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Supplementary Methods 

Alzheimer’s Disease Neuroimaging Initiative (ADNI):  

Data used in the preparation of this article were obtained from the ADNI database 

(adni.loni.usc.edu). The ADNI was launched in 2003 by the National Institute on Aging (NIA), the 

National Institute of Biomedical Imaging and Bioengineering (NIBIB), the Food and Drug 

Administration (FDA), private pharmaceutical companies and non-profit organizations, as a $60 

million, 5-year public-private partnership. The primary goal of ADNI has been to test whether serial 

magnetic resonance imaging (MRI), positron emission tomography (PET), other biological markers, 

and clinical and neuropsychological assessment can be combined to measure the progression of mild 

cognitive impairment (MCI) and early Alzheimer’s disease (AD). Determination of sensitive and 

specific markers of very early AD progression is intended to aid researchers and clinicians to develop 

new treatments and monitor their effectiveness, as well as lessen the time and cost of clinical trials.   

The Principal Investigator of this initiative is Michael W. Weiner, MD, VA Medical Center and 

University of California – San Francisco. ADNI is the result of efforts of many co-investigators from a 

broad range of academic institutions and private corporations, and subjects have been recruited 

from over 50 sites across the U.S. and Canada. The initial goal of ADNI was to recruit 800 subjects but 

ADNI has been followed by ADNI-GO and ADNI-2. To date these three protocols have recruited over 

1500 adults, ages 55 to 90, to participate in the research, consisting of cognitively normal older 

individuals, people with early or late MCI, and people with early AD. The follow up duration of each 

group is specified in the protocols for ADNI-1, ADNI-2 and ADNI-GO. Subjects originally recruited for 

ADNI-1 and ADNI-GO had the option to be followed in ADNI-2. For up-to-date information, see 

www.adni-info.org. After excluding individuals with prevalent stroke and dementia at time of MRI-

scanning, a total of 581 had phenotypic and genome-wide genotypic data in ADNI and 559 in ADNI-

GO. 

MRI protocol and phenotyping:  

High-resolution structural brain MRI scans were acquired at 55 ADNI sites using 1.5T (ADNI1) or 3T 

MRI scanners (ADNI2GO) (GE Healthcare, Philips Medical Systems, or Siemens). GE scanners use 

inversion recovery-fast spoiled gradient recalled (IR-SPGR) sequences and Philips and Siemens use 

magnetization-prepared rapid gradient echo (MP-RAGE) sequences. Detailed MRI scanner protocols 

for T1-weighted sequences by vendor are available online 

(http://adni.loni.usc.edu/methods/documents/mri-protocols/). All T1-weighted images were 

segmented into supra-tentorial grey matter (GM), white matter (WM) and cerebrospinal fluid (CSF). 

http://www.adni-info.org/
http://adni.loni.usc.edu/methods/documents/mri-protocols/)
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We used a previously described k-Nearest-Neighbor (kNN) algorithm, which was trained on six 

manually labeled atlases.1 The volume GM and WM of both hemispheres was summed to calculate 

the volume of the four lobes. The volume GM and WM of both hemispheres was summed to 

calculate the volume of the four lobes.  
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Age, Gene/Environment Susceptibility-Reykjavik Study (AGES-Reykjavik)  

The AGES cohort originally comprised a random sample of 30,795 men and women born in 1907–

1935 and living in Reykjavik in 19672. A total of 19381 attended, resulting in 71% recruitment rate. 

The study sample was divided into six groups by birth year and birth date within month. One group 

was designated for longitudinal follow-up and was examined in all stages. One group was designated 

a control group and was not included in examinations until 1991. Other groups were invited to 

participate in specific stages of the study. Between 2002 and 2006, the AGES-Reykjavik study re-

examined 5764 survivors of the original cohort who had participated before in the Reykjavik Study. 

After excluding individuals with prevalent stroke and dementia at time of MRI-scanning, a total of 

2478 had phenotypic and genome-wide genotypic data. 

MRI protocol and phenotyping:  

MR images were acquired on a single research-dedicated 1.5 T Signa Twinspeed EXCITE system (GE 

Medical Systems, Waukesha, WI) using a multi-channel phased array head cap coil. The structural 

image protocol included a T1-weighted three dimensional spoiled gradient echo (3D-SPGR) sequence 

(TE (time to echo), 8 ms; TR (time repetition), 21 ms; FA (flip angle), 30°; FOV (field of view), 240 mm; 

matrix, 256 × 256). Each volume consisted of 110 slices with 1.5 mm slice thickness, in-plane 0.94 x 

0.94 mm. A proton density (PD)/T2 - weighted fast spin echo (FSE) sequence (TE1, 22 ms; TE2, 90 ms; 

TR, 3220 ms; echo train length, 8; FA, 90°; FOV, 220 mm; 256 × 256), and a fluid attenuated inversion 

recovery (FLAIR) sequence (TE, 100 ms; TR, 8000 ms, inversion time, 2000 ms, FA, 90°; FOV, 220 mm; 

matrix, 256 × 256). These latter two sequences were acquired with 3-mm thick slices and in-plane 

pixel size of 0.86 x 0.86 mm. All images were acquired to give full brain coverage and were localized 

at the AC/PC commissure line. 

The lobar volumes were derived using a custom automatic image analysis pipeline, based on the 

Montreal Neurological Institute software. The pipeline was trained by an input of manually labelled 

images. It is based on the use of a probabilistic atlas consisting of a sample 314 individuals, an 

anatomical atlas consisting of an average of 4 individuals from the AGES-Reykjavik Study cohort and a 

multispectral tissue segmentation method. For the anatomical atlas the boundaries of the lobes were 

identified and drawn in axial, sagittal and coronal plane. Briefly, global brain tissue segmentation was 

first achieved: Stereotaxic registration was achieved following signal non-uniformity correction by an 

affine transformation of the T1-weighted images to the ICBM152 template. Tissue classification was 

achieved with an artificial neural network classifier. The absolute volumes of the four tissue types 

(GM, WM, WML and CSF) were subsequently calculated. The probabilistic atlas was non-linearly 
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warped to each subject, where total lobar volume (for each lobe) was obtained by counting the 

voxels belonging to each of the lobes from the atlas that overlap the subjects GM and WM masks3, 4.   
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Atherosclerosis Risk In Communities Study (ARIC) 

The ARIC study is a population-based cohort study of atherosclerosis and clinical atherosclerotic 

diseases5. At its inception (1987-1989), 15,792 men and women, including 11,478 white and 4,266 

black participants were recruited from four U.S. 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. Vascular risk factors and outcomes, including transient ischemic attack, stroke and 

dementia, were determined in a standard fashion. During the first 2 years (1993-1994) of the third 

ARIC examination (V3), participants aged 55 and older from the Forsyth County and Jackson sites 

were invited to undergo cranial MRI. This subgroup of individuals with MRI scanning represents a 

random sample of the full cohort because examination dates were allocated at baseline through 

randomly selected induction cycles. After excluding individuals with prevalent stroke and dementia, a 

total of 413 white and 389 black participants had phenotypic and genome-wide genotypic data. 

MRI protocol and phenotyping: 

General Electric (General Electric Medical Systems) or Picker (Picker Medical Systems) 1.5-Tesla 

scanners were used for the MRI examination. 6 The scanning protocol included a series of sagittal T1-

weighted scans and axial proton-density, T2-weighted and T1-weighted scans with 5 mm thickness 

and no interslice gaps. Images were interpreted directly from a PDS-4 digital workstation consisting 

of four 1024 X 1024-pixel monitors capable of displaying all 96 images simultaneously. Both ARIC and 

CHS used the same protocols for scanning and for interpretation.7 All T1-weighted images were 

segmented into supra-tentorial grey matter (GM), white matter (WM) and cerebrospinal fluid (CSF). 

We used a previously described k-Nearest-Neighbor (kNN) algorithm, which was trained on six 

manually labeled atlases.1 The volume GM and WM of both hemispheres was summed to calculate 

the volume of the four lobes.  
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Austrian Stroke Family Prevention Study (ASPS-Fam)  

The ASPS-Fam is a prospective single-center community-based study on the cerebral effects of 

vascular risk factors in the normal aged population of the city of Graz, Austria.8, 9 ASPS-Fam 

represents an extension of the ASPS, which was established in 1991.10, 11 Between 2006 and 2013, 

study participants of the Austrian Stroke Prevention Study (ASPS) and their first-grade relatives were 

invited to enter ASPS-Fam. Inclusion criteria were no history of previous stroke or dementia and a 

normal neurologic examination. The study protocol was approved by the ethics committee of the 

Medical University of Graz, Austria, and written informed consent was obtained from all subjects. 

The entire cohort of 419 individuals underwent an extended diagnostic work- up including clinical 

history, blood tests, cognitive testing, and a thorough vascular risk factor assessment.  Those 305 

ASPS-Fam individuals who underwent MRI scanning and passed genotyping quality control were 

available for these analyses. They were all European Caucasians. 

MRI protocol and phenotyping: 

MRI scans for ASPS-Fam participants were obtained using a 3.0 T whole-body MR system (Tim Trio, 

Siemens, Erlangen) with a 12 channel head coil. The protocol included a high-resolution T1 weighted 

3D sequence with magnetization prepared rapid gradient echo with whole brain coverage 

(repetition-time ¼ 1900ms,echo-time ¼ 2.19 ms, inversion-time ¼ 900 ms, flip angle ¼ 9, and 

isotropic resolution of 1mm) for assessing brain volume and for tissue segmentation. Volumetric 

segmentation was performed with the Freesurfer image analysis suite, version 5.2.0 

(https://surfer.nmr.mgh.harvard.edu;      Fischl, B., Salat, D.H., Busa, E., Albert, M., Dieterich, M., 

Haselgrove, C., van der Kouwe, A., Killiany, R., Kennedy, D., Klaveness, S., Montillo, A., Makris, N., 

Rosen, B., Dale, A.M., 2002. Whole brain segmentation: automated labeling of neuroanatomical 

structures in the human brain. Neuron 33, 341-355.) Total brain volume was calculated from the T1-

weighted scans using the MRI post-processing software Freesurfer 

(https://surfer.nmr.mgh.harvard.edu). Volumes of the frontal, temporal, parietal and occipital 

lobes were defined as the sum of lobar cortical gray matter volumes (as defined 

in: https://surfer.nmr.mgh.harvard.edu/fswiki/CorticalParcellation) and the corresponding 

subcortical white matter volumes for each lobe.  

  

https://surfer.nmr.mgh.harvard.edu/
https://surfer.nmr.mgh.harvard.edu/
https://surfer.nmr.mgh.harvard.edu/fswiki/CorticalParcellation
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Cardiovascular Health Study (CHS)  

The CHS is a population-based cohort study of risk factors for coronary heart disease and stroke in 

adults ≥65 years conducted across four field centers.12 The original predominantly European ancestry 

cohort of 5,201 persons was recruited in 1989-1990 from random samples of the Medicare eligibility 

lists; subsequently, an additional predominantly African-American cohort of 687 persons was 

enrolled for a total sample of 5,888. Blood samples were drawn from all participants at their baseline 

examination and DNA was subsequently extracted from available samples. Genotyping was 

performed at the General Clinical Research Center’s Phenotyping/Genotyping Laboratory at Cedars-

Sinai among CHS participants who consented to genetic testing and had DNA. European ancestry 

participants were excluded from the GWAS study sample due to the presence at study baseline of 

coronary heart disease, congestive heart failure, peripheral vascular disease, valvular heart disease, 

stroke or transient ischemic attack or lack of available DNA. Among those with successful GWAS, 

2155 European ancestry and 507 African-American participants had available MRI scans for analysis. 

CHS was approved by institutional review committees at each field center and individuals in the 

present analysis had available DNA and gave informed consent including consent to use of genetic 

information for the study of cardiovascular disease. 

 
MRI protocol and phenotyping: 

Magnetic resonance imaging was performed on General Electric or Picker 1.5-Tesla scanners at 3 

field centers and on a 0.35-Tesla Toshiba scanner at the fourth. The scanning protocol included a 

series of sagittal T1-weighted scans and axial proton-density, T2-weighted and T1-weighted scans 

with 5 mm thickness and no interslice gaps. Both ARIC and CHS used the same protocols for scanning 

and for interpretation 7 (see above for details).  All T1-weighted images were segmented into supra-

tentorial grey matter (GM), white matter (WM) and cerebrospinal fluid (CSF). We used a previously 

described k-Nearest-Neighbor (kNN) algorithm, which was trained on six manually labeled atlases.1 

The volume GM and WM of both hemispheres was summed to calculate the volume of the four 

lobes.  
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Epidemiology of Dementia in Singapore (EDIS)  

The EDIS study draws subjects from the on-going population-based community-dwelling study of 

Chinese, Malays and Indians cohorts aged ≥40 years who participated in the Singapore Epidemiology 

of Eye Disease (SEED; n=10,033), which comprises the Singapore Chinese Eye Study (SCES; n=3,353), 

Singapore Malay Eye Study-2 (SiMES-2; n=3,280) and Singapore Indian Eye Study-2 (SINDI-2; 

n=3,400)13. As part of the baseline examinations in the SEED cohorts, genotyping was done in 2,587 

SCES participants and 3,072 SiMES participants14, 15. In the present study we restricted analysis to the 

Chinese (EDIS-SCES) and Malay (EDIS-SiMES) component of EDIS, as the recruitment of the Indians 

has recently ended. Ethics approval for EDIS study was obtained from the Singapore Eye Research 

Institute (SERI) and National Healthcare Group Domain-Specific Review Board (DSRB). The study is 

being conducted in accordance with the Declaration of Helsinki. Written informed consent is 

obtained, in the preferred language of the participants, by bilingual study coordinators prior to their 

recruitment in the study. In the first phase of the EDIS Study, participants from SEED aged ≥ 60 years 

(n=1,538 Chinese and n=1,014 Malay) were screened using the 10-point Abbreviated Mental Test 

(AMT) and a self-report of progressive forgetfulness. Screen-positives were defined as AMT score ≤ 6, 

among those with ≤ 6 years of formal education, or ≤ 8 among those with > 6 years of formal 

education; or if the subject or caregiver reported progressive forgetfulness [yes/no]. A total of 300 

Chinese and 308 Malay screen-positive subjects agreed to take part in the second phase of this study, 

which included an extensive neuropsychological test battery and brain MRI. Of these 131 Chinese 

and 211 Malay were included in the current analyses, who had genotyping and MRI data. 

MRI protocol and phenotyping: 

MRI was performed on a 3T Siemens Magnetom Trio Tim scanner, using a 32-channel head coil, at 

the Clinical Imaging Research Centre of the National University of Singapore. Subjects with 

claustrophobia, contraindications for MRI, or those who were unable to tolerate the procedure were 

excluded.  All T1-weighted images were segmented into supra-tentorial grey matter (GM), white 

matter (WM) and cerebrospinal fluid (CSF). We used a previously described k-Nearest-Neighbor 

(kNN) algorithm, which was trained on six manually labeled atlases.1 The volume GM and WM of 

both hemispheres was summed to calculate the volume of the four lobes.  
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Erasmus Rucphen Family study (ERF)  

The Erasmus Rucphen Family (ERF) study is a family-based cohort study in a genetically isolated 

population from a community in the South-West of the Netherlands (Rucphen municipality) including 

3000 participants. Participants are all descendants of a limited number of founders living in the 19th 

century, and all of Caucasian European descent. Extensive genealogical data is available for this 

population. The study population is described in detail elsewhere. As part of the protocol, genomic 

DNA was collected from all participants. Genotyping was done at the Human Genotyping Facility, 

Genetic Laboratory Department of Internal Medicine, Erasmus MC, Rotterdam, and at the 

Genotyping Center of Leiden University, The Netherlands. All participants gave informed consent and 

the study was approved by the medical ethics committee at Erasmus MC University Medical Center. 

In a follow-up analysis, 135 non-demented hypertensive (SBP ≥ 160, DBP ≥ 100 or use of 

antihypertensive medication) subjects aged 55-75 years were included for a new battery of tests 

including MRI scanning. Of these, 4 subjects were excluded because of physical constraints impeding 

the MRI scanning, and 2 subjects were excluded from analysis because large brain tumors were 

incidentally discovered.16 Full genotype and phenotype data were available for 116 subjects after QC 

of the automated segmentations. 

MRI protocol and phenotyping:  

MRI scanning for the Erasmus Rucphen Family study was done on a 1.5 T MRI unit (GE Healthcare, 

Milwaukee, USA, Signa Excite software version 11×) fitted with a dedicated 8-channel head coil. The 

T1-weighted, proton density-weighted (PDw) and fluid-attenuated inversion recovery (FLAIR) 

sequences were used.17 For the purpose of segmentation, the T1w scan is acquired in 3D at high in-

plane resolution and with thin slices (voxel size < 1 mm3). 17 The scans were spatially registered using 

rigid registration. 17 Subsequently, the brain was extracted from the scan. Hereto a manually 

segmented brain mask, which excludes cerebellum, eyes and skull, was non-rigidly registered to the 

T1-weighted image using Elastix. 17 Finally, scans were corrected for intensity non-uniformity using 

the N3 method; non-uniformity correction was carried out within the brain mask. 17 All T1-weighted 

images were segmented into supra-tentorial grey matter (GM), white matter (WM) and 

cerebrospinal fluid (CSF). We used a previously described k-Nearest-Neighbor (kNN) algorithm, which 

was trained on six manually labeled atlases.1 The volume GM and WM of both hemispheres was 

summed to calculate the volume of the four lobes.  
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Framingham Heart Study (FHS)  

The FHS is a three-generation, single-site, community-based, ongoing cohort study initiated in 1948 

to investigate the risk factors for cardiovascular disease. It now includes 3 generations of 

participants: the Original cohort followed since 1948;18 their Offspring and spouses of the Offspring, 

followed since 1971;19 and children from the largest Offspring families enrolled in 2000.20 The 

Original cohort enrolled 5,209 men and women who comprised two-thirds of the adult population 

then residing in Framingham, MA. Survivors continue to receive biennial examinations.  The Offspring 

cohort comprises 5,124 persons (including 3,514 biological offspring) and the Third-generation 

includes 4,095 participants with at least one parent in the Offspring Cohort; the Offspring and Third-

generation cohorts are invited for follow-up examinations approximately once every 4 years.  

The first two generations were invited to undergo an initial brain MRI in 1999-2005, and for the 

Third-generation, brain MRI began in 2009. The population of Framingham was virtually entirely 

white (Europeans of English, Scots, Irish and Italian descent) in 1948 when the Original cohort was 

recruited. Self-reports of ethnicity across all three generations were 99.7% whites, reflecting the 

ethnicity of the population of Framingham in 1948. All participants provided written informed 

consent at each examination. Study protocols and consent forms were approved by the Institutional 

Review Board of the Boston University Medical Center. 

  

MRI protocol and phenotyping: 

Removal of Non-brain tissues 

The skull is removed using an atlas-based method21 followed by human quality control to provide 

generally minor cleanup if needed. Structural MRI brain images are then nonlinearly registered 

performed by a cubic B-spline deformation 22 to a minimal deformation template (MDT) synthetic 

brain image23 adapted for age range of 60 and above. 

Image Intensity Inhomogeneity Correction 

B1 field inhomogeneity is a common problem that limits the precision of image segmentation.  We 

utilize a template-based iterative method for correcting field inhomogeneity bias.24  At each 

algorithm iteration, the update of a B-spline deformation between an unbiased template image and 

the subject image is interleaved with estimation of a bias field based on the current template-to-

image alignment. The bias field is modeled using a spatially smooth thin-plate spline interpolation 

based on ratios of local image patch intensity means between the deformed template and subject 

images. This is used to iteratively correct subject image intensities which are then used to improve 

the template-to-image deformation. 
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Gray, White and CSF Measurement  

Our segmentation algorithm is based on an Expectation-Maximization (EM) algorithm that iteratively 

refines its segmentation estimates to produce outputs that are most consistent with the input 

intensities from the native-space T1 images along with a model of image smoothness.25, 26  Like all EM 

algorithms, the system must be initialized with a reasonable estimate. We produce this initial 

estimate from the template-space warps of previously segmented images; because locations of 

WM/GM/CSF tissues are known in the template space, transforming these masks back to the each 

image’s native space produces rough estimate 3-tissue segmentations. We then calculate the mean 

and standard deviation of the image intensities in locations labeled as each tissue type. These values 

then form the initial parameters for a Gaussian model of image intensity for each class.  At each 

iteration, the algorithm uses a Gaussian model of T1-weighted image intensity for each tissue class, 

in order to produce a segmentation. In the first iteration, these models are estimated as described 

above. The segmentation yielded by these appearance models alone is then refined using a Markov 

Random Field (MRF) model, a computational statistical method that efficiently produces a label map 

consistent with both the input intensities and image smoothness statistics. Inference in the MRF is 

computed using an adaptive priors model.26 This refined segmentation from the MRF is then used to 

compute new Gaussian intensity models for each tissue class, and the algorithm repeats, iteratively 

switching between calculating Gaussian appearance models and MRF-based segmentation, until 

convergence. The MRF-based segmentation at the final iteration is used as the final output 

segmentation. To calculate the volume of the four lobes the volume GM and WM of both 

hemispheres was summed  
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Genetic Study of Atherosclerosis Risk (GeneSTAR)  

GeneSTAR (Genetic Study of Atherosclerosis Risk) is an ongoing prospective study designed to 

determine environmental, phenotypic, and genetic causes of premature cardiovascular disease.  

Participants (n=3533) were recruited from European- and African-American families (n=891) 

identified from 1983-2006 from probands with a premature coronary disease event prior to 60 years 

of age who were identified at the time of hospitalization in any of 10 Baltimore area hospitals. 

Apparently healthy siblings of the probands and offspring of the siblings and probands were screened 

for traditional coronary disease and stroke risk factors. A subset of this study population participated 

in an MRI study between 2009 and 2013. Siblings and offspring were excluded if they had a history of 

chronic corticosteroid use, life-threatening diseases, neurologic diseases that would preclude 

accurate MRI interpretation, and implanted metals that prohibited MRI scans. Participants with atrial 

fibrillation or symptomatic cardiovascular disease of any kind were excluded from the study.  

MRI protocol and phenotyping: 

MRI with a Philips 3T imaging unit was performed according to standardized protocols between 2009 

and 2013. MPRAGE images were skull-stripped and co-registered to FLAIR images. Spatial 

normalization of the co-registered MPRAGE and FLAIR images into MNI space was performed via 

affine transformation. We segmented the brain in native MPRAGE space using an automated 

probabilistic methodology that employs a topology-preserving algorithm and mapped the resulting 

tissue mask to MNI space. We measured total brain, intracranial, cortical grey matter, and white 

matter volumes in native MPRAGE space. Intracranial volume was defined (in cubic millimeters) as 

the sum of all meningeal material, soft tissue, and sulcal and ventricular cerebrospinal volumes 

inferior to bone from the vertex to the foramen magnum. All T1-weighted images were segmented 

into supra-tentorial grey matter (GM), white matter (WM) and cerebrospinal fluid (CSF). We used a 

previously described k-Nearest-Neighbor (kNN) algorithm, which was trained on six manually labeled 

atlases.1 The volume GM and WM of both hemispheres was summed to calculate the volume of the 

four lobes.  
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Leiden Longevity Study (LLS)  

The Leiden Longevity Study (LLS) is a longitudinal cohort study consisting of 421 families of long-lived 

Caucasian siblings of Dutch descent together with their offspring and the partners thereof.27 These 

partners were included as controls, since they have a comparable age and share the same 

socioeconomic and geographical background as the offspring. Families were recruited if at least two 

long-lived siblings were alive and aged at least 89 years for males and 91 years for females. These 

sex-specific age-criteria were used because of the higher life-expectancy for females compared to 

males.27, 28 No selection criteria for health or demographic characteristics were applied. Recruitment 

took place between July 2002 and May 2006 and the families are followed up since that time.  

MRI protocol and phenotyping: 

All imaging was performed on a MRI system operating at a field strength of 3T (Philips Medical 

Systems, Best, the Netherlands). Three‐dimensional T1‐weighted images were acquired from all 

study participants with the following imaging parameters: TR = 9.7 ms, TE = 4.6 ms, FA = 8°, FOV = 

224 × 177 × 168 mm, resulting in a nominal voxel size of 1.17 × 1.17 × 1.4 mm, covering the entire 

brain with no gap between slices, acquisition time was approximately five minutes. All T1-weighted 

images were segmented into supra-tentorial grey matter (GM), white matter (WM) and 

cerebrospinal fluid (CSF). We used a previously described k-Nearest-Neighbor (kNN) algorithm, which 

was trained on six manually labeled atlases.1 The volume GM and WM of both hemispheres was 

summed to calculate the volume of the four lobes.  
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The Religious Orders Study and Memory and Aging Project (ROSMAP) 

The Religious Orders Study (ROS), started in 1994, enrolled Catholic priests, nuns and brothers from 

about 40 groups in 12 states of the United States. The Rush Memory and Aging Project (MAP), 

started in 1997, enrolled older men and women from assisted living facilities in the Chicagoland area.  

Both are community based longitudinal clinical pathologic studies of aging and common chronic 

conditions of aging. Participants were free of known dementia at enrollment and agreed to annual 

clinical evaluations and organ donation after death. The studies were approved by the Institutional 

Review Board of Rush University Medical Center. Informed consent and a signed anatomical gift act 

were obtained from each participant. 

 

MRI protocol and phenotyping:  

Imaging substudies were initiated in 2009 in MAP and ROS. MRI scans were performed on a 1.5 Tesla 

scanner (General Electric, Waukesha, Wisconsin).29 High-resolution T1-weighted anatomical data 

were obtained using 3D inversion-recovery fast spoiled gradient-echo (IR-FSPGR) sequence, with the 

following parameters: TE=2.8ms, TR=6.3ms, preparation time=1000ms, flip angle 8, field of view 

24cm × 24cm, 160 sagittal slices, 1mm slice thickness, no gap, 224×192 image matrix reconstructed 

to 256×256. Two repetitions of the T1-weighted data acquired on each subject were co-registered 

and then averaged. Freesurfer (http://surfer.nmr.mgh.harvard.edu) was used for automatic 

segmentation. All Freesurfer results were reviewed and manually corrected when necessary. 
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Rotterdam Study (RS-I, RS-II, RS-III)  

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.36 In 1990-

1993, 7,983 persons aged 55 years and older participated and were re-examined every 3 to 4 years 

(Rotterdam Study I). In 2000-2001 the cohort was expanded by 3,011 persons aged 55 and over who 

had not yet been part of the Rotterdam Study (Rotterdam Study II). In 2006-2008 a second expansion 

(Rotterdam Study III) of 3,932 persons aged 45 and over was realized. All participants had DNA 

extracted at their first visit. After excluding individuals with prevalent stroke and dementia at time of 

MRI-scanning, a total of 894 from RS-I, 1032 from RS-II and 2427 from RS-III had phenotypic and 

genome-wide genotypic data. 

MRI protocol and phenotyping:  

MRI scanning for the Rotterdam Study was done on a 1.5 T MRI unit (GE Healthcare, Milwaukee, 

USA, Signa Excite software version 11×) fitted with a dedicated 8-channel head coil. The T1-weighted, 

proton density-weighted (PDw) and fluid-attenuated inversion recovery (FLAIR) sequences were 

used.17 For the purpose of segmentation, the T1w scan is acquired in 3D at high in-plane resolution 

and with thin slices (voxel size < 1 mm3). 17 The scans were spatially registered using rigid 

registration. 17 Subsequently, the brain was extracted from the scan. Hereto a manually segmented 

brain mask, which excludes cerebellum, eyes and skull, was non-rigidly registered to the T1-weighted 

image using Elastix. 17 Finally, scans were corrected for intensity non-uniformity using the N3 

method; non-uniformity correction was carried out within the brain mask. 17 All T1-weighted images 

were segmented into supra-tentorial grey matter (GM), white matter (WM) and cerebrospinal fluid 

(CSF). We used a previously described k-Nearest-Neighbor (kNN) algorithm, which was trained on six 

manually labeled atlases.1 The volume GM and WM of both hemispheres was summed to calculate 

the volume of the four lobes.  
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The Saguenay Youth Study (SYS) 

The SYS is a multi-generational and multi-system cohort of a community-based sample of 

adolescents and their parents from the Saguenay Lac Saint Jean region (Quebec, Canada).30 No 

individuals were excluded for prevalent stroke or prevalent dementia. 

 

MRI protocol and phenotyping:  

For adolescents, high-resolution anatomical T1-weighted (T1W) images were acquired in a Phillips 

1.0-T superconducting magnet using the following parameters: 3D RF-spoiled gradient echo scan 

with 140-160 sagittal slices, 1-mm isotropic resolution, TR=25 ms, TE=5 ms, flip angle=30°. 

For parents, T1W images were acquired in a Siemens 1.5T (Avanto) scanner using the 3D fast RF-

spoiled gradient echo scan with 176 sagittal slices (1-mm isotropic resolution, TR = 2,400ms, TE = 

2.65ms, TI = 1000ms, and flip angle = 8°).  

For both adolescents and parents, the images were processed using an in-house image-processing 

pipeline employing the Minc Tool Kit (Montreal Neurological 

Institute:www.bic.mni.mcgill.ca/software/minc) and consisting of: (1) A correction for intensity 

inhomogeneities due to radio frequency field uniformity31 and slice-wise intensity normalization 

using the median of slice-wise intensity ratios 
32; (2) Linear and nonlinear registration (using the ANTs 

algorithm33) to the ICBM152 template34; (3) Tissue classification using priors predefined on the 

ICBM152 template and projected back to the native space of each participant to enable a neural 

network-based classification of GM, WM and cerebrospinal fluid35; (4) Definition of all of the major 

lobes of the brain using a probabilistic atlas36 warped (non-linearly) to each participant’s native 

space; and (5) Estimates of the total brain volume and intra-cranial volume (ICV) using, respectively, 

brain and intracranial masks based on the ICBM152 template and warped (non-linearly) to each 

participant’s native space. All steps of this processing pipeline were quality controlled (e.g., no 

movement artifacts, correct registration). 

Total brain volume was obtained by assessing the volume within the brain mask. Total GM and WM 

were obtained by masking the tissue classification mask (step 3) with the brain mask (step 5). These 

values were then adjusted by ICV. Lobar volumes of GM and WM were obtained by masking tissue 

classification masks (step 3) with the respective lobar masks (step 4). To obtain relative lobar 

volumes, these values were adjusted by ICV. In total 1373 participants had both genotypes and brain 

lobar volume data available and were available for analysis. 

  

http://www.bic.mni.mcgill.ca/software/minc
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Three-City Dijon Study (3C-Dijon Study)  

The 3C study is a cohort study conducted in three French cities (Bordeaux, Dijon, and Montpellier), 

comprising 9,294 participants, designed to estimate the risk of dementia and cognitive impairment 

attributable to vascular factors37. Eligibility criteria included living in the city and being registered on 

the electoral rolls in 1999, 65 years or older, and not institutionalized. The study protocol was 

approved by the Ethical Committee of the University Hospital of Kremlin-Bicêtre and each participant 

signed an informed consent. Data reported in this article were obtained in Dijon (3C-Dijon study), 

where 4,931 individuals were recruited (1999–2001). The overall design of the 3C-Dijon study is 

detailed elsewhere.37-39 

Participants aged less than 80 years and enrolled between June 1999 and September 2000 (n=2,763) 

were invited to undergo a brain MRI. Although 2,285 subjects agreed to participate (82.7%), because 

of financial limitations, 1,924 MRI scans were performed, of which 120 were not interpretable. DNA 

samples of 3C-Dijon participants were genotyped at the Centre National de Génotypage, Evry, France 

(www.cng.fr) with Illumina Human610-Quad® BeadChips.40, 41 Lobar volume measures were available 

in 1,397 participants with genome-wide genotypes, after exclusion of participants with a diagnosis of 

dementia, stroke, or brain tumor at the time of MRI. 

MRI image acquisition 

MRI acquisition was performed on 1.5-Tesla Magnetom scanner (Siemens, Erlangen). Exclusion 

criteria for MRI were presence of an internal electrical or magnetic device; presence of metal 

fragments in the eyes, brain, or spinal cord; history of neurosurgery or aneurysm; and 

claustrophobia. A 3D high-resolution T1-weighted brain volume was acquired by using a 3D inversion 

recovery fast spoiled-gradient echo sequence (3D IR-SPGR; repetition time [TR] =97 msec; echo time 

[TE] = 4 msec; inversion time [TI] = 600 msec; coronal acquisition). The axially reoriented 3D volume 

matrix size was 256×192×256 with a 1.0× .98× .98 mm3 voxel size. T2- and proton density (PD)-

weighted brain volumes were acquired by using a 2D dual spin-echo sequence with two echo times 

(TR=4400 msec; TE1=16 msec; TE2=98 msec). T2 and PD acquisitions consisted of 35 axial slices 3.5 

mm thick (0.5 mm between slices spacing), with a 256×256 matrix size, and a 0.98×0.98 mm2 in-

plane resolution. 

Global brain and tissue volumetry 

T1- and T2-weighted images from every participant were processed using a Voxel-Based 

Morphometry protocol based on SPM991 (http://www.fil.ion.ucl.ac.uk/spm/) that was modified to 

account for characteristics of aging brains. For each participant, gray matter (GM), white matter, and 

CSF volume were segmented and their respective volumes computed as the integral of voxel 

http://www.fil.ion.ucl.ac.uk/spm/)
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intensities over the corresponding modulated tissue partition image. Total intracranial volume was 

computed as the sum of the three tissue volumes.  

Lobar volumetry 

As SPM does not provide lobar tissue volumes, ad’hoc procedures were implemented for estimating 

GM and WM lobar volumes for each individual.  

First, we computed the GM volume of each ROI s of the AAL atlas3 by integrating voxel intensities of 

the modulated grey matter density map within the ROI mask. Then each AAL ROI, except grey nuclei 

and cerebellar ROIs, was assigned to a specific lobe. GM lobar volume was then computed as the sum 

of the GM volumes of ROIs belonging to this lobe.  

Since there is no anatomical limit of lobes within the white matter, we had to define a WM lobar 

parcellation scheme. This scheme was based on the GM lobar limits of the Talairach atlas. 

Specifically, we used oblique planes going through the Rolando sulcus, the Sylvian fissure, the 

parieto-occipital sulcus and the occipito-temporal sulcus for distinguishing between the occipital 

white matter of the different lobes. This scheme was applied to a white matter mask derived from a 

multi-modal segmentation (T1, T2 and PD)4 and registered within the same standard space as the GM 

density map, for computing WM lobar volumes for each individual. 

Eventually, frontal, temporal, parietal and occipital lobar volumes were computed as the sum of their 

GM and WM compartments.  
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UK Biobank (UKBB)  

The UK Biobank (UKBB) is a large-scale epidemiological study of over 500,000 individuals aged 40-69 

years from the United Kingdom (http://www.ukbiobank.ac.uk). The analyses presented here use data 

that were accessed via application 1155. Genetic data are available for the majority of these 

individuals42 and as of 15 July 2017 13,269 of these participants had participated in a multimodal 

imaging sub-study 43, 44. The genetic data used for these analyses uses only those variants imputed 

using the HRC reference panel.  Imputation accuracy and allele frequency were recalculated in the 

subset of participants with imaging from the raw imputed data using HASE software, quality control 

filters used in the meta-analyses were applied to the UKBB data prior to analysis. To account for 

ethnicity, we included only subjects with white British ancestry (base on provided by UK Biobank 

information). To avoid correct cryptic relationship we excluded all subject with >=3rd degree of 

genetic relationship.    

MRI protocol and phenotyping: 

The analyses presented here use the lobar volume measurements of the 8,841 participants released 

by the UKBB. These volumes are derived from the T1 brain MRI, with extraction of these measures 

using FreeSurfer software version 6.0. No visual quality control of these data were performed  (as the 

required files were not available for download). However, we removed outliers by setting data points 

more than 3 standard deviations from the mean to missing. For the calculation of the frontal lobe 

volume, we added up the grey matter volumes of the following regions: 'superiorfrontal', 

'rostralmiddlefrontal', 'caudalmiddlefrontal', 'parsopercularis', 'parstriangularis', 'parsorbitalis', 

'lateralorbitofrontal', 'medialorbitofrontal', 'precentral', 'paracentral' and 'frontalpole'. For temporal 

lobe volume, we summed the grey matter volumes of these regions: 'superiortemporal', 

'middletemporal', 'inferiortemporal', 'bankssts', 'fusiform', 'transversetemporal', 'entorhinal', 

'temporalpole' and 'parahippocampal'. For the parietal lobe, we used the grey matter volumes of 

'superiorparietal', 'inferiorparietal', 'supramarginal', 'postcentral' and 'precuneus' regions. Finally, in 

order to calculate the occipital lobe volume we added up grey matter volumes of the following 

regions: 'lateraloccipital', 'lingual', 'cuneus' and 'pericalcarine'. 
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Supplementary Figures 

 

Supplementary Figure 1. Quantile-quantile (QQ) plot of four lobar volume genome-wide association 

study meta-analysis. The plots are shown for the European ancestry only and the multi-ethnic meta-

analysis. All observed –log10 (p-values) are plotted against the expected –log10 (p-values) of a 

normal distribution. The grey lines depict the 95% confidence interval. The observed inflation was 

low (λ < 1.05) and was determined to be mainly a result of polygenicity using linkage disequilibrium 

score regression (intercept ≈ 1).45 
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Supplementary Figure 2. Study-specific effects of rs12411216 or 1:155164480 on occipital lobar volume. Showing the effect for the allele A. Effects for the 

studies are shown as boxes (size according to sample size of the study) with 95% confidence intervals. As measure for heterogeneity the I2 statistic (p-value) 

is shown. As a sensitivity analysis meta-analyses of only the studies using kNN-methods and those using other methods were performed. 
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Supplementary Figure 3. Study-specific effects of rs2279829 or 3:147106319 on parietal lobar volume. Showing the effect for the allele T. Effects for the 

studies are shown as boxes (size according to sample size of the study) with 95% confidence intervals. As measure for heterogeneity the I2 statistic (p-value) 

is shown. As a sensitivity analysis meta-analyses of only the studies using kNN-methods and those using other methods were performed. 
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Supplementary Figure 4. Study-specific effects of rs74921869 or 4:1013382 on occipital lobar volume. Showing the effect for the allele A. Effects for the 

studies are shown as boxes (size according to sample size of the study) with 95% confidence intervals. As measure for heterogeneity the I2 statistic (p-value) 

is shown. As a sensitivity analysis meta-analyses of only the studies using kNN-methods and those using other methods were performed. 
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Supplementary Figure 5. Study-specific effects of rs1337736 or 6:126845380 on occipital lobar volume. Showing the effect for the allele A. Effects for the 

studies are shown as boxes (size according to sample size of the study) with 95% confidence intervals. As measure for heterogeneity the I2 statistic (p-value) 

is shown. As a sensitivity analysis meta-analyses of only the studies using kNN-methods and those using other methods were performed. 
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Supplementary Figure 6. Study-specific effects of rs147148763 or 12: 65793942 on temporal lobar volume. Showing the effect for the allele A. Effects for 

the studies are shown as boxes (size according to sample size of the study) with 95% confidence intervals. As measure for heterogeneity the I2 statistic (p-

value) is shown. As a sensitivity analysis meta-analyses of only the studies using kNN-methods and those using other methods were performed. 
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Supplementary Figure 7. Study-specific effects of rs1337736 or 14:59631075 on occipital lobar volume. Showing the effect for the allele G. Effects for the 

studies are shown as boxes (size according to sample size of the study) with 95% confidence intervals. As measure for heterogeneity the I2 statistic (p-value) 

is shown. As a sensitivity analysis meta-analyses of only the studies using kNN-methods and those using other methods were performed.  
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Supplementary Figure 8. Regional view of the genome-wide significant loci in the replication sample. For each panel, zoomed in Manhattan plots (± 400 kb 

from top SNP) are shown with gene models below (refFlat UCSC build 19). Each plot was made using the LocusZoom software (http://locuszoom.org/). For 

the locus containing genetic variant rs147148763, we used another genome-wide significant variant in the same locus instead (rs76341705). 

http://locuszoom.org/
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Supplementary Figure 9. GTEx expression of ZIC1 and ZIC4. 
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