




Ch
ap

te
r 5

.1

- 348 -

to provide a solution in cases where there is an initial inability to make a clinical diagnosis of the disease 
and in rare cases has been shown to subsequently direct a course of treatment.43

A notable example was reported by Worthey et al. A male infant presented with proctitis. This pro-
gressed to pancolitis, which was concerning for a Crohn’s disease-like affliction. The severity of disease 
was suggestive of underlying immune dysfunction, however, substantial clinical evaluation was unable 
to determine a definitive diagnosis. Utilization of WES in this patient identified over 16,000 variants 
which, after further analysis observed a novel mutation in the X-linked inhibitor of the apoptosis gene, 
not previously connected with Crohn’s disease but known to be involved in the proinflammatory re-
sponse.44 Functional analyses confirmed the deleterious nature of the mutation and the diagnosis of 
X-linked inhibitor of apoptosis deficiency. Indicated treatment was hematopoetic cell transplant, after 
which the patient experienced resolution of the symptoms of colitis.44 Another example is described 
by Bainbridge et al., in two fraternal twins afflicted by clinical symptoms of dystonia whose diagnostic 
evaluation was unrevealing until one of the twins experienced symptomatic improvement with L-dopa 
treatment, at which time they were diagnosed with dopa-responsive dystonia (DRD), based on this clini-
cal response. Even with L-dopa treatment, the patients continued to experience a combination of mild 
tremor, dystonic posturing, unsteady gait, dysphonia and bradykinesia.36 The twins’ DNA, as well as their 
parents and an unaffected sibling, were subjected to WGS and, after shared mutation analysis, filtering 
and genetic annotation, three genes with significant nonsynonymous mutations were found, one of 
which, SPR, had been previously associated with DRD. SPR encodes an enzyme important to the genera-
tion of BH4, a cofactor for dopamine and serotonin. Functional studies confirmed the deleterious impact 
of the compound heterozygous SPR mutations found in the patients, and their treatment was modified 
to include a serotonin precursor, which is recommended in patients with DRD due to SPR mutations. 

Figure 1.  Personalized sequencing in cancer: current and future medical applications. This includes applications 
that are currently clinically available, those applied in research protocols and those envisioned for the future, such 
as preventional management. WES: Whole-exome sequencing; WGS: Whole-genome sequencing; VUS: Variants of 
unknown significance.
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Two weeks after therapeutic modification, the patients both experienced symptomatic improvement 
including increased ability to participate in athletic activities at school.36 Though a minority of cases 
result in successful treatment interventions, even a diagnosis without a current therapy provides a fam-
ily with important information regarding a patient’s prognosis, medical management and allows for 
informed family planning.

Challenges of sequence interpretation
Despite these clear successes, many challenges make these successes less frequent than is desirable. 
In one of the above examples, multiple individuals in addition to the probands underwent WGS to 
facilitate filtering of the thousands of identified variants, which are not relevant to the clinical question 
in the proband. However in many clinical scenarios, only a single proband is under evaluation and, even 
with sequencing of both of the proband’s parents, thousands of variants will segregate in a fashion that 
makes it difficult to unequivocally identify the causative variant. Filtering of identified variants is also 
dependent on the clarity of the phenotype, as candidate gene lists are developed based on known 
disease gene associations. If a patient’s phenotype is too broadly defined or nonspecific, then the identi-
fication of likely candidate genes, from thousands of sequence variants, is significantly complicated. The 
clarity of a patient’s phenotype may also be difficult to describe in the setting of monogenic conditions 
with decreased penetrance or variable expressivity. Finally, once a promising candidate is distilled from 
the filtering process, there is no standardized approach to functionally verify that the causative genetic 
mutation has been ascertained. In the examples noted, in vitro functional analyses were performed to 
obtain supportive evidence, though the true confirmation of the diagnosis was observed in the patients’ 
response to genomic sequence based treatment. Unfortunately, there remain many genetic diseases 
without a known treatment, for which these means of confirmation is unavailable.

Sequencing & the potential for discovery
Nevertheless, the application of WES/WGS appears well suited to the elucidation of genetic diseases 
of Mendelian inheritance, as outlined in Figure 2. It is a powerful approach to the discovery of novel 
causative genes underlying Mendelian disorders where conventional strategies have failed. Even in con-
ditions where conventional approaches are expected to find the genetic etiology, WES/WGS provides 
a means to accelerate discovery.45 WES in particular is anticipated to accelerate the discovery of genes 
causing rare Mendelian disorders as: many known alleles of these conditions disrupt protein-coding 
sequences; a large fraction of rare protein impacting variants are predicted to have deleterious effects; 
and the exome represents an enriched genomic subset in which to search for these alterations with 
large effect sizes providing the opportunity to capture nearly all of the protein-coding gene rare al-
leles present in a sample.45 This includes diagnostic application to pediatric patients with rare diseases, 
like the examples already described. There is also potential to impact other inherited disease, such as 
the wide range of inherited cardiovascular diseases. Nonsyndromic cardiomyopathies such as dilated 
cardiomyopathy (DCM), hypertrophic cardiomyopathy, arrhythmogenic right ventricular dysplasia and 
left ventricular noncompaction, among others, have been attributed to mutations in over 40 genes.46 
Among these known cardiomyopathy genes, it is estimated that the specific genetic cause is identified 
in as many as 65% of familial hypertrophic cardiomyopathy cases, 50% of arrhythmogenic right ventricu-
lar dysplasia cases and 30% of DCM cases; however, lower identification rates are achieved in sporadic 
cases. Of the remaining undiagnosed cases of familial cardiomyopathy, application of WES/WGS has 
identified rare variants, for example, in the DCM gene TTN, with 25% of familial cases demonstrating 
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potentially causative variants.46 With such an extensive, and growing, collection of genes accounting 
for the various inherited cardiomyopathies, many of which overlap between categories, personalized 
sequencing is a promising tool for streamlining of diagnostics, via both WES/WGS as well as targeted 
sequencing panels. It also demonstrates ongoing promise in delineating the underlying rare variants 
responsible for those cases of heritable cardiomyopathy yet to be elucidated.

Clinical personalized sequencing
The process of performing WES began to be offered on a clinical basis in 2011. There are currently a 
number of CLIA-certified laboratories that offer WES as a diagnostic test for patients with a phenotype 
for which an underlying molecular etiology has not yet been defined. While WES can be performed 
on the patient only, various sites offer, and recommend, testing of family trios, including the patient 

Figure 2.  Investigation of rare diseases: potential and pitfalls. As the obstacles facing WES/WGS in the diagnosis of 
rare diseases are overcome, they can ultimately guide medical management. WES: Whole-exome sequencing; WGS: 
Whole-genome sequencing.
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and both parents, to facilitate subsequent sequence interpretation. In all cases of clinically available 
WES, identified mutations thought to be of clinical relevance are confirmed via Sanger sequencing 
prior to being reported. The output of clinical WES includes disruptive mutations to which the patient’s 
phenotype is attributable, mutations which appear unrelated to the observed phenotype, and variants 
of unknown significance (VUS).

There can also be mutations and incidental findings discovered during WGS and WES studies that 
predispose to conditions unrelated to the original indication, the reporting of which has been addressed 
by the American College of Medical Genetics and Genomics (ACMG) and remains a subject of ongoing 
evaluation.47 Though early estimates of the success of WES/WGS in diagnosing rare disease have been 
as high as 50%,48 recent studies suggest the success rate to be closer to 20–30%,49, 50 with chief obstacles 
being efficient and accurate clinical interpretation of the genomic variants51 and the fact that many 
genes have yet to be associated with a specific disorder, an obstacle WES itself will help to overcome. 
Nevertheless, it is probably just a matter of time until pharmacogenomic sequencing studies experience 
similar successful discoveries in the realm of rare Mendelian diseases.

Sequencing the “healthy”
Future steps will involve integration of established disease variants into clinical decision-making for as-
ymptomatic, healthy individuals. Several pilot projects have been published where sequenced genomes 
from single individuals were annotated for known genetic risk factors.52-54 The Varimed database, which 
contains published knowledge on hundreds of thousands of genetic variations in relation to thousands 
of traits, formed the reference for annotation with the Risk-OGram algorithm.53 Other examples of an-
notation databases are: Online Mendelian Inheritance in Man (OMIM),55, 56 the Human Gene Mutation 
Database (HGMD),57, 58 NCBI ClinVar55, 59 the European Genome-phenome Archive,60 dbGaP61, 62 and 
the GWAS catalog63, 64. Ashley et al. provided the first example where a patient with a family history of 
vascular disease and early sudden death was clinically assessed, including the patient’s full genome 
sequence, to provide risk prediction for coronary artery disease and screening for causes of sudden 
cardiac death.52 The ‘Snyderome’ paper revealed that genome sequencing can be used to assess vari-
ous medical risks, direct the monitoring of specific diseases (in this study, aplastic anemia and Type 2 
diabetes) and successfully guide lifestyle interventions and pharmacotherapy.53 The subject carried a 
TERT mutation, predicted to be damaging, which has been associated with aplastic anemia.65 However, 
measurements of telomere length suggested little or no decrease in telomere length and a modest 
increase in numbers of cells with short telomeres. Importantly, the patient and his mother share the 
same mutation but neither exhibit symptoms of aplastic anemia, indicating that this mutation does not 
always result in disease and is likely context specific in its effects. This illustrates that previously reported 
statistically significant associations of genetic variants with diseases may have imperfect positive predic-
tive values. The subject was predicted to have significantly elevated risk levels for hypertriglyceridemia 
and diabetes, including associated variants in GCKR (homozygous),66KCNJ11 (homozygous)67 and TCF7 
(heterozygous)68. Consistent with the elevated hypertriglyceridemia risk, triglycerides were found to be 
high (321 mg/dl) at the beginning of the study and these levels were reduced (81–116 mg/dl) after 
regularly taking simvastatin (20 mg/day). Although the subject lacked many known factors associated 
with diabetes (nonsmoker, normal BMI) and for that reason usually would not have been screened, 
monitoring of glucose levels and glycated hemoglobin revealed the onset of Type 2 diabetes during 
study follow-up as diagnosed by the subject’s physician. Interestingly, the participant possessed two 
genotypes in the LPIN1 and SLC22A1 genes associated with favorable responses to two diabetic drugs 
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(rosiglitazone and metformin). Nonetheless, after dramatic changes in diet, exercise and ingestion of 
low doses of acetylsalicylic acid, gradual decreases in glucose and glycated hemoglobin levels were 
observed and no auxiliary pharmacological agents were prescribed.

Pharmacogenomic sequencing
In addition to drugs relevant to diabetes, the subject described by Chen et al. had pharmacogenomic 
variants such as that of VKORC1 (C/T) associated with a low maintenance dose of warfarin and CYP2C19, 
which has been associated with increased risk of bleeding on standard doses of clopidogrel. There 
were also variants associated with slow metabolism of codeine, increased risk of neurological adverse 
events and Stevens–Johnson syndrome with carbamazepine and increased risk of adverse effects with 
methotrexate, among others.53 The subject described by Ashley et al. similarly carried the VKORC1 vari-
ant (C/T) for low warfarin maintenance dose, and variants in CYP4F2 associated with reduced warfarin 
dosing, ADRB1 suggesting favorable response to atenolol, HMGCR associated with favorable response 
to statins, and CDKN2A/B suggesting reduced likelihood of response to metformin and troglitazone, 
among others.52 In each case, these findings could impact the choice or dosing of medications in these 
individuals, should any of the impacted drugs be indicated in future medical management. In both 
cases, the pharmacogenomics variants were annotated based on the Pharmacogenomics Knowledge 
Base (PharmGKB), a publicly available web-based knowledge base.69 It contains data from approximately 
2,500 variants, from which approximately 650 are specifically related to drug response phenotypes, each 
of which are assigned levels of evidence through literature review by database curators.52 It represents 
one of the most up to date sources of human genetic variation as relevant to drug response. There 
are a number of databases accumulating pharmacogenomic information, including PharmaADME,70, 71 
the human cytochrome P450 (CYP) allele nomenclature website,70, 72 the human arylamine N-acetyl-
transferase (NAT) gene nomenclature website,70, 73 Pharmacogenetics of Membrane Transporters (PMT) 
database,70, 74 Transporter Database (TP-search),70, 75 the UDP-glucuronosyltransferase (UGT) Allele 
Nomenclature Page,70, 76 and PACdb,77, 78 among others. The information compiled by these and other 
sources is anticipated to play an ever growing role in guiding patient care in conjunction with personal 
sequencing. While these pilot studies were performed in ostensibly healthy individuals, similar sequence 
analysis has clear potential relevance in individuals for whom any one of the above mentioned drugs 
may be indicated for a known medical condition.

The described pilots in single individuals should be replicated in greater numbers, potentially lead-
ing the way towards more specific upstream screening for risk factors and diseases. Additional genetic 
variants are known and have been validated to be of potential clinical relevance, such as the Val174Ala 
allele in the SLCO1B1 gene for statin-induced myopathy.79, 80HLA B*5701 has been associated with slow 
or nonprogression of HIV infection and with hypersensitivity reactions to abacavir.81-83 Therefore, most 
treatment guidelines recommend that upon considering administration of abacavir, patients should be 
tested for the presence of this allele, and that those who are positive should not receive the drug. Since 
the widespread introduction of HLA B*5701 testing, the incidence of hypersensitivity reactions in those 
receiving abacavir has dropped substantially.84 Recently, it was shown in a large cohort that HLA B*5701-
positive patients were more likely to achieve viral suppression than negative patients on a nonabacavir 
regimen and less likely to experience viral rebound.85 Clinical Pharmacogenetics Implementation Con-
sortium (CPIC) guidelines have been published regarding the use of CYP2D6 and CYP2C19 genotyping 
test results to modify patient dosing of tricyclic antidepressants, such as amitriptyline and nortriptyline.86 
The effect of an individual patient’s CYP genotype on metabolism of these tricyclic agents can be taken 
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into consideration at initial dosing, in an effort to maximize the efficacy in utilizing these medications for 
such indications as depression, obsessive compulsive disorder, migraine prophylaxis and neuropathic 
pain management while minimizing the associated anticholinergic, CNS and cardiac adverse effects.86 
With these and other examples of pharmacogenomic indications, the FDA currently includes pharma-
cogenomic information in the drug labels of approximately 100 approved drugs (Table 2), in addition to 
the 40 oncology drugs mentioned previously (Table 1).

Information derived from personalized genome sequencing could point to undeveloped or concealed 
monogenic/oligogenic phenotypes where lifestyle and pharmacological interventions may minimize 
disease risks and future complications. Additionally, genome sequencing may provide evidence sup-
porting the elevated risk for, or diagnosis of, complex disorders such as Alzheimer’s disease and prostate 
cancer, where genome sequencing has contributed novel findings.37-39 Where multiple pharmacological 
options are available, the pharmacogenomics profile may guide more effective and less deleterious 
treatment decisions. To this end are more pharmacogenomic studies needed, as the associated variants 
form the basis for prediction of treatment response. It may become of increasing interest to invest in 
drug-response sequencing studies within clinical trials. Though it may seem unattractive to the pharma-
ceutical industry to identify those individuals genetically prone to adverse effects, this information can 
provide opportunities for the development of drugs with application to a broader population and drugs 
uniquely effective for significant individual cohorts, both in terms of tolerance and drug metabolism 
related individualized dosing.

Personal sequencing & family history
The patient interest and demand for personal sequencing seems poised to grow, for example in those 
individuals with a known family history of a particular condition as well as healthy, proactive individu-
als curious to learn about their genomic health and corresponding disease risks. Indeed on-demand 
genetic testing has already been commercially available for some time, including personal sequencing. 
As such, we anticipate increasing examples, such as those described above, of sequence analysis in 
individuals with subclinical or nondisease status, some having traditional risk factors (such as family 
history), which could contribute to improved prediction of who will not and who will ultimately develop 
disease and allow preventive measures to potentially avert disease in some (Figure 3).

Table 2.  US FDA-approved drugs with package inserts containing pharmacogenetics and pharmacogenomics in-
formation.

Drug Disease type Pharmacogenomic biomarker(s)

Abacavir Infectious diseases HLA-B

Amitriptyline Psychiatry CYP2D6

Aripiprazole Psychiatry CYP2D6

Atomoxetine Psychiatry CYP2D6

Atorvastatin Endocrinology LDLR

Azathioprine Rheumatology TPMT

Belimumab Autoimmune diseases BTG3

Boceprevir Infectious diseases IFNL3

Carbamazepine Neurology HLA-B, HLA-A

Carglumic acid Metabolic disorders NAGS

Carisoprodol Rheumatology CYP2C19
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Table 2.  US FDA-approved drugs with package inserts containing pharmacogenetics and pharmacogenomics in-
formation. (continued)
Drug Disease type Pharmacogenomic biomarker(s)

Carvedilol Cardiology CYP2D6

Celecoxib Rheumatology CYP2C9

Cevimeline Dermatology CYP2D6

Chloroquine Infectious diseases G6PD

Chlorpropamide Endocrinology G6PD

Citalopram Psychiatry CYP2C19, CYP2D6

Clobazam Neurology CYP2C19

Clomipramine Psychiatry CYP2D6

Clopidogrel Cardiology CYP2C19

Clozapine Psychiatry CYP2D6

Codeine Anesthesiology CYP2D6

Dapsone Dermatology, infectious diseases G6PD

Desipramine Psychiatry CYP2D6

Dexlansoprazole Gastroenterology CYP2C19, CYP1A2

Dextromethorphan and quinidine Neurology CYP2D6

Diazepam Psychiatry CYP2C19

Doxepin Psychiatry CYP2D6

Drospirenone and ethinyl estradiol Neurology CYP2C19

Eltrombopag Hematology F5, SERPINC1

Esomeprazole Gastroenterology CYP2C19

Fluorouracil Dermatology DPYD

Fluoxetine Psychiatry CYP2D6

Flurbiprofen Rheumatology CYP2C9

Fluvoxamine Psychiatry CYP2D6

Galantamine Neurology CYP2D6

Glimepiride Endocrinology G6PD

Glipizide Endocrinology G6PD

Glyburide Endocrinology G6PD

Iloperidone Psychiatry CYP2D6

Imipramine Psychiatry CYP2D6

Indacaterol Pulmonary UGT1A1

Isosorbide and hydralazine Cardiology NAT1–2

Ivacaftor Pulmonary CFTR

Lansoprazole Gastroenterology CYP2C19

Lenalidomide Hematology del (5q)

Lomitapide Endocrinology LDLR

Mafenide Infectious diseases G6PD

Maraviroc Infectious diseases CCR5

Methylene blue Hematology G6PD

Metoclopramide Gastroentrology CYB5R1–4

Metoprolol Cardiology CYP2D6

Mipomersen Endocrinology LDLR

Modafinil Psychiatry CYP2D6

Mycophenolic acid Transplantation HPRT1

Nalidixic acid Infectious diseases G6PD

Nefazodone Psychiatry CYP2D6
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Table 2.  US FDA-approved drugs with package inserts containing pharmacogenetics and pharmacogenomics in-
formation. (continued)
Drug Disease type Pharmacogenomic biomarker(s)

Nitrofurantoin Infectious diseases G6PD

Nortriptyline Psychiatry CYP2D6

Omeprazole Gastroenterology CYP2C19

Pantoprazole Gastroenterology CYP2C19

Paroxetine Psychiatry CYP2D6

PEG-3350 Gastroenterology G6PD

Peginterferon alfa-2b Infectious diseases IFNL3

Pegloticase Rheumatology G6PD

Perphenazine Psychiatry CYP2D6

Phenytoin Neurology HLA-B

Pimozide Psychiatry CYP2D6

Prasugrel Cardiology CYP2C19

Pravastatin Endocrinology LDLR

Primaquine Infectious diseases G6PD

Propafenone Cardiology CYP2D6

Propranolol Cardiology CYP2D6

Protriptyline Psychiatry CYP2D6

Quinidine Cardiology CYP2D6

Quinine sulfate Infectious diseases G6PD

Rabeprazole Gastroenterology CYP2C19

Rifampin, isoniazid and pyrazinamide Infectious diseases NAT1–2

Risperidone Psychiatry CYP2D6

Rosuvastatin Endocrinology LDLR

Simeprevir Infectious diseases IFNL3

Sodium nitrite Antidotal therapy G6PD

Sofosbuvir Infectious diseases IFNL3

Succimer Hematology G6PD

Sulfamethoxazole and trimethoprim Infectious diseases G6PD

Telaprevir Infectious diseases IFNL3

Terbinafine Infectious diseases CYP2D6

Tetrabenazine Neurology CYP2D6

Thioridazine Psychiatry CYP2D6

Ticagrelor Cardiology CYP2C19

Tolterodine Genitourinary CYP2D6

Tramadol Analgesic CYP2D6

Trimipramine Psychiatry CYP2D6

Valproic acid Neurology POLG, NAGS, CPS1, ASS1, OTC, ASL, 
ABL2

Velaglucerase alfa Metabolic disorders GBA

Venlafaxine Psychiatry CYP2D6

Voriconazole Infectious diseases CYP2C19

Vortioxetine Neurology CYP2D6

Warfarin Cardiology, hematology CYP2C9, VKORC1, PROC

F2: Prothrombin; F5: Factor V Leiden. Data taken from 104.
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Understandably, there remains a significant amount of trepidation in the clinical community regarding 
genome sequencing in individuals as an adjunctive screen for risk of various types of disease. However, 
information obtained via a family history has long been an accepted and critical part of an individual’s 
clinical evaluation as a potent predictor of risk for certain diseases. WES/WGS represents a potentially 
more accurate means of determining what portion of the family history is specifically relevant to a par-
ticular individual’s health, and should be seen as a powerful supplement to the clinical family history. 
Limitations of personalized sequencing Nevertheless, WES and WGS are often performed with relatively 
low read depth, which results in data of insufficient quality to be directly used in clinical practice. Conse-
quently, they can return thousands or tens of thousands of false-positive variants, necessitating valida-
tion by a separate platform such as Sanger sequencing or targeted amplicon sequencing with high 
read depth. As an example, for the Snyderome a variety of technologies and platforms manufactured by 
different distributors were applied to achieve deep sequencing. WGS by Complete Genomics (CA, USA; 
35 nt paired end; 150-fold total coverage) and Illumina (CA, USA; 100 nt paired end; 120-fold total cover-
age). WES by Agilent (CA, USA), Illumina (CA, USA) and Nimblegen (WI, USA) at 80- to 100-fold coverage; 
crossvalidation with Illumina Omni1-Quad genotyping arrays (99.3% sensitivity); stringent data quality 
control and calling criteria; RNA sequencing by Illumina HiSeq with high depth; Sanger sequencing of 
randomly selected variants (36/36 single nucleotide variations validated; 14/15 indels validated).

In the majority of cases of clinically available WES, identified mutations thought to be of clinical 
relevance are confirmed via an independent platform prior to being reported with Sanger sequencing 
being the predominantly applied confirmatory platform. Sanger sequencing is held by many as the gold 

Figure 3.  Profiling rare diseases. Issues and pipeline for personal genome sequencing in disease risk profiling of the 
“healthy” state.
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standard,87 while some have suggested conventional Sanger may no longer be the gold standard.88 This 
appears in part related to the observation that some variants identified by WES/WGS are not confirmable 
by Sanger sequencing.89-91 It should be noted that no platform is perfect as each has its own systematic 
weaknesses.88, 92 Nevertheless, while one clinical laboratory has begun to forgo Sanger confirmation for 
WES/WGS variants identified above a specified quality threshold, Sanger sequencing remains a relevant 
technique for validation of variants found by WES/WGS, as the systematic errors associated with each 
are different.93

It is also important to realize that previously reported associations of genetic variants with disease may 
have suboptimal positive- and negative-predictive values. Some variants have been evaluated in this 
context with sufficient sample sizes in independent studies, but for many associations these statistics 
remain to be adequately determined. More research is needed to support high-quality evidence-based 
genomic medicine.

Sequencing & VUS: benefit-to-harm ratio
As application of personal sequencing expands, WES/WGS will yield an abundance of data includ-
ing VUS.94, 95 Inadequate in silico prediction algorithms and incomplete penetrance are among the 
factors complicating clinical interpretation of these findings.43 A ‘binning system’ has been proposed 
by which genetic variants can be ‘triaged’ in the clinical diagnostic setting to help address the field’s 
limited, though growing, understanding about most genetic variants, to facilitate focused attention on 
those variants demonstrated to have clinical implications.96 Additional in vitro investigations, such as 
RNA expression and proteomic analyses, will be needed to confidently disregard a VUS or establish 
its association with a condition. As more sequencing data are becoming available, variants previously 
designated disease causing, benign or of uncertain significance are being reclassified. This theoretically 
adds to healthcare costs and the practical and mental burden of patients tested; these aspects need to 
be taken into consideration and require further investigation.

Ethical discussions surrounding DNA sequencing are ongoing and confidentiality of patient health 
information has become a serious issue.97 Patients, but also the general public, should be properly 
educated about genome sequencing, its applications and limitations, enabling them to make informed 
health decisions. Informed consent and data sharing agreements should include clauses specifying to 
whom a patient wishes to grant access to his or her genomic data, while taking into consideration the 
individuals for whom the patient’s genomic data represents actionable clinical information. While these 
issues remain to be resolved, we are convinced that correct application of information resulting from 
personal sequencing will prove to be cost effective with a favorable benefit-to-harm ratio.

Sequencing patients: integration into clinical care
The genome is believed to be relatively stable throughout life and it will gradually become more 
attractive to retain data resulting from genome sequencing for future use. The cost–effectiveness of 
personalized exome and genome sequencing will improve with time, as the costs of sequence data 
generation, processing and storage decline and we will learn how to best utilize this information. For 
clinical care, it may become relevant to integrate genomic information into medical health records. Any 
information to be integrated into the electronic medical record (EMR) needs to be of high quality and 
accuracy, and the current quality of genomic sequence does not meet that level of rigor. An interim 
strategy would be to establish a clinical research database in which the full genome sequence and 
downstream analyses are stored and selected results from established, clinically related follow-up tests 
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would get into the EMR (Figure 4). The selection criteria would require regular updating per advancing 
scientific understanding and the patients’ sequences would need to be regularly re-evaluated, gradually 
enriching the genomic information in the EMR. A pharmacogenomic example could be that automated 
alerts would notify the treating physician of genetically determined sensitivity to certain medications 
or suboptimal metabolism requiring drug dose adjustment, such as the Snyderome related variants 
impacting clopidogrel and warfarin efficacy.53

Figure 4.  Incorporation of the personal genome sequence into healthcare. As genome sequence quality improves, 
future direct incorporation into the EMR will be possible, as indicated by the dashed arrows. EMR: Electronic medical 
record.

Studies have also been designed for genotype-driven scans of the interaction of numerous non-genetic 
factors. A group of investigators lead by Atul Butte devised a design where a set of well-established 
genetic variants are screened for interactions with a great variety of non-genetic factors, termed 
‘environment-wide association study’.98-100 One of the published studies found an association between 
SNP genotypes and β-carotenes, where β-carotenes seem to negate certain detrimental genetic ef-
fects and prevent genetically predisposed persons from getting Type 2 diabetes.99 Whether β-carotene 
administration to persons with risk genotypes for Type 2 diabetes could actually prevent them from 
getting the disease remains to be proven. In the future it may even be possible to isolate cells from 
patients known to carry detrimental alleles and test responses to different compounds in vitro, which 
may support eventual medical decision-making.

Obstacles to EMR implementation
While personalized sequencing provides us with a wealth of genomic data including single nucleotide 
variations or SNPs and structural variations, it is key to keep in mind the current limitations of the tech-
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nology, such as read depth and data quality, when interpreting the results. Confirmation by another 
reliable platform with high read depth remains necessary. Moreover, there is additive value in combining 
genomic sequencing information with RNA sequencing, transcriptomic, proteomic and metabolomic 
data. These omics analyses yield independent information about dynamic changes in health and disease 
states and are critical to correct interpretation of genomic variation and its clinical application.53, 101, 102

Many of these clinical applications for personal sequencing remain in the near and distant future, as 
we continue to unravel the mysteries of the human genome.95 As our understanding grows through dis-
covery and validation studies the accuracy of medical genetic sequencing will improve. This will increase 
the need for carefully curated databases with wellcorroborated genetic variants and reference genomes 
to support sequence interpretation. Analytical validation and evaluation studies with adequate study 
sample sizes and performed in different population groups are necessary to translate findings from 
the research realm into clinically validated tests. While the clinical applications of personal sequencing 
and validated medically actionable variants remains limited, their growing application to the practice of 
medicine is anticipated to accelerate.

CONCLUSION
Personalized sequencing has fast evolved to become a tool broadly applied in the study of disease and 
of increasing value in medical application to the diagnosis and treatment of disease. There is a growing 
need for improved methods, both in silico and in vitro, to predict the clinical impact of VUS identified 
in the process of large-scale sequencing. The quality of the currently generated WES and WGS is also 
in need of improvement, if it is to be incorporated in the future into an individual’s EMR as a reference.

Even with these obstacles, personalized sequencing has already begun to demonstrate its applica-
bility to the practice of medicine. With it we have begun to better understand the etiologies of rare 
diseases and long studied diseases, such as cancer. Successes have been most evident in the field of 
rare Mendelian disorders where a single variant is sought to explain the phenotype in a patient, and 
can guide disease management by establishing the diagnosis. It demonstrates utility in refining and 
expanding our current diagnostic capacity such as through individual tumor DNA sequencing. Germline 
sequencing has also produced actionable information able to indicate lifestyle changes for an individual 
at risk for diabetes, as well as guiding pharmacologic interventions for the treatment of cancer, attuned 
to both tolerance of the patient and effectiveness of therapy, in a step towards personalized medicine. 
The application of personalized sequencing to clinically healthy individuals awaits the replication of 
recent studies in larger cohorts, but has the potential to be a medically valuable application in the not 
too distant future. As implementation of personalized sequencing on a large-scale is becoming progres-
sively achievable, and accuracy of interpretation is significantly improved, we expect a transformation of 
healthcare in its current form.

Future perspective
With the rapid advances that have taken place in personalized sequencing over the past 5 years, it is diffi-
cult to predict its overall impact on the field of medicine in the coming 5–10 years, though we expect its 
impact to be significant. For example, while current WES data quality and interpretation remain currently 
inadequate to the task, there exists the future possibility that personal sequencing technology might be 
applied in clinically healthy individuals, both with and without known predispositions to disease, as a 
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screening method to detect preclinical conditions, such as cancer, and facilitate pre-emptive treatment, 
with the potential to abrogate progression of otherwise clinically undetectable disease. It should be 
noted that, while we feel the current sequence quality and associated interpretative capacity require 
significant advancement prior to this type of clinical application, asymptomatic adult whole-exome 
screening tests are already being offered by CLIA-certified facilities (i.e., ‘adult screening exome sequenc-
ing’),103 emphasizing the urgent need for advancement in sequence quality and interpretive acuity. 
Where WES is currently available on a clinical basis, we would predict WGS to be clinically available in 
5–10 years’ time, as an evaluation that is routinely ordered by physicians. As broader utilization of EMRs 
takes hold in the practice of medicine and the quality of WGS continues to improve, we envision an 
individual’s genomic sequence becoming archived as an accessible part of their EMR in as little as 10 
years’ time, for physicians to reference as a part of patient care.

In this era of medicine where medical practitioners include intensivists who treat diseases at their 
critical extremity and interventionalists who utilize invasive techniques, often at significant expense and 
morbidity, to ameliorate the complications of advanced sequelae of preventable disease, we envision 
a future in which personalized genomic sequencing enables the emergence of a new breed of medi-
cal practitioner: the preventional geneticist. Personalized sequencing portends a future for medicine 
where specialized healthcare providers, preventional geneticists, carefully interpreting and applying an 
individual’s genomic profile can foresee their potential for various major diseases, such as diabetes and 
cancer. This information can then be used by preventional geneticists, possibly prior to clinical onset of 
these conditions, to institute surveillance, lifestyle changes and even preemptive pharmacogenomic-
based therapeutics, with the potential to delay disease sequelae, and ultimately prevent disease onset 
in its entirety, defeating disease. Personalized sequencing represents a first major step toward this 
revolutionary future for medicine.
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EXECUTIVE SUMMARY
Background
–	 Personalized sequencing has advanced in scale, speed and affordability to become a powerful tool 

in the study of individuals and their diseases.

Cancer genome sequencing
–	 The diagnosis and management of various forms of cancer has benefited from two forms of person-

alized sequencing: tumor DNA and germline. These have enabled the beginning of individualized 
therapy of cancer.

Sequencing the unknown: rare diseases
–	 Rare and “mystery” diseases as targets for personalized sequencing have yielded etiologies for previ-

ously undiagnosed diseases, in rare cases capacitating effective treatment.
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Sequencing the “healthy”
–	 At least one study analyzing the genomic sequence of a clinically healthy individual found a 

predisposition to diabetes, pharmacological interventions to which the individual would favorably 
respond, and allowed lifestyle changes to prevent the disease’s onset.

–	 Several obstacles impede the current clinical application of personalized sequencing, one of which 
is the technological limitations of sequencing accuracy, where much progress is needed to allow 
transition to clinical medicine.

–	 Interpretation of the genomic sequence currently remains a significant impediment to clinical ap-
plications. While many approaches are under development, new in silico and in vitro strategies are 
critical to understanding genomic data with acuity sufficient for clinical decision-making.

–	 Variant(s) of unknown significance uncovered during sequencing will require additional inter-
rogation via RNA expression, proteomic, metabolomic and other functional analyses, to facilitate 
accurate classification as benign and disease causing.

Sequencing patients: integration into clinical care
–	 An individual’s personalized sequence may eventually become a valuable part of their electronic 

medical record, to be referenced periodically in the identification and management of disease.

Future perspective
–	 Personalized sequencing represents a major step toward a revolutionary future of disease treatment, 

prediction and prevention in the practice of medicine.
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In this thesis, various genetic and metabolic factors were investigated to characterize the determinants 
underlying skeletal endocrine and degenerative diseases. These included alterations in bone leading to 
increased fracture risk in osteoporosis and diabetic bone disease. The main objective of this thesis was to 
identify novel risk factors including genetic markers and to further characterize known determinants of 
fracture risk. This chapter places the main findings under a unifying perspective together with a discus-
sion and suggestions for future research.

Epidemiological aspects of endocrine bone diseases
Fracture is a “complex” clinical event, or phenotype, with environmental and genetic factors influencing 
risk of fracture. Fractures can be classified according to skeletal site, shape, etiological mechanism and 
clinical expression. Table 1 shows an overview of various fracture definitions used. Here, it has to be 
noted that the definition of fracture is not uniform and difficult to standardize, and is based on different 
criteria in different studies. The studies in this thesis include mainly two phenotypes: 1) the all-type of 
fracture phenotype, further stratified according to fracture site, and 2) radiographic vertebral fractures, 
further characterized by shape. These fracture definitions were selected, because the all-type of fracture 
phenotype and radiographic vertebral fractures maximize sample size, and the latter can be diagnosed 
on population imaging by radiographs.

Radiological aspects of vertebral fractures and endocrine bone 
diseases
Currently, clinical scores available for osteoporosis only predict incident non-vertebral fracture risk. It 
would be desirable to devise a clinical risk score for vertebral fractures as well. Risk factors for incident 
vertebral fractures have previously been identified, such as: prevalent vertebral fractures, age, gender, 
height, weight, smoking history, height loss1 and use of a walking aid.2, 3 Further studies may identify 
additional risk factors for osteoporotic vertebral fractures.

Vertebral fractures may go misdiagnosed as the clinical presentation can be aspecific. Moreover, as two 
thirds of vertebral fractures do not give clinical symptoms, these may be only detected on radiological 
imaging.4 Nevertheless, vertebral fractures increase the risk of new vertebral fracture up to five-fold and 
the risk of other fragility fractures two- to four-fold.4, 5 Drugs available for the treatment of osteoporosis 
are highly effective, with the most potent bisphosphonate zoledronic acid reducing the risk of vertebral 
fractures by 76% and of non-vertebral fractures by 24%.6

Therefore, accurate diagnosis is crucial, however, at present, a gold standard is lacking. The Dutch 
national multi-disciplinary osteoporosis guideline of 2011 recommends performing DXA-BMD measure-
ments and Vertebral Fracture Assessments (DXA-VFA or lateral radiographs) in persons: 1) aged 50 years 
and over with clinical suspicion of vertebral fractures; 2) having recent non-vertebral fracture; 3) with 
diseases or medication use with potential bone loss; and 4) aged 60 years and over with multiple risk 
factors.7 A clear and correct fracture definition is crucial, because vertebral fractures form an integral part 
of clinical decision making to initiate anti-osteoporotic drugs. In addition, switching to the expensive os-
teoanabolic agent teriparatide for two years is indicated in patients who have sustained three fractures 
of which at least two are located in the spine while treated with other osteoporosis drugs.7

Various morphometric methods are currently used to diagnose vertebral fractures and we compared 
the algorithm based qualitative (ABQ) method with quantitative morphometry (QM) in a dataset of 
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Table 1.  Description of various fracture-related definitions (alphabetical order).

Fracture terminology Definition

All-type or any-type Break in any bone of the skeleton resulting from the application of excessive force. In most studies 
focusing on osteoporosis, fractures by high-trauma and of the skull, toes and fingers are excluded 

from the definition.

Asymptomatic Fracture which does not present with any clinical signs. Versus clinical fractures.

Atypical Refers to fractures that occur at an unusual site for osteoporosis, and principally concerns Atypical 
Femoral Fractures (AFF) located in the subtrochanteric region and diaphysis of the femur. They 
have been reported in patients taking bisphosphonates or denosumab, but they also occur in 

patients with no exposure to these drugs.

Avulsion A fragment of bone tears away from the main mass by traumatic traction.

Biconcave Vertebral fracture with middle height loss.

Burst Severe vertebral fracture with compression of the posterior height due to a high-energy axial load.

Clinical Coming to clinical attention and diagnosed by a physician and confirmed by radiological imaging.

Colles Fracture of the distal radius in the forearm with dorsal (posterior) and radial displacement of the 
wrist and hand. Most common causal mechanism is falling onto a hard surface and breaking of the 

fall with outstretched arms.

Comminuted Breaking of the bone in more than two pieces.

Complicated Fracture in which the broken bone fragment(s) cause damage to neighboring structures.

Compression Collapse of the vertebral body

Crush Vertebral fracture with posterior height loss.

Fragility Occurs spontaneously or after minimal trauma, such as a fall from standing height. This definition 
arises because a normal human being ought to be able to fall from standing height without 

breaking any bones, and a fracture therefore suggests weakness of the skeleton. There are three 
fracture sites said to be typical of fragility fractures: vertebral fractures, fractures of the neck of the 

femur, and Colles fracture of the wrist.

Hip Refers to fracture of the femur bone.

Malunion Healing of a fracture in an abnormal (nonanatomic) position

Nonunion Fractured bone fails to heal completely and a space remains between the fragments

Osteoporotic Occurring as a consequence of deterioration of bone quantity and qualities, where decreased BMD 
(World Health Organization definition: 2.5 standard deviations or more below the mean peak bone 

mass of average young, healthy adults as measured by dual-energy X-ray absorptiometry[DXA]) 
and deteriorated microarchitecture may be present. Major osteoporotic fractures comprise clinical 

vertebral, hip, forearm or proximal humerus fractures. Fractures of the skull, hands and toes are 
often excluded, as they are often associated with trauma and not with osteoporosis.

Pathologic Caused by disease that led to weakness of the bone structure.

Radiographic Diagnosed on imaging studies. Particularly applies to vertebral fractures, as a majority of these 
fractures are asymptomatic and thus can only be comprehensively captured by radiological 

surveys.

Spiral The bone has been twisted apart and the line of break is helical; also called torsion fracture.

Stress Caused by the repetitive application of force resulting in microcracks in bone which may eventually 
progress to larger fractures; often by overuse and sometimes in combination with osteoporosis.

Traumatic versus 
low-trauma or non-

traumatic

Traumatic fractures are caused by a significant external force, such as traffic accidents or falls from 
heights; low-trauma or non-traumatic fractures occur spontaneously or after minimal trauma, such 

as a fall from standing height, and are considered fragility fractures.

Unstable Fracture with a high risk to displace.

Vertebral or spinal 
versus non-vertebral

Occurring in the spinal column versus not occurring in the spine. This traditional distinction 
arose due to clinical and epidemiological differences in diagnostic methodology and underlying 

mechanisms in a substantial number of cases.

Wedge Vertebral fracture with anterior height loss.

Wrist Commonly refers to fractures of the distal radius bone.
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2,827 subjects of the Rotterdam Study (RS-III cohort). QM-based methods evaluate vertebral height,8 
while the ABQ method9 mainly judges endplate integrity, regardless of vertebral height reduction (Table 
2). Our study showed that osteoporotic vertebral fractures prevalence rates are significantly different 
when applying either software-assisted QM or ABQ. Both QM and ABQ identify a considerable number 
of deformities that were assessed as normal by the other: 16.9% were assessed as QM deformities but 
not ABQ fractures; 1.2% were judged fractured according to ABQ but not QM. Further work is needed 
to reveal which of the discordant cases are actually clinically relevant: association studies evaluating the 
predictive ability of the different definitions with different relevant outcomes like future non-vertebral 
and vertebral fractures, and mortality are desirable. Merely measuring vertebral heights in clinical prac-
tice (which is the current recommendation in the Dutch osteoporosis guideline),7 frequently leads to 
misdiagnosis of fracture in non-osteoporotic conditions including Scheuermann’s disease, as illustrated 
by our case examples. Simultaneous assessment of vertebral heights together with endplate integrity 
may correctly differentiate these cases. One of the major advantages of software-assisted QM is the 
detailedness of the data recording. If more evidence supporting the ABQ method will be put forward, 
it will be worthwhile to explore if endplate integrity can be captured in software-assisted assessments 
based on computer-based morphometric recognition or if necessary also assess qualitative parameters. 
In addition to improvement of the radiological vertebral fracture definition by itself, clearer criteria for 
non-fracture deformities differential diagnosis, are necessary. Also, the relevance of more quantitative 
measures that could be derived from the raw X-ray data can be investigated, such as the kyphosis or 
lordosis angle or vertebral wedging, intervertebral disc space, and spondylolisthesis.

Table 2.  Comparison of vertebral fracture definitions across quantitative morphometry (QM) and algorithm based 
qualitative (ABQ) methods.

Algorithm based qualitative (ABQ) Quantitative morphometry (QM)b

Vertebral body height reduction + or - +

Endplate depression +a -
aThe algorithm based qualitative (ABQ) method offers an approach for the differentiation of non-fracture deformities 
(e.g., degenerative changes in spine osteoarthritis such as vertebral wedging and intervertebral disc space narrow-
ing) from osteoporotic vertebral fractures.
bOne kind of quantitative morphometry-based method is SpineAnalyzer®.

The extensive imaging-based phenotyping effort of the Rotterdam Study has over 100,000 radiographs 
of the spine, hips, hands and knees available. All spine radiographs from 11,344 participants from the 
4-yearly visits were assessed for vertebral fractures with a comprehensive range of quantitative and 
qualitative methods (Figure 1). Assessments have been performed for osteoporotic vertebral fractures 
according to QM with the McCloskey-Kanis method, ABQ methods, and semi-automated morphometry 
using SpineAnalyzer software. It is also an excellent setting to expand our knowledge about other 
spine diseases through readings that have been done for Scheuermann’s disease, various degenera-
tive traits for osteoarthritis, etc. For instance, Rotterdam Study results revealed a prevalence of 4.0% of 
radiographic Scheuermann’s disease in Dutch individuals aged 45 years and over, indicating that the 
disorder is underappreciated.

TBS seems a promising osteoporosis quantitative imaging parameter, to some extent independent 
of DXA-BMD. DXA-BMD is a measure of bone quantity, while TBS provides information on the biome-
chanics and microarchitecture which reflects trabecular structure. Studies with larger sample sizes and 
aiming at additional phenotype associations are underway in the Rotterdam Study. TBS is less expensive 
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and better accessible than CT or MRI imaging for wide-spread implementation. The very fi rst TBS reports 
showed applications for the prediction of fracture risk in osteoporosis,10-12 have added value in those in-
dividuals with bone density outside of the osteoporosis range13 and monitoring of treatment eff ects,14, 15 
and similarly, TBS may fi nd an application in other conditions such as primary hyperparathyroidism,16 
hypercortisolism,17 rheumatoid arthritis,18 and diabetes-related bone disease19. A major advantage is that 
it can be easily derived from DXA scans, similar to VFA, which is already being applied in the clinic as 
recommended in the Dutch national guideline7.

DIABETES, DEGENERATION AND BONE
Intuitively, a higher BMD should be protective against fracture. For instance, an individual with 5% higher 
femoral neck BMD would have a 10% decrease in fracture risk. Intriguingly, the contrary seems true 
in lumbar disc degeneration (LDD) and type 2 diabetes. Our studies showed that subjects with LDD 
have systematically higher BMD at the lumbar spine, femoral neck, skull, and consequently, at the total 
body measurement. In spite of this systematically higher BMD, persons with LDD are at higher risk of 
osteoporotic fractures, particularly males in whom LDD seems more severe. Second, De Liefde et al. were 

Figure 1. Diagram of the radiographic osteoporotic vertebral fracture data for the examination cycles of the Rot-
terdam Study (RS). These are part of a series of over 100,000 radiographs of the spine, hips, hands and knees. Five visit 
cycles have been conducted until now for the fi rst original cohort RS-I and are indicated by RS-I-1 to RS-I-5. RS-II-1 and 
RS-II-2 relate to the extension of the cohort and RS-III-1 denotes the baseline examination of the second extension co-
hort. The total sample sizes per cohort counting the participants that have had a radiographic examination for assess-
ment of their vertebral fracture status at least once are depicted on the left, comprising N=11,344 individuals of which 
2,868 participants with vertebral fractures and 8,476 controls. The center shows total sample sizes and osteoporotic 
vertebral fracture status per assessment method for the separate examination cycles. Abbreviations: N=total sample 
size; VFx=vertebral fracture cases; Ctr=controls without vertebral fractures; ABQ=vertebral fracture case according to 
the algorithm based qualitative method; QM=vertebral fracture case according to quantitative morphometry.
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among the first to show, using Rotterdam Study data, that individuals with type 2 diabetes have 69% 
higher fracture risk than those without diabetes despite having higher BMD at the femoral neck and 
lumbar spine.20 Schwartz and colleagues established that the World Health Organization’s fracture risk 
assessment tool (FRAX) underestimates osteoporotic fracture risk in individuals with diabetes;21 this is 
why diabetes as a risk factor should be considered for inclusion in future iterations of FRAX.22

Abnormal alterations of bone may be mediated by processes such as glycemic load and inflamma-
tion. The main biomarker to clinically monitor glycemic load is glycated hemoglobin (HbA1C). Individuals 
with higher levels of HbA1C and CRP have been found to suffer from more cardiovascular disease,23 and as 
we have shown also more bone complications. From these results, we were among the first to postulate 
that an inefficient redistribution of bone mass, accumulation of microcracks and cortical porosity reflect-
ing impaired bone repair give rise to fragility in apparently “strong” bones in inadequately controlled 
diabetes. A study using high-resolution peripheral quantitative computed tomography (HR-pQCT), 
reported that the cortical porosity in type 2 diabetic patients was up to twice that of controls at the 
radius.24 Subsequently, Patsch et al. showed in a four-group comparison of type 2 diabetes patients with 
and without fragility fractures to controls with and without fractures that cortical porosity is specific 
to those type 2 diabetes patients that fracture.25 Moreover, an innovative investigation utilizing in vivo 
microindentation testing of the tibia showed that patients with type 2 diabetes have reduced serum 
markers of bone turnover and lower bone material strength than controls.26 In this same study the aver-
age HbA1C level over the previous ten years was negatively correlated with bone material strength.26 As 
hip structural analysis gives limited information, it would be desirable to investigate these phenomena 
on a larger population scale applying (pQ)CT and magnetic resonance imaging (MRI) in future work.

These data indicate that the first line of action for fracture prevention in diabetes is targeting adequate 
glycemic control. However, results from a randomized trial did not find changes in fracture or fall risk 
between standard glycemia and intensive glycemia.27 Nevertheless, the study group may represent 
mostly less severe diabetes and average follow-up was less than 4 years. Hence, inference of long-term 
effects, i.e., from long-standing control and diminishing carryover of pretreatment glycemic exposure, 
is not yet possible. In sum, there is a need for adequate imaging and laboratory biomarkers to aid 
diagnosis and monitoring of diabetic bone disease. Additionally, this contention opens the possibility 
for alternative treatments that consider different pathophysiologic mechanisms than those present in 
typical osteoporosis processes, such as osteo-anabolic therapies like teriparatide, to overcome low bone 
formation and accumulation of microcracks.28 More studies including randomized controlled trials in 
this area are needed.

Genetic aspects of endocrine bone diseases
Genome-wide screening as achieved in GWAS has advantages over the candidate gene approach. 
The traditional candidate gene approach is largely limited by its reliance on the a priori knowledge 
about the physiological, biochemical or functional aspects of possible candidates.29 On the other 
hand, genome-wide genotyping is unbiased in the sense that by surveying the whole genome in a 
hypothesis-free manner, involvement of unexpected candidates or even loci with unknown function 
could be revealed.30 Nonetheless, meta-analysis can unite the best of both worlds, including follow-up 
of top loci and genes prioritized by GWAS in candidate gene studies or use of existent GWAS for look-ups 
of functional biological hypotheses, as performed in a few of the studies in this thesis.
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Family history has been shown to be an adequate predictor of risk across varied health conditions as 
heart disease, colorectal cancer, breast cancer, ovarian cancer, atopy or asthma, type 2 diabetes, among 
many others.31 Similarly, a positive family history is one of the most important risk factors for osteoporosis 
and fractures.32 The risk ratio (RR) for any fracture is 1.17, and for hip fracture is 1.49 (95% CI: 1.17-1.89). 
Parental hip fracture has been incorporated as a risk factor in the FRAX clinical score. Hence, the underly-
ing possibilities provided by genomics make genetic studies appealing.

Compared to other quantitative traits that have been subject of GWAS, investigating BMD seems 
very prolific (Figure 2), while GWAS for dichotomous disease as a direct outcome including osteoporotic 
fractures, have yielded relatively lower numbers of loci discovered (Figure 3). Identifying the specific 
genetic determinants contributing to the risk of fracture has been difficult due to its multifactorial nature 
and occurrence late in life. High phenotype heterogeneity and ascertainment bias reduce the power to 
detect association. Studying correlated endophenotypes, such as in this case DXA-BMD, have shown to 
be a good alternative to study the genetic basis of osteoporosis. Endophenotypes may be nearer to the 
coding DNA in the chain of events at the basis of multifactorial diseases, and, homogeneous determina-
tion of endophenotypes may be simpler than defining certain diseases. Indeed, our hypothesis-free 
genome-wide screens have shown that the most prominent and consistently replicating genetic loci 
associated with fracture risk are also associated with BMD, which serves as proof of BMD being a very 
powerful endophenotype for fracture prediction. An underlying fragility component mediated through 
genetic predisposition seems to form the basis for fracture risk.
From the graphs it becomes clear that, first a trait-specific minimum sample-size threshold needs to be 
reached, and thereafter, the number of loci discovered increases along with growing sample sizes as 
study power improves.33 Mega-sized biobanks, such as 23andMe and UK Biobank, including hundreds of 
thousands participants with GWAS of adequate quality are increasingly becoming available to in include 
in meta-analyses.34, 35 A drawback is that phenotype data may be of variable quality and detailedness, 
however there is a trade-off where the huge numbers may boost study power tremendously and 
overcome measurement error to a certain extent. In addition, the success rate of unraveling underlying 
genetic mechanisms may be influenced by the complexity of the genetic architecture of the trait of 
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Figure 2.  The number of associated loci discovered by GWAS at genome-wide significance (P<5x10−8) on the Y-axis 
by the total number of study participants included in the discovery stage for different complex quantitative traits.
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interest, including imperfect penetrance, allelic heterogeneity, and gene-environment and epigenetic 
effects.

At the beginning of the GWAS era, the field was dominated by the common disease-common variant 
hypothesis, which states that common diseases are caused by common genetic variants.36 Yet, the list 
of rare genetic variants influencing common disease is growing.37 In between these two categories are 
SNPs with minor allele frequency (MAF) of 0.5-5%. In our study of fracture risk, evidence was presented 
that the study of rare CNVs (defined as MAF<0.5% in some studies) deserves follow-up. The propor-
tion of fracture cases with at least one deletion was significantly higher compared to controls and a 
210 kb deletion located on chromosome 6p25.1 was associated with fracture risk (OR=32.58). Also, 
the first effort in our GEFOS and GENOMOS consortium encompassing a sequencing-based GWAS 
meta-analysis has discovered EN1 as a determinant of bone density and fracture (OR=0.85).38 Likewise, 
deCODE investigators have discovered common sequence variants in PTCH139 (MAF= 11.4–22.6%) and 
less frequent (MAF=0.14%–0.18%) variants in LGR440 associated with BMD and fractures (OR=1.09 and 
OR=3.12). Discovery of rare variants is hindered by the large sample sizes required to attain sufficient 
study power, where research consortia prove their worth through ever-increasing sized meta-analyses. 
Larger imputation reference panels and sequencing-based genotyping are becoming progressively 
available, facilitating examination of lower-frequency SNPs and other type of genetic variants such as 
indels and larger deletions.41 Furthermore, genetic variance estimation with imputed variants found that 
the missing heritability for human height and body mass index is negligible;42 this might apply to other 
(quantitative) traits such as BMD as well, for studies are needed. Until now, rare variant association studies 
have found variants with large effects that each explains only a tiny proportion of the phenotypic vari-
ance, because the heritability explained is dependent on the effect size and allele frequency.43 Therefore, 
arguments can be found to study common and rare variants in the occurrence of common diseases,43 
as confirmed by our experiences. Additionally, the osteoporosis field has started to explore non-coding 
variation and epigenetics for for instance microRNA,44 long non-coding RNA,45 and DNA methylation46.

I believe that there are skeletal-site specific effects for fracture risk, for example cortical versus tra-
becular bone, which would justify separate GWAS efforts for specific fracture types. This thinking comes 
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Figure 3.  The number of associated loci discovered by GWAS at genome-wide significance (P<5x10−8) on the Y-axis 
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from the observations that heritability of BMD varies across skeletal sites due to a mixture of shared 
and specific genetic and environmental influences as quantified by the genetic correlations,47 which 
supports the findings that some genetic loci display skeletal-site specific effects.48 Furthermore, it has 
been hypothesized that using stricter phenotype definitions and taking into account fracture mecha-
nisms, while preserving sample size, may increase study power. Efforts for clinical vertebral, hip and 
wrist fractures are underway, but struggle with attaining sufficient study samples to enable discoveries. 
Therefore, the all-type of fracture GWAS approach seems the starting point to attain maximum sample 
size for power to perform the first screening for genetic variants that contribute to osteoporotic fracture 
risk in general. Until now, sample sizes for the subtypes of fractures have been insufficient to perform 
explorative studies, comparable to those by Kemp, Medina-Gomez et al. for BMD,47 into genetic correla-
tions of fracture risk. This information could guide the joint selection and exclusion of sub-phenotypes 
for GWAS. Other even more specific subjects of clinical studies could be atypical (femoral) fractures or 
fracture healing, which could yield insight into differences in natural healing mechanisms and efficacy 
of medical treatment between patients.

Clinical aspects of endocrine bone diseases
The occurrence of fracture is without doubt the most important clinical outcome in osteoporosis. 
Although fracture risk prediction tools such as FRAX® and Garvan Fracture Risk Calculator may predict 
which patients will sustain a fracture, these algorithms still underestimate observed fracture risk in 
at least half of patients.49 The number of associated conditions with corresponding biomarkers and 
medications with reported adverse effects on skeletal health continues to expand.50 A high predicted 
risk justifies preventative treatment. Clinical measurement of BMD by dual energy X-ray absorptiometry 
(DXA) is currently the most widespread method to diagnose osteoporosis and evaluate the risk of 
fracture. Sensitivity and specificity for incident osteoporotic fractures are limited with an area under the 
ROC curve of 0.63,51, 52 as most fractures occur in mildly to moderately decreased BMD, i.e., osteopenia, or 
even at normal BMD values.53 A moderate proportion (0.19) of variance in risk in the all-type of fracture 
GWAS meta-analysis could be explained by genome-wide common SNPs and the proportion of variance 
explained by the independent genome-wide replicating SNPs was 0.02. More genetic and non-genetic 
fracture determinants remain to be discovered.54

Furthermore, GWAS holds the potential to identify novel therapeutic targets and genetic biomarkers 
that will be useful for drug discovery.55 We have identified multiple brand-new candidate loci and genes 
associated with BMD and fracture risk and postulate that these could be potential novel drug targets for 
osteoporosis. Several of the current drug targets for osteoporosis are detected in our unbiased GWAS 
approach (Table 3). Theoretically, novel understanding of underlying osteoporosis biology may also 
be hypothesis-generating to explore new indications for existing drugs which are already applied in 
other conditions if a common genetic basis would be found. In such cases many phases of costly drug 
development could be shortened. Nelson et al. estimated that selecting genetically supported targets 
could double the success rate in clinical drug development.56 Further, among our top fracture associa-
tions were signals in the vicinity of the genes encoding sclerostin (SOST) and DKK1, known Wnt signal-
ing antagonists, and RSPO3 and low-density lipoprotein receptor-related protein 5 (LRP5), activators 
and regulators of canonical Wnt signaling.57 This is an exciting era in which novel promising drugs are 
becoming available, for example romosozumab,58 a monoclonal antibody that binds to SOST. However, 
it has been difficult to obtain specific Wnt signaling modulators because of the ubiquitous expression 



- 377 -

6

D
isc

us
sio

n

of genes across tissue types and the importance of Wnt signaling in diverse physiological processes, 
thereby increasing the likelihood of systemic side-effects.59 Anti-DKK1 monoclonal antibodies BHQ880 
are currently under investigation as a potential therapeutic agent for multiple myeloma.60 No human 
trials in osteoporosis have been published to date; in animal models, anti-DKK1 antibody increases BMD 
in mice61 and macaques62 and promotes fracture healing through activation of beta-catenin signaling63. 
Perhaps potentially most exciting, the rest of our all-type of fracture loci, 18p11.21 (FAM210A), 7q21.3 
(SLC25A13), 7q31.31 (CPED1) and 21q22.2 (FLJ45139), repeatedly appear among the top hits in different 
GWAS for fracture-related traits, such as DXA-BMD and heel bone properties.64 These may thus indicate 
until now unknown biological pathways deserving functional follow-up. A good example of this is the 
follow-up of WNT16, which was prioritized from the findings of BMD GWAS,65-67 in functional biological 
studies. WNT16 is highly expressed in cortical bone but for unknown reasons is only moderately ex-
pressed in trabecular bone,68 and Wnt16−/− mice have a substantial loss of cortical bone, whereas mice 
with Wnt16 overexpression display an increase in trabecular bone.69

Future research directions
1. Phenotypes
More research would be desirable to gain insight into the pathophysiology and acquire a wider and 
optimized diagnostic and therapeutic arsenal for endocrine and musculoskeletal diseases, including 
osteoporosis. Deeper phenotyping to better understand underlying disease mechanisms is necessary. 
In parallel, increasing sample size is clearly a key factor for the identification of more genetic factors of 
complex diseases, which is evidently illustrated by Figures 2 and 3. Larger-scale integrative and col-
laborative systematic screening of genetic and non-genetic factors, together with development of more 
advanced genotyping including sequencing, bioinformatic and statistical analysis techniques is the way 
forward. The work described in this thesis has contributed to these aspects of osteoporosis research, but 
further studies are needed.

There may be value in examining longitudinal follow-up assessments within a cohort throughout time, 
such as for example change in levels of BMD or height. Eventually, as ingeniously demonstrated with the 
Snyderome,77 monitoring many different types of measurements of high quality throughout time even 
in a single individual can be powerful. On the longer term, this longitudinal -omics study design may be 

Table 3.  Drugs applied to the field of osteoporosis with corresponding signals from genome-wide association stud-
ies (GWAS).

Drugs Company Candidate genes and
protein products

GWAS
Loci

GWAS
References

Raloxifene Daiichi Sankyo ESR1 estrogen receptor alpha 6q25.1 48, 64, 70, 71

GEFOS-2

Bazedoxifene Pfizer

Denosumab Amgen TNFRSF11A receptor activator of nuclear 
factor kappa B; TNFRSF11B osteoprotegerin

18q21.33; 
8q24.12

47, 48, 70-74

GEFOS-2

Romosozumab Amgen SOST sclerostin; LRP5 low-density 
lipoprotein receptor-related protein 5; 

MEF2C myocyte enhancer factor 2C

17q21.31; 
11q13.2;
5q14.3

47, 48, 70, 72, 74-76

GEFOS-2

BHQ880 Novartis DKK1Dickkopf-1; LRP5 low-density 
lipoprotein receptor-related protein 5

10q21.1; 
11q13.2

47, 48, 64, 72, 74

GEFOS-2

GEFOS-2 denotes the BMD and all-type of fracture GWAS meta-analysis described in Chapter 4.1.
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transferrable to cohort studies, including whole genome sequencing data as a backbone of thousands 
of individuals with millions of datapoints comprising different -omics such as transcriptomics and me-
tabolomics repeated during study follow-up. At present, analytical and computing power are limiting 
factors. Statistical methods for GWAS of longitudinal BMD have been explored in work by Sikorska et al.,78 
with proposals for statistical methodology to apply for expedite computations79, 80. In the specific case 
of BMD, a life-course approach may be appropriate where for peak bone mass attained at younger ages 
the emphasis should be on genetic studies because of the high heritability (h2~50%–85%),81 whereas for 
bone loss non-genetic factors become more prominent especially with advanced age (h2~0%–70%)82 
and possibly the focus should be more on metabolic and environmental factors.

2. Imaging
Histomorphometry is the gold standard for assessing bone, because it is the only method for the direct 
analysis of bone cells and their activities.83 Yet, even in the clinical setting bone biopsies are rarely used 
to diagnose and manage patients with osteoporosis, because of their invasiveness.84 Molecular imaging, 
the in vivo characterization and measurement of biologic processes at the cellular and molecular level, is 
being hailed as the next great advance for imaging.85 Technical improvements are necessary for human 
application and minimization of invasiveness and radiation exposure are prerequisites for the introduc-
tion into large-scale population imaging studies in the future to aid the analysis of a large variety of 
musculoskeletal disorders including osteoporosis. In the meantime, alternative innovations may provide 
fair results to minimally invasively measure bone material properties of human bone in vivo, such as 
microindentation by the Osteoprobe®,86, 87 for which the very first results look promising in osteoporotic 
fractures88, 89 and type 2 diabetes26. Such techniques need to be further validated in clinical studies.

Aforementioned DXA innovations such as TBS and “3D-DXA”90 with a C-arm can accomplish 3D recon-
structions. TBS may be recognized as an independent endophenotype and may have potential to guide 
clinical decision making similar to DXA-BMD in the future, which again would justify investigations into 
the determinants of TBS. Nonetheless, there is still a need for additional and more refined radiological 
imaging investigations for osteoporosis, such as assessments based on CT or MRI, where MRI does not 
require radiation. However, CT is more costly and requires more radiation than DXA and conventional 
radiography; MRI, is even more costly and time consuming, produces a limited spatial resolution, and, 
importantly, there is no signal from cortical bone with conventional MRI pulse sequences. This may 
be overcome with novel ultrashort or zero echo time (UTE/ZTE) MRI techniques. A concession is QCT, 
which utilizes low dose scan protocols on a standard CT scanner or (HR-)pQCT by a dedicated extrem-
ity scanner.91 This allows more sophisticated analysis of cortical and trabecular bone, the imaging of 
trabecular structure and the application of finite element analysis (FEA) to biomechanically estimate 
bone strength.92-94 pQCT is also used in exploratory analyses for muscle.95 However, medical evidence is 
still too limited to warrant implementation in clinical practice at this point.96, 97 In the future, diagnostics 
and therapeutics may separately target cortical versus trabecular bone compartments. Currently ap-
plied teriparatide works osteoanabolic for trabecular surfaces, but at the same time it increases cortical 
porosity.98

In population imaging, images of areas of interest or even of the whole body are acquired and 
analyzed in hundreds to thousands of participants in population-based cohort studies. This approach 
increases our understanding of natural variation and the natural history of diseases, and may point us to 
novel risk factors and biomarkers. In the Rotterdam Study, radiography, ultrasound, CT and MRI images 
are available of for example brain, abdominal organs, cardiovascular and locomotor systems in a total 
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of almost 15,000 individuals.99 Population imaging groups will need to join forces in research consortia 
to pool sample sizes. By banding together, knowledge and experiences could be exchanged more 
intensively, furthermore, common research databases systems can be set-up containing de-identified 
participant data including image biobanks. In that case, close to perfect data harmonization would 
become conceivable through central measurements by expert investigators employing a single clearly 
defined protocol.

3. Genomics
However, some of the measurement methods currently available are simply too expensive or invasive 
to apply on a population level at present. Yet, current limits are being challenged, with the very first suc-
cessful large-scale applications of whole-genome sequencing and deep imputation using sequencing-
based reference panels.38 The Haplotype Reference Consortium (HRC) is creating a large reference panel 
of human haplotypes by combining together sequencing data from multiple cohorts. However, the ge-
nome may be too distant in the cascade from the disease of interest to detect clinically relevant patterns, 
therefore, screening the transcriptome, epigenome, metabolome, proteome and even microbiome at 
certain time points may prove necessary. This, again, can be followed-up by typing only a selection 
of markers, possibly by custom content on microarrays, in a select replication sample of succinctly 
phenotyped individuals or several distinct clinical states in fewer individuals. This may change with the 
continuing drop in costs of technologies in the long term, particularly next-generation sequencing. 
Improved quality and increased density of genotyping and imputations will increase confidence in 
genetic information and will further enhance examination of structural variation and rarer variants.

Oftentimes the function of genes contained in the associated loci are not (completely) known. Func-
tional follow-up studies are needed, yet, the development of animal knock-out-models may take years. 
Establishment of multi-disciplinary research consortia world-wide may be beneficial to efficiently take 
GWAS discoveries to functional follow-up in a harmonized research pipeline. Also, publicly available 
databases are being launched to enhance interpretation of genomic sequence information, promoting 
mutual data sharing between expert consortia, professional organizations, health care providers, and 
patients.100 Moreover, the GWAS association signal in the radiographic vertebral fracture GWAS did not 
lie within a gene, and the same was true for some of the signals in the BMD and all-type of fracture 
GWAS. An inventory of the GWAS catalog in 2009 revealed that 88% of the GWAS associations are in 
either intergenic or intronic regions,101 regions of the genome we still understand little about, but to 
which GWAS has contributed by indicating regulatory sites. The Encyclopedia of DNA Elements (EN-
CODE) project, aiming to identify all functional elements in the human genome, has drastically enriched 
our comprehension about regions outside of the exome and showed that many GWAS SNPs overlap 
transcription-factor-occupied regions whereas or DNase I hypersensitive sites and are particularly 
enriched in the segmentation classes associated with enhancers and transcription start sites.102 A strik-
ing finding is that obesity-associated noncoding sequences within the FTO locus are associated with 
expression of the homeobox gene IRX3 at megabase distances, but not with FTO itself;103 this association 
seems to be driven by a topologically associated domain (TAD) structure encompassing the FTO and 
IRXB genes cluster.104 Such genomic explorations remain to be performed for osteoporosis-related traits.

GWAS for various osteoporosis-related traits have shown that targeting quantitative endophenotypes 
with excellent measurement properties (root mean square standard deviation expressed as coefficient 
of variation of 1.01.2% for the spine and 1.12.2% for the femoral neck by DXA)105 is efficient in the number 
of loci discovered. An exception may be when extreme phenotypes76, 106 display threshold effects, then 
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fewer subjects may be needed with enrichment for highly penetrant variants,107, 108 but still adequate 
sample sizes should be collected to achieve sufficient discovery power.109 However, the tough start of 
the fracture GWAS may be rooted in the complex phenotype definition and heterogeneity of the trait 
and its underlying genetics. A better understanding of the genetic architecture seems necessary. More 
clarity is needed which fracture phenotypes should be studied together because they have a joint ge-
netic etiology, and which do not and thus should be analyzed separately. Then robust selection criteria 
should be defined for an optimal fracture phenotype definition of interest. Research ideas include data 
enrichment for cases that have a known family history for osteoporosis, fractured at relatively young age 
or sustained multiple fractures, etc. Perhaps further exclusion criteria need to be established for cases 
that are thought to be caused by non-genetic mechanisms. Refinement and automatization of mea-
surements may enhance the richness, quality and quantity of research data available. Combination into 
multivariate GWAS of multiple disease-related traits could further exploit the detection of pleiotropic 
effects110 and novel statistical methods may be able to better utilize the richer phenotype information 
that will become available.111, 112

4. Drugs and pharmacogenetics
So far, therapies used to increase bone strength in individuals with osteoporosis are mainly antiresorp-
tives.113 Bisphosphonates are the most widely used first-line because of their effectiveness, reasonable 
safety, and a low cost price.114 However, no single antiresorptive therapy is currently appropriate for all 
patients, as a subgroup of patients put on anti-fracture medication responds suboptimally, e.g., small 
gain in bone mass or new fractures occur in spite of treatment, or negative side-effects including as 
osteonecrosis of the jaw or Atypical Femoral Fractures (AFF).115 To our knowledge no pharmacogenetic 
studies examining these phenomena in osteoporosis have been published to date. In the future, results 
from pharmacogenomics studies may aid in assigning the most effective therapy to specific patient 
groups and it has been hypothesized that genetic biomarkers can be identified to pinpoint those pa-
tients most vulnerable to side-effects of certain agents. Nevertheless, because interaction studies tend 
to involve more parameters, up to four times as many subjects are needed;116 unless extremely large 
effects are in place, as we have witnessed for a few pharmacogenomic successes, such as anticoagulant 
dosing according to VKORC1 haplotypes and HLA-B*5701 screening for the risk of hypersensitivity reac-
tion to abacavir in HIV.117 Until now in genetic osteoporosis research, solely candidate gene studies have 
appeared investigating genetically-based variation in treatment response to raloxifene, teriparatide and 
bisphosphonates.118 One of the reasons for this is that the coverage of pharmacogenomics variants 
is limited on current GWAS genotyping platforms,119, 120 but this may improve with novel microarrays 
becoming available.

5. Risk prediction and personalized medicine
Finally, our clinical practice is in need for improved prediction of fracture risk and more effective preven-
tion and treatment options. Populations at increased risk of fractures should be identified in time and 
subgroups of patients may require different approaches. To be able to initiate precision medicine for 
osteoporosis and other conditions associated with fractures, we will require better performing yet fea-
sible and cost-effective investigations. Eventually, applying an integrative personal omics profile (iPOP)77 
approach to osteoporosis may be the Holy Grail. Clinical risk assessments and treatment evaluations may 
be enhanced with integrated diagnostics utilizing novel biomarkers incorporating possibly (molecular) 
imaging, minimally invasive measurements of bone material properties, genomic, transcriptomic, and 
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metabolomic information.121 Standardized storage and longitudinal follow-up of these parameters inte-
grated into the electronic medical record will be required. We should not be afraid to acquire these data 
in clinic, transfer them to the research bench to get to understand the meaning and clinical relevance 
of this data, and then bring this new knowledge back to the bedside to actually help our patients. 
Knowledge is required about what findings are normal and what is abnormal, and how to interpret what 
is clinically relevant. Then, medical education about this methodology is needed to have this imple-
mented in practice. Choices for osteoporosis therapy have and are still expanding; GWAS findings may 
point to even more potential drug targets remaining to be explored. Hence, it will become increasingly 
important to apply the optimal individualized treatment strategy as our patients deserve the right drug 
at the right time.
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SUMMARY
An abnormally low bone mineral density and/or a disrupted bone microarchitecture predispose to 
increased fracture risk, as is the case in osteoporosis and diabetes-related bone disease. These disease 
entities are known to have a multifactorial etiology and have a high population prevalence, particularly 
in the elderly. In this thesis, different aspects of musculoskeletal diseases were investigated, i.e., epidemi-
ology, radiology, and genetics.

Chapter 2 describes several epidemiological studies of osteoporotic fractures performed in the Rotter-
dam Study. In chapter 2.1 we found that in women, short term use of loop diuretics is associated with an 
increased level of free deoxypyridinoline, most likely reflecting increased bone resorption by osteoclasts. 
In chapter 2.2 we learned that cases with lumbar disc degeneration have a systemically higher bone 
mineral density, but this does not protect them from getting vertebral and non-vertebral fractures. In 
chapter 2.3 we explored the association between C-reactive protein levels and increased fracture risk. 
The following two sub-chapters focus on the epidemiology of diabetes-related bone disease. In chapter 
2.4 we studied the literature available for the association between bone mineral density and type 2 
diabetes mellitus. Our meta-analysis of these observational studies confirmed that bone mineral density 
is elevated at multiple skeletal sites in patients with type 2 diabetes mellitus compared to individuals 
without diabetes. As our meta-regression indicated that glycated hemoglobin (HbA1C) modifies this 
relationship, we decided to explore this further in the Rotterdam Study in chapter 2.5. Here we found 
that the group with type 2 diabetes mellitus and poor glucose control had a higher fracture risk than 
the group with type 2 diabetes mellitus and good glucose control or the group without diabetes. 
Intriguingly, at the same time the group with type 2 diabetes mellitus and poor glucose control had a 
higher bone mineral density, narrower neck width and thicker cortices at the femoral neck. Chapter 2.6 
contains a review article on diabetic bone complications. Chapter 2.7 is a review describing osteoporotic 
vertebral fractures as part of systemic disease.

Chapter 3 brings a comparative appraisal of radiological scoring methods for osteoporotic vertebral 
fractures. In chapter 3.1 we review different radiological scoring methods of osteoporotic vertebral 
fractures for clinical and research settings. When applying two of the most commonly used radiological 
scoring methods to the Rotterdam Study we found that prevalences vary widely between these two 
methods, as described in chapter 3.2. The data in chapter 3.3 demonstrate that trabecular bone scores 
are strongly associated with prevalent vertebral fractures in women, and that this measure provides 
information independent of bone mineral density analyzed by dual energy X-ray absorptiometry. Chap-
ter 3.4 illustrates that the data acquired in vertebral fracture morphometry analyses provide multiple 
quantitative parameters, which could be relevant for different musculoskeletal disorders. In chapter 3.5 
we evaluated the radiological criteria and disease prevalence in the Rotterdam Study. In chapter 3.6 we 
assessed how many of Scheuermann’s disease cases would be incorrectly diagnosed as osteoporotic 
vertebral fractures, where we found that the algorithm-based qualitative method performs better than 
quantitative morphometry. Chapter 3.7 contains case series, which emphasizes the need to differentiate 
osteoporotic vertebral fractures from Scheuermann’s disease in daily clinical practice.

Chapter 4 presents various genetic epidemiological studies for fracture risk, with the majority being 
large-scale projects executed within the framework of the genetic factors for osteoporosis (GEFOS) 
and genetic markers for osteoporosis (GENOMOS) consortia. In Chapter 4.1 we identified 56 genetic 
loci for femoral neck bone mineral density and lumbar spine bone mineral density measured by dual 
energy X-ray absorptiometry through a world-wide genome-wide association study meta-analysis of 
83,894 individuals. Furthermore, additional analyses in 133,460 participants revealed that fourteen of 
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these bone mineral density loci are also associated with fracture risk. In chapter 4.2 we directly applied a 
hypothesis-free genome-wide approach for fracture risk, meta-analyzing data from 102,873 persons. This 
effort highlighted 35 genetic signals as associated with fracture risk. Interestingly, half of these loci (i.e., 
eighteen) were among the previously discovered bone mineral density loci, while other gene regions 
have been implicated in neurological and hormonal processes. This seems to illustrate the complex 
interplay of factors contributing to an increased fracture risk. In the end, ten loci replicated at genome-
wide significant level. In chapter 4.3 a genome-wide copy number association study of osteoporotic 
fractures highlighted the 6p25.1 locus. A rare (minor allele frequency [MAF]=0.1%) 210 kb deletion in 
6p25 was associated with increased fracture risk in the Rotterdam Study and further replicated in other 
array-based studies In chapter 4.4 we did the first genome-wide association study for radiographic 
vertebral fractures in the Rotterdam Study finding a marker on chromosome 16q24 as genome-wide 
significantly associated. Although the 16q24 locus has been found associated with bone mineral density 
and vertebral defects at birth before, our association with vertebral fracture risk could not be replicated 
by de-novo genotyping across 15 studies worldwide. In chapter 4.5 we tested single nucleotide poly-
morphisms in the TRPV4 gene for association with osteoporotic fracture risk in human Rotterdam Study 
participants, as these genetic variants were found to have male-specific skeletal effects on osteoblast – 
osteoclast uncoupling in mice. In spite of finding an association in our Rotterdam Study as well, analyses 
of three more studies did not yield the same results. Chapter 4.6 shows the case of a young woman 
with severe osteoporosis and vertebral fractures due to osteoporosis pseudoglioma syndrome/familial 
exudative vitreoretinopathy due to compound heterozygous missense mutations in LRP5, which illus-
trates that genetic screening should be considered in pregnancy associated osteoporosis. The review 
in chapter 4.7 presents the current state of knowledge on the genetic basis of osteoporotic vertebral 
fractures and, additionally, of structural vertebral deformities resembling osteoporotic vertebral fractures 
but which may have their own genetic basis.

Chapter 5 is a future perspective on personalized sequencing and the future of medicine in general.
Finally, in chapter 6 a general discussion is presented of the studies presented in this thesis, and find-

ings are placed in a broader context. Additionally, future directions are proposed at the end of chapter 6.
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SAMENVATTING
Een abnormaal lage botmineraaldichtheid en/of een verstoorde bot microarchitectuur predisponeren 
voor een verhoogd risico op botbreuken, zoals het geval is bij osteoporose en diabetes-gerelateerde 
botziekte. Deze ziektebeelden hebben een multifactoriële etiologie hebben en hebben een hoge 
prevalentie in de algemene bevolking, met name bij ouderen. In dit proefschrift worden verschillende 
aspecten van musculoskeletale aandoeningen onderzocht, namelijk de epidemiologie, radiologie, en 
genetica.

Hoofdstuk 2 beschrijft een aantal epidemiologische studies van osteoporotische fracturen uitgevoerd 
in de Rotterdam Studie. In hoofdstuk 2.1 vonden we dat in vrouwen, kortdurend gebruik van lisdiuretica 
is geassocieerd met een verhoogd niveau van vrij deoxypyridinoline, wat waarschijnlijk weer het gevolg 
is van toegenomen botresorptie door osteoclasten. In hoofdstuk 2.2 hebben we gedemonstreerd dat 
mensen met lumbale degeneratie een systemisch hogere botdichtheid hebben, maar dit resulteert 
bij hen niet in bescherming tegen het krijgen van wervel- en niet-wervelfracturen. In hoofdstuk 2.3 
hebben we de associatie tussen C-reactief proteïne en een verhoogd risico op fracturen onderzocht. 
De volgende twee sub-hoofdstukken richten zich op de epidemiologie van diabetes-gerelateerde 
botziekte. Hoofdstuk 2.4 is een literatuurstudie naar de associatie tussen botdichtheid en type 2 diabetes 
mellitus. Onze meta-analyse van observationele studies bevestigde dat de botmineraaldichtheid op 
meerdere plaatsen van het skelet verhoogd is bij patiënten met type 2 diabetes mellitus in vergelijking 
met mensen zonder diabetes. Uit onze meta-regressie bleek dat geglycolyseerd hemoglobine (HbA1C) 
hierin een rol speelt, en wij hebben dit verder onderzocht in de Rotterdam Studie in hoofdstuk 2.5. 
Hier vonden we dat de groep met type 2 diabetes mellitus en een slechte glycemische controle een 
hoger risico heeft op botbreuken dan de groep met type 2 diabetes mellitus en een goede glycemische 
controle of de groep zonder diabetes. Intrigerend was ook dat de groep met type 2 diabetes mellitus 
met slechte glucosecontrole een hogere botdichtheid had, smallere femurhals breedte en een dikker 
cortex. Hoofdstuk 2.6 bevat een overzichtsartikel over diabetische botcomplicaties. Hoofdstuk 2.7 is een 
beschrijvend overzicht over osteoporotische wervelfracturen als onderdeel van systemische ziekte.

Hoofdstuk 3 geeft een vergelijkend overzicht van de radiologische scoren methoden voor osteopo-
rotische wervelfracturen. In hoofdstuk 3.1 bespreken we verschillende radiologische scoren methoden 
van osteoporotische wervelfracturen voor klinisch onderzoek en de klinische praktijk. Bij de toepassing 
van twee van de meest gebruikte radiologische scoringsmethoden in de Rotterdam Studie vonden we 
dat prevalenties enorm verschilden tussen deze twee methoden, zoals beschreven in hoofdstuk 3.2. 
De gegevens in hoofdstuk 3.3 tonen dat de trabeculaire botscore sterk is geassocieerd met prevalente 
vertebrale fracturen bij vrouwen, en dat deze indicator informatie onafhankelijk van botdichtheid van 
dual energy X-ray absorptiometrie oplevert. Hoofdstuk 3.4 illustreert dat de bij vertebrale morfometrie 
verkregen data meerdere kwantitatieve parameters geeft die relevant kunnen zijn voor verschillende 
musculoskeletale aandoeningen. In hoofdstuk 3.5 onderzochten we de radiologische criteria en de 
prevalentie van de ziekte van Scheuermann in de Rotterdam Studie. In hoofdstuk 3.6 onderzochten 
we hoeveel ziekte van Scheuermann gevallen verkeerd worden gediagnosticeerd als osteoporotische 
wervelbreuken, waar we vonden dat de algoritme gebaseerde kwalitatieve methode beter presteert dan 
kwantitatieve morfometrie. Hoofdstuk 3.7 bevat een case serie, die de noodzaak om osteoporotische 
wervelfracturen te onderscheiden van de ziekte van Scheuermann in de dagelijkse klinische praktijk 
benadrukt.

Hoofdstuk 4 presenteert verschillende genetische epidemiologische studies naar risico op botbreu-
ken, waarvan de meesten grootschalige projecten zijn, uitgevoerd in het kader van de genetische 
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factoren voor osteoporose (GEFOS) en genetische merkers voor osteoporose (GENOMOS) consortia. 
In hoofdstuk 4.1 identifi ceerden we 56 genetische loci voor femurhals botmineraaldichtheid en de 
lumbale wervelkolom botmineraaldichtheid gemeten met dual energy X-ray absorptiometrie door 
middel van een wereldwijde genoom-wijde associatie studie meta-analyse van 83.894 personen. Uit 
aanvullende analyses in 133.460 deelnemers is gebleken dat veertien van deze botmineraaldichtheid 
loci ook geassocieerd zijn met risico op botbreuken. In hoofdstuk 4.2 pasten we direct een hypoth-
esevrije genoom-brede analyse toe voor het risico op botbreuken, door middel van meta-analyse van 
gegevens van 102.873 personen. Deze studie leverde 35 genetische signalen op in associatie met het 
risico op botbreuken. Interessant is dat de helft van deze loci (18) behoorden tot de eerder ontdekte 
botmineraaldichtheid loci, terwijl andere gengebieden zijn betrokken bij neurologische en hormo-
nale processen. Dit lijkt de complexe interactie van factoren die bijdragen aan een verhoogd risico op 
botbreuken te illustreren. Uiteindelijk repliceerden tien signalen op genoom-wijde signifi cantie. De in 
hoofdstuk 4.3 beschreven genoom-wijde kopie nummervariatie studie van osteoporotische fracturen 
wees op het 6p25.1 locus. Een zeldzame (minor allel frequentie [MAF]=0,1%) 210 kb deletie in 6p25 werd 
geassocieerd met een verhoogd risico op botbreuken in de Rotterdam Studie en verder gerepliceerd 
in andere array-gebaseerde studies. In hoofdstuk 4.4 hebben we de eerste genoom-brede associatie 
studie voor radiografi sche wervelfracturen in de Rotterdam Studie, waarin een marker op chromosoom 
16q24 genoom-breed signifi cant geassocieerd bleek te zijn. Hoewel het 16q24 locus eerder geasso-
cieerd was bevonden met botdichtheid en congenitale wervelkolom afwijkingen, kon de associatie met 
wervelfractuur risico niet worden gerepliceerd door de-novo genotypering in 15 studies over de hele 
wereld. In hoofdstuk 4.5 testten we single nucleotide polymorfi smen in het TRPV4 gen voor associatie 
met osteoporotische fracturen in Rotterdam Studie deelnemers, omdat deze genetische varianten in 
mannen skeletale eff ecten op de osteoblast bleken te hebben – namelijk osteoclasten ontkoppeling 
bij muizen. Ondanks het vinden van de associatie in de Rotterdam Studie, leverden analyses van drie 
andere studies niet dezelfde resultaten op. Hoofdstuk 4.6 toont de beschrijving van een jonge vrouw 
met ernstige osteoporose en wervelfracturen te wijten aan het osteoporose pseudoglioom syndroom 
/ familiale exsudatieve vitreoretinopathie door compound heterozygote missense mutaties in LRP5, 
dat aantoont dat genetische screening in zwangerschap-gerelateerde osteoporose moet worden 
overwogen. De review in hoofdstuk 4.7 presenteert de huidige stand van kennis over de genetische 
basis van osteoporotische wervelfracturen, en van de structurele werveldeformaties die kunnen lijken 
op osteoporotische wervelfracturen, maar die hun eigen genetische basis kunnen hebben.

Hoofdstuk 5 is een toekomstperspectief over persoonlijke sequencing en de toekomst van de ge-
neeskunde in het algemeen.

Tenslotte wordt in hoofdstuk 6 een algemene discussie gegeven van de studies in dit proefschrift, en 
de bevindingen worden in een bredere context geplaatst. Daarnaast worden toekomstige richtingen 
voorgesteld aan het einde van hoofdstuk 6.
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-	� Erasmus lectures on endocrinology 2010-2012

-	� Erasmus course endocrinology 2009, 2014

-	� Osteoporosis Symposium 2016

Presentations
Genome-wide Association In the Rotterdam Study Implicates the 16q24 Locus As 
Determinant of Osteoporotic Vertebral Fractures.

-	� (oral) 32nd American Society for Bone Mineral Research Annual Meeting (Canada, 
Toronto).

2010 October 15-19

-	� (oral) 20th Dutch Society for Calcium and Bone Metabolism Annual Meeting (Zeist, 
The Netherlands).

2010 November 11-12

-	� (poster) Dutch Society for Human Genetics Meeting (Amsterdam, The Netherlands). 2010 November 19

-	� (poster) 15th Belgian Society of Internal Medicine (BVIG-SBMI) Annual Congress 
(Leuven, Belgium).

2010 December 3-4

-	� (poster) Erasmus MC Internal Medicine Annual Science Day, (Antwerp, Belgium). 2011 January 13-14

-	� (poster) 15th Molecular Medicine Day (Rotterdam, The Netherlands). 2011 February 3

-	� (poster) 13th European Congress of Endocrinology (Rotterdam, The Netherlands). 2011 April 30-May 4

Challenges on phenotype definition: the case osteoporotic vertebral fractures.

-	� (poster) 6th CHARGE Consortium Investigators Meeting (Boston, United States). 2011 February 9-11

The first genome-wide association study for osteoporotic vertebral fractures.

-	� (poster) Netherlands Consortium for Healthy Ageing outreach and kick-off meeting 
(Amersfoort, The Netherlands).

2011 March 14-15

Women with inadequately controlled type 2 diabetes are at increased risk of 
osteoporotic fractures despite higher bone mineral density: the Rotterdam Study.

-	� (poster) 3rd Joint Meeting of the European Calcified Tissue Society and the 
International Bone and Mineral Society (Athens, Greece).

2011 May 7-11

-	� (plenary poster) 33rd American Society for Bone Mineral Research Annual Meeting 
(San Diego, United States).

2011 September 16-20

Large-scale meta-analyses of genome-wide association studies for fracture risk: the 
GEFOS consortium.

-	� (oral) 33rd American Society for Bone Mineral Research Annual Meeting (San Diego, 
United States).

2011 September 16-20

-	� (poster) 12th International Congress of Human Genetics (Montreal, Canada) 2011 October 11-15

Review of radiological scoring methods of osteoporotic vertebral fractures for clinical 
and research settings.

-	� (poster) 97th Annual Meeting of the Radiological Society of North America (Chicago, 
United States)

2011 November 27- 
December 2

Degree of glucose control and risk of fracture in type 2 diabetes: the Rotterdam Study

-	� (poster) Erasmus MC Internal Medicine Annual Science Day, (Antwerp, Belgium). 2012 January 12-13

-	� (oral) Dutch Association of Endocrinology (NVE) Annual Meeting (Noordwijkerhout, 
The Netherlands)

2012 February 10-11
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-	� (poster) Netherlands Consortium for Healthy Ageing outreach phase II Meeting 
(Amersfoort, The Netherlands).

2012 March 12-13

-	� (oral and poster) Meeting of the European Calcified Tissue Society (Stockholm, 
Sweden).

2012 May 19-23

-	� (poster) Dutch annual conference on Epidemiology (WEON) (Rotterdam, The 
Netherlands).

2012 June 14-15

Osteoporotic Vertebral Fracture Prevalences Vary Widely Between Radiological Scoring 
Methods: The Rotterdam Study

-	� (poster) Dutch annual conference on Epidemiology (WEON) (Rotterdam, The 
Netherlands).

2012 June 14-15

-	� (oral) Dutch Society for Calcium and Bone Metabolism Meeting (Zeist, The 
Netherlands).

2012 November 1-2

-	� (oral) American Society for Bone Mineral Research Annual Meeting (Minneapolis, 
United States).

2012 October 12-15

Genetic Epidemiology of Diabetes and Bone Disease

-	� (seminar) Stanford University, Department of Genetics (Stanford, United States). 2012 June 26

Brief Introduction to The Rotterdam Study

-	� (invited presentation) University of California at San Francisco (San Francisco, United 
States).

2012 November 9

Genome-Wide Association Studies Meta-Analysis For Fracture Risk

-	� (invited presentation) University of California at San Francisco (San Francisco, United 
States).

2012 November 9

Scheuermann’s Disease: Evaluation of Radiological Criteria and Population Prevalence

-	� (poster) World Congress on Osteoarthritis (Philadelphia, United States). 2013 April 18-21

Painful Vertebral Fractures During Pregnancy: Be Aware Of A Potentially Underlying 
Genetic Cause

-	� (oral) Endocrine Society (San Francisco, United States) 2013 June 15-18

Dissecting the Relationship Between High-Sensitivity Serum C-Reactive Protein and 
Increased Fracture Risk: The Rotterdam Study

-	� (oral) Endocrine Society (San Francisco, United States) 2013 June 15-18

-	� (oral poster) American Society for Bone Mineral Research Annual Meeting 
(Baltimore, United States).

2013 October 4-7

Large-scale Genetic Studies and Personalized Medicine in Osteoporotic Fractures

-	� (invited seminar) University of California at San Francisco (San Francisco, United 
States).

2013 July 12

The genetic basis of cross-phenotype correlation with bone fracture risk: the GEFOS 
consortium

-	� (poster) American Society for Bone Mineral Research Annual Meeting (Baltimore, 
United States).

2013 October 4-7

Differentiating Osteoporotic Vertebral Fractures from Scheuermann’s Disease using 
Different Radiological Assessment Methods for Osteoporotic Vertebral Fractures: The 
Rotterdam Study

-	� (oral) American Society for Bone Mineral Research Annual Meeting (Baltimore, 
United States).

2013 October 4-7

Prediction of vertebral fracture by Trabecular Bone Score in elderly women of The 
Rotterdam Study

-	� (oral) American Society for Bone Mineral Research Annual Meeting (Baltimore, 
United States).

2013 October 4-7

Genes, Hormones and Bones: Genetic Epidemiology of Endocrine and Skeletal Disease

-	� (invited seminar) Veterans Affairs Medical Center, University of California at San 
Francisco (San Francisco, United States).

2013 October 15
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-	� (grand rounds) Stanford University, Department of Endocrinology (Stanford, United 
States).

2013 November 6

Type 2 Diabetes, Inflammation, Genetics and Bone Fractures

-	� (invited seminar) University of California at San Francisco (San Francisco, United 
States).

2013 November 22

Large-scale Population Imaging to Investigate the Genetic Epidemiology of 
Radiographic Scheuermann’s Disease: the Rotterdam Study

-	� (poster) 99th Annual Meeting of the Radiological Society of North America 
(Chicago, United States).

2013 December 1-6

-	� (poster) World Congress on Osteoarthritis (Philadelphia, United States). 2013 April 18-21

Genome-Wide Association Studies (GWAS) meta-analysis for fracture risk points to loci 
related to hormonal and neurological pathways: the GEFOS Consortium

-	� (poster) American Society for Bone Mineral Research Annual Meeting (Minneapolis, 
United States).

2012 October 12-15

-	� (oral) Dutch Society for Calcium and Bone Metabolism Meeting (Zeist, The 
Netherlands).

2012 November 1-2

-	� (oral) American Society of Human Genetics (San Francisco, United States). 2013 November 6-10

-	� (poster) Erasmus MC Internal Medicine Annual Science Day (Antwerp, Belgium). 2014 January 9-10

Reninoma: a Rare Cause of Curable Hypertension and Hypokalemia

-	� (oral) Rotterdam Regional Clinical Conference of Internal Medicine (Rotterdam, The 
Netherlands).

2015 November 19

-	� (oral) Netherlands Internal Medicine Annual Meeting (Maastricht, The Netherlands). 2016 April 20-22

(Inter)national conferences
-	� Dutch Association of Endocrinology (NVE) Annual Meeting, Noordwijkerhout, The 

Netherlands.
2010 January 29-30

-	� Dutch Internist Association Annual Meeting (Maastricht, The Netherlands). 2010 April 21-23

-	� CHARGE Consortium Investigators Meeting (Houston, United States). 2010 April 28-30

-	� European Symposium on Calcified Tissues (Glasgow, Great Britain). 2010 June 26-30

-	� GEFOS/GENOMOS Consortia Investigators Meeting (Glasgow, Great Britain). 2010 June 27

-	� American Society for Bone Mineral Research Annual Meeting (Toronto, Canada). 2010 October 15-19

-	� GEFOS/GENOMOS Consortia Investigators Meeting (Toronto, Canada). 2010 October 19

-	� Belgian Society of Internal Medicine (BVIG-SBMI) Annual Congress (Leuven, 
Belgium).

2010 December 3-4

-	� CHARGE Consortium Investigators Meeting (Boston, United States) 2011 February 9-11

-	� International Networking Conference: ‘From DNA to phenotype’ (Rotterdam, The 
Netherlands)

2011 March 9-11

-	� European Congress of Endocrinology (Rotterdam, The Netherlands). 2011 April 30 -
May 4

-	� Joint Meeting of the European Calcified Tissue Society and the International Bone 
and Mineral Society (Athens, Greece).

2011 May 7-11

-	� GEFOS/GENOMOS Consortia Investigators Meeting (Athens, Greece). 2011 May 7

-	� American Society for Bone Mineral Research Annual Meeting (San Diego, United 
States).

2011 September 16-20

-	� GEFOS/GENOMOS Consortia Investigators Meeting (San Diego, United States) 2011 September 19

-	� Radiological Society of North America Annual Meeting (Chicago, United States) 2011 November 27 
-December 02

-	� Dutch Association of Endocrinology (NVE) Annual Meeting (Noordwijkerhout, The 
Netherlands)

2012 February 10-11

-	� Meeting of the European Calcified Tissue Society, Stockholm, Sweden. 2012 May 19-23

-	� Dutch annual conference on Epidemiology (WEON) (Rotterdam, The Netherlands). 2012 June 14-15
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-	� American Society for Bone Mineral Research Annual Meeting (Minneapolis, United 
States).

2012 October 12-15

-	� American Society of Human Genetics Annual Meeting (San Francisco, United 
States).

2012 November 6-10

-	� Radiological Society of North America Annual Meeting (Chicago, United States) 2012 November 25-30

-	� Personalized Medicine World Conference (Mountain View, United States). 2013 January 28-29

-	� Osteoarthritis Research Society International (Philadelphia, United States). 2013 April 18-21

-	� ENDO Endocrine Society Annual Meeting (San Francisco, United States). 2013 June 15-18

-	� American Society for Bone Mineral Research Annual Meeting (Baltimore, United 
States).

2013 October 4-7

-	� GEFOS/GENOMOS Consortia Investigators Meeting (Baltimore, United States). 2013 October 5

-	� Radiological Society of North America Annual Meeting (Chicago, United States) 2013 December 1-6

-	� Dutch Internist Association Annual Meeting (Maastricht, The Netherlands). 2014 April 23-25

-	� Dutch Internist Association Annual Meeting (Maastricht, The Netherlands). 2015 April 22-24

-	� European Calcified Tissue Society Meeting (Rotterdam, The Netherlands). 2015 April 25-28

-	� Dutch Internist Association Annual Meeting (Maastricht, The Netherlands). 2016 April 20-22

-	� European Congress of Internal Medicine Annual Meeting (Amsterdam, The 
Netherlands).

2016 September 2-4

Other
Associate Editor for journals:

-	� Gene 2013-2014 16 manuscripts

Peer-reviewing for journals:

-	� European Journal of Epidemiology 2010, 2012 2 manuscripts

-	� Gene 2011, 
2012, 
2013

12 manuscripts

-	� Plos One 2012, 2013 3 manuscripts

-	� New England Journal of Medicine 2012 1 manuscript

-	� Calcified Tissue International 2012 2 manuscripts

-	� Osteoporosis International 2012, 2016 2 manuscripts

-	� Joint Bone Spine 2013 1 manuscript

-	� Journal of Bone and Mineral Research 2013, 2015 2 manuscripts

-	� Journal of Clinical Endocrinology and Metabolism 2014 1 manuscript

-	� BMC Musculoskeletal Disorders 2014 1 manuscript

-	� British Medical Journal 2015 1 manuscript

-	� Bone 2016 1 manuscript

Service positions for scientific organizations:

-	� American Society for Bone and Mineral Research: Annual Meeting peer-reviewing of 
abstracts

2014, 2015

-	� European Calcified Tissue Society: Annual Meeting session moderator 2015

Grants and awards
-	� American Society of Bone Mineral Research (ASBMR) Travel Grant 2013

-	� Dutch Association of Endocrinology “Goodlife Healthcare Travel Grant” 2013

-	� Simons Fund Foundation. Fellowship subsidy 2013

-	� Erasmus University Trust Fund. Postdoctoral fellowship subsidy 2013

-	� Dutch Society for Calcium and Bone Metabolism Best Presentation Award 2012

-	� Endocrine Fellows Foundation/American Diabetes Association (EFF/ADA) Fellows 
Forum Meeting Support

2012

-	� American Society of Bone Mineral Research (ASBMR) Travel Grant 2012
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-	� Endocrine Fellows Foundation/American Diabetes Association (EFF/ADA) Fellows 
Forum Meeting Support

2011

-	� American Society of Bone Mineral Research (ASBMR) Travel Grant 2011

-	� Gordon Research Conference Travel Support 2011

-	� European Calcified Tissue Society Travel Grant 2011

-	� Dutch Association of Endocrinology “Goodlife Healthcare Travel Grant” 2011

-	� American Society of Bone Mineral Research (ASBMR) Young Investigator Award 2010

2. Teaching
Year Workload

Lecturing
Teacher for Erasmus University medical school:

-	� journal club (diabetes) 2011 0.2 ECTS

-	� compulsory education (thyroid disease) 2011, 2012 0.6 ECTS

Supervising practicals and excursions, tutoring
-	� Supervision of abstract writing (Student: Felisia Ly) 2011

-	� Supervision of a student working team working on data cleaning of DXA scans in 
Erasmus Rotterdam Health Research (ERGO) and Generation R studies. (Students: 
Rodinde Bloot, Mette Offerhaus)

2010-2011

-	� Supervision of a student working team working on digitization of radiographs in 
the ERGO study. (Students: Emma Dogterom, Laura de Kok, Mette Offerhaus, Felisia 
Ly, Hanna Ning, Florian Buisman, Nadia Rbia, Burak Kalin, Nuray Cakici, Stephan 
Breda, Bart Hazemeijer, Evelien van Meel, Nienke Bart)

2010-2011

-	� Supervision of a student working team working on vertebral fracture assessment in 
the ERGO study. (Students: Rodinde Bloot, Laura de Kok, Mette Offerhaus, Felisia Ly, 
Hanna Ning, Stephan Breda, Bart Hazemeijer, Evelien van Meel, Nienke Bart, Khadija 
Moumni, Maarten Meijer, Sebastian Valk Bonila, Sander Verkade, Maria Tihaya, 
Lisanne van de Koevering)

2010-2012

-	� SNP course practical 2012

-	� Supervision of medical interns in internal medicine 2014-2016

Supervising Master’s theses
-	� Medical student Salih El Saddy 2011 6 ECTS

-	� Medical student Ater Andrew Makurthou 2011 6 ECTS

-	� Medical student Stephan Breda 2012 6 ECTS

-	� Medical student Khadija Moumni 2013 Co-supervision

-	� Medical student Sema Ozdemir 2013 Co-supervision

-	� Medical student Sebastian Valk Bonilla 2013 Co-supervision

Other
-	� GEnetic Factors for OSteoporosis (GEFOS) Consortium: general coordination, co-

organizing meetings, set-up and coordination of vertebral fracture and all-type of 
fracture working groups

2010-2014

-	� GENOMOS Consortium: general coordination, co-organizing meetings 2010-2014

-	� CHARGE Consortium: participation in musculoskeletal working group 2010-2014

-	� ERGO Rotterdam Study: coordination of musculoskeletal research findings that are 
potentially clinically relevant

2010-2014

-	� Visiting scholar at dr. Michael Snyder’s lab Stanford University, Department of 
Genetics

2013

-	� Educational committee member IJsselland hospital 2015-2016
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DANKWOORD-ACKNOWLEDGEMENTS
Bij deze wil ik iedereen bedanken die heeft bijgedragen aan het tot stand komen van dit proefschrift, en 
mijn vorming als wetenschapper en clinicus. Allereerst, hartelijk dank aan de Hogere Macht in mijn leven 
die mij richting geeft. Enkele groepen en een paar mensen wil ik hieronder in het bijzonder noemen.

Ik ben mijn promotor prof. dr. André G. Uitterlinden en mijn co-promotor dr. Fernando Rivadeneira 
zeer erkentelijk voor de begeleiding en steun die zij mij in dit promotietraject hebben gegeven:

Beste André, dankzij de kansen die je me hebt gegeven heb ik een paar fantastische onderzoeksjaren 
mogen beleven. Een genereuzere werkgever kon ik me niet wensen! Persoonlijke groei en ontwikkeling 
van je medewerkers heb je hoog in het vaandel staan; ik heb zoveel geleerd. Je liet me vrij werken aan 
allerlei projecten, variërend van eigen kleine onderzoeksideeën tot en met grootschalige consortium-
werken. Ik ben bijna de tel kwijt geraakt van hoeveel congressen ik heb mogen bezoeken en ben je ook 
erg dankbaar voor het jaar dat ik in Stanford Amerika heb mogen verblijven. Het is een eer dat ik met je 
heb mogen samenwerken en kijk uit naar nog meer samenwerkingen in de toekomst.

Beste Fernando, het is een voorrecht om deel uit te hebben mogen maken van de door jou opge-
richte “boneheads club”. Je creativiteit is grenzeloos en de passie voor onderzoek die je als mentor van 
onze groep uitdroeg werkte inspirerend. Je bent een oprechte man met het hart op de juiste plaats. 
De sfeer binnen onze onderzoeksfamilie was dan ook warm en gemoedelijk. De Rotterdam Studie 
wervelfracturen data vergaren heeft toch iets langer geduurd dan drie maanden, maar we hebben er 
toch veel goede (extra) dingen uitgehaald. Ook mijn waardering voor je gezin, Carolina, Gabriella en 
Paulina, want af en toe mochten Karol, Carolina en ik bij jullie thuis komen om nog wat werk af te maken. 
Je hebt me begeleid als een coach van wereldklasse. Ik hoop dat onze productieve samenwerking ook 
in de toekomst nog zal voortduren.

Ook wil ik de leden van de promotiecommissie bedanken:
Beste prof. dr. Gabriel Krestin, dank u wel voor het op u nemen van het voorzitterschap van de com-

missie en te opponeren bij de verdediging van mijn proefschrift. De enkele radiologie congressen en 
social events die ik heb mogen bezoeken waren mooie ervaringen.

Beste prof. dr. Cock van Duijn, bedankt voor het plaatsnemen in mijn promotiecommissie. De kennis 
en ervaring die je uitdraagt op het gebied van de genetische epidemiologie (bijvoorbeeld bij de NIHES 
cursussen) vind ik nog steeds zeer indrukwekkend.

Beste prof. dr. Paul Lips, onze samenwerking bij verschillende artikelen en de ontmoetingen op 
congressen heb ik als prettig ervaren. Bedankt voor de bereidheid om zitting te nemen in mijn promo-
tiecommissie.

Dear prof. dr. Bente Langdahl, I am grateful that you have been willing to take part in my PhD defense 
committee all the way from Denmark. In addition, thank you very much for your contributions to our 
GENOMOS/GEFOS consortia publications.

Dear prof. dr. Eugene McCloskey, the studies performed by you and your colleagues from Sheffield on 
vertebral fracture definition and osteoporosis epidemiology including FRAX have been groundbreaking. 
I feel honored to have you on my PhD defense committee.

Verder prijs ik mezelf gelukkig als arts-assistent interne geneeskunde in het positieve opleidingskli-
maat van het Erasmus MC. Beste dr. Stephanie Klein Nagelvoort-Schuit, bedankt voor de bereidheid 
om zitting te nemen in mijn promotiecommissie. De Schuit et al. papers worden nog steeds veelvuldig 
geciteerd en vormen een belangrijk fundament voor onze onderzoekslijn.

Tevens wil ik de senior principal investigators prof. dr. Huib Pols en prof. dr. Albert Hofman bedanken 
voor de door de jaren heen opgezette onderzoeksinfrastructuur en hun deelname aan onze studies.
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En nu mijn twee paranimfen. Lieve Tienke, we kennen elkaar nu al zo’n twintig jaar; bedankt voor je 
goede vriendschap. Vanaf de middelbare school had ik al respect voor je serieuze en harde werken. Lieve 
Mariana, het is een zegen dat we parallel promotieonderzoek zijn gaan doen bij de epidemiologie. Zoals 
je ook al zei: vanaf het begin af aan klikte het meteen en zijn we hartsvriendinnen geworden. Ook ik heb 
erg genoten van onze theemomenten en de andere uitjes. Veel succes met je carrière als radioloog in 
wording.

Ik wil al mijn collega’s van de afdelingen Inwendige Geneeskunde en Epidemiologie bedanken. Hier 
wil ik een aantal collega’s nog apart noemen met wie ik direct heb samengewerkt:

Beste dr. Zillikens, lieve Carola, ik ben je zeer dankbaar om hoe je mij al vroeg hebt betrokken bij 
je klinische activiteiten. Het was me een genoegen om als “je assistentje” op te mogen treden op de 
polikliniek Inwendige Geneeskunde. Verder zijn we daarna ook begonnen met wetenschappelijk wat 
dingen uit te werken. Je bent een voorbeeld voor mij. Ik hoop dat we door kunnen gaan met klinisch 
en wetenschappelijk samenwerken. Beste en lieve Eline, ik weet niet wat ik zonder jou had gemoeten. 
Dankjewel voor je hartelijke hulp en ondersteuning bij het realiseren van mijn promotie!

Beste dr. van Meurs, beste Joyce, bedankt voor de samenwerking en je input bij onze projecten.
My dear friends Karol, Martha, Carolina, Liz, and Natalia, who have let me be part of the “Latino group”. 

Dear Karol and Liz, I wish you had stayed with us in Rotterdam. Nonetheless, I know you have a happy 
work and private life in Boston now. Karol, our “boneheads club” will never be the same without you. 
Thank you very much for leading the way and being a great colleague to me. Dear Martha, muchas 
gracias por brindarme lo mejor de tu amistad. I feel we and our families have formed a special bond 
throughout these years. I appreciate your trust and I am pleased with the papers we published together. 
Caro, master in R and statistics, many thanks for our team work. I really enjoyed the happy times and 
dances we shared. Naty, mi amiga, you are such a pure person; good luck with finishing your PhD too.

Beste Hanneke, Lisette en Marjolijn, toen ik in Rotterdam kwam werken hebben jullie me gelijk in 
de groep opgenomen en wegwijs gemaakt; bedankt voor jullie collegialiteit. Marijn, bedankt voor je 
website en computer expertise en dat je de eerste jaren mijn vriendelijke werkkamergenoot was. Dear 
Bibi, thank you for all the work you have done for our TBS and GEFOS projects. Dear Fjorda and Kate, 
I am delighted that you have taken on the continuation of our research lines, I am sure both of you 
will do great. Mijn studenten die bij elkaar duizenden uren hebben besteed aan hun bijbaan en/of 
stage wil ik heel erg bedanken voor hun inzet: Felisia, Stephan, Evelien, Emma, Laura, Rodinde, Mette, 
Hanna, Khadija, Ater, Salih, Maarten, Sebastian, Nuray, Bart, Nienke, Maria, Sander, Sema, Lisanne, Florian, 
Burak. Verder wil ik nog meer collega’s bedanken voor de fijne tijd bij het genetisch lab: Mila, Robert, 
Annemieke, Pascal, Michael, Ramazan, Anis, Jeroen, Marjolein, Cindy, Jia-Lin.

Beste Maria, dank voor al je support bij de financiën. Lieve Hannie, dankjewel voor de data acquisitie, 
het is altijd gezellig om elkaar weer eens te zien. Beste Frank, René en Jolande, hartstikke bedankt 
voor jullie hulp met de dataverwerking. Beste Nano, terima kasih voor de computerondersteuning en 
kooktips. Beste Edward (EDRA), Erwin (orthopedie), en Mart (radiologie), veel dank voor jullie help met 
de verwerking van de Rotterdam Studie beeldvorming van de wervelkolom. Beste prof. dr. Hans van 
Leeuwen, prof. dr. Bruno Stricker, dr. Abbas Dehghan, dr. Rikje Ruiter, dr. Bram van der Eerden en dr. 
Jeroen van de Peppel, bedankt voor de samenwerking en ik ben blij met de geboekte resultaten. Mijn 
erkenning gaat uit naar de deelnemers aan het ERGO Rotterdam Studie onderzoek en de onderzoekers 
die digitale schatkisten vol data hebben gegenereerd. Mijn dank gaat ook uit naar mijn collega arts-
onderzoekers, waaronder Ben, Carla, Bart en Tessa met wie ik zo nu en dan informeel kon socializen.
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Mijn collega arts-assistenten en stafleden van de Inwendige Geneeskunde en de Intensive Care van 
het Erasmus MC worden hartelijk bedankt voor de collegialiteit tijdens mijn opleiding en voor hun 
interesse in mijn werk. Ik wil de collega’s van het IJsselland Ziekenhuis bedanken voor de ervaring die ik 
als dokter heb mogen opdoen.

It has been the experience of a lifetime to actively participate in the Cohorts for Heart and Aging 
Research in Genomic Epidemiology (CHARGE), the Netherlands

Consortium of Healthy Aging (NCHA), and particularly, the Genetic Factors for Osteoporosis (GEFOS) 
and the Genetic Markers for Osteoporosis (GENOMOS) consortia. It has been a privilige to represent our 
groups at the ASBMR, ECTS, ENDO, and NVCB conferences, etc. Thank you for the confidence placed in 
me and I enjoyed our scientific gatherings and discussions a lot. I would like to thank all the co-authors 
and my special recognition to the contributions of dr. Brent Richards, dr. Houfeng Zheng, prof. dr. Doug 
Kiel, dr. David Karasik, prof. dr. John Ioannidis, dr. Emma Duncan, prof. dr. Matthew Brown, dr. Unnur 
Styrskarsdottir, dr. Evangelia Ntzani, dr. Evangelos Evangelou, dr. Yi-Hsiang Hsu, prof. dr. Stuart Ralston, 
dr. Jonathan Reeve, dr. Carrie Nielson, dr. Cheryl Ackert-Bicknell. Ook wil ik dr. Annegreet Veldhuis-Vlug 
en dr. Peter Bisschop bedanken voor de samenwerking. 我要为我们一起发表的论文感谢高鑫教授
和Lili Ma。Dear dr. Guirong Jiang, thank you very much for the inspiring lessons taught to our group. 
I would like to thank Optasia for their technical support for using SpineAnalyzer®. Dear prof. dr. Brian 
Lentle, it has been a pleasure to meet you and write the reviews about vertebral fractures.

Here, I would like to thank my Stanford University colleagues, University of California at San Francisco 
collaborators, family and friends, who made my year in the United States in 2013 a special experience. 
Dear prof. dr. Debra Ikeda, Deb and Glenn, I am forever grateful for your help and advices, including: “just 
pick a date”, and make it happen. Dear prof. dr. Snyder, dear Mike, thank you very much for having me in 
your lab, it has really broadened my view on genetic research. Dear dr. Ed Esplin thanks for publishing 
the perspective together. Dear prof. dr. Frederic Kraemer, I appreciate the opportunity to attend the 
endocrinology clinical meetings at Stanford, thank you. Dear dr. Joy Wu, thank you very much for having 
me participate in your osteoporosis out-patient clinic.

Ook wil ik mijn vrienden bedanken en geloof ik dat mijn positieve ervaringen op het Coornhert 
Gynasium en de “Wushu (topsport)wereld” nuttige levensbagage zijn. Mijn studies Geneeskunde en 
Sinologie aan de Universiteit Leiden zijn bevorderlijk geweest voor de keuze om mij academisch verder 
te willen verdiepen. En bij het Leids Universitair Medisch Centrum afdeling Interne Geneeskunde deed ik 
mijn eerste ervaringen op binnen de Endocrinologie. De aansluiting die ik vond bij mijn studiegenoten 
waardeer ik zeer en ik wil Long en Ying hier specifiek noemen.

Lieve Boudewijn en Ga-Lai ik stel jullie vriendschap erg op prijs en de spelletjesavonden zijn altijd leuk. 
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