Only significant results are shown that passed a Bonferroni correction. Refer to method 5 in 

Section 2.3 for details and to Fig. 2 for an example delineation of cortical communities. 

Community Basin Count 5 Community Size 5 Maximum Depth 5 Sulcal Fraction 5 Thickness 5 Myelin Fraction 5 

A 95% CI A 95% CI A 95% CI A 95% CI A 95% CI A 95% CI 

LH total 0.56 (0.48, 0.64) – – 0.27 (0.15, 0.39) 0.48 (0.34, 0.63) 0.61 (0.52, 0.69) 0.45 (0.37, 0.54) 

OR left 0.21 (0.11, 0.30) – – 0.22 (0.12, 0.32) 0.34 (0.23, 0.45) 0.50 (0.41, 0.58) 0.42 (0.30, 0.53) 

FS left 0.11 (0.02, 0.20) 0.11 (0.02, 0.22) 0.24 (0.15, 0.34) 0.20 (0.10, 0.30) 0.58 (0.49, 0.67) 0.47 (0.39, 0.55) 

FI left 0.14 (0.04, 0.24) 0.17 (0.07, 0.27) 0.38 (0.29, 0.47) 0.31 (0.19, 0.42) 0.61 (0.52, 0.69) 0.42 (0.33, 0.51) 

CS left 0.28 (0.19, 0.37) 0.20 (0.08, 0.32) 0.42 (0.32, 0.52) 0.38 (0.29, 0.47) 0.54 (0.47, 0.62) 0.48 (0.40, 0.56) 

PA left 0.25 (0.16, 0.34) 0.12 (0.02, 0.22) 0.22 (0.12, 0.32) 0.23 (0.13, 0.33) 0.58 (0.49, 0.66) 0.49 (0.41, 0.58) 

IN left 0.34 (0.26, 0.43) 0.22 (0.13, 0.31) 0.47 (0.38, 0.55) 0.44 (0.35, 0.53) 0.55 (0.47, 0.63) 0.40 (0.31, 0.50) 

TL left 0.19 (0.09, 0.29) 0.22 (0.13, 0.31) 0.50 (0.39, 0.62) 0.44 (0.34, 0.55) 0.59 (0.50, 0.67) 0.51 (0.42, 0.60) 

TM left 0.31 (0.22, 0.40) – – 0.11 (0.02, 0.21) 0.40 (0.31, 0.48) 0.45 (0.36, 0.53) 0.45 (0.37, 0.54) 

OL left 0.24 (0.15, 0.33) 0.11 (0.01, 0.21) 0.44 (0.33, 0.54) 0.43 (0.31, 0.54) 0.61 (0.53, 0.68) 0.49 (0.41, 0.58) 

OM left 0.26 (0.17, 0.34) 0.18 (0.09, 0.28) 0.42 (0.31, 0.52) 0.49 (0.41, 0.58) 0.47 (0.38, 0.55) 0.41 (0.31, 0.52) 

MA left – – – – 0.22 (0.14, 0.30) 0.45 (0.37, 0.53) 0.47 (0.38, 0.55) 0.38 (0.28, 0.47) 

MP left 0.12 (0.02, 0.22) – – 0.39 (0.29, 0.49) 0.40 (0.32, 0.49) 0.47 (0.39, 0.55) 0.41 (0.32, 0.50) 

RH total 0.62 (0.53, 0.71) 0.38 (0.26, 0.5) 0.21 (0.11, 0.31) 0.67 (0.60, 0.73) 0.58 (0.49, 0.68) 0.47 (0.39, 0.56) 

OR right 0.15 (0.05, 0.25) – – 0.36 (0.23, 0.50) 0.39 (0.29, 0.49) 0.41 (0.32, 0.51) 0.42 (0.32, 0.52) 

FS right 0.18 (0.10, 0.27) 0.13 (0.03, 0.23) 0.40 (0.32, 0.49) 0.33 (0.23, 0.43) 0.59 (0.50, 0.67) 0.43 (0.35, 0.52) 

FI right 0.15 (0.05, 0.26) 0.13 (0.03, 0.22) 0.44 (0.37, 0.52) 0.35 (0.26, 0.44) 0.56 (0.47, 0.65) 0.44 (0.35, 0.53) 

FP right – – – – 0.38 (0.30, 0.47) 0.34 (0.24, 0.44) 0.44 (0.35, 0.54) 0.38 (0.28, 0.48) 

CS right 0.21 (0.12, 0.30) 0.28 (0.17, 0.38) 0.43 (0.35, 0.51) 0.39 (0.30, 0.48) 0.50 (0.41, 0.59) 0.45 (0.37, 0.54) 

PA right – – – – 0.49 (0.42, 0.57) 0.14 (0.04, 0.25) 0.58 (0.49, 0.67) 0.46 (0.38, 0.54) 

IN right 0.35 (0.27, 0.44) 0.18 (0.08, 0.29) 0.23 (0.14, 0.32) 0.41 (0.31, 0.50) 0.57 (0.50, 0.65) 0.45 (0.35, 0.55) 

TL right 0.23 (0.14, 0.33) – – 0.46 (0.35, 0.57) 0.39 (0.29, 0.48) 0.58 (0.48, 0.67) 0.46 (0.37, 0.56) 

TM right 0.27 (0.18, 0.36) 0.18 (0.09, 0.27) – – 0.37 (0.28, 0.46) 0.52 (0.44, 0.60) 0.55 (0.47, 0.63) 

OL right 0.28 (0.19, 0.37) – – 0.25 (0.13, 0.37) 0.39 (0.30, 0.48) 0.60 (0.51, 0.70) 0.53 (0.44, 0.62) 

OM right 0.24 (0.14, 0.33) 0.20 (0.10, 0.3) 0.29 (0.18, 0.39) 0.42 (0.33, 0.50) 0.4 (0.32, 0.49) 0.44 (0.36, 0.53) 

MA right – – – – 0.37 (0.27, 0.47) 0.48 (0.40, 0.56) 0.45 (0.36, 0.54) 0.38 (0.29, 0.48) 

MP right 0.12 (0.02, 0.21) – – 0.24 (0.14, 0.34) 0.35 (0.25, 0.45) 0.46 (0.37, 0.55) 0.43 (0.35, 0.52) 

r  

a  

l  

l

 

w  

L  

c  

a  

f  

a  

a  

b

 

5  

c  

f  

e  

t  

s

evealed strong correlation between IBD rating I and similarity of sulcal

reas, basin graphs and basin labels, while the distance between bottom

ines, and the difference in depth and position of community centers had

ess genetic influence. 

Interestingly, the similarity of sulcal areas (SA) is always greater than

hole basins (BLD), confirming that deeper areas are more invariant.

ikewise, the center depth is more invariant than the center position. In

ontrast, the similarity of bottom lines may retain too little information

bout local structural properties. Again, the amount of correlation dif-

ered between communities. On the left side, communities CS, FI, TL,
nd OM showed the strongest effects, on the right side, OM, CS, MP,

nd TM were most prominent. Overall, heritability was not different

etween hemispheres. 

We also assessed the correlation between measures of Table 4 and

 (refer to supplementary Fig. S1 , bottom row). Again, moderate

orrelations were determined between measures that quantify dif-

erent aspects of basins and their local depth and curvature prop-

rties (i.e., basin count and size, maximum depth and sulcal frac-

ions). Correlations between all other measures were low or not

ignificant. 
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Table 5 

Influence of IBD rating I on community-level similarity measures: (a) similarity of basin labels (method 6); (b) sulcal areas (method 7); (c) 

sulcal bottom lines (method 8); the similarity in (d) geodesic depth and (e) position (method 9) of the most invariant centers (centers of 

low variability, CLV); (f) basin graphs (method 10). For all statistics, covariates sex, body height and age were not significant. Significance 

levels were Bonferroni-corrected. To ease comparison, significance levels were visualized as: < 1e-4: ∗ ∗ ∗ ; < 1e-3: ∗ ∗ ; < 0.05: ∗ ; ≥ 0.05: -. 

Refer to Fig. 2 for an example delineation of cortical communities. 

Community Basin Labels 6 Sulcal Areas 7 Bottom Lines 8 Center Depth 9 Center Position 9 Basin Graphs 10 

p -value Level p -value Level p -value Level p -value Level p -value Level p -value Level 

OR left n.s. – 9.27e-3 ∗ ∗ n.s. – 2.53e-3 ∗ ∗ 1.802e-5 ∗ ∗ ∗ n.s. –

FS left n.s. – 7.17e-4 ∗ ∗ ∗ n.s. – 4.42e-2 ∗ n.s. – 1.331e-2 ∗ 

FI left 2.51e-5 ∗ ∗ ∗ 1.660e-9 ∗ ∗ ∗ 9.67e-4 ∗ ∗ ∗ 5.45e-3 ∗ ∗ 3.35e-3 ∗ ∗ 5.41e-7 ∗ ∗ ∗ 

CS left 5.73e-6 ∗ ∗ ∗ 1.909e-10 ∗ ∗ ∗ 2.79e-4 ∗ ∗ ∗ 2.82e-3 ∗ ∗ 7.15e-6 ∗ ∗ ∗ 5.79e-4 ∗ ∗ ∗ 

PA left 3.61e-3 ∗ ∗ 5.45e-5 ∗ ∗ ∗ 7.45e-3 ∗ ∗ 9.87e-3 ∗ ∗ n.s. – 6.51e-4 ∗ ∗ ∗ 

IN left 4.07e-3 ∗ ∗ 4.20e-12 ∗ ∗ ∗ n.s. – 1.497e-3 ∗ ∗ n.s. – 5.50e-3 ∗ ∗ 

TL left 4.69e-4 ∗ ∗ ∗ 4.91e-5 ∗ ∗ ∗ 9.77e-3 ∗ ∗ 2.56e-3 ∗ ∗ n.s. – 9.50e-4 ∗ ∗ ∗ 

TM left n.s. – 5.23e-5 ∗ ∗ ∗ 3.73e-2 ∗ 8.51e-3 ∗ ∗ n.s. – 8.81e-3 ∗ ∗ 

OL left n.s. – 7.28e-3 ∗ ∗ n.s. – 9.45e-3 ∗ ∗ n.s. – 1.354e-2 ∗ 

OM left 2.78e-3 ∗ ∗ 1.387e-8 ∗ ∗ ∗ 9.49e-10 ∗ ∗ ∗ 3.29e-3 ∗ ∗ 1.872e-5 ∗ ∗ ∗ 2.79e-9 ∗ ∗ ∗ 

MA left n.s. – 6.63e-5 ∗ ∗ ∗ 4.39e-4 ∗ ∗ ∗ 1.937e-4 ∗ ∗ ∗ 3.46e-3 ∗ n.s. –

MP left n.s. – 1.665e-4 ∗ ∗ ∗ 3.24e-3 ∗ ∗ 5.81e-4 ∗ ∗ ∗ n.s. – 2.34e-4 ∗ ∗ ∗ 

OR right 5.06e-5 ∗ ∗ ∗ n.s. – n.s. – 4.33e-3 ∗ ∗ n.s. – 1.051e-3 ∗ ∗ 

FS right 1.760e-2 ∗ 1.819e-3 ∗ ∗ 1.196e-3 ∗ ∗ 2.82e-2 ∗ 1.434e-2 ∗ 2.18e-6 ∗ ∗ ∗ 

FI right n.s. – 6.91e-4 ∗ ∗ ∗ n.s. – 3.61e-4 ∗ ∗ ∗ 1.673e-2 ∗ 4.18e-3 ∗ ∗ 

FP right n.s. – 2.16e-3 ∗ ∗ n.s. – 1.835e-2 ∗ 6.46e-3 ∗ ∗ n.s. –

CS right 9.86e-5 ∗ ∗ ∗ 1.909e-7 ∗ ∗ ∗ 1.546e-3 ∗ ∗ 2.81e-2 ∗ n.s. – 9.91e-4 ∗ ∗ ∗ 

PA right 4.81e-3 ∗ ∗ 2.55e-2 ∗ n.s. – 1.044e-5 ∗ ∗ ∗ n.s. – 3.96e-3 ∗ ∗ 

IN right 9.71e-6 ∗ ∗ ∗ 8.17e-10 ∗ ∗ ∗ n.s. – 3.80e-3 ∗ ∗ n.s. – 3.08e-7 ∗ ∗ ∗ 

TL right n.s. – 5.05e-3 ∗ ∗ n.s. – 3.86e-2 ∗ n.s. – n.s. –

TM right 1.091e-3 ∗ ∗ 9.27e-7 ∗ ∗ ∗ 5.32e-3 ∗ ∗ 1.594e-2 ∗ n.s. – 3.86e-9 ∗ ∗ ∗ 

OL right n.s. – 8.95e-4 ∗ ∗ ∗ n.s. – n.s. – n.s. – 1.222e-3 ∗ ∗ 

OM right 5.13e-4 ∗ ∗ ∗ 6.76e-12 ∗ ∗ ∗ 4.13e-9 ∗ ∗ ∗ 1.818e-2 ∗ 3.57e-3 ∗ ∗ 2.18e-10 ∗ ∗ ∗ 

MA right 7.48e-3 ∗ ∗ 7.29e-4 ∗ ∗ n.s. – 4.75e-3 ∗ ∗ 2.61e-2 ∗ 1.164e-4 ∗ ∗ ∗ 

MP right 4.97e-2 ∗ 2.63e-7 ∗ ∗ ∗ 4.46e-4 ∗ ∗ ∗ 1.237e-3 ∗ ∗ 3.24e-2 ∗ 4.93e-4 ∗ ∗ ∗ 
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.3. Results at the Vertex-Level 

Finally, vertex-wise estimates of geodesic depth, cortical thickness,

urface curvature, and myelin fraction were assessed for additive genetic

ffects as represented by heritability A in model A. Results are shown for

epth in Fig. 3 , and for the other measures in supplementary Figs. S2, S3,

nd S4 . To ease comparison across figures, the same heritability range

–0.8 was color-coded from magenta to red. Overall, the strongest her-

tability was found for geodesic depth (0.3–0.8), while myelin fraction

nd cortical thickness had moderate influences (0.2–0.6). To provide a

patially continuous representation, we did not threshold for statistical

ignificance. Based on the Benjamini-Hochberg procedure, values above

.1 were addressed as significant. 

For geodesic depth, the strongest heritability (~0.9) was found in

he insula and central sulcus on both sides, and along the right superior

nd middle temporal sulcus. Regions with moderate heritability (0.3–

.5) include the inferior prefrontal sulcus, the intra-parietal and lunate

ulci, the calcarine and parieto-occipital sulci, and the rostral segment

f the calcarine sulcus, similar in extent and magnitude on both sides.

 moderate heritability (~0.4) was determined for the myelin fraction,

hich was rather uniform on the cortical convexity, but less prominent

n midline cortices. Similarly, moderate effects were found for cortical

hickness, especially in the insula and central sulcus on both sides. 

Note that the analyses above assumed that vertex-wise properties

ere sampled at homologue cortical positions across all hemispheres.

ecause linear regression was the sole method to correct for global ro-

ation, we employed a second method to reduce inter-subject variability.

ermanaud et al. (2012) demonstrated that observable increasing detail

f cortical structures during fetal brain development can be quantified

y an increase in high frequency components in the spectral domain.

hus, we removed some of the inter-subject variability induced by devel-

pmental processes via low-pass filtering features using wavelet banks

 Yeo et al., 2008 ). Results are shown in Fig. 4 for the left hemisphere,

here the left column shows transformed results, the right column re-

ults at the original resolution. Rows correspond to features geodesic
epth, curvature, thickness, and myelin fraction, resp. The reduction of

ndividual variability from filtering led to an overall increase in heri-

ability estimates. Notably, the spatial pattern for depth and curvature

emained similar and regionally non-uniform across scales, while pat-

erns for thickness and myelin fraction became regionally more uniform.

e argue that a certain proportion of heritability is “covered ” by indi-

idual processes modulating cortical detail in the previous analysis. 

Summarizing, macro-structural features geodesic depth and curva-

ure showed a similar anisotropic pattern, with a strong heritability in

n anterior-posterior direction along the insula - parieto-occipital sulcus,

nd a superior-inferior direction along the central sulcus and superior

ortion of the callosal sulcus. In comparison, micro-structural features

howed a rather uniform pattern of heritability across the cerebral cor-

ex. 

.4. Sex-Related Differences 

Sex proved a significant influence on most structural measures stud-

ed. Males had about 9.6% larger brain volumes and 7.9% larger surface

izes ( Table 2 ), corresponding to large effects (Cohen’s d > 0.8), taking

ody height, age and race into account. For a deeper insight, we as-

essed results for regressors sex and body height on the hemisphere- and

ommunity-level for surface properties in Table 4 . Results were com-

iled in supplementary Tables S1-S6 . Due to the larger surfaces, males

ad more basins than females (left: +7.56, p = 2.16e-8, d = 0.482;

ight: +8.12, p = 3.57e-10, d = 0.527). Similar differences were deter-

ined at the community level. Effect sizes were smaller, due to a con-

iderable variability in the individual community structure. Additional

asins in males were small ( “dimples ”) and rather allocated in “remain-

ng space ” on the slightly larger surface. Males had deeper folds (left:

1.31 mm, p = 2.35e-5, d = 0.373, right: +0.858 mm, p = 4.87e-2, d =
.175), corresponding to larger cortical areas in folds ( “sulcal fraction ”

eft: +0.671%, p = 1.84e-11, d = 0.530; right: +0.480%, p = 5.17e-

, d = 0.394). The myelin fraction was slightly higher in males (left:

0.0290, p = 1.688e-4, d = 0.327; right: +0.0278, p = 4.42e-4, d =
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Fig. 3. Vertex-wise mapping of estimated her- 

itability A for geodesic depth, as determined by 

model A. The left and right hemispheres are 

viewed from the top (row A), side (row B), 

bottom (row C), and mid-sagittal plane (row 

D). Strong heritability of geodesic depth was 

found along an anterior-posterior axis (insula - 

parieto-occipital sulcus) and a superior-inferior 

axis (central sulcus and superior portion of the 

callosal sulcus). Note that regions with A < 0.1 

(in magenta) were included to preserve the vi- 

sual continuity, but were not statistically sig- 

nificant. 
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.305). Effects were approximately similar across communities. In con-

rast, the cortical layer was about 1% thinner in males (left: -0.0229 mm,

 = 4.38e-2, d = -0.162; right: -0.0244 mm, p = 3.84e-2, d = -0.172),

ith regionally stronger differences in communities PA and MP on both

ides. Similar values and regions were found in the larger UK Biobank

ohort ( Elliott et al., 2018 ; Ritchie et al., 2018 ). Community size was

enerally independent of sex. Body height showed a positive correla-

ion with all measures except community size and cortical thickness,

here no significant dependence was found. Effects were generally an

rder of magnitude smaller than sex-related differences, and thus, less

ften statistically significant. 

.5. Asymmetries, Handedness and Heritability 

For community-level properties assessed by methods 5-10, we com-

uted a laterality measure 𝐿 = ( 𝐿𝐹 − 𝑅𝑇 )∕( 𝐿𝐹 + 𝑅𝑇 ) , where 𝐿𝐹 and

𝑇 denote the result on the corresponding side. This measure ranges

etween -1 (completely right lateralized) and 1 (completely left lateral-

zed). Laterality measures were assessed by models B and C, using sex,

andedness, and race as covariates. For results, refer to supplementary

ables S7 and S8 . 

While brain-level asymmetries were comparatively small, strong

tructural asymmetries were found for most measures and communities.

onsider communities TL and FI in Table S7 : regions were larger on the

eft side (basin count and size), shallower on the left (max. depth and sul-

al fraction), and had a higher myelin fraction for FI, and a lower myelin

raction for TL. Continuing with Table S8 , basin labels and graphs are

ore similar on the left side, but sulci are deeper on the right side for
L, and on the left side for FI. The opposite pattern of a right-ward

symmetry is found most prominent in communities OL, OM, and FS. 

In contrast, relatively minor genetic influences on laterality were

ound. When assessing laterality measure by the ACE model A, common

nvironmental factors C were significant, and typically larger than addi-

ive genetic factors A . Significant genetic influences A were determined

or communities OR (max. depth: 0.23; cortical thickness: 0.25), FS (cor-

ical thickness: 0.24; myelin fraction: 0.16), CS (max. depth: 0.15; sulcal

raction: 0.21; myelin fraction: 0.25), PA (thickness: 0.10; myelin frac-

ion: 0.21), OM (max. depth: 0.20; sulcal fraction: 0.12; cortical thick-

ess: 0.12), and MA (sulcal fraction: 0.09; cortical thickness: 0.21). No

ignificant influences of the IBD regressor I was found on the laterality

f all similarity measures. In conclusion, strong left-right asymmetries

f structural properties bear comparatively little genetic influence. 

On a side note, handedness had significant correlation with corti-

al thickness in communities on the left (FS: p = 1.089e-3; FI: 2.03e-2;

S: 4.57e-3; TL: 2.32e-2; MA: 7.20e-3; MP: 1.76e-2) and right side (FI:

.473e-2; CS: 4.78e-3; IN: 2.28e-2; TL: 2.78e-2), although the magni-

ude of these differences was small. In agreement with previous reports

 Geschwind et al., 2002 ; Steinmetz et al., 1995 ), a stronger laterality

as observed in concordant right-handed MZ twin pairs, albeit at a low

tatistical significance level (p = 0.08). 

. Discussion 

This study aimed at assessing the genetic influences on structural

roperties in the human cerebral cortex. Using a comprehensive mea-

urement battery, a broad range of cortical features were examined at

ifferent spatial scales. Novel aspects of this study include: 
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Fig. 4. Vertex-wise mapping of heritability A 

for geodesic depth, curvature, cortical thick- 

ness, and myelin fraction, as determined by 

model A. Wavelet-filtered analysis at level 2 

(left column) vs level 5 (right column). Note 

that the spatial pattern for depth and curva- 

ture remained stable across levels, while the 

pattern for thickness and myelin became more 

uniform and considerably stronger at level 2. 

Note that regions with A < 0.1 (in magenta) 

were included to preserve the visual continu- 

ity, but were not statistically significant. 
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(1) Inclusion of all univariate features accessible from anatomical

RI (intensity, cortical thickness, geodesic depth, surface curvature and

yelin fraction) in a common analytic framework. Results provide an

nprecedented view on heritability of these features across the cortical

antle. Of note, we report the strongest heritability estimates reported

o far for geodesic depth. (2) As our battery included multivariate mea-

ures that assess structural properties of the cortical surface, it provides

 better understanding how genetic control shapes structural patterns

nd segregates regions of the cortex. That is, we quantitatively confirm

he hypothesis that deeper regions (i.e., sulcal areas) are under stronger

enetic control than gyral crowns. (3) Similar features were assessed at

ifferent scales. For all measures, features of (a) MZ twins were more

imilar than those of (b) DZ twins and siblings, and (c) those of unrelated

ubjects. Thus, genetic effects significantly influence structural features

ssessed at all spatial resolutions. However, while strong effects were

ound for gross compartment volumes, effects tend to weaken at finer

esolutions. (4) Regional hemispheric measures provided a straightfor-

ard path for analyzing the strong structural asymmetries for heritabil-

ty. In comparison with the strong heritability of features above, additive

enetic effects on laterality were detectable, but considerably smaller.

5) Finally, we consider the consistency of results across different scales
s an internal validation of the robustness of the measures provided in

his study. 

Based on the above, it could be of great interest to sketch a common

ramework of genetic influences on structural patterning of the human

ortex, integrating findings with the current knowledge about its spatio-

emporal development. 

.1. Genetic Influences on Cortical Properties 

The univariate cortical properties (thickness, geodesic depth, curva-

ure and myelin fraction) that were evaluated at different spatial scales,

ielded a consistent pattern of genetic control. 

Measures related to cortical thickness and myelin fraction showed

 moderate to high heritability across spatial scales that was ho-

ogeneous throughout the cortex, confirming earlier reports for

hickness ( Eyler et al., 2012 ; Jha et al., 2018 ; Joshi et al., 2011 ;

anizzon et al., 2009 ; Strike et al., 2019 ) and myelin fraction ( Liu et

l., 2019; Schmitt et al., 2019 ). The cortex of adults shows regional dif-

erences in thickness ( Lyall et al., 2016 ) and myelin content ( Grydeland

t al., 2013 ) that differentiate them from cortical development in early

hildhood. In contrast, geodesic depth and curvature showed a region-
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ependent pattern with genetic control that varied from weak to strong.

eodesic depth showed the strongest heritability at the vertex-level

nalysis. We suggest that genetic control acts in two main directions:

nterior-posterior along the long axis of the insula (IN) to the parieto-

ccipital sulcus (POS); superior-inferior along the central sulcus (CS) to

he superior portion of the callosal sulcus (SCS). Needless to say, primary

ortices are allocated along these axes. 

As demonstrated earlier ( Kruggel and Solodkin, 2019 ), the depth of

ulcal centers can be regarded as a proxy for the time point at which

hey appear in fetal development: IN and POS emerge typically at gesta-

ion week (GW) 18, while CS and SCS do so around GW 20 ( Nishikuni,

006; Nishikuni and Ribas, 2012 ). Our evidence suggests that, after the

emispheres separate into left and right (GW 5), the next development

tep segregates the cortical mantle into a superior and an inferior por-

ion, followed by the sub-division of the superior portion into an anterior

nd a posterior sections. While these basic steps are under strong genetic

ontrol, any subsequent changes and allocation of cortical space occurs

ithin the primordial sub-divisions, which could explain the regional

nhomogeneity of depth and curvature maps. Comparing the depth and

osition of invariant centers in communities, genetic control appeared

o be stronger for depth than position. Hence, using depth as proxy for

ime, we state the hypothesis that the spatio-temporal process governing

he cortical gyrification is likely controlled by a genetic “clock ”, with a

patial pattern as outcome ( Chou et al., 2016 ). 

In summary, our results point toward differential mechanisms for

he control of cortical thickness and myelin fraction on the one hand

nd geodesic depth and curvature on the other. While control over the

ormer was spatially uniform, control over the latter differed between re-

ions. This suggests that whereas one process controls the fine-structural

roperties of the cortical layer, the other controls its regional allocation,

resumably as a temporal sequence of sub-divisions into hemispheres,

uperior and inferior, anterior and posterior quadrants. 

.2. Genetic Influences on Structural Features 

In accordance to previous studies showing that gyral crowns are

tructurally more variable than sulcal bottoms ( Kruggel, 2018 ), we

ound that our structural measures assessing deep areas are under

tronger genetic control than measures associated with gyral crowns.

egional differences in heritability of these structural features parallel

hose described for geodesic depth and curvature above. Using depth

s proxy for time, sulcal regions are segregated early in development

nd remain relatively constant, while gyral regions add detail even af-

er birth ( Lenroot et al., 2009 ; Lyall et al., 2016 ; Im and Grant, 2019 ;

eeuw et al., 2019 ). It is interesting to note that our map of cortical

ommunities is largely similar to a map of 12 regions defined by the

lustering of genetic correlations ( Chen et al., 2013 ). 

We assessed the heritability of some features at the hemispheric and

egional level (BLS, SA, BLD, and BGS). Consistently, stronger effects

ere found for the hemispheric than for the regional analysis. It is likely

hat epigenetic and developmental influences lead to an individual vari-

tion in regional size and shape, especially in cortical regions allocated

ater in development, thus, lowering local pair-wise similarity measures.

owever, the much stronger similarities in MZ vs. DZ twins for whole-

emisphere measures indicated that MZ twins are more similar in the

ombination of all regions, underlining that the common genetic control

n MZ twins is present throughout the whole cortex. 

In contrast, the pair-wise similarity in position and depth of invariant

enters depended much less on the assumed proportion of genes iden-

ical by descent. We assume that the allocation of centers (in terms of

heir position and time point during gestation) is under genetic control

ommon to the whole cohort, thus, similar for groups MZ, DZ, SB, and

N. 

Strong sex-related differences were found for all structural measures.

pproximating a hemisphere by a half-sphere, the 10% larger brain vol-

me in males would only correspond to a 5.6% increase in surface size.
hus, the 9% larger surface size must be accommodated by deeper folds

n males, which we found in this cohort. The relatively larger interface

etween GM and CSF is also reflected in the over-proportionally larger

SF volume in males, and the higher brain ratio (BRR) in females. Over-

ll, cortical thickness was 1% smaller in males, likely related to the find-

ng that males had a larger proportion of (thinner) cortex in folds. The

arger surface area on the convexity of male brains was apparently ad-

ressed to a slightly larger number of small basins ( “dimples ”), with

heir neuro-biological significance undefined at this time. 

Similar in regional pattern and extent, we found strong structural

symmetries ( Geschwind et al., 2002; Habas et al., 2012; Im et al., 2010;

teinmetz et al., 1995 ) to the left in communities OR, FI, and TL, and to

he right in communities FS, OL, and OM. In spite of their strong lateral-

ty, statistical models provided comparatively little evidence for genetic

nfluence suggesting that the variance could rather be addressed to en-

ironmental factors. Furthermore, we did not encounter clear evidence

or mirror-symmetric twin pairs in this cohort. 

.3. Mechanisms of Cortical Folding 

Although general mechanisms of early cortical development

re largely similar in mammals (reviews: Bystron et al., 2008 ;

ilbereis et al., 2016 ), distinct differences in genetic patterns of later

evelopment stages are determined between lis-encephalic (e.g., mice)

nd gyr-encephalic species (e.g., ferret, humans). While the former

how graded patterns of transcription factors (e.g., Emx2, Pax6, Coup-

FI, and Sp8) along the anterior-posterior and medio-lateral directions

 O’Leary et al., 2007 ), the latter show modulated expression levels (e.g.,

dh1 and Trnp1) concurrent with prospective locations of gyri and sulci

 De Juan et al., 2015; De Juan and Borrell, 2017; Martinez-Martinez

t al., 2016 ). Especially the outer sub-ventricular zone (oSVG), which is

ery prominent in humans, contains outer radial glia (oRG) that extend

ery long processes to the pial surface. These cells produce neurons in

ayers II and III, increasing the cortical thickness. It was proposed that

atterned differences in neurogenesis lead to a differential expansion of

he cortical layer, and thus, to gyri and sulci ( Borrell, 2018 ). In-vitro

nd in-silico modeling ( Bayly et al., 2013; Ronan et al., 2014; Tallinen

t al., 2016; Toro and Burnod, 2005 ) demonstrated that differential ex-

ansion (thus, different mechanical properties) of a cortical layer over

 (homogeneous) white matter core result in folding reminiscent of the

uman brain. We found that the cortex was on average 0.6 mm thicker

n gyral crowns than sulcal bottoms ( ≈ 20%) which may support the

ypothesis of differential expansion of the cortical layer. In contrast,

ur results indicate that genetic control over cortical features thickness

nd myelin fraction is spatially rather uniform, which points to a uni-

orm mechanism for cortical development that nonetheless allows for

egional variation, i.e., by modulated expression levels of transcription

actors. 

However, differential expansion of the cortical layer fails to explain

he consistent location of primary gyri and sulci across individuals,

nd the growth of the sub-cortical white matter. A more recent study

y Rash et al. (2019) found that neurogenesis in oSVG is followed by

liogenesis before gyri develop, indicating that a patterned growth of

ortico-cortical connections induces gyrification. In addition, there are

eciprocal structural and functional relationships between primary cor-

ices and thalamic nuclei: the ventro-lateral (VL) nucleus with the mo-

or cortex, the ventro-posterior (VP) nucleus with the somatosensory

ortex, the dorsal lateral geniculate nucleus (dLGN) with the visual cor-

ex, and the ventral part of the medial geniculate nucleus (MGv) with

he auditory cortex ( O’Leary et al., 2007 ). These thalamo-cortical ax-

ns grow into the cortex during GW 20-24 ( Reillo et al., 2011; Silbereis

t al., 2016 ), a period during which the corresponding sulci develop. In

ontrast to the uniform genetic influence on cortical measures, our her-

tability maps for shape-related features geodesic depth and curvature

re spatially non-uniform, especially in the vicinity of primary cortices.

his indicates a second mechanism that allocates cortical space via the
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ormation of subcortical connections which is under strong genetic con-

rol in primary regions that develop earlier, compared with a weaker

ontrol in secondary areas. 

Notably, regional transcriptional profiles were largely bilaterally

ymmetrical across the two hemispheres ( Nowakowski et al., 2017;

letikos et al., 2014 ), in contrast to the observation that macroscopic

tructural asymmetries were detectable during gestation ( Chi et al.,

977 ). This indicates either that any genetic mechanisms are currently

ndetected or that non-transcriptional mechanisms play a critical role

 Silbereis et al., 2016 ). Our morphometric study is in line with this con-

lusion: While we found strong lateralization in several structural mea-

ures, statistical modeling yielded only weak genetic influences. 

Summarizing, it is likely that two mechanisms govern cortical pat-

ern formation: (1) a gyrification process, driven by differential expan-

ion and the formation of cortico-cortical connections, (2) a spatial allo-

ation process, guided by the formation of sub-cortical connections, that

ntroduces regularity and functional specialization to pattern formation.

While we focused on the study of structural features of cortex, we de-

iberately disregarded an additional mechanism that shapes the cortex:

he development of cortico-cortical connectivity and additional projec-

ion fibers that likely contribute to the individual embodiment of gyral

rowns. More work is necessary to understand the shape-forming prop-

rties of short- and medium-range U-fibers, and their genetic determi-

ants ( Shen et al., 2018 ). A deeper understanding of bio-mechanic and

enetic constraints governing pattern formation may lead to (simplified)

arametric models of sulcal shape, and in turn, to a better definition

f homologue locations across cortices. In spite of the fact that large

imilarities between brains exist, we begin to recognize that individual

tructural detail is also relevant. Attention to this detail will help to bet-

er understand the implementation of functional processes in the human

rain, and their variation in development during life. 

ppendix A. Comparison of the ACE model and gDF regression 

Commonly, the statistical ACE model is used to estimate sources of

henotypic variation from observations y in i subject pairs with members

 = {1 , 2} : 

 𝑖,𝑗 = 

𝑝 ∑
𝑘 =1 

𝑏 𝑘 𝑥 𝑖,𝑗,𝑘 + 𝑟 𝑖,𝑗 . (3)

here x i,j,k to k covariates. The within-pair covariance of the residuals

rror r i,j is decomposed into: (1) variance due to additive genetic effects:

 𝑖,𝑗 ∼  (0 , 𝜎2 
𝑎 
) ; (2) common environmental factors: 𝐶 𝑖,𝑗 ∼  (0 , 𝜎2 

𝑐 
) ; and

3) measurement error: 𝐸 𝑖,𝑗 ∼  (0 , 𝜎2 
𝑒 
) . Because MZ twins share the

ame genome: ℂ ov 𝑀𝑍 = 𝜎2 
𝑎 
; DZ twins only half the genome: 1 2 𝜎

2 
𝑎 
; un-

elated (UN) pairs: 0. Common environmental factor are assumed as

dentical for MZ and DZ pairs, and 0 for UN pairs. Combining pair-wise

erms leads to: 

 ov 𝑀𝑍 = ℂ ov 
( 

𝜖𝑖, 1 
𝜖𝑖, 2 

) 

= 

( 

𝐴 + 𝐶 + 𝐸 𝐴 + 𝐶 

𝐴 + 𝐶 𝐴 + 𝐶 + 𝐸 

) 

, 

ℂ ov 𝐷𝑍 = ℂ ov 
( 

𝜖𝑖, 1 
𝜖𝑖, 2 

) 

= 

( 

𝐴 + 𝐶 + 𝐸 𝐴 ∕2 + 𝐶 

𝐴 ∕2 + 𝐶 𝐴 + 𝐶 + 𝐸 

) 

ℂ ov 𝑈𝑁 

= ℂ ov 
( 

𝜖𝑖, 1 
𝜖𝑖, 2 

) 

= 

( 

𝐴 + 𝐶 + 𝐸 0 
0 𝐴 + 𝐶 + 𝐸 

) 

, or (4)

 ov 
( 

𝜖𝑖, 1 
𝜖𝑖, 2 

) 

= 

3 ∑
𝑘 

𝜌𝑘 𝐌 𝑘 . (5)

here 𝜌 = { 𝐴, 𝐶, 𝐸} and M k are matrices related to components

, C, E . Coefficients 𝜌 are typically estimated by MEML or REML

 Harville, 1977 ), and commonly reported as fractions of the total vari-

nce, so that 𝐴 𝑓 = 𝐴 ∕( 𝐴 + 𝐶 + 𝐸) and 𝐶 𝑓 = 𝐶∕( 𝐴 + 𝐶 + 𝐸) . 
Assuming that paired observations y i are jointly normally dis-

ributed, the conditional expectation of observation y i ,1 given y i ,2 is
iven as: 

 ( 𝑦 𝑖, 1 |𝑦 𝑖, 2 ) = 

𝑝 ∑
𝑘 =1 

𝑏 𝑘 𝑥 𝑖, 1 ,𝑘 + 𝛾𝑖 

( 

𝑦 𝑖, 2 − 

𝑝 ∑
𝑘 =1 

𝑏 𝑘 𝑥 𝑖, 2 ,𝑘 

) 

, (6)

here 𝛾 i is the correlation between y i ,1 and y i ,2 . Comparing with Eqs. 4,

e note: 𝛾𝑀𝑍 = 𝐴 + 𝐶, 𝛾𝐷𝑍 = 𝐴 ∕2 + 𝐶, 𝛾𝑈𝑁 

= 0 . Thus, correlations can

e estimated from the pair-wise residuals: 

 𝑖, 1 = 𝛾𝑖 𝑟 𝑖, 2 + 𝜖𝑖, 1 , or (7)

 𝑖, 1 = 𝐼 𝐴,𝑖 𝐴 𝑟 𝑖, 2 + 𝐼 𝐶,𝑖 𝐶 𝑟 𝑖, 2 + 𝜖𝑖, 1 , (8)

here 𝐼 𝐴,𝑖 = {1 , 1∕2 , 0} and 𝐼 𝐶,𝑖 = {1 , 1 , 0} for MZ, DZ and UN pairs,

espectively. This generalized DeFries–Fulker regression model (gDF;

azzeroni and Ray, 2013 ) consists of two steps: (1) estimating residuals

LS r using Eq. 3 , and (2) computing coefficients A, C via regression

f paired residuals ( Eq. 8 ). Both steps were alternated using weighted

egression until weights converged. Replacing residuals in Eq. 8 by the

erms in Eq. 3 yields the form of the gDF model in Eq. 1 . 

In contrast to the ACE model, coefficients A, C estimated by gDF

egression can be negative. However, A is non-negative and identical

o the classical model if the within-pair variance of DZ twins is larger

han those of MZ twins ( 𝕍 ar 𝐷𝑍 ( 𝑟 𝑖, 1 − 𝑟 𝑖, 2 ) ≥ 𝕍 ar 𝑀𝑍 ( 𝑟 𝑖, 1 − 𝑟 𝑖, 2 ) ). Likewise,

 is non-negative and identical to the classical model if A is non-negative

nd the within-pair variance of UN pairs is larger than those of DZ twins

 𝕍 ar 𝑈𝑁 

≥ 𝕍 ar 𝐷𝑍 ). We compared results between our implementation

nd the classical ACE model on simulated and real data from our study.

iven the constraints above, estimates for A, C never differed by more

han 5%. 
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Supplementary material associated with this article can be found, in

he online version, at doi: 10.1016/j.neuroimage.2020.117169 . 
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