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Supplementary Figure 1. Quantile-quantile plots for brain volume and intracranial volume
for each cohort separately.
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Supplementary Figure 2. Quantile-quantile plots for brain volume and intracranial volume
for the discovery meta-analysis.
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entire GWAS; pink dots represent the plot after exclusion of the chromosome 17 inversion



Supplementary Table 1. SNPs with p<10'5 in the GWAS on brain volume.

name chr  position strand allelel allele2 coded frequency coded beta sebeta chi’ p
allele allele

rs11142352 9 72095742 + T G G 0.08 -0.47 0.10 23.5 1.2*10°
rs4569183 14 83972025 + T C C 0.40 -0.22 0.05 22.6 2.0*10°°
rs1981270 1 56540679 + T C C 0.40 0.22 0.05 22.4 2.3*10°°
rs2582801 8 97680069 + A G G 0.46 0.22 0.05 22.3 2.3*10°°
rs10138991 14 83969190 + A G G 0.40 -0.22 0.05 22.2 2.4%10°°
rs2455051 8 97746258 + A G G 0.26 -0.24 0.05 21.7 3.1*10°
rs11785322 8 97796192 + T G G 0.27 -0.25 0.05 21.6 3.4*10°
rs10504966 8 97786653 + T G G 0.27 -0.24 0.05 21.4 3.7*10°
rs7017167 8 97780435 + T C C 0.73 0.24 0.05 21.4 3.8*10°
rs10504965 8 97782942 + T G G 0.73 0.24 0.05 21.4 3.8*10°°
rs2464477 8 97771795 + A T T 0.27 -0.24 0.05 21.3 4.0%10°°
rs2464480 8 97747832 + T C C 0.26 -0.24 0.05 21.2 4.1*10°°
rs2455046 8 97767040 + T C C 0.26 -0.24 0.05 21.2 4.1*10°°
rs2455053 8 97764494 + T G G 0.26 -0.24 0.05 21.2 4.2%10°°
rs8006640 14 83979059 + A G G 0.39 -0.22 0.05 21.1 4.4%10°°
rs12883344 14 83981301 + A C C 0.61 0.22 0.05 21.1 4.4%10°°
rs8022233 14 83978679 + T C C 0.61 0.22 0.05 21.0 4.5%10°
rs8091622 18 38881684 + T C C 0.07 041 0.09 20.9 4.8%10°
rs9945309 18 38883414 + T C C 0.07 041 0.09 20.9 4.8%10°
rs12451772 17 60897752 + T C C 0.96 -0.70 0.15 20.9 4.9%10°
rs4341830 18 38873704 + A G G 0.07 041 0.09 20.8 5.0*10°
rs1272255 3 106480980 + G C C 0.24 0.26 0.06 20.7 5.3*10°
rs1267692 3 106481385 + A G G 0.24 0.26 0.06 20.7 5.4%10°°
rs1259446 3 106481446 + T C C 0.24 0.26 0.06 20.7 5.4*10°°
rs1795302 3 106481458 + T C C 0.76 -0.26 0.06 20.6 5.6%10°
rs1272776 3 106481481 + A G G 0.76 -0.26 0.06 20.6 5.7*10°°
rs4625859 2 29661678 + A G G 0.98 -1.08 0.24 20.2 7.2%10°°
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Supplementary Table 2. SNPs with p<10'5 in the GWAS on intracranial volume.

name chr position  strand allelel allele2 coded frequency beta sebeta chi’ p
allele coded allele

rs9915547 17 41568559 + T C C 0.22 -14.7 2.1 500  1.5*107%
rs10221243 17 41568087 + A G G 0.78 14.7 2.1 50.0  1.5*10*2
rs7207582 17 41566710 + A G G 0.22 -14.7 2.1 50.0  1.6*10*
rs9303525 17 41543040 + A G G 0.22 -14.7 2.1 499  1.6*10%
rs6503457 17 41564089 + T G G 0.78 14.7 2.1 499  1.6*10%
rs8070942 17 41564451 + T G G 0.78 14.7 2.1 499  1.6*10%
rs7350980 17 41466118 + A G G 0.78 14.6 2.1 49.7  1.8%10%
rs4597358 17 41466517 + G C C 0.78 14.6 2.1 49.7  1.8%10%
rs8077487 17 41471287 + T C C 0.22 -14.6 2.1 497  1.8*1012
rs7221390 17 41472797 + T G G 0.22 -14.6 2.1 49.7  1.8*10%
rs7218319 17 41482217 + T C C 0.78 14.6 2.1 496  1.9%10%
rs2066899 17 41511550 + T C C 0.78 14.6 2.1 494  2.1*10%
rs8080583 17 41518415 + A C C 0.78 14.6 2.1 494  2.1*10%
rs1918793 17 41583946 + T C C 0.78 14.7 2.1 49.2  2.3*107%2
rs2532274 17 41602941 + A G G 0.22 -14.7 2.1 485  3.4*10%
rs2696590 17 41577379 + G C C 0.21 -14.7 2.2 469  7.6%10%
rs17660847 17 41545156 + T C C 0.79 14.7 2.2 469  7.6%10%
rs1991556 17 41439239 + A G G 0.78 14.4 2.1 46.4  9.4*10"
rs12185243 17 41471198 + T C C 0.21 -14.6 2.1 46.4  9.9%10%2
rs2077551 17 41570665 + T C C 0.21 -14.6 2.1 46.2  1.1*101
rs1406069 17 41581663 + A G G 0.79 14.6 2.1 46.1  1.1*101
rs2696577 17 41583659 + G C C 0.79 14.6 2.1 46.1  1.1*10"
rs17653193 17 41468288 + A G G 0.79 14.9 2.2 46.1 1.1*101
rs12150320 17 41568981 + T C C 0.79 14.2 2.1 460 1.2*1041
rs2532316 17 41569489 + A G G 0.79 14.2 2.1 460  1.2*1041
rs2696605 17 41569698 + A C C 0.21 -14.2 2.1 46.0  1.2*1041
rs2532315 17 41569711 + A G G 0.79 14.2 2.1 460  1.2*101
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Supplementary Table 3. Association of reported height loci with intracranial volume.

name chr position strand allelel allele2 coded allelle frequency coded allele beta standard error p

rs425277 1 2059032 + T C C 0.72 0.14 1.85 9.4*10"
rs2284746 1 17179262 + G C C 0.46 3.28 1.66 4.8%10
rs1738475 1 23409478 + G C C 0.60 2.52 1.67 1.3*10™
rs4601530 1 24916698 + T C C 0.75 -0.59 1.85 7.5%10*"
rs7532866 1 26614131 + A G G 0.34 -0.26 1.75 8.8*10™
rs2154319 1 41518357 + T C C 0.24 -0.27 2.02 8.9%10*
rs17391694 1 78396214 + T C C 0.88 -3.08 2.92 2.9%10*
rs6699417 1 88896031 + T C C 0.39 -2.42 1.68 1.5*10™
rs10874746 1 93096559 + T C C 0.61 1.77 1.67 2.9%10*
rs9428104 1 118657110 + A G G 0.75 -3.29 191 8.4*10%
rs11205277 1 148159496 + A G G 0.43 -1.35 1.75 4.4%10"
rs17346452 1 170319910 + T C C 0.28 1.19 1.82 5.1*10"
rs1325598 1 175058872 + A G G 0.57 0.99 1.65 5.5%10"
rs1046934 1 182290152 + A C C 0.36 -0.64 1.70 7.1*10*
rs10863936 1 210304421 + A G G 0.47 1.79 1.62 2.7*10*
rs6684205 1 216676325 + A G G 0.27 1.27 1.82 4.9%10*
rs11118346 1 217810342 + T C C 0.54 1.33 1.64 4.2%10*
rs10799445 1 225978506 + A C C 0.23 -2.91 1.98 1.4*10™
rs4665736 2 25041103 + T C C 0.47 -3.36 1.66 4.3*10
rs6714546 2 33214929 + A G G 0.73 -2.11 1.85 2.5%10"
rs17511102 2 37814117 + A T T 0.09 1.40 3.06 6.5%10"
rs2341459 2 44621706 + T C C 0.74 0.81 1.85 6.6%10"
rs12474201 2 46774789 + A G G 0.65 -1.27 1.73 4.6*10"
rs3791675 2 55964813 + T C C 0.78 1.61 1.96 4.1*%10™
rs11684404 2 88705737 + T C C 0.33 0.90 1.74 6.0x10"
rs7567288 2 134151294 + T C C 0.19 5.36 2.10 1.1*107
rs7567851 2 178392966 + G C C 0.07 -1.72 3.10 5.8%10"
rs1351164 2 217980143 + T C C 0.20 -1.15 2.07 5.8%10"
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SNPs in bold were significantly associated with intracranial volume (after Bonferoni correction). Rs1490384 with p=2.3*10"" lies in
the same locus as rs4273712, which reached genome-wide significance in our meta-analysis (r>=0.4 and D’=1 according to HapMap

CEU). Rs1351394 resides in the same locus that was found to be associated with head circumference.*
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Section 1: Description of discovery samples.

The CHARGE consortium includes large prospective community-based cohort studies
that have genome-wide variation data coupled with extensive data on multiple
phenotypes, as detailed previously.? What follows are some details about each study.

Aging Gene-Environment Susceptibility - Reykjavik Study (AGES-Reykjavik)

The AGES-Reykjavik Study is a single center prospective cohort study based on the
Reykjavik Study. The Reykjavik Study was initiated in 1967 by the Icelandic Heart
Association to study cardiovascular disease and risk factors. The cohort included men
and women born between 1907 and 1935 who lived in Reykjavik at the 1967 baseline
examination. Re-examination of surviving members of the cohort was initiated in 2002 as
part of the AGES-Reykjavik Study. The AGES-Reykjavik Study is designed to
investigate aging using a multifaceted comprehensive approach that includes detailed
measures of brain function and structure. All cohort members were European Caucasians.
The study design has been described previously.® Briefly, as part of a comprehensive
examination, all participants answered a questionnaire, underwent a clinical examination
and had blood drawn. All consenting participants without contraindications were offered
a brain MRI on a dedicated machine in the study center: a total of 5003 participants had
an MRI. Of these, 3664 were genotyped at the Laboratory of Neurogenetics, Intramural
Research Program, NIA, Bethesda, Maryland, and 3219 participants passed QC criteria
for genotyping. We further excluded 548 persons due to dementia, cortical infarcts or
technical reasons. The remaining 2671 persons underwent MRI post-processing and were
available for the GWAS on intracranial volume and brain volume.

The Atherosclerosis Risk in Communities Study (ARIC)

The ARIC study is a prospective population-based study of atherosclerosis and clinical
atherosclerotic diseases in 15,792 men and women, including 11,478 white participants,
drawn from 4 United States communities (Suburban Minneapolis, Minnesota;
Washington County, Maryland; Forsyth County, North Carolina; and Jackson,
Mississippi). In the first 3 communities, the sample reflects the demographic composition
of the community. In Jackson, only black residents were enrolled. Participants were
between age 45 and 64 years at their baseline examination in 1987-1989 when blood was
drawn for DNA extraction and participants consented to genetic testing. Details of the
ARIC Study sampling and study design were previously published.* Participants in the
present study were a subset of the ARIC cohort who participated in brain MRI studies in
2004-2006.

Briefly, 1,920 participants aged 55 years and older from two ARIC field centers (Forsyth
County, NC, and Jackson, MS) completed brain MR imaging at visit 3 (1993-1995).° In
2004-2006, as part of the ARIC Brain MRI ancillary study follow-up visit, 1134
participants underwent a second brain MRI. Scans from the second visit were rated using
a semi-automated volumetric analysis. These data were used in the present analyses. Only
white participants with genome-wide genotype data are included. A total of 359 persons
were available for the intracranial volume analysis and 312 for the brain volume analysis.

The Austrian Stroke Prevention Study (ASPS)

48



The ASPS study is a single center prospective follow-up study on the effects of vascular
risk factors on brain structure and function in the normal elderly population of the city of
Graz, Austria. The procedure of recruitment and diagnostic work-up of study participants
has been described previously.® A total of 2007 participants were randomly selected from
the official community register stratified by gender and 5 year age groups. Individuals
were excluded from the study if they had a history of neuropsychiatric disease, including
previous stroke, transient ischemic attacks, and dementia, or an abnormal neurologic
examination determined on the basis of a structured clinical interview and a physical and
neurologic examination. During 2 study periods between September 1991 and March
1994 and between January 1999 and December 2003 an extended diagnostic work-up
including MRI and neuropsychological testing was done in 1076 individuals aged 45 to
85 years randomly selected from the entire cohort: 509 from the first period and 567 from
the second. In 1992, blood was drawn from all study participants for DNA extraction.
They were all European Caucasians. Genotyping was performed in 945 participants, and
there were 725 subjects who also underwent MRI scanning with assessment of brain
volume. In the ASPS assessment of intracranial volume was not possible (see also section
2). Genotyping was done at the Human Genotyping Facility, Genetic Laboratory
Department of Internal Medicine, Erasmus MC, Rotterdam, The Netherlands.

Framingham Heart Study (FHS)

The FHS is a three-generation, single-site, community-based, prospective cohort study
that was initiated in 1948 to investigate risk factors for cardiovascular disease including
stroke. It now comprises 3 generations of participants: the original cohort followed since
1948 (Original); their offspring and spouses of the offspring, followed since 1971
(Offspring); and children from the largest offspring families enrolled in 2000 (Gen 3).
The Original cohort enrolled 5209 men and women who comprised two-thirds of the
adult population then residing in Framingham, MA, USA. Survivors continue to receive
biennial examinations. The Offspring cohort comprises 5,124 persons (including 3,514
biological offspring) who have been examined approximately once every 4 years.
Participants in the first two generations were invited to undergo an initial brain MRI in
1999-2005. The population of Framingham was virtually entirely whites in 1948 when
the Original cohort was recruited. Vascular risk factors and outcomes, including transient
ischemic attack, stroke and dementia, were identified prospectively since 1948 through
an ongoing system of FHS clinic and local hospital surveillance. Participants had DNA
extracted and provided consent for genotyping in the 1990s. Genotyping was performed
at Affymetrix (Santa Clara, CA) through an NHLBI funded SNP-Health Association
Resource (SHARe) project. Genotyping was attempted in 5,293 participants, and 4,519
persons met QC criteria. Failures (call rate <97%, extreme heterozygosity or high
Mendelian error rate) were largely restricted to persons with whole-genome amplified
DNA and DNA extracted from stored serum samples. Of these 4,519 persons 4,116 were
alive in 1999 when the MRI study began. Of these, 2320 participants from the Original
and Offspring cohorts have undergone cranial MRI with measurement of intracranial
volume; one was person excluded because of insufficient information for principal
components 1, 5, 6 and 7 found to be associated with intracranial volume in this sample.
Of the remaining 2319 participants, 77 participants were excluded for dementia, multiple
sclerosis, cortical infarcts, or because of other neurological conditions such as brain
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tumors or severe head injury that might confound the assessment of brain volume. The
remaining 2242 participants constitute the FHS sample for the brain volume analysis.

Rotterdam Study

The Rotterdam Study is a population-based cohort study among inhabitants of a district
of Rotterdam (Ommoord), The Netherlands, and aims to examine the determinants of
disease and health in the elderly with a focus on neurogeriatric, cardiovascular, bone, and
eye disease.”® In 1990-1993, 7,983 persons participated and were re-examined every 3 to
4 years (Rotterdam Study 1). In 2000-2001 the cohort was expanded by 3,011 persons
who had not yet been part of the Rotterdam Study (Rotterdam Study I1). Subsequently, in
2005-2008 a second expansion comprised 3932 persons 45 years and older, who had not
yet participated in any of the previous rounds (Rotterdam Study 111).”

All participants had DNA extracted at their first visit. Genotyping was attempted in
participants with high-quality extracted DNA in 2007-2008. Genotyping was done at the
Human Genotyping Facility, Genetic Laboratory Department of Internal Medicine,
Erasmus MC, Rotterdam, The Netherlands. In 1995-1996, 563 of the 7983 participants
from the Rotterdam Study | were randomly selected to undergo cranial MRI scanning. Of
these, 421 had both genotype and MRI data available. Similarly, in 2005-2006, 895 non-
demented persons of the 3011 participants from the Rotterdam Study Il were randomly
selected to undergo cranial MRI scanning. Both MRI data and genome-wide genotype
data were available in 679 individuals. In the Rotterdam Study 111 cohort MRI was
implemented in the core protocol of the study, and 1726 persons had genotype data as
well as MRI data available.
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Section 2: Description of replication and extension samples.

The replication sample consisted of a subset of white participants from the AGES-
Reykjavik study who had not undergone genome-wide genotyping at the time of the
study, but had MRI scans with measurement of intracranial volume available. Methods
for measurement of intracranial volume are the same as for the rest of the AGES-
Reykjavik study. Using TagMan assays we genotyped rs4273712 and rs9303525 (p-
giscovery=1.6*10"?) which tags the chromosome 17 inversion in perfect LD with rs9915547
(r*=1 and D’=1 between these two SNPs). 1607 participants with genotype data were
used in this analysis.

The genome-wide significant SNPs from the intracranial volume GWAS were examined
in silico in an existing meta-analysis on head circumference during infancy from the
EGG-consortium (n=10,768).* This meta-analysis consisted of seven studies with
genome-wide data: the Northern Finnish Birth Cohort Study 1966, the Generation R
Study,'®*! the Children’s Hospital of Philadelphia,*? the Raine Study,® the Lifestyle-
Immune System-Allergy Study,* the Avon Longitudinal Study of Parents and Children,’
and the Copenhagen Study on Asthma in Childhood.*® Head circumference was measured
at on average 14.5 months of age.

5
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Section 3: Details of the various MRI protocols used in each sample.

In all of the studies, the MRI scans were performed in eligible participants in a
standardized fashion and interpreted without knowledge of demographic or clinical
information. The field strength of the scanners used ranged from 0.5T to 1.5 T. T1- and
T2-weighted scans in the axial plane were obtained for all participants. Some studies had
additional sequences available for use in their post-processing algorithm; these included
fluid attenuation inversion recovery (FLAIR), or proton density, or inversion recovery
sequences. Each study used its own custom-made or freely downloadable, fully automatic
or semi-quantitative MRI post-processing software to measure intracranial volume and
brain volume.

- AGES used the Montreal Neurological Institute Pipeline®’

- ARIC used semi-automated tracings'®

- ASPS used structural image evaluation, using normalisation of atrophy (SIENAX)
(http://www.fmrib.ox.ac.uk/fsl)

- FHS used custom-built software
- RS used Elastix and custom-built software
More details and background of each software are detailed below; nevertheless, all
software have been extensively validated against manual tracings, which are considered
the golden standard. Any remaining heterogeneity across studies due to the different
software would lead to lower power, and would not lead to false-positive findings. All
software packages provide intracranial volume and brain volume in milliliters; only
exception is SIENAX which does not provide intracranial volume. Brain volume was
expressed as percentage of intracranial volume in order to correct for individual head-size
differences; SIENAX only provides this estimate and no absolute volumes. The only
point of consideration is that whereas ARIC, FHS, and RS studies excluded infratentorial
tissues from their measurements, AGES, and ASPS did not. However, we do not feel that
this would lead to differential effects between the studies; moreover given that
infratentorial tissues accounts for only 10-15% of the total intracranial vault, any possible
effect is probably very small.

19-20
21-22

AGES-Reykjavik

Images were acquired on a 1.5 T Signa TwinSpeed system (General Electric Medical
Systems, Waukesha, Wisconsin, USA). The MRI protocol for segmentation of brain
tissues and intra-cranial volume consisted of the following pulse sequences: a proton
density/T2-weighted fast spin echo sequence; and a fluid attenuated inversion recovery
(FLAIR) sequence. These sequences were acquired with 3 mm thick interleaved slices.
Images were also acquired with a T1-weighted three-dimensional spoiled gradient echo
sequence with slice thickness of 1.5 mm. Intracranial volume and brain volume was
computed automatically with an algorithm based on the Montreal Neurological Institute
pipeline.'” The AGES-Reykjavik/Montreal Neurological Institute pipeline has been
modified to accommodate full brain coverage including cerebellum and brainstem,
multispectral images (T1-weighted three-dimensional spoiled gradient echo sequence,
FLAIR, and proton density/T2-weighted fast spin echo sequences), high throughput, and
minimal editing. All scans were evaluated visually and if needed, incorrectly labelled
voxels were corrected manually.
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ARIC

Magnetic resonance imaging of the brain was performed on 1.5-T MRI scanners (General
Electric Medical Systems) under the supervision of neuroradiologists. MRI
measurements of brain anatomy were performed using previously described
semiautomated methods.™® Total intracranial volume was measured from T1-weighted
spin-echo sagittal images, each set consisting of 32 contiguous 5-mm-thick interleaved
sections with no interslice gap, a field of view of 24 cm, and a matrix of 256 x 192,
obtained with the following sequence: scan time, 2.5 minutes; echo time, 14
milliseconds; 2 repetitions; and repetition time, 500 milliseconds. Brain volume was
determined from axial fluid-attenuated inversion recovery images, each set consisting of
48 contiguous 3-mm-thick interleaved sections with no interslice gap, a field of view of
22 cm, and a matrix of 256 x 160, obtained with the following sequence: scan time, 9
minutes; echo time, 144.8 milliseconds; inversion time, 2600 milliseconds; repetition
time, 11 seconds; bandwidth, £15.6 kHz. Interactive image-processing steps were
performed at the Mayo Clinic by a research associate who had no knowledge of the
subjects’ personal or medical histories. A fully automated algorithm was used to segment
each section of the edited multi-slice fluid-attenuated inversion recovery sequence into
voxels assigned to one of the following 3 categories: brain, cerebrospinal fluid, or
leukoaraiosis. The mean absolute error of this method of brain volume measurement is
1.4%, the mean test-retest coefficient of variation is 0.3%."

ASPS

MRI was performed on 1.5-Tesla whole body imaging systems (Gyroscan S 15 and ACS,
Philips Medical Systems, Eindhoven, The Netherlands) using an axial proton-density /
T2-weighted dual spin echo sequence. Additionally, T1-weighted images were acquired
in the sagittal plane. For all images, slice thickness was 5 mm with an interslice gap of
0.5mm. Brain percentage was calculated from the T2-weighted sequence using the fully
automated structural image evaluation, using normalisation, of atrophy (SIENAX)
method, which is part of the University of Oxford Functional MRI of the Brain (FMRIB)
group’s Software Library (FSL) (http://www.fmrib.ox.ac.uk/fsl). Brain percentage was
estimated from the ratio of parenchymal volume (grey and white matter) to the total
volume given by the outer surface of the brain.

FHS

Participants were evaluated with a 1 or 1.5-Tesla Siemens Magnetom scanner. 3D T1 and
double echo proton density (PD) and T2 coronal images acquired in 4-mm contiguous
slices were performed. All images were transferred to the centralized reading center at the
University of California—Davis Medical Center and analyses were performed on
QUANTA 6.2, a custom-designed image analysis package operating on a Sun
Microsystems Ultra 5 workstation.?® For the assessment of total intracranial volume
coronal sections were used to manually outline the intracranial vault above the tentorium
in each slice and these data were summed to determine the total intracranial volume.
Semi-automated analysis of pixel distributions based on mathematical modeling of MRI
pixel intensity histograms for cerebrospinal fluid (CSF) and brain matter (white matter
and gray matter) were used to determine the optimal threshold of pixel intensity to best
distinguish CSF from brain matter based on methods published previously.**? This
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yielded brain volume. The interrater reliability within the FHS study sample averaged
0.99 for both intracranial volume and brain volume.

Rotterdam Study

In 1995-1996 participants originating from the Rotterdam Study | underwent MRI of the
brain on a 1.5-Tesla Siemens Vision scanner.” The protocol included axial T1-weighted,
T2-weighted, and proton-density scans with slice thickness of 5mm and a high-resolution
3D inverstion recovery HASTE scan with slice thickness of 1.25 mm.? In 2005-2006,
participants originating from the Rotterdam Study Il and 111 underwent MRI of the brain
including axial T1- weighted, proton-density, and FLAIR sequences on a 1.5-Tesla GE
Healthcare scanner.? The slice thickness was 1.6 mm on the T1-weighted, and proton-
density weighted sequences and 2.5 mm on the FLAIR sequence. All slices were
contiguous.

Brain volume quantification was performed using a custom-designed multi-sequence
manually trained k-nearest neighbor classification algorithm.?*® In scans from
Rotterdam Study | the HASTE, T2, and Proton-density sequences were used; in scans
from Rotterdam Study Il and 11 the Proton-density, FLAIR, and T1 sequences were used.
We removed non-brain tissue (skull, eyes, dura) — thereby obtaining intracranial volume
— by non-linearly registering all brain scans to a manually created template in which non-
brain tissues were masked. In all scans, visual checks were performed and if needed any
segmentation errors manually corrected.”®
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