Supplementary Method  - Acquisition and preprocessing of brain image

Brain imaging

Magnetic resonance images were acquired on a 1.5 Tesla NT scanner (Philips, the Netherlands). T1-weighted 3D fast field echo scans with 160–180 contiguous coronal slices (echo time=4.6 ms, repetition time=30 ms, flip angle=30°, 1x1x1.2 mm3 voxels) and T2-weighted dual-echo turbo-spin-echo scans with 120 contiguous coronal slices (echo time 1= 14 ms, echo time 2=80 ms, repetition time=6350 ms, flip angle=90°, 1x1x1.6 mm3 voxels) were obtained 
 ADDIN REFMGR.CITE 

(Brans et al.  2008; van der Schot et al.  2009; Brans et al.  2010)
. In order to eliminate possible between-group biases due to scanner drifts, patient and healthy twin  as well as MZ and DZ pairs were included in the study in a random order (i.e. they were randomly assigned to inclusion slots/days). Images were acquired and pre-processed with previously validated protocols 
 ADDIN REFMGR.CITE 

(Hulshoff Pol et al.  2004; Brouwer et al.  2010)
.  In brief, the T1-weighted images were put in Talairach orientation and corrected for intensity non-uniformity artefacts (Sled et al.  1998). Separation of brain tissue from cerebrospinal fluid (CSF) and gray from white matter was performed with a partial volume segmentation method that accounts for the non-uniformity of the partial volume distribution that is due to the curvature of the cortex (Brouwer et al.  2010).

Table S1. Variance components of cortical surface area and phenotypic, genetic and environmental overlap with liability to develop BD.







Cortical surface area











Region




h2   

 e2

rph

rg

re

rph-g

rph-e






%


Left hemisphere (ROI) 
Hemisphere, total surface area


90

10

0.03

0.01

0.14

0.01

0.02






(82 to 95)
(5 to 18)

(-0.11 to 0.16)
(-0.15 to 0.17)
(-0.44 to 0.69)
(-0.13 to 0.15)
(-0.05 to 0.09)

Middle frontal gyrus, orbital part

11

89

-0.16

-0.10

-0.37

-0.03

-0.13





         
(0 to 33)

(67 to 100)
(-0.28 to -0.04)
(-1 to 1)

(-0.68 to 0)
(-0.17 to 0.11) 
(-0.25 to 0)

Supplementary motor area


22

78

0.28*

0.21

0.53

0.09

0.18




         
(0 to 48)

(52 to 100)
(0.15 to 0.39)      (-1 to 1)
       
(0.16 to 0.81)
(-0.04 to 0.24)     (0.05 to 0.29)

Superior frontal gyrus, medial orbital part
40

60

-0.19

-0.14

-0.35

-0.08

-0.10 





       
(17 to 59)            (41 to 83)
(-0.31 to -0.06)
(-0.40 to 0.10)     (-0.66 to 0.02)
(-0.22 to 0.06)
(-0.21 to 0.01)

Gyrus rectus



25

75

-0.18

-0.04

-0.47

-0.02

-0.16





       
(0 to 46)
       
(54 to 100)
(-0.30 to -0.05)   (-1 to 1)          
(-0.77 to -0.10)
(-0.16 to 0.12)
(-0.27 to -0.03) 

Posterior cingulate gyrus


26

74

0.16

0.26

0.13

0.12

0.04





         
(2 to 48)             (53 to 98)
(0.04 to 0.29)
(-0.04 to 1)        
(-0.23 to 0.46)     (-0.02 to 0.26)
(-0.08 to 0.16)

Parahippocampal gyrus


45

55

0.26*

0.20

0.48

0.12

0.14
                                       

        
(22 to 63)           (37 to 78)
(0.13 to 0.38)
(-0.03 to 0.45)     (0.05 to 0.82)       (-0.02 to 0.27)     (0.02 to 0.24)

Inferior parietal gyrus


47

53

0.19

0.27

0.07

0.17

0.02





        
(23 to 66)           (34 to 77)
(0.06 to 0.32)
(0.03 to 0.54)      (-0.36 to 0.48)      (0.02 to 0.32)
(-0.10 to 0.14)

Middle temporal gyrus


51

49

-0.14

-0.05

-0.4

-0.03

-0.11





        
(29 to 68)           (32 to 71)
(-0.27 to -0.01)
(-0.27 to 0.18)     (-0.75 to -0.01)
(-0.18 to 0.11)
(-0.21 to 0)



Right hemisphere (ROI) 
Hemisphere, total surface area


91

9

0.03

0.07

-0.23

0.06

-0.03





        
(84 to 96)
(4 to 16)

(-0.1 to 0.17)
(-0.09 to 0.23)
(-0.84 to 0.41)     (-0.08 to 0.20)
(-0.10 to 0.05)

Supplementary motor area


26

74

-0.13

-0.31

0.03

-0.14

0.01





         
(2 to 46)
        
(54 to 98)
(-0.26 to -0.01)
(-1 to 0)          
(-0.37 to 0.43)
(-0.28 to 0)
(-0.13 to 0.15)
Olfactory cortex



18

82

0.14

0.16

0.21

0.06

0.07





         
(0 to 42)
       
(58 to 100)
(0.01 to 0.26)      (-1 to 1)           
(-0.23 to 0.61)     (-0.09 to 0.22)
(-0.08 to 0.22)

Posterior cingulate gyrus


36

64

0.16

0.29

-0.01

0.16

0




        
(10 to 57)            (43 to 90)
(0.03 to 0.29)      (0.02 to 0.65)       (-0.42 to 0.37)
(0.01 to 0.31)    
(-0.13 to 0.12)

Supramarginal gyrus


39

61

0.33*

0.29

0.56

0.17

0.17





        
(17 to 58)            (42 to 83)
(0.21 to 0.45)      (0.04 to 0.58)       (0.13 to 0.88)      (0.02 to 0.31)       (0.04 to 0.27)

Temporal pole, superior temporal gyrus

25

75

0.14

0.19

0.17

0.09

0.06





          
(1 to 46)

(54 to 99)
(0.02 to 0.27)
(-0.14 to 1)          (-0.23 to 0.54)
(-0.06 to 0.23)      (-0.08 to 0.18)



Note: Estimates in bold face are significant at α=0.05.

* Significant effect corrected for multiple comparisons (Bonferroni corrected: α = 0.05/39 regions = 0.0013).

Table S2. Variance components of cortical thickness and phenotypic, genetic and environmental overlap with liability to develop BD.






Cortical thickness











Region




h2

e2

rph

rg

re

rph-g

rph-e






%


Left hemisphere (ROI)
Hemisphere, mean  thickness


51

49

-0.01

0.11

-0.31

0.08

-0.08





       
(28 to 69)
(31 to 72)
(-0.14 to 0.12)
(-0.11 to 0.35)
(-0.68 to 0.10)
(-0.07 to 0.22)
(-0.19 to 0.03)

Rolandic operculum


47

53

0.15

0.30

-0.14

0.19

-0.04






(24 to 65)            (35 to 76)
(0.02 to 0.27)      (0.07 to 0.57)
(-0.52 to 0.25)    (0.04 to 0.33)
(-0.15 to 0.07)

Calcarine cortex



36

64

-0.21

-0.21

-0.31

-0.12

-0.10





        
(10 to 57)            (43 to 90)
(-0.34 to -0.08)
(-0.52 to 0.06)
(-0.68 to 0.11)    (-0.26 to 0.03)
(-0.22 to 0.03)
Lingual gyrus



53

47

-0.21

-0.20

-0.30

-0.13

-0.08





        
(32 to 69)            (31 to 68)          
(-0.34 to -0.09)   (-0.42 to 0.01)
(-0.66 to 0.10)    (-0.27 to 0.01)
(-0.18 to 0.03)

Superior occipital gyrus


34

66

-0.21

-0.23

-0.28

-0.13

-0.09




        
(10 to 54)            (46 to 90)         
(-0.33 to -0.09)   (-0.55 to 0.03)
(-0.62 to 0.11)    (-0.27 to 0.02)
(-0.20 to 0.03)


Supramarginal gyrus


48

52

0.21

0.24

0.21

0.15

0.06





        
(23 to 66)            (34 to 77)
(0.08 to 0.33)
(0.01 to 0.51)
(-0.20 to 0.61) 
(0.01 to 0.30)
(-0.06 to 0.17)

Angular gyrus



14

86

0.17

0.12

0.35

0.04

0.13





         
(0 to 38)              (62 to 100)
(0.04 to 0.29)      (-1 to 1)

(-0.01 to 0.68)
(-0.10 to 0.18)     (0 to 25)



Right hemisphere (ROI) 
Hemisphere, mean thickness


48

52

-0.17*

0.06

-0.74*

0.04

-0.21*




        
(21 to 67)            (33 to 79)
(-0.29 to -0.04)   (-0.18 to 0.29)
(-1 to -0.3)        
(-0.11 to 0.18)
(-0.32 to -0.09)

Inferior frontal gyrus, triangular part

28

72

-0.18*

0.10

-0.68*

0.05

-0.22*




         
(1 to 51)             (49 to 99)
(-0.30 to -0.05)   (-0.19 to 1)        
(-0.93 to -0.32)   
(-0.09 to 0.18)    (-0.32 to -0.11)    

Supplementary motor area


41

59

-0.17

0

-0.57

0

-0.17




        
(14 to 61)            (39 to 86)
(-0.29 to -0.04)
(-0.26 to 0.27)    (-0.93 to -0.13)
(-0.15 to 0.15)    (-0.28 to -0.04)

Posterior cingulate gyrus


50

50

-0.19*

0.02

-0.76*

0.02

-0.21*




        
(26 to 68)
(32 to 74)          
(-0.32 to -0.06)
(-0.20 to 0.25)    (-1 to -0.33)
(-0.13 to 0.15)    
(-0.33 to -0.09)

Parahippocampal gyrus


13

87

-0.19

-0.20

-0.33

-0.07

-0.12





         
(0 to 39)             
(61 to 100)
(-0.31 to -0.06)
(-1 to 1)           
(-0.73 to 0.09)    (-0.21 to 0.08)     
(-0.26 to 0.03)

Calcarine cortex



36

64

-0.25*

-0.11

-0.62*

-0.06

-0.19*




        
(12 to 56)
(44 to 88)
(-0.37 to -0.13)   (-0.36 to 0.15)
(-0.86 to -0.27)   (-0.19 to 0.07)    
(-0.28 to -0.08) 

Cuneus




56

44

-0.25*

-0.18

-0.51

-0.12

-0.13




        
(34 to 72)            (28 to 66)
(-0.37 to -0.13)   (-0.39 to 0.03)
(-0.84 to -0.10)   (-0.26 to 0.02)    
(-0.22 to -0.03)

Lingual gyrus



29

71

-0.27*

-0.19

-0.55

-0.10

-0.18




         
(5 to 50)
        
(50 to 95)
(-0.39 to -0.15)     (-0.52 to 0.09)
(-0.82 to -0.18)   (-0.23 to 0.04)    
(-0.28 to -0.06)

Superior occipital gyrus


34

66

-0.15

0.02

-0.50

0.01

-0.16




         
(9 to 54)
        
(46 to 91)
(-0.27 to -0.03)
(-0.25 to 0.31)
(-0.79 to -0.11)   
(-0.13 to 0.14)    
(-0.26 to -0.04)


Middle occipital gyrus


32

68

-0.17

-0.07

-0.42

-0.04

-0.13




         
(6 to 54)
        
(46 to 94)           
(-0.29 to -0.04)
(-0.41 to 0.21)
(-0.77 to -0.02)   (-0.18 to 0.10)    
(-0.25 to -0.01)


Fusiform gyrus



29

71

-0.23*

0.01

-0.73*

0

-0.24*




          
(3 to 51)             
(49 to 97)
(-0.34 to -0.13)
(-0.23 to 0.27)    (-0.97 to -0.37)   
(-0.11 to 0.12)    
(-0.33 to -0.12)

Temporal pole, superior temporal gyrus

25

75

-0.13

-0.07

-0.31

-0.03

-0.10





          
(0 to 47)
        
(53 to 100)
(-0.26 to -0.01)   (-1 to 0.29)         
(-0.69 to 0.1)      
(-0.18 to 0.12)    
(-0.23 to 0.03)

Middle temporal gyrus


48

52

-0.19

-0.10

-0.43

-0.07

-0.12




        
(25 to 66)            (34 to 75)
(-0.31 to -0.06)   (-0.34 to 0.12)    (-0.78 to -0.02)   
(-0.21 to 0.08)    
(-0.22 to 0)
Inferior temporal gyrus


51

49

-0.14

-0.09

-0.32

-0.06

-0.09




     
(0.27 to 0.69)      (0.31 to 0.73)
(-0.27 to -0.01)
(-0.32 to 0.14)
(-0.71 to 0.12)    
(-0.21 to 0.09)
(-0.20 to 0.03)


Note: Estimates in bold face are significant at α=0.05.

* Significant effect corrected for multiple comparisons (Bonferroni corrected: α = 0.05/39 regions = 0.0013).

Table S3. Variance components of cortical volume and phenotypic, genetic and environmental overlap with liability to develop BD.







Cortical volume










Region




h2

e2

rph

rg

re

rph-g

rph-e






%


Left hemisphere (ROI) a
Hemisphere, total volume


88

12

0.05

0.08

-0.10

0.07

-0.01






        
(77 to 94)
(6 to 23)
     
(-0.08 to 0.19)
(-0.09 to 0.24)
(-0.55 to 0.38)    
(-0.07 to 0.21)
(-0.08 to 0.05)

Middle frontal gyrus, orbital part

1

99

-0.17

-1

-0.25

-0.07

-0.10





        
(0 to 20)              (78 to 100)
(-0.29 to -0.05)   
(-1 to 1)            
(-0.57 to 0.10)    
(-0.21 to 0.07)    
(-0.22 to 0.04)
Supplementary motor area


24

76

0.33*

0.25

0.65*

0.11

0.22*




         
(0 to 49)             
(51 to 100)
(0.21 to 0.45)
(-0.06 to 1)         (0.29 to 0.91)     
(-0.02 to 0.25)    
(0.10 to 0.32)

Superior frontal gyrus, medial orbital part
39

61

-0.17

-0.12

-0.32

-0.07

-0.10 





        
(15 to 58)            
(42 to 85)          
(-0.29 to -0.04)
(-0.38 to 0.13)    (-0.66 to 0.05)    
(-0.21 to 0.07)    
(-0.20 to 0.02)

Gyrus rectus



29

71

-0.20

-0.11

-0.43

-0.06

-0.14




         
(3 to 51)             
(49 to 97)           
(-0.32 to -0.07)
(-0.46 to 0.20)    (-0.75 to -0.07)   
(-0.20 to 0.08)    
(-0.25 to -0.02)

Posterior cingulate gyrus


32

68

0.15

0.20

0.15

0.10

0.05





         
(7 to 53)
        
(47 to 93)
(0.02 to 0.28)
(-0.08 to 0.56)    (-0.23 to 0.50)    
(-0.04 to 0.25)    
(-0.07 to 0.16)

Parahippocampal gyrus


34

66

0.24*

0.19

0.42

0.10

0.13





        
(10 to 55)            
(45 to 90)           
(0.11 to 0.36)
(-0.08 to 0.50)    (0.01 to 0.76)      
(-0.04 to 0.25)    
(0 to 0.24)

Superior occipital gyrus


40

60

-0.14

-0.09

-0.29

-0.05

-0.09





        
(16 to 60)            
(40 to 84)           
(-0.26 to -0.01)
(-0.35 to 0.16)    (-0.63 to 0.10)     
(-0.20 to 0.09)    
(-0.20 to 0.03)

Inferior parietal gyrus


46

54

0.17

0.17

0.24

0.11

0.07





        
(22 to 64)            
(36 to 78)
(0.04 to 0.30)      (-0.07 to 0.43)    (-0.18 to 0.62)    
(-0.04 to 0.26)    
(-0.05 to 0.18)

Supramarginal gyrus


12

88

0.17

-0.15

0.59

-0.05

0.21





          
(0 to 36)
        
(64 to 100)
(0.04 to 0.29)
(-1 to 1)          
(0.21 to 0.88)
(-0.18 to 0.10)    
(0.08 to 0.33)

Angular gyrus



26

74

0.13

0.29

-0.01

0.14

0





        
(2 to 47)
         
(53 to 98)
(0.01 to 0.26)
(-0.01 to 1)
(-0.36 to 0.36)
(-0.01 to 0.27)
(-0.12 to 0.12)









Right hemisphere (ROI) a
Hemisphere, total volume


86

14

-0.04

0.08

-0.73

0.07

-0.11




        
(76 to 92)            (8 to 24)

(-0.17 to 0.10)
(-0.08 to 0.24)    
(-0.96 to -0.30)   
(-0.07 to 0.21)    
(-0.16 to -0.04)

Supplementary motor area


35

65

-0.19

-0.17

-0.32

-0.09

-0.10





        
(12 to 54)            (46 to 88)           
(-0.31 to -0.07)   
(-0.47 to 0.09)    
(-0.69 to 0.10)    
(-0.23 to 0.05)    
(-0.22 to 0.03)

Supramarginal gyrus


33

67

0.30*

0.27

0.48

0.14

0.15





         
(9 to 53)

(47 to 91)            
(0.17 to 0.41)     
(-0.01 to 0.66)
(0.05 to 0.84)      
(0 to 0.29)
(0.02 to 0.27) 

Note: Estimates in bold face are significant at α=0.05.

* Significant effect corrected for multiple comparisons (Bonferroni corrected: α = 0.05/39 regions = 0.0013).

Table S4. Cross-twin/within-trait and cross-twin/cross-trait correlations in MZ and DZ twin pairs.







Cross-twin/within-traita

Cross-twin/cross-traitb















MZ

DZ

MZ

DZ

Measure/Region






Cortical surface

Left hemisphere (ROI) 
Middle frontal gyrus, orbital part

0.09       

0.09

-0.04

-0.02


Supplementary motor area


0.36      

-0.19

0.04

0.12


Superior frontal gyrus, medial orbital part
0.34      
 
0.46

-0.10

-0.01


Gyrus rectus



0.23       

0.60

-0.03

0.19


Posterior cingulate gyrus


0.26      

0.14

0.14

-0.02


Parahippocampal gyrus


0.46       

0.18

0.02

0.18


Inferior parietal gyrus


0.42       

0.3

0.13

0.10

Middle temporal gyrus


0.53      
 
0.23

-0.07

-0.01


Right hemisphere (ROI) 

Supplementary motor area


0.25  

0.28

-0.19

0.06


Olfactory cortex



0.17      
 
0.20

0.04

0.05


Posterior cingulate gyrus


0.40      
 
0.12

0.18

-0.03


Supramarginal gyrus


0.38       

0.26

0.17

0.21


Temporal pole, superior temporal gyrus

0.26       

0.28

0.1

-0.04




Cortical thickness

Left hemisphere (ROI) 

Rolandic operculum


0.49       

0.26

0.17

0.1


Calcarine cortex



0.37       

0.18

-0.06

-0.11


Lingual gyrus



0.53       

0.39

-0.18

0.01


Superior occipital gyrus


0.36      

0.21

-0.06

-0.19


Supramarginal gyrus


0.50       

0.15

0.21

0.12


Angular gyrus



0.24      

-0.13

0.12

0

Right hemisphere (ROI) 
Inferior frontal gyrus, triangular part

0.32      

-0.06

0

0.11


Supplementary motor area


0.35       

0.23

0.04

-0.09


Posterior cingulate gyrus


0.53       

0.11

0.04

-0.12


Parahippocampal gyrus


0.26      

-0.11

0.03

-0.19


Calcarine cortex



0.24       

0.43

-0.07

0.04


Cuneus




0.57       

0.27

-0.14

-0.08


Lingual gyrus



0.24       

0.41

-0.05

-0.02


Superior occipital gyrus


0.37      
 
0.14

0.03

-0.08


Middle occipital gyrus


0.42      

0.15

-0.03

-0.14


Fusiform gyrus



0.42       

0.06

-0.03

0.12


Temporal pole, superior temporal gyrus

0.32       

0.12

0

-0.14

Middle temporal gyrus


0.48       

0.28

-0.05

-0.15
Inferior temporal gyrus


0.57      

0.19

-0.06

-0.09


Cortical volume

Left hemisphere (ROI) 
Middle frontal gyrus, orbital part

-0.05      
-0.13

-0.07

-0.04


Supplementary motor area


0.35     
 
-0.26

0.08

0.10


Superior frontal gyrus, medial orbital part
0.34       

0.39

-0.08

-0.03


Gyrus rectus



0.26       

0.42

-0.06

0.09


Posterior cingulate gyrus


0.34       

0.10

0.14

-0.07


Parahippocampal gyrus


0.32       

0.08

-0.01

0.22


Superior occipital gyrus


0.42      

0.21

-0.02

-0.08


Inferior parietal gyrus


0.39      
 
0.35

0.07

0.05


Supramarginal gyrus


0.15      

0.09

-0.05

0.01


Angular gyrus



0.24       

0.18

0.04

0.29


Right hemisphere (ROI) 
Supplementary motor area


0.37
       
0.30

-0.14

0.10


Supramarginal gyrus


0.36
       
0.10

0.13

0.17




Note: Estimates in bold face are significant at α=0.05.

aDepicts the cross-twin correlation of cortical measure (trait 2 of both twins)

bDepicts the correlation between trait 1 (liability to BD) of twin 1 with trait 2 (brain measure) of twin 2.
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Fig. S1. Example of a bivariate Cholesky decomposition for liability to BD and cortical phenotype. Latent additive genetic (A) and unique environmental (E) factors influence disease and brain, as indicated by arrows. The additive genetic factors (A) of monozygotic (MZ) twins are perfectly correlated (1.0), whereas those of dizygotic (DZ) twins are correlated at 0.5; unique environmental influences (E) are always uncorrelated between twins. Path coefficients (ac and as) quantify the effects of genetic influences on the brain, where ac represents genetic influences that also influence BD and as represents genetic influences that are unique for brain phenotypes. Similarly, path coefficients ec and es quantify the effect of unique environmental (E) influences on brain phenotypes. Genetic variance for BD is fixed to 85%. Unique environmental factors account for 15% of the variance in BD.[image: image2.emf] 
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