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1

Osteoporosis is a common complex disease characterized by decreased bone 
mineral density (BMD) and microarchitectural deterioration of bone tissue that 
eventually leads to increased risk of fracture. The most common type of fracture is 
hip fracture, a severe disabling event leading to decreased mobility and increased 
mortality. A women aged 65 years or older has a greater risk of dying after a hip 
fracture event than after the diagnosis of breast cancer (48.1% and 25.1% mortality 
rate respectively).1 The annual cost of treating all types of fracture has been 
estimated to be $17 billion in the United States and is expected to increase 50% by 
2025.2 These ever increasing costs represent a burden for the already costly budget 
for public health in our graying society. 

Epidemiological studies have shown that elderly women are in the highest risk 
category for fracture. But being young and/or men does not preclude from suffering 
a fracture. BMD, the best predictor of fracture risk, is used for the diagnosis of 
osteoporosis, defined as values at the femoral neck or lumbar spine (Fig. 1) below 2.5 
standard deviations the population average in young (30 years) healthy individuals3. 
The recommended site for diagnosis is the proximal femur with dual energy X-ray 
absorptiometry (DXA)3 . Height has also been established as an important risk factor 
for fracture. People in the highest quartile of stature have 2.4 higher risk of having a 
hip fracture as compared to the people in the lowest quartile.4 

Another clinical factors influencing the risk of osteoporosis include medication 
use (such as glucocorticoids), diet, smoking, physical activity and low weight, but 
one of the most important risk factors is a positive family history3, emphasizing 
the importance of genetics in the pathogenesis of the disease. Family and twin 
studies have estimated the heritability of BMD and height to be 66% and 80%, 
respectively.5,6 On the other hand, fracture risk is a very heterogeneous phenotype 
with twin studies showing a large spread in the estimates of fracture heritability. The 
largest study (and probably the one providing the most reliable estimates) included 
33,432 Swedish twins and reported a heritability of any type of fracture of 16%, 
increasing to 27% for osteoporotic fractures and 46% for hip fractures. Interestingly, 
this study also showed that those fractures occurring above the age of 79 years have 
a drastically lower heritability of only 3%.7

The study of genetic factors conferring risk to human diseases provides new 
biological insight on disease etiology. This new knowledge might translate into 
novel clinical applications such as detecting potential therapeutic targets or helping 
improve the diagnosis and the prognosis of disease.8-10 Different strategies have been 
proposed for the detection of genetic variants associated with human traits. In this 
thesis, we have focused on the Genome-wide association study (GWAS) approach 
discussed below.
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Introduction

Genome-wide association studies (GWAS)

The GWAS approach combines the power of the association analysis with the 
advantage of being a hypothesis-free design. It uses SNP microarray technology, 
where hundreds of thousands to millions of variants are tested in one single 
experiment. Therefore, the advent of the GWAS approach was facilitated by the 
confluence of contributions arising from five main instances including:

1.	 Human Genome Project11-13

2.	 International SNP Map Working Group14

3.	 International HapMap Project15

4.	 Developments in high-throughput genotyping technologies
5.	 Availability of well characterized cohorts studies

The first three points above reflect projects that created the basis for the 
selection and design of assays to effectively genotype the most common genetic 
variants of the human genome. In 2005, the HapMap project provided a catalogue 
of human common variation and estimated that approximately 300,000 SNPs 
would be sufficient to “tag” or capture a large fraction of the genetic variation 
present in individuals of European descent.  Shortly after, the first SNP microarrays  

Figure 1. Dual energy X-ray absorptiometry (DXA) images of A) Total Body, B) Lumbar Spine and 
C) Femoral Neck. The latter two sites are usually studied for the diagnosis of osteoporosis. The 
measurement of stature (height) is depicted in A). 
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1

emerged and the first locus associated with common complex diseases (i.e. macular 
degeneration) was reported in the literature.16 However, the GWAS approach has 
an important limitation: because of the large amount of genetic variants tested, a 
strict significance threshold has to be applied to avoid a high false positive rate. This 
threshold is estimated to be 5x10-8, which reflects a Bonferroni correction of testing 
one million variants (i.e., 0.05/1,000,000)17.   

Geneti c studies of human stature

Human stature is an easily measured and highly heritable (estimated to 
approximately 80%) classic phenotype18-20. Rare mutations with severe effects 
have been described for either extremely short or extremely tall individuals (Fig. 
2). However, before 2007 limited knowledge had been achieved regarding the 
genetics controlling normal height variation in humans. Linkage analyses in different 
sets of populations showed little overlap in loci nominally linked to normal height 
variation21,22. In 2007, a study selected 150 tag SNPs from eight candidate genes in 
the growth hormone/insulin-like growth factor-1 axis to evaluate their association 
with height in four cohorts (N=6,075)23. While being a well-powered setting and 
having selected SNPs based on Linkage Disequilibrium (LD) to increase coverage, this 
study did not find any of the 150 SNPs consistently associated with height, showing 
that prior biological knowledge does not determine having common genetic variants 
associated with this complex phenotype. 

The first common variant associated with height (near the HMGA2 gene) was 
reported in 2007 from a GWAS on 4,921 samples with a replication in 29,098 
individuals24. A similar GWAS with 6,669 samples in the discovery and 28,801 in 
the replication found variants near the GDF5 gene associated with height25.  Based 
on this success, three simultaneous papers with sample sizes ranging from 15,000 
to 27,000 samples in discovery plus additional 5,000 to 16,000 in the replication, 
identified in total 44 loci associated with height26-28 (Fig. 2).  However, even these 
three relatively large studies did not have a large overlap of associated loci, actually 
only four loci were significantly in the three studies. Considering the small  effect 
size conferred by each variant, and the fact that these 44 variants together explained 
5% of the variance, it was suggested that many more height associated variants 
were yet to be identified in larger studies22. This early success in identifying common 
genetic variants associated with this complex trait inspired similar studies on other 
quantitative traits such as bone mineral density.
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Genetic studies of osteoporosis

As in other disorders with Mendelian inheritance, linkage analysis has been 
successful identifying genes underlying monogenetic forms of bone diseases. These 
entities range from those presenting with low bone mass and fragility (Osteogenesis 
Imperfecta29, Osteoporosis pseudoglioma syndrome30) to those characterized by 
high bone mass (Sclerosteosis31 and van Buchem disease32, Osteopetrosis33, High 
Bone mass syndrome34) (Fig. 3). However, despite large sample sizes, linkage analysis 
has not been successful in identifying loci for the common form of osteoporosis.35 
This reflects that linkage analysis is a powerful approach for detecting rare genetic 
variants of large effect in monogenic syndromes, while it is not powered to identify 
genetic variants contributing to the etiology of common complex diseases.36

Several candidate gene studies were attempted for the identification of novel 
genes for osteoporosis, however, most of them were of small sample size and 
therefore underpowered, thus yielding contradictory results.  Only when the right 
variants in the right gene are tested with enough sample size, a true association 
can be found. Several candidate genes such as ESR137, COL1A138, VDR39 and TGFB140 
were tested within the GENOMOS consortium. While these associations have been 
replicated at P < 0.05,40-42 it has been  LRP543 the only candidate gene associated at 
P< 5x10-8. While mutations in LRP5 present with extreme (high and low) BMD values, 
two non-synonymous coding polymorphisms in exons 9 and 18 were shown to be 

Figure 2. Genes associated with either extremely short, extremely tall or normal body height  
variation identified by different methods such as linkage, candidate gene or GWAS.
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influencing BMD variation at the population level (Fig. 3). The latter association was 
discovered using the candidate gene approach in an adequately powered setting and 
has been consistently and widely replicated. Thus, we can consider it as the most 
successful application of the candidate gene approach in the field of osteoporosis. In 
2009, a comprehensive systematic assessment of 150 osteoporosis candidate genes 
in 19,000 individuals found variants in only nine genes as significantly associated 
with BMD.44 These genes included SNPs within or close to ITGA1, LRP5, SOST, SPP1, 
TNFRSF11A, TNFRSF11B, and TNFSF11, confirming a fraction of the genes identified 
by a meta-analysis of genome-wide association studies done on the same set of 
individuals.

The first two successful GWAS papers for osteoporosis appeared early in 2008 
almost simultaneously. The first one was based on GWAS data from the TwinsUK 
and Rotterdam Study cohorts summing to 8,558 samples after replication identifying 
variants near OPG and LRP5 as associated at genome-wide significant level.45 The 
second one was a study from DeCode46 with a GWAS discovery set based on 5,861 
samples from Iceland which reported variants mapping to RANK, RANKL, OPG, ESR1, 
ZBTB40, SPTBN1, LPR4 (Fig. 3). Associations with fracture risk were identified for 
ZBTB4046, SPTBN146 and LRP545. 

The variance explained by each of these variants was rather small (less than 0.6%), 
explaining in total less than 2% of the variance of BMD (Fig. 3). At that moment 
it was evident that many more variants were to be discovered by increasing the 

figure 3. Genes associated with either extreme or normal bone mineral density variati on identi fi ed 
by diff erent methods such as linkage, candidate gene or GWAS.
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sample size of the discovery. However, important methodological challenges had to 
be overcome in order to perform such studies. 

Meta-analysis of imputation-driven GWAS data

One of the biggest challenge of doing a GWAS meta-analysis is that studies use 
different genotyping platforms which share only a limited subset of SNPs (i.e., 
Affymetrix 500K and Illumina 550K have only ~10% of their markers in common). The 
current and standard solution is to use a shared reference set of haplotypes (such as 
the HapMap CEU panel) to impute missing genotypes using different computational 
methods such as BIM-BAM47 , MACH48 or IMPUTE49. Once the data has been imputed, 
the analysis is performed for each SNP using either linear or logistic regression with 
the allele dosage as predictor and the phenotype as outcome. The computational 
time required to analyze one phenotype against ~ 2.5 million SNPs in 6,000 samples 
is approximately 4 hrs in a regular computer. Yet, it is usual that hundreds of 
phenotypes (and many potential covariates) are available for genetic studies. Also, 
larger reference sets are becoming available (such as the 1000 Genomes project) 
increasing the number of variants to be tested by more than one order of magnitude, 
currently adding to 40 million markers. Therefore, suitable analytical pipelines need 
to be implemented to overcome these constraints, including those allowing high-
throughput parallel analysis of datasets. Once the data is analyzed, association 
results are shared between studies to perform a formal meta-analysis using either 
an inverse variance or a Z-score based meta-analysis. These and other best practices 
to avoid the presence of false positives derived from being underpowered, plating, 
genotyping, or imputation artifacts have been described elsehwere.50

Consortia of genetic research

As explained above, usually several thousand of samples are required in a discovery 
data set in order to identify genetic variants at the strict threshold of genome-wide 
significance. Most of the individual GWAS studies are currently composed of 500 to 
5000 samples, therefore they need to join in consortia where researchers share a 
common goal. Most of the studies described in this thesis have been performed with 
the collaboration from members of the Genetic Investigation of ANthropometric 
Traits (GIANT)51, the Netherlands Consortium for Healthy Ageing (NCHA)52, and the 
GEnetic Factors for OSteoporosis (GEFOS)53 consortia.
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Aims and outline of this thesis

This thesis contains studies that aimed to identify novel genetic risk factors for 
adult human stature and osteoporosis. We have focused particularly on the study 
of two widely available and highly heritable traits: height and bone mineral density. 
These studies have been conducted applying the GWAS approach and used the 
meta-analysis of imputed datasets. 

In Chapter 2, we focused on the implementation of analytical methods for GWAS 
in an interface which allows high-throughput analysis of phenotypes. We describe 
the implementation of a web-based pipeline allowing the use of GRid computing 
resources for the analysis of genome-wide association IMPuted datasets (GRIMP). 
GRIMP was a pillar for all the analyses described in this thesis. Chapter 3, consists 
of two studies focusing on the identification of common variants associated with 
adult height. The first is based on individuals of Northwestern European ancestry 
(Chapter 3.1), while the second represents the largest GWA meta-analysis done for 
adult height (Chapter 3.2) to date. Chapter 4 contains studies on the genetics of 
osteoporosis. Chapter 4.1 and Chapter 4.2 focus on the identification of common 
variants associated with BMD and fracture risk using a GWAS approach. Chapter 4.3 
attempts to identify gene-by-sex interactions for BMD. In Chapter 4.4 we assessed 
the effect of Copy Number Variants (CNVs) on fracture risk. Finally, Chapter 5 
provides a general discussion. 
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Abstract

The current fast growth of genome-wide association studies (GWAS) 
combined with now common computationally expensive imputation 
requires the online access of large user groups to high-performance 
computing resources capable of analyzing rapidly and efficiently millions 
of genetic markers for ten thousands of individuals. Here, we present a 
web-based interface—called GRIMP—to run publicly available genetic 
software for extremely large GWAS on scalable super-computing grid 
infrastructures. This is of major importance for the enlargement of GWAS 
with the availability of whole-genome sequence data from the 1000 
Genomes Project and for future whole-population efforts.
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iNTrODuCTiON

 By 2008 more than 150 associations between common genetic variants and 
human complex traits and disease have been successfully identified through the use 
of GWAS1. It rapidly became evident that very large samples sizes are required to 
detect variants with modest genetic effects (e.g. a study requires ~8,600 samples to 
have 90% of power to find genetic variants with a frequency of 0.20, an odds ratio of 
1.2 and a genome wide significance of 10-8). Such study sizes are achieved by meta-
analysis of data shared collaboratively in consortia analyzing 100s of traits in >40000 
individuals2. Since they use different genotyping platforms (e.g Affymetrix, Illumina), 
imputation of millions of markers from a reference (e.g. a HapMap population) is 
required3-4. Statistical methods as linear or logistic regressions measure marker-wise 
the actual association of the genetic variants with quantitative and binary diseases 
and traits. Freely-available software like MACH2QTL/MACH2DAT5, SNPTEST6, or 
ProbABEL7 perform similarly well for these analyses and allow trivial parallelization 
for distributed computing: The computation time on a regular computer for one 
continuous trait (~2.5 million markers, ~6,000 samples) is currently ~6h. Assuming 
linear scaling future studies with ~50 million markers from genome sequencing in 
105-106 samples and even low (1%) allele frequencies can result in ~85-850 days of 
analysis. Thus, secure, fast accessible web services and scalable high-performance 
computing grid infrastructures as the Erasmus Computing Grid8 or the German 
MediGRID9 are required to make this analysis feasible.

Here, we present a web-based interface and application to run publicly-
available genetic software for extremely large GWAS on such super-computing grid 
infrastructures. Consequently, we provide a solution to analyze GWAS in very large 
populations.

imPlEmENTATiON

To achieve high-speed result delivery, the work is split and distributed on different 
grid processors by trivial parallelization depending on the total data amount. The 
complete system consists of i) the user remote access computer, ii) a webserver 
with user webservices and a data/application database, iii) a submit machine with 
a job handler and a grid resource database, and iv) grid resources with head nodes 
and execution nodes. The implementation consists of a hardened linux system, 
which has a hardened apache2 webserver and an PostgreSQL database. Php is used 
for the website and the job-handler is scripted in Perl. Concerning security, data 
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transmission is encrypted and complete user separation is applied. Currently, the 
system administrator manages user accounts and monitors user access, job status 
and statistics. He also uploads the GWA imputed data to all available grid head 
nodes for each genotyped cohort, since it is of large size and the same for all cohort 
phenotypes. Thus, only the phenotype information has to be uploaded by the GRIMP 
user to the system, which controls the detailed workflow (Fig. 1).

2.1 User package submission: After logging into the system the users manually 
specify the analysis details: They label the analysis and select a regression model 
(currently linear and logistic models), dataset and optionally a gender stratified or 
combined analysis. Additional individual-phenotype links and phenotype specifying 
annotation files can now be uploaded to the database as well. Further covariates 
(specified in the phenotype file) can also be annotated. After choosing the progress 
notification scheme, the user submits the process package.

2.2 Package pre-processing: The phenotype file is transformed to fit the format 
required by the analytical application implemented (currently mach2qtl and 
mach2dat for linear and logistic regression, MACH). In principle any GWA analysis 
software can be used here and installed in the application database.

2.3 Job submission to the grid infrastructure: An implemented job handler 
periodically checks the database for newly submitted packages and also checks for 
the workload on the grid head nodes for available capacity to split the packages 
properly into jobs to be distributed to an individual grid part. To avoid queue 
overflow, each head node has a predefined amount of jobs that can be queued. 
Thereafter, the job handler creates a submit file and packages to be uploaded to 
the individual grid head node. The local respective grid middleware will handle the 
jobs of the package for these specific grid infrastructures. Currently, we use here the 
Globus toolkit, but in principle any grid driving middleware can be used here. For 
high-speed delivery the individual jobs have highest priority compared to other and 
filler jobs.

2.4 Job/package monitoring: The job handler checks every five min the database 
for sent jobs and verifies the current status of the individual jobs distributed to a CPU 
through the middleware on the specific grid head node. An individual failed job is 
resubmitted up to three times. After all individual jobs of a package are completed, 
the results are uploaded to the database and the package on the head node is 
removed. In case of complete failure, the job handler will remove all jobs of the 
package on the head node including the uploaded package and a failure notification 
is sent.

2.5 Package post-processing and notification: Once all jobs of a package were 
finished, all individual result files are combined into one file together with additional 
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marker annotations such as chromosome, position, allele frequency, sample size and 
quality of the imputed markers. The results are archived in the database for later 
analysis and the result files are compressed to save disk space.  Depending on the 
choice of notification the user is now informed - e.g. by email.

rESulTS AND CONCluSiONS

Via a web-based interface the successful implementation of GRIMP allows to use 
publicly available genetic software for very large GWAS on scalable super-computing 
grid infrastructures such as the Erasmus Computing Grid or the German MediGRID 
within the hour. The analysis of ~2.5 million markers and ~6,000 samples takes now 
~12 min in contrast to ~6h. For ~107 markers and ~105 samples we achieve ~10 
to 20 min, in contrast to ~400 h, i.e. ~17 days for a single CPU. Thus, GRIMP will 
improve the learning curve for new users and will reduce human errors involved 
in the management of large databases. Consequently, researchers and other users 
with little experience will largely benefit from the use of high-performance grid 
computing infrastructures. Since each Grid infrastructure has different middleware 
setups, adjustments might be needed for each particular GRIMP implementation.

figure 1. Structure of the work-fl ow of GRIMP consisti ng of i) remote user access, ii) a webserver 
with webservices and a data/applicati on database, iii) a submit machine with job handler and 
grid resource database, and iv) grid resources with head nodes and executi on nodes.
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