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POF phenotype and its impact on 
women’s health

In 1672 Reinier De Graaf described the ovaries 

as female testicles that contained “bollekes” 

(bubbles), later named follicles. Five years later 

Antonie Van Leeuwenhoek, together with his stu-

dent Johannes Ham, discovered the mammalian 

spermatozoa2. These two Dutch scientists stood at 

the cradle of what is nowadays called reproductive 

science. Their discoveries were among the first in 

exploring the motor driving evolution: the possibility 

to pass our genes on to the next generation.

	

For most women this possibility is set in a fixed 

time frame, lying between menarche and their late 

thirties in natural fertility populations all over the 

world, although fertility already starts to decrease 

early in the 4th decade of life3, 4. In relation to the 

decreasing fertility, the number of primordial fol-

licles in the ovaries also declines, finally leading, in 

the general population, to exhaustion of the follicle 

pool at around the age of 50; this is referred to as 

menopause (the date of the last menstruation)5. 

However, around 1% of all women experience 

a spontaneous cessation of menses before 40 

years of age, accompanied by high levels of go-

nadotrophinsi. This condition is referred to as 

premature ovarian failure (POF)6. Their fertility is 

severely compromised and the only real option for 

achieving pregnancy is to make use of oocyte do-

nation, although an estimated 5-10% of POF pa-

tients may still achieve a spontaneous pregnancy 

(these numbers are based on a meta-analysis of 

29 case reports)7. Longitudinal follow-up studies 

to investigate spontaneous pregnancy rates are 

not available. 

Understandably, the impossibility to conceive 

when a patient wants to have children, in com-

bination with a postmenopausal hormonal status 

at a younger age, has a major impact on her 

psycho-sexual well-being8,9. Many other women’s 

health issues are also related to an earlier age at 

menopause, e.g. osteoporosis10-13, cardiovascular 

disease14, cognition, Alzheimer, parkinsonism15, 16, 

longevity17 and breast cancer18, 19. 
	
The relationship between age at menopause and 

cardiovascular death14 is a concern for POF patients 

and their doctors, but its aetiology is unknown. 

Several studies, along with basic research, have 

pointed in the direction of oestrogen-deprivation 

and cardiovascular health20, whilst epidemiologi-

cal studies have not been able to establish a clear 

relationship21. The POF phenotype may be com-

parable to a very early postmenopausal status and 

we felt it would therefore be valuable to investigate 

the distribution of established cardiovascular risk 

factors such as lipid profile in these young “post-

menopausal” patients (see Chapter 3). 

Definition of premature ovarian failure

Premature ovarian failure is defined in most of 

the literature as secondary amenorrhea with fol-

licle stimulating hormone (FSH) levels exceed-

ing 40 IU/L before age 40, although sometimes 

oestradiol (E2) levels or lower FSH cut-off values 

are included22. The FSH cut-off value of 40 IU/L is 

probably based on the highly cited, initial paper of 

Coulam6 who established this definition. However, 

from a biological point of view, it is reasonable to 

assume that an FSH level above 40 IU/L is a clear 

i	 �Protein hormones secreted by gonadotrophe cells of the pituitary gland of vertebrates. The two principal gonado-

trophins are luteinizing hormone (LH) and follicle stimulating hormone (FSH).
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sign of severely diminished ovarian reserve, since 

postmenopausal gonadotrophins are also in that 

range23. The duration of the amenorrhea for the 

diagnosis of POF is not generally well defined. 

True premature menopause should be set at 12 

months’ amenorrhea, but since hormone therapy 

is warranted in the majority of POF patients, such 

a time frame has its limitations. Furthermore, it is 

known that ovarian function may return for a short 

period in POF patients24. 

	

In the Netherlands the duration of absent men-

struations for the definition of POF is set at 4 

months25. In this thesis, we define POF as follows: 

the absence of spontaneous menstruation for at 

least 4 months after spontaneous menarche, in 

combination with FSH >40 IU/L (independent of 

the assay used) before age 40. Primary amenor-

rhea and iatrogenic POF (due to chemotherapy 

and/or pelvic radiotherapy or surgery) are beyond 

the scope of this thesis. 

	

This Dutch definition of POF has its limitations, 

for example: women with an amenorrhea before 

age 40 but elevated FSH levels below 40 IU/L, or 

women with irregular cycles in combination with 

highly elevated FSH levels (and low E2 levels), 

are excluded by this definition. In clinical prac-

tice, however, these patients will sometimes be 

treated and/or counselled as patients presenting 

with POF but without knowing their true ovarian 

reserve. Furthermore FSH, which is a product of 

the pituitary gland, is an indirect marker of ovarian 

function and is regulated via a multitude of feed-

back signals (primarily E2 and the inhibins). 

Nowadays, more direct ovarian markers are avail-

able to measure ovarian function or reserve: inhibin 

B, a product of the granulosa cellsii of the devel-

oping ovarian follicle; antral follicle count (AFC) 

(counting the visible intra ovarian follicle <5 mm via 

transvaginal ultrasonography), and anti-Müllerian 

hormone (AMH), also a product of the ovarian 

granulosa cells. 

	

AMH has been examined in numerous studies 

and is an established ovarian marker for poor 

response to in vitro fertilization, polycystic ovary 

syndrome, hypogonadotropic hypogonadism and, 

likely, also age at menopause26-28. These ovarian 

function markers, especially AMH, may well give 

a more accurate estimation of the ovarian follicle 

quantity in young hypergonadotropic patients than 

FSH (see Chapter 2).

Physiology: the human ovarian 
follicle pool throughout life

Knowledge of the development and maintenance of 

the pool of follicles in the ovary is important because 

there are a multitude of ‘genetically controlled’ time 

points on the follicle’s route through life: germ cell 

development and migration, mitotic multiplication, 

meiotic arrestment, granulosa cell envelopment and 

finally, atresia via apoptosis. A minor defect caused 

by an underlying genetic variation somewhere in 

this complex pathway of development, may have 

a tremendous effect on the size and function of the 

ovarian follicle pool and may well influence age at 

menopause or lead to POF. 

ii	 �Granulosa cells are somatic cells found closely associated with the developing oocyte in the ovary of mammals. 

In the primary ovarian follicle, and later in follicle development, they advance to form a multilayered cumulus 

oophorus surrounding the oocyte in the pre-ovulatory or Graafian follicle. The major functions of granulosa cells 

include the production of steroids, as well as a myriad of growth factors thought to interact with the oocyte during 

its development.
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their reported findings and there is extensive de-

bate about this idea of neo-oogenesis38-44.

During a woman’s reproductive years, every month 

around ~1000 follicles still go into atresia. At the 

end of the 4th decade a final acceleration phase 

in the follicle pool’s decline takes place, heralding 

the end of fertility. When the last follicles disappear 

from the ovary, the follicle pool is (nearly) exhausted 

and the last menstruation occurs: menopause.

Aetiology of POF

More than three centuries after De Graaf and Van 

Leeuwenhoek, the processes and factors de-

termining the variation in the rate of decline of 

oocyte quantity and quality among individuals are 

still largely unknown. For instance, it is not clear 

whether females with early menopause or POF 

start with a smaller number of follicles or have an 

increased rate of atresia. 

	

Family history is the most important predictor of 

early menopause, suggesting a major role for ge-

netic factors. The highest reported overall inci-

dence of familial cases among women with POF is 

around 30%45-47. In a large Italian study, one-third 

of the idiopathic POF patients showed an inher-

ited pattern48. A subsequent Dutch study reported 

the incidence of familial cases to be 12.7%49. The 

variation between reported incidences might be ex-

plained by differences in the definition of familiar 

POF, by differences in population recruitment, and 

by selection and recall bias. 

	

Pedigree studies on affected POF families show 

a mode of inheritance suggestive of autosomal 

At approximately 5 weeks of gestation, the paired 

gonads are composed of primitive germ cells, 

coelomic surface epithelial cells and an inner core 

of medullary mesenchymal tissue. Together they 

form the gonadal ridges. It is still not entirely clear 

where these germ cells come from or how exactly 

they enter these gonadal ridges. Hereafter, rapid 

mitotic multiplication of these germ cells leads to 

the maximum number of germ cells available in 

a lifetime: around 6-7 million are generated be-

tween 16-20 weeks of gestation29-31. Meanwhile 

these oogonia enter the first meiotic division,  

arrest in the diplotene stage and are enveloped 

with a single layer of granulosa cells. They are 

called oocytes from then on. Resumption of 

meiosis may occur many years later, namely just 

before ovulation. However, more than 99.99% of 

these millions of oocytes will never reach ovula-

tion, because they will be lost through irreversible 

atresiaiii via apoptosis.

	

Massive atresia of fetal ovarian primordial follicles 

occurs already in the 2nd half of prenatal develop-

ment leading to an estimated 1 million oocytes at 

birth 32, a reduction of already ~80% of the pool. 

Why this seemingly inefficient energy use takes 

place during foetal development is largely unknown. 

During childhood, atresia continues and at menar-

che between 300,000 – 500,000 germ cells survive, 

but only a few hundred of these enter the process 

of follicular growth and finally ovulation33. 

Recently, the paradigm that women are born with 

a finite number of oocytes was challenged34-37. A 

fundamental paradigm shift would take place in 

reproductive medicine if it was found that new fol-

licle eggs may enter the ovarian pool later in life. 

However, no other research group has replicated 

iii	 Degeneration and subsequent resorption of one or more immature ovarian follicles.
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late menopause (e.g. after 55 years of age) or both. 

The highest LOD scorevi of 3.1 showed sugges-

tive linkage in the region Xp21.361. More recently, 

two familial linkage studies identified POF loci on 

Xq21.1 - Xq21.3.3 (in a gene named POF1B) and 

recently on chromosome 5q14.1-5q1562, 63. 

The X chromosome seems to be important for ovar-

ian development and maintenance. The following 

four arguments are in favour of ‘the POF X factor’:

1)	� POF is often found in combination with a 

(mosaic) Turner phenotype; 

2)	� There are multiple case reports of X-chromo-

somal aberrations in POF patients, which has 

resulted in the critical region hypothesis; 

3)	� There is a higher prevalence of premutation 

carriership of the fragile X mental retardation 1 

gene (FRM1) in POF patients, the only estab-

lished common genetic risk factor for POF;

4)	� POF families may show a deficit of males. 

POF and (mosaic) Turner phenotype

The X-chromosome in relation to ovarian failure 

was one of the earliest findings in genetics as 

Turner syndromevii as found to be due to the ab-

sence of one X-chromosome in females64 and later 

also related to different deletions on the short arm 

of the X-chromosome65. Mosaic Turner patients 

dominant, sex-limited transmission, or X-linked 

inheritance with incomplete penetranceiv 48, 50-53. 

Moreover, the heritabilityv of age at menopause has 

been estimated to be ~40-70% based on studies 

in sisters and twins, implying that genetic factors 

are the most important determining factors54-57. 

However, environmental factors, like smoking, do 

contribute to the observed variation58. Therefore, 

menopausal age as a phenotypic trait can best be 

described as a complex genetic trait, in which mul-

tiple genetic and environmental factors play a role. 

Genetics of POF

The search for genes associated with the POF 

phenotype or genes influencing age at menopause 

in general, has been an ongoing process. To date, 

multiple linkage regions and candidate genes have 

been suggested to be involved in these pheno-

types (see table 1 and next paragraph). Unfortu-

nately most of the studies report rare mutations 

with frequencies <1%, and have been performed 

in small cohorts and/or in insufficiently pheno-

typed patients59, 60. 

	

Our group performed a linkage analysis in 165 

families with either early (before 46 years of age) or 

iv	� Penetrance is a term used to describe the proportion of individuals that carry a particular variation of a gene (an 

allele or genotype) that also expresses an associated trait (the phenotype).

v  	� Heritability is the proportion of phenotypic variation in a population that is attributable to genetic variation among 

individuals.

vi	 �The LOD score (logarithm (base 10) of odds) is a statistical test often used for linkage analysis in human popula-

tions. By convention, a LOD score greater than 3.0 is considered evidence for linkage. A score of 3.0 means the 

likelihood of observing the given pedigree if the two loci are not linked is less than 1 in 1000. On the other hand, 

a LOD score less than -2.0 is considered evidence to exclude linkage.

vii	� Turner syndrome (TS) or Ullrich-Turner syndrome is a chromosomal disorder affecting females in which all or part 

of one of the X chromosomes is absent. The syndrome occurs in 1 out of every 2500 girls and manifests itself in 

a number of ways. There are characteristic physical abnormalities, such as short stature, lymphoedema, broad 

chest, low hairline, low-set ears, and webbed neck. Girls with TS typically experience gonadal dysfunction with 

subsequent primary amenorrhea and no breast development.
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X-chromosome. i.e. on Xq13, Xq21, Xq22, Xq24 

and Xq26. Refining of the so-called critical region 

led to two separated loci: a more distal POF1 region 

on Xq27-27.3 and a proximal POF2 locus between 

Xq13-q2170. 	

	

Increasing cytogenetic technology means there  

is still an important role for chromosomal analy-

sis in the workup of a POF patient. Two compre

hensive reviews were recently published, focus-

ing on POF and the presence of chromosomal  

aberrations69, 71. 

FMR1-premutation (FRAXA)

One of the most investigated single mutations in 

POF lies on Xq27.3 and involves the FMR1 gene. 

Full mutationix FMR1 carriers suffer from Fragile X 

syndrome, whilst female premutation FMR1 car-

riers - who carry between 50-200 CGG repeats 

within the FMR1 gene - show a POF phenotype 

in 30% of the cases72. Genetic epidemiology of 

the distribution of the presence of premutations 

among females with an early menopause (46-50 

years) has not been performed yet, but could lead 

to important knowledge about genetics and path-

ways in premature, early or even normal meno-

pause. Interestingly, increased CGG repeat length 

in premutation carriers is associated with an in-

creased severity of POF73.

Studies of POF families showing a deficit 

of males

One of the first studies which mentioned a rela-

tively low number of males in families with early 

menopause and POF was reported by Cramer et 

al, suggesting an X-related problem due to the hy-

(46,XX;45,X0) show a less severe phenotype: 

taller, some breast development and sometimes 

menarche66. Histological studies in Turner foetus-

es show initial ovarian development with primary 

follicles but secondary ovarian failure leading to 

so-called streak gonads. It is hypothesized that 

hemizygosity for one or more X-loci could im-

pair ovarian function. The role of X-inactivationviii 

in this process is not fully understood yet, but is 

seems likely that one X-chromosome is necessary 

for ovarian development and that the other X chro-

mosome plays a role in ovarian maintenance67.

X-chromosomal aberrations in POF 

patients

Early cytogenetic studies of premature ovarian fail-

ure patients from before 1990 revealed sporadic X-

chromosomal aberrations. The first reported familial 

X-chromosome defect was located on the long arm68. 

With increasing cytogenetic banding techniques, 

many more autosomal and X-translocations, dele-

tions and inversions were found. The region Xq21-

q25 with clustered aberrations on the long arm was 

named as critical region, i.e. the region which seems 

to be critical for ovarian function65. Schlessinger and 

colleagues reviewed the ovarian phenotype of 118 

published, balanced X-translocations69. Fifty-one 

patients showed primary (n=36) or secondary (n=15) 

amenorrhea. Their study showed a clear overrepre-

sentation in the karyograms of these amenorrheic 

patients of breakpoints in the critical regions, in par-

ticular Xq21.

Deletions on the X-chromosome in patients with 

secondary amenorrhea without Turner stigma-

ta (n=11) were found only on the long arm of the 

viii 	� X-inactivation is a process by which one of the two copies of the X chromosome present in female mammals is 

inactivated, and it occurs so that the female, with two X chromosomes, does not have twice as many X chromo-

some gene products as the male, who only has a single copy of the X chromosome.

ix	� A full mutation in the FMR1 gene involves expansion of >200 CGG repeats.
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of autoimmune disease, most commonly autoim-

mune thyroid disease. Occasional studies have 

reported this association in as many as 39% of 

women with chromosomally competent POF76. 

Both endocrine and non-endocrine autoimmune 

associations have been described in relation to 

POF; the endocrine include thyroid, hypopara-

thyroid, diabetes mellitus, hypophysitis, and 

the non-endocrine include chronic candidiasis, 

idiopathic thrombocytopenic purpura, vitiligo, 

alopecia, autoimmune haemolytic anaemia, per-

nicious anaemia, systemic lupus erythematosus, 

rheumatoid arthritis, Crohn’s disease, Sjogren 

syndrome, primary biliary cirrhosis and chronic 

active hepatitis76, 77. 

	

Clinically, autoimmune ovarian failure is broadly 

discussed in two scenarios: (a) in association with 

autoimmune Addison’s disease and (b) isolated or 

associated with other autoimmune diseases. Of 

course, genetic mechanisms also play a major role 

in the aetiology of auto-immunity78. 

Galactosemiax 

A homozygous GALT (galactose-1-phosphate uri-

dylyltransferase) mutation on chromosome 9p13 

leads to a severe disease in the newborn. Around 

81% of galactosemia patients, e.g., homozygous 

GALT mutation carriers, develop ovarian failure79. 

There is uncertainty whether a heterozygous GALT 

mutation influences ovarian reserve or meno-

pausal age, since three studies using question-

naires have shown conflicting evidence80-82. No 

studies have so far investigated the relationship 

between GALT carriership (heterozygosity) using 

serum and ultrasonographic markers for ovarian 

reserve (Chapter 5).

pothetical mechanism that male embryos would 

have a smaller chance to survive in utero as they 

only have a deviant X chromosome compared 

to females45. In another study, although sample 

groups were small and thus lacked epidemiologi-

cal power, a lower frequency of brothers in sib-

ships of cases with a family history of early meno-

pause was also found74. 

Non X-linked POF candidate genes

A multitude of loci and genes on the 22 

autosomal genes are also linked to the POF 

phenotype. Most of these have been identified in 

single patients or families, small patient groups, 

isolated populations, or through animal knock-

out models. A comprehensive overview of both 

autosomal and X-linked candidate genes can be 

found in table 1.

 

Other aetiologies of POF

Iatrogenic

In patients who develop malignant diseases, pel-

vic radiotherapy and chemotherapy can also lead 

to POF. Pelvic surgery may damage the ovary by 

affecting its blood supply or causing inflammation 

in the area75. However, iatrogenic causes of POF 

are beyond the scope of this thesis.

Autoimmunity

Some cases of POF may be due to an abnor-

mal self-recognition by the immune system. The 

most convincing evidence comes from the com-

monly observed association of POF with auto-

immune disorders. In general, it is considered 

that about 20% of POF patients have a history 

x	� Galactosemia is a rare genetic metabolic disorder which affects an individual’s ability to properly metabolize the 

sugar galactose.
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to each other, i.e. they are in linkage disequilib-

rium (LD). Hence, a SNP within a haploblock can 

usually predict other closely correlated SNPs, i.e. 

it can ‘tag’ other SNPs within that block. Instead 

of genotyping all nucleotides within a certain 

area, referred to as sequencing, it is nowadays 

possible, using tag SNPs, to genotype a genome 

with a limited set of tag SNPs (currently usually 

between 100,000 and 1,000,000). 

Genome-wide chips 

Currently, genome-wide SNP arrays (mainly manu-

factured by companies as Illumina and Affymetrix) 

use a fixed set of SNPs throughout the human 

genome (in the case of Affymetrix these are densely 

spread SNPs, for Illumina they are tag SNPs). The 

most recent genotyping arrays contain 1,000,000 

oligonucleotidesxi per array. These chips can be 

used in a case-control settingxii which is often 

referred to as genome-wide association study 

(GWAS)85, on multigenic or complex traits such 

as POF. A GWAS combines candidate studies (if 

the genes of interested are covered by the array) 

and may also identify new loci in the genome, 

e.g. those involved in regulating the ovarian fol-

licle pool without making prior assumptions about 

candidate genes or regions86. 

	

GWA studies have already identified nearly 100 

loci for some 40 common diseases and traits87. In 

Chapter 6 we describe using a genome-wide ar-

ray to identify genetic variants associated to POF 

using a well phenotyped cohort of POF patients 

and controls.

Genetic terms and techniques

Since one of the main aims of the current thesis 

focuses on the identification of genetic variants 

for the POF phenotype, a few of the most widely 

used genetic terms and techniques are explained 

below. 

Genetic variation: sequencing, (tagging) 

SNPs, linkage disequilibrium and the 

HapMap project

DNA is built out of four nucleotides, A, C, G and T. A 

single human genome contains around 2.85 billion 

nucleotides spread over the 23 chromosome pairs. 

The order of these nucleotides is more than 99.9%  

identical in every human being. A vast amount of 

the human phenotypic variation can be explained 

by genetic variation in single nucleotides. If a 

nucleotide is substituted by another nucleotide in 

more than 1% of the population it is considered 

a single nucleotide polymorphism (SNP). Current 

estimates are that SNPs occur as frequently as 

every 100-300 bases. This implies that each 

human genome contains approximately 10 to 30 

million potential SNPs. More than 3 million SNPs 

have been identified so far83. 

The HapMap describes all SNPs in the human ge-

nome as well as their pairwise correlations. The 

HapMap project is built upon the notion that DNA 

is not passed onto the next generation nucleotide 

by nucleotide, but in blocks. These DNA blocks 

are called haploblocks or haplotypes84. Nucle-

otides or SNPs within such a block are correlated 

xi	� An oligonucleotide is a short nucleic acid polymer, typically with 20 or fewer bases, it can readily bind to their 

respective complementary nucleotide, and is therefore often used as a probe for detecting a unique DNA 

sequence.

xii	� Case-control studies are used to identify factors that may contribute to a medical condition by comparing subjects 

who have that condition (the ‘cases’) with patients who do not have the condition but are otherwise similar (the 

‘controls’).
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In 2007 Illumina Inc. announced the Human-CNV-

370-duo BeadChip. This array contains the same 

SNPs as its precursor, the Human 300K chip, but 

includes an extra ~55,000 markers specifically  

designed to detect around 11,000 copy number 

variants throughout the human genome. This  

additional content provides dense cover-

age of nearly 2700 CNV regions from the  

Database of Genomic Variants (http://projects.

tcag.ca/variation/). In Chapter 7 we describe 

using this chip to study the role of CNVs on the 

X-chromosome in POF patients.

 

A new genetic paradigm: copy 
number variation (and its potential 
role in POF)

After the completion of the human ge-

nome sequence in 2001, the initial hypoth-

esis was that SNPs could explain most of the  

phenotypic differences between humans. In 2006, 

the discovery of multiple copy number variants (CNV) 

in the human genome dramatically expanded our 

understanding of the differences between individuals 

and initiated a paradigm shift in genetics88-97. CNVs 

are small deletions and duplications of between 1 kb 

to several mega bases in size. In other words: SNPs 

change DNA quality (e.g. C instead of A), and CNVs 

change DNA quantity (e.g. fewer nucleotides at a 

locus due to a microdeletion). 

	

At the moment, large GWAS datasets are avail-

able, and besides this high throughput genotyp-

ing data, the oligonucleotide probes also generate 

intensity data, providing an estimation of how in-

tensely DNA binds. Where DNA is deleted, intensi-

ties are low, where DNA is duplicated, intensities 

are high. Using appropriate software, these inten-

sities can be used to detect CNVs in areas where 

the probes are placed98. For example, the study 

by Redon and colleagues 96 identified more than 

1400 CNV regions (~12% of the genome) in the 

270 HapMap individuals; they used an Affymetrix 

500K chip together with a whole-genome tiling 

path comparative genomic hybridization (CGH) 

array that covered most of the euchromatic DNA. 
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Outline

Chapter 1 is the general introduction.

Chapter 2 provides reviews of the biology, genetics and assessment of female reproductive ageing in the 

social context that Western women are now delaying their childbearing.

Chapter 3 is a phenotype study which describes the distribution of novel ovarian reserve parameters 

(anti-Müllerian hormone, inhibin B and antral follicle count) in the complete spectrum of young women 

with elevated FSH levels.

Chapter 4 is another phenotype study and investigates the possible differences between the lipid profiles 

of premature ovarian failure (POF) patients and population controls, to further examine the relationship 

between increased cardiovascular disease risk and cessation of ovarian function. 

In Chapter 5 we investigate whether a genetic variant (GALT mutation carriership) influences the pheno-

type of ovarian reserve (measured via AMH) or age at menopause.

In Chapter 6 a genome-wide association analysis to identify new genetic variants in POF is described. 

Further genetic exploration was performed and in Chapter 7 we describe the structural variation (copy 

number variants) of the X chromosome in POF patients.

 

Chapter 8 is a general discussion and proposes future research concepts. 

 

Aim and outline of the thesis

Aim
To further elucidate the phenotype of premature ovarian failure and to explore the genetic mechanisms 

underlying this phenotype. 
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who start families in their thirties should be added 

to the impact of the voluntary reduction in the 

number of children per family. This resulted in a 

drop in the estimated average number of children 

born per family of ~3 in the early 1960s to ~1.5 in 

2000 for the member countries of the European 

Union. For the USA the decline in total fertility rate 

from the 1960s onwards has halted and currently 

is just over 2 children per woman221. An increasing 

proportion of couples will depend on assisted re-

production technologies (ART) in order to achieve 

a pregnancy, solely on the basis of the postpone-

ment of childbearing. This trend has major impli-

cations for society223.

In this review the backgrounds of reproductive 

ageing are presented in the context of the biologi-

cal and genetic factors involved in this process. 

Methods for assessing a woman’s individual re-

productive age status are also summarised along 

with current and future possibilities to use these 

tools in prediction of fertility potential.

Introduction

The large scale availability of reliable methods for 

contraception from the 1960s onwards has greatly 

influenced the number of children born per family 

in Western societies221. Control of reproduction 

and growing economical wealth have afforded 

women the opportunity to increase their level of 

education and participation in the labour force.  

As a result, first child bearing was postponed in 

many women leading to a sharp increase in the 

mean female age at first childbirth 3 (see also 

http://epp.eurostat.ec.europa.eu).

	

Female reproductive ageing is a process that will 

increasingly reduce monthly fecundity (the ability 

to have a viable embryo implanted) after the age of 

30 (figure 1). By postponing childbearing, a grow-

ing proportion of women attempting to conceive 

will fail in achieving that goal within a time frame 

of 12 months, a condition referred to as subfertil-

ity222. The struggle to become pregnant for women 

Figure 1.  

The decrease in monthly fecundity rate (rate of healthy 

child birth) relative to the fecundity rate of women in the 

age group of 20 – 30 years. The fall in fecundity is esti-

mated to start at around 31 years (critical age), after which 

the probability of conception falls rapidly. (Redrawn with 

permission from 232). 
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follicles remain (figure 2). During the reproduc-

tive years the decline in the number of primordial  

follicles remains steady at some 1000 follicles 

per month and accelerates after the age of 37. At 

the time of menopause, the number of remaining  

follicles has dropped clearly below 1000225. 

	

With the decay in follicle numbers oocyte quality 

also diminishes, at least after the age of 31 years 

when fecundity gradually decreases (figure 1 and 

3). The loss of oocyte quality is believed to be 

established by an increase in meiotic non-disjunc-

tion leading to an increasing rate of aneuploidy in 

the early embryo at higher female ages. Several rea-

Biology of reproductive ageing

The reproductive ageing process is thought to 

be dictated by a gradual decrease in both the 

quantity and the quality of the oocytes held within 

the follicles present in the ovarian cortex 3. At 

the fourth month of fetal development the ovaries 

contain some 6-7 million oocytes surrounded by 

a layer of flat granulosa cells to form primordial  

follicles. Through a rapid transition of the majority 

of the primordial follicles via apoptosis at birth, only 

1-2 million primordial follicles remain224. After birth 

this high rate of follicle loss slows down so that 

at menarche approximately 300,000 to 400,000 

Figure 2.  

The decline in follicle number (solid line) and the increase in poor quality oocytes (dotted line) in relation to reproductive 

events with increasing female age (reprint with permission from 284)
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sons may underlie the age related decay in oocyte 

quality. They relate to possible differences between 

germ cells at the time they are formed during fetal 

life, accumulated damage of oocytes in the course 

of a woman’s life or changes in the quality of the 

granulosa cells surrounding the oocyte 3.

The first noticeable clinical sign of progress in the 

reproductive ageing process is a shortening of the 

length of the menstrual cycle by 2-3 days, while 

regularity remains unaffected226. This is the result 

of a shortening of the follicular phase, owing to 

early selection and maturation of the dominant 

follicle227, 228. Elevated follicle stimulating hormone 

(FSH) levels are held responsible for this early start 

and result from decreased circulating levels of 

inhibin B as an expression of a decreased number 

of small antral follicles229. 

	

Despite the subtle changes in cycle length, regular-

ity remains unaffected in a period in which already 

clear changes occur in follicle numbers230. At the 

same time profound changes occur at the oocyte 

level. Even with regular menstrual cycles during 

many years monthly fecundity becomes dramati-

cally decreased (figure 2). From natural population 

studies it has been shown that the end of natural 

fertility already occurs at a mean age of 41231. From 

studies where both coital behaviour and the male 

factor have been controlled for, the same pattern 

of decline in female fecundity has become appar-

ent, indicating that the fecundity decrease is mainly 

accounted for by the ovarian factor232 (Figure 1). 

	

It is only at the time when cycles become irregular 

that women first notice the signs of the on

going reduction in follicle numbers. The occur-

rence of menopause eventually represents an 

almost exhausted follicle pool233. The mean age 

at menopause is 51 years with variation ranging 

Figure 3.  

The distributions of age at the onset of subfertility 

(cumulative curve 1), at occurrence of natural sterility 

(cumulative curve 2),  at transition into cycle irregular-

ity (cumulative curve 3) and at occurrence of menopause 

(cumulative curve 4). Mean ages for these events are de-

picted on the X-axis. Curve 4 is based on data by Treloar 

and Broekmans231, 234, curve 3 and its temporal relation 

to curve 4 is based on data from den Tonkelaar235, curve 

2 is based on data on last child birth in a 19th century 

natural fertility population285 and curve 1 is a hypothetical 

construct based on the age distribution of related repro-

ductive events as depicted in curve 2,3 and 4 and par-

tially supported by data from Eijkemans237.
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from ~40 – ~60 years234, but possibly even into 

younger ages231. This variation also holds for the 

occurrence of the irregular menstrual cycles pre-

ceding menopause at a mean age of 46 years235. 

Between the onset of cycle irregularity and the 

occurrence of menopause a fixed temporal 

relationship is believed to be present 3, although 

longitudinal data are scarce236 (figure 3). As the 

age at which women become sterile shows the 

same degree of variation as observed for meno-

pause231, it is generally assumed that this event 

carries a fixed temporal relationship with cycle 

irregularity and menopause with a presumed 

interval of about 5 and 10 years, respectively. The 

same fixed relationship may also be true for the 

age at which women start to become subfertile 

(assumed mean age 31 years) (figure 3)237, 238. 

	

The human species can be considered as rela-

tively subfertile compared to animal species239, 240. 

The average monthly fecundity rate of about 20% 

implies that among human couples trying to con-

ceive many exposure months may be needed to 

achieve their goal, especially if monthly fecundity 

has dropped with increasing female age222. The 

proportion of subfertile couples (failing to achieve 

a vital pregnancy within one year) will amount to 

10-20% in the age group of women over 35, com-

pared to only 4% for women in their 20s. These 

subfertility rates may rise to 30-50% for only mod-

erately fecund women of age 35 and over who 

have tried to conceive for several years222, 241. The 

maintenance of regular menstrual cycles until ages 

where natural fecundity has already been reduced 

to zero means that women are largely unaware of 

this process taking place.

	

An age related decline in fertility has also been 

shown in numerous reports on assisted reproduc-

tion technology (ART, i.e. In Vitro Fertilisation (IVF)) 

Figure 4.  

Effect upon average singleton live birth rates of female 

age, showing a steady decrease after the age of 34 years. 

The dotted line represents the average singleton live birth 

rate after oocyte donation as a function of the recipient 

age. It underlines the potential of oocyte donation in the 

treatment of women who remained unsuccessful in previ-

ous IVF treatment.  Data were drawn from the 2003 CDC 

ART report http://www.cdc.gov/ART/ART2003/sectio-

n2a.htm#f12).
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tors must be greatly involved in the reproductive 

ageing process. Estimates of heritability for age at 

menopause range from 30 to 85%54, 238, 246, 250. 

	

For a complex trait such as menopausal age 

association studies are suitable to identify related 

genetic determinants251. The principle is to study 

associations between a trait (menopausal age) 

and a candidate marker gene. Candidate genes 

may be chosen based on their role in fetal ovarian 

development, primordial follicle maturation, follic-

ular apoptosis or ovarian vascularisation and pref-

erably contain known genetic variants (polymor-

phisms) that may lead to the variation in the trait. 

Also, research in patients with premature ovarian 

failure (POF) may provide candidate genes. For 

instance, microdeletions involving GDF-9 and 

BMP-15 and FOXL2, factors that are involved in 

the transition from primordial follicles into early 

growing follicles, have shown to produce early 

ovarian arrest125, 198, 199, 252. Detailed information 

on single nucleotide polymorphisms (SNPs) for all 

of these genes can be obtained from databases 

in which the haplotypes for a certain population 

have been mapped84, 253. By identifying the SNPs 

that may be present in the candidate gene, further 

analysis on the relationship between the SNPs 

and the phenotypic variant can be carried out. 

	

Recently, studies addressing this type of genetic 

analysis in the human have emerged. The pres-

ence of at least one mutant allele of Factor V 

Leiden and Apolipoprotein E (APOE) -2 was as-

sociated with age at natural menopause254, 255. 

Also, higher levels of clotting factor VII are as-

sociated with early menopause, indicating that 

vascular compromise may well be the cause for 

earlier menopause in stead of being the result 

of it256, 257. This indicates that genetically altered 

vascular support with accumulation of oxidative 

programs (figure 4). The chance of implantation for 

an IVF embryo is also dependent on the ovarian 

reserve status of an individual woman. A poor re-

sponse to ovarian hyperstimulation in IVF, especially 

in those with abnormal ovarian reserve test results, 

is a strong predictor of poor prospects of becoming 

pregnant, and also of clearly reduced spontaneous 

fecundity and early menopause242-244. 

Age related subfertility is often considered a problem 

that can be easily solved by the application of ART. 

From studies by Leridon221 it was recognised that 

postponing family building until well in the thirties 

will frequently lead to a definitive loss of a woman’s 

own reproductive potential even after applying ART 

treatment. However, as shown in figure 4, it can be 

deduced that application in IVF of donor oocytes 

from younger women will greatly restore the repro-

ductive prospects for women at ages at which they 

have little chance to obtain a pregnancy with their 

own oocytes.

Genetics of reproductive ageing

The variation of menopausal age is highly simi-

lar across populations and follows a Gaussian 

distribution with skewness to the younger ages231. 

In general, factors that dictate the variation in age 

at menopause are not known. Many environmental 

and lifestyle factors have been suggested to affect 

age at natural menopause, such as oral contra-

ceptive use, parity and smoking46, 245-247. However, 

these factors do not fully explain the variation in 

menopausal age46, 248, 249. In recent years the role 

of genes as determinants of the trait menopausal 

age has received growing attention. Association 

between menopausal age of mothers and 

daughters and sister pairs has been convincingly 

demonstrated, implying indeed that genetic fac-
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member of the BCL2 family, which is involved in 

apoptosis268, 269. Apoptosis is the most common 

fate of the follicles in the ovaries and the rate of 

apoptosis of the follicle pool is believed to dictate 

the advent of menopause. Fine mapping of the 

linked regions will be the next step and will neces-

sitate the availability of a large cohort of women 

with adequate information on the age of natural 

menopause270.

Currently, genome wide association studies using 

a fixed set of SNP’s densely spread throughout 

the whole human genome become available for 

studies on menopause variation. This kind of stud-

ies may identify new loci in the genome involved 

in regulation of the ovarian follicle pool without 

making prior assumptions on candidate genes or 

regions 86. Also, large scale DNA copy number 

variations (CNV) present throughout the genome 

may also be associated with variation in human 

traits and therefore become targets in future re-

search96. So, future approaches to unravel the 

genetic regulation of menopause must, besides 

SNP’s, also take into account the structural varia-

tion patterns within the human genome (such as 

common deletions) the role of which in the patho-

genesis of complex genetic diseases becomes 

more and more clear89.

Assessment of reproductive ageing

In view of the variability of reproductive perfor-

mance among women of the same age group 

there has been a long lasting need to develop a 

test that provides crucial information in addition 

to chronological female age. Most tests examined 

in the literature are evaluated by their capacity to 

predict some defined outcome related to ovarian 

reserve. The preferred or gold standard outcome 

stress may have long term effects on ovarian fol-

licle depletion254, 258-260. A common polymorphism 

within the steroid 5-α-reductase type 2 gene, 

leading to reduced conversion of testosterone 

into 5-dihydro-testosterone, appeared to have 

no relation to menopausal age261. A decrease of  

influence by androgens upon follicle growth and 

wastage therefore seems unlikely. The oestrogen-

inactivating CYP1B1-4 polymorphism was shown 

to be associated with a reduced age at natural 

menopause262. With this polymorphism higher lev-

els of oestrogens throughout the reproductive life 

are believed to exist, but in which way this would 

affect ovarian follicular wastage remains to be elu-

cidated. In older studies association was found 

with oestrogen receptor (ER) polymorphisms, 

where women carrying the homozygous mutant 

allele had a 1.1 year later onset of menopause263. 

These findings however could not be confirmed in 

Dutch and Japanese cohort studies264, 265. 

Another genetic approach to detecting genes 

involved in the trait menopause is linkage-based 

genome-wide scanning. In this type of analysis the 

presence of phenotypic similarity between sibling 

sister pairs for the trait of interest is used. In a 

linkage based genome scan in 165 Dutch fami-

lies, ascertained using extremely selected sam-

pling and genotyped for 417 scanning markers, 

two chromosomal regions showed suggestive 

linkage: 9q21.3 and Xp21.361. The finding of the 

region on the X chromosome comes as no sur-

prise, because of its widespread involvement in 

premature ovarian failure266. Cases with macrode-

letions and translocations of the X chromosome, 

mutations in the BMP15 gene or increased CGG 

repeats in the promoter region of the FMR1 gene 

all show increased risk for early ovarian failure267. 

For the chromosome 9 it is of interest that one 

of the genes in the linkage region encodes for a 
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have quite adequate capacity to predict poor 

responders to ovarian hyper stimulation in IVF. If 

poor response was an endpoint of interest then 

the clinical value of these tests would be satis-

factory (figure 5). Unfortunately, the predictive 

ability towards the occurrence of pregnancy after 

one IVF cycle was shown to be only marginal, 

as only very small proportions of the non preg-

nant cases were predicted correctly and false 

positives remained even with extreme cut offs 

for an abnormal test (figure 5). Even observed 

poor responders in the first treatment cycle fail to 

have such poor prospects in that cycle that prior 

prediction should lead to refusal of treatment. 

Only if a poor response occurs in cases with an 

otherwise unfavourable profile (female age over 

38, abnormal ovarian reserve test, repeated poor 

response) does prognosis for subsequent cycles 

become cumbersome to an extent that justi-

fies further denial of treatment243, 244, 277. In gen-

eral, therefore, ovarian reserve testing for clinical 

practice has to be regarded as not useful. This is 

further shown in table 2, where the clinical value 

of several basal ovarian reserve tests in IVF treat-

ment are depicted, based on a comprehensive 

meta-analysis of the existing literature26.

	

Improvement of test performance in the identifi-

cation of women with a reduced ovarian reserve 

for their age category may come from combining 

endocrine, imaging and genetic tests. Combina-

tion of several endocrine and imaging tests into 

predictive models has shown to improve the accu-

racy of poor response prediction26. With the pos-

sible finding of genetic markers for ovarian reserve 

status in the near future the performance of these 

models may improve further278. Currently, studies 

concerning AMH and ovarian ageing are rapidly 

accumulating279-281. In view of the high correlation 

between the AFC and AMH widespread availability 

of prediction studies would be live birth after spon-

taneous exposure or ART, but other outcomes 

(such as oocyte yield or follicle number in IVF) are 

much more common. 

	

Every ovarian reserve test relates to follicle cohort 

size. The antral follicle count (AFC) and ovarian 

volume (OVVOL) assessed by transvaginal ultra-

sonography provide direct measurements271. The 

endocrine markers anti-Müllerian hormone (AMH) 

and inhibin B which are released from antral fol-

licles provide other direct markers of quantity26, 

272. Basal FSH, extensively studied in the past 

decades, provides the most indirect marker. FSH 

levels will become increased with advancing age, 

by a reduction in the release of inhibin B, thereby 

reducing the negative feedback on FSH release 

from the pituitary229. High FSH levels therefore rep-

resent small cohort size. Endocrine challenge tests 

in which the growth of antral follicles is stimulated 

by endogenous or exogenous FSH and response 

is assessed in terms of output of oestradiol or in-

hibin B are also adequate markers of cohort size26. 

However, they are considered as too laborious for 

screening purposes and will not add much pre-

dictive value compared to static tests like AMH 

or the AFC273, 274. The same may be true for the 

clomiphene citrate (CC) challenge test, in which a 

CC induced rise in FSH levels is counteracted by 

release of oestradiol and inhibin B from growing 

antral follicles. The size of the antral follicle cohort 

will determine the amount of FSH suppression. 

Like the other challenge tests the CC challenge 

test does not provide much additional information 

compared to basal FSH275, 276.

	

In a recent review the predictive performance 

of all these tests was analysed by using the 

approach of the systematic review and meta-

analysis26. It was shown that most of the tests 
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Example of ovarian reserve test performance (AFC and FSH) showing receiver operator characteristic (ROC) curves for 

the prediction of  poor response (upper panel) and non pregnancy (lower panel)  in IVF. The solid circles represent the 

performance of the AFC, whereas the open circles represent the performance of basal FSH. Summary ROC-curves are 

given: the dotted line represents the summary ROC-curve for the AFC and the solid line represents the summary ROC-

curve for basal FSH. Reprinted with permission from 271.

Figure 5.  
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of the assay to measure AMH levels may lead to 

replacement of the AFC as the most direct test for 

quantitative reserve screening282. 

The true challenge for ovarian reserve tests lies 

in the possibility of identifying women with a re-

duced reproductive lifespan at such a stage in 

their lives that adequate action can be taken. In 

such test the preferable outcome variable to judge 

the test upon is the age at which a woman will 

become menopausal. The relation between meno-

pausal age and the end of natural fertility has 

Table 2. The clinical value of several ovarian reserve tests for outcome prediction in IVF.

Prediction of poor response in IVF 
(pre-test probability = 20%)

Prediction of non-pregnancy after IVF 
(pre-test probability = 80%)

Test Positive test rate (for 
the pLR value ≥4)

Post-test probability 
(of poor response)

Positive test rate (for 
the pLR value ≥4)

Post-test probability 
(of non-pregnancy)

FSH 5% >50% 4% >94%

Inhibin B 1% >50% 2% >94%

Estradiol 1% >50% 0% >94%

AFC 12% >50% 2% >94%

OVVOL 0% >50% 0% >94%

Shown is the occurrence of abnormal ovarian test results, given a positive likelihood ratio (pLR) value of ≥4, and the 

concomitant post-test probabilities of poor response and non-pregnancy, given a prevalence of poor response of 20% 

and non-pregnancy of 80%. Data were based on a recent meta-analysis on ovarian reserve tests 26.

In poor response prediction only for the AFC a reasonable proportion of positive tests is observed at cut-off levels with a 

moderate to good levels of the pLR, leading to a substantial change in the chance of producing a poor response in IVF. 

For non-pregnancy prediction the abnormal test rate is clearly low at the cut-off levels that lead to an appropriate overall 

test performance and probability of non pregnancy shifts moderately in case of such test result.

been hypothesized to be fixed 3. If a test existed 

that adequately predicts age at menopause, then 

family planning clinics where any young woman 

can be tested for her reproductive expectations or 

limits may become reality. On the basis of cross 

sectional data, however, such predictive test has 

not emerged, although some predictive ability has 

been attributed to the AFC, ovarian volume and 

AMH231, 283. First examples of longitudinal studies 

have shown increased early occurrence of the 

menopausal transition and menopause in poor 

responders in IVF (see table 3)242, 243. 
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builds up in the fetal ovaries and is subsequently 

wasted. Thus, we cannot explain inter individual 

variation in this reduction process. We do know 

that oocytes lose or lack the competence to pro-

duce viable embryos with advancing age, but fail 

to understand the mechanisms behind it. 

Our scarce knowledge at present prevents the 

possibility of assessing ovarian reserve or re-

productive age in an adequate way and as such 

we are not capable of offering any preventive 

information on an individual basis. Identifying 

genetic markers of the processes that regulate 

follicle quantities and oocyte quality as well as 

longitudinal studies on the relationship between 

these markers and the occurrence of meno-

pause seem needed to truly advance the field of  

assessing ovarian ageing and predicting repro-

ductive potential on an individual basis.

Conclusions

Age related female subfertility as a result of 

postponement of child bearing in Western 

societies can be mainly considered a problem 

for the couple itself when faced with involuntary 

childlessness. Yet, postponement of child birth 

also contributes to the reduction in family size 

in many European countries with halted popula-

tion growth as the possible result. For several 

reasons this demographic development may be 

considered as undesired, as economical growth 

may become hampered and societal stability 

decreased. 

	

Knowledge regarding the processes that dictate 

reproductive ageing is still limited. We understand 

the principles of reduction in follicle numbers with 

age but lack knowledge on how follicle reserve 
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Study group 
(IVF poor responders)

Control group  
(IVF normal responders)

Adjusted* Odds or 
Hazard ratio

Reference

Study N Median Follow 
Up Time

Cases (%) entered 
Menopause or Meno-

pausal transition

FSH U/l N Median Follow 
Up Time

Cases (%) entered Menopause 
or Menopausal transition

Farhi, 1997 Case Report 12 9 months 100% 23-85 - - - 286

De Boer, 2002/2003  
Retrospective Cohort

636 6 years 22% - 3675 5 years 7% ~3.1 (Odds) 242, 277

Lawson, 2003  
Retrospective Cohort 

118 5 years 50% - 265 5 years 16% ~3.1  
(Hazard)

243

Nikolaou, 2002 Case Control 12 7 years 92% - 24 7 years 17% ~5.3 (Odds) 287

* 	 Adjustments were carried our for age and/or smoking behaviour 

Table 3. 
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Study group 
(IVF poor responders)

Control group  
(IVF normal responders)

Adjusted* Odds or 
Hazard ratio

Reference

Study N Median Follow 
Up Time

Cases (%) entered 
Menopause or Meno-

pausal transition

FSH U/l N Median Follow 
Up Time

Cases (%) entered Menopause 
or Menopausal transition

Farhi, 1997 Case Report 12 9 months 100% 23-85 - - - 286

De Boer, 2002/2003  
Retrospective Cohort

636 6 years 22% - 3675 5 years 7% ~3.1 (Odds) 242, 277

Lawson, 2003  
Retrospective Cohort 

118 5 years 50% - 265 5 years 16% ~3.1  
(Hazard)

243

Nikolaou, 2002 Case Control 12 7 years 92% - 24 7 years 17% ~5.3 (Odds) 287

* 	 Adjustments were carried our for age and/or smoking behaviour Evidence from existing literature supporting the association between a poor response to ovarian hyperstimulation for 

IVF in women with regular cycles and the early occurrence of menopausal transition or menopause. Differences in the 

probability of entering menopause or the menopausal transition may arise from differences in the definition of poor re-

sponder (single or repeated occurrence) and study design (case-control versus cohort study).
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set of cycle irregularity and hence the menopausal 

transition by 3-10 years and may be considered 

an early sign of advanced ovarian aging in young 

women293. Thorough insight into the ovarian re-

serve profile of this heterogeneous and clinically 

important group is still lacking294.

	

In western society, women are delaying starting 

a family until later in life. As a result, the number 

of female patients presenting with elevated FSH 

levels suggestive of reduced ovarian reserve – with 

or without cycle abnormalities – is increasing295. 

Therefore, a more thorough insight into the ovar-

ian phenotype of these patients is warranted.  

Numerous studies indicate that FSH itself cannot 

be used as a predictive marker for deciding to start 

infertility treatment or for ovarian response predic-

tion296. Recently more direct ovarian markers, such 

as anti-Müllerian hormone (AMH), inhibin B and 

antral follicle count (AFC) have become available.

	

AMH is a product of the granulosa cells that 

envelop the oocyte and continues to be expressed 

until the antral stage297. Inhibin B is produced by 

the cohort of developing preantral and early antral 

follicles, and its circulating concentrations are 

maximal during the early to midfollicular phase298. 

Early follicular inhibin B levels decrease during 

reproductive aging leading to increasing FSH con-

centrations229. Similarly, AFC decreases during re-

productive aging in line with the contention that 

the number of visible antral follicles reflects the 

size of the primordial follicle pool299. In contrast 

to FSH, E2, Inhibin B and AFC, AMH levels do not 

appear to vary with cycle day300. Moreover, AMH 

has a superior cycle-to-cycle reproducibility com-

pared to inhibin B and FSH301. AMH levels show 

a decreasing trend with age, remaining relatively 

stable until age 30 but declining more steeply 

thereafter230, 302. 

Introduction

Abnormal ovarian function is classified into three 

different subgroups, according to the World Health 

Organization (WHO). This classification is primarily 

based on serum levels of FSH and oestradiol288. 

FSH levels are regulated through negative feed-

back actions of inhibin and oestradiol, produced 

by the ovarian follicles289. A hypogonadotropic 

condition (WHO I) indicates disturbance at the 

hypothalamic-pituitary level, whereas a normogo-

nadotropic oligo- or amenorrheic state (WHO II) is 

associated with a pituitary-ovarian dysbalance290. 

In contrast, a hypergonadotropic status (WHO III) 

coincides with ovarian dysfunction due to follicle 

pool exhaustion291. 

	

Idiopathic premature ovarian failure (POF) repre-

sents the most extreme phenotype of diminished 

ovarian reserve at young age. The most frequently 

applied definition of POF is the spontaneous ab-

sence of menses for at least 4 months in combi-

nation with FSH levels exceeding 40 IU/L before 

age 40. This condition occurs in approximately 1% 

of the female population6. It is not clear however, 

how women below the age of 40 with cycle distur-

bances and a hypergonadotropic hormonal status 

who do not fulfil the strict definition of POF should 

be counselled with regard to fertility treatment, 

nor whether they have a similar ovarian follicular 

status as POF patients. In the current study this 

intermediate group is referred to as transitional 

ovarian failure (TOF).

Incipient ovarian failure (IOF) or late reproductive 

aging (Stage 3) according to the Stages of Repro-

ductive Aging Workshop (STRAW) classification, 

represents another subgroup characterized by 

elevated follicular phase FSH levels along with a 

regular menstrual cycle292. IOF precedes the on-
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screened in the early follicular phase (cycle 

day 2-5), whereas women without a regu-

lar cycle were screened at random and pro-

gesterone levels were measured additionally.  

Serum was frozen in -20° C within 4 hours for fur-

ther analysis. Increased baseline FSH was defined 

as >10.2 IU/L, which is the upper 95% reference 

value of the FSH assay used in the UMC Utrecht 

(ADVIA Centaur / Bayer Corporation, Tarrytown, 

NY, USA). This arbitrary cut-off was chosen be-

cause this assay was used in the control cohort, 

and secondly a Dutch study using another assay 

identified an upper value of 11.2 IU/L in regular-

ly menstruating women below age thirty-five305,  

conversion to the ADVIA Centaur assay led to a 

cut-off of 10.4 IU/L.

Incipient ovarian failure (IOF) was defined as regu-

lar cycles between 25-35 days with elevated FSH 

on cycle day 2-5. Transitional ovarian failure (TOF) 

patients had (a history of) transformation to irregu-

lar cycles (>35 days) with FSH levels exceeding 

10.2 IU/L without fulfilling the POF criteria. POF 

was defined as at least one episode of secondary 

amenorrhea for more than 120 days (4 months) in 

combination with FSH >40 IU/L.

Proven fertile, regularly menstruating women from 

an earlier described cohort served as controls230. 

Women with early follicular FSH levels below 10.2 

IU/L between 25-40 yrs. were selected for the 

current study.

Methods

All serum measurements in the hypergonadotropic 

patients were performed in the same laboratory 

using the same assays in a single run. FSH lev-

els were measured using a chemoluminescence-

based immunometric assay (Immulite 2000, Di-

agnostic Products Corporation, Los Angeles, 

Scant information exists with regard to AMH levels 

in patients presenting with a hypergonadotropic 

hormonal status at a young age. An earlier study 

compared patients with secondary amenorrhea 

with controls and identified a high percentage 

of very low or undetectable AMH levels in POF 

patients303. Another small study identified low AMH 

levels as marker of diminished ovarian reserve 

in IOF patients with consistently elevated FSH 

levels304. The present study aims to show the rela-

tionship between several direct markers of ovarian 

reserve and varying clinical degrees of ovarian fail-

ure based on FSH values and cycle disturbances 

in women under forty. 

Materials and methods

Subjects

From October 2004 onwards, a nationwide stan-

dardized systematic screening protocol was  

applied for women with suspected diminished 

ovarian reserve visiting the infertility outpatient 

clinics of 10 Dutch hospitals. This protocol was 

approved by all local Institutional Review Boards 

and written informed consent was obtained from 

all participating women for standardized screening. 

This screening included a questionnaire regarding 

fertility, family history, climacteric complaints, as 

well as transvaginal ultrasonography and blood 

withdrawal. 

	

Inclusion criteria for screeningwere: age between 

25-40 years, increased FSH serum levels (>10.2 

IU/L), a history of having experienced regular 

menstrual cycles (26-32 days), known last spon-

taneous menstruation date, no current use of 

hormone therapy and no history of radiotherapy/ 

chemotherapy or ovarian surgery. Women with 

regular cycles applying to these criteria were 
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menopausal AMH cut-offs were defined as below 

5th percentile of the distribution within the normal 

population by age. This is for age 30: 0.3085; 35: 

0.2365 and 40: 0.1036 μg/mL respectively (ex-

tracted from the original data of 28).  

Statistics

Continuous variables were expressed as mean +/- 

standard deviation (SD) and categorical variables 

as percentages. The ovarian reserve markers were 

logarithmically transformed in case of significant 

deviation from the normal distribution. This ap-

plied to AMH and Inhibin B. Therefore results for 

these ovarian markers were presented as medi-

ans and range. Between-group differences were 

tested with analysis of variance (ANOVA) for con-

tinuous parameters and Chi squared tests for 

categorical parameters, respectively. To assess a 

systematic change when moving from controls via 

IOF and TOF to POF, tests for linear trend were 

used. A separate analysis was performed to ana-

lyze the relationship between each ovarian reserve 

parameter and age: multiple linear regression was 

carried out with the ovarian reserve parameter as 

dependent and age and group as independent 

variable. Absolute differences between groups 

were assessed, as well as in the interaction be-

tween group and age, defined by the slope of the 

regression line were tested. 

Results

Up to January 2007 a total of 408 patients 

between 25 and 40 years with idiopathic elevated 

FSH visited one of the participating clinics. For this 

study 62 current hormonal therapy users, 34 with 

unknown or unreliable last menses and 25 patients 

with a regular cycle who were not screened 

in the early follicular phase were excluded.  

CA). The detection limit of the assay was 0.1 

IU/L, inter- and intra-assay coefficients of varia-

tion were below 3.0 and 5.6%. Progesterone was 

measured on an ADVIA Centaur Immunoassay 

System (Bayer Corporation, Tarrytown, NY, USA). 

Inter-assay coefficients were 11%, 6% and 5% at 

6, 30 and 95 nmol/L. Within run variation for val-

ues > 10 nmol/L was < 3% and at 5 nmol/L it was 

7%. Luteal progesterone was set at a value of > 

10 nmol/L (which coincides with the 2.5th per-

centile in 84 normo-ovulatory subjects). Levels of 

inhibin B were measured using enzyme-immuno-

metric kits obtained from Oxford BioInnovation 

(Oxford, United Kingdom). Inter- and intra-assay 

coefficients of variation were below 7.0% and 14% 

at 240 ng/L. The detection limit was 10 ng/L. AMH 

levels were determined using the enzyme-immu-

nometric assay (Diagnostic Systems Laboratories, 

Webster, TX, USA). Inter- and intra-assay coeffi-

cients of variation were below 5% at the level of 

3 μg/L, and below 11% at the level of 13 μg/L. 

The detection limit of the assay was 0.026 μg/L. 

In controls AMH levels were measured using the 

Immunotech Coulter (Marseilles, France) enzyme-

immunometric assay and converted to DSL assay 

values as described earlier300. 

	

AFC was defined as the total number of visible 

round or oval, intra-ovarian transonic structures 

with diameter between 2 and 10 mm. Ultrasound 

examinations were performed by experienced fer-

tility specialists in each of the participating cen-

tre. If one or both ovaries could not be visualized, 

the AFC was marked as “not visible”. Low AFC 

cut-off was set at less than 5 follicles since this 

number is associated with poor response and sig-

nificantly lower rate of pregnancies in IVF306. The 

menopausal threshold for serum parameters were 

set as inhibin B less than 10 ng/L307 and AMH 

below 0.086 μg/mL28. Furthermore lowered pre-
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TOF and POF cases. Significant differences (P < 

0.001) were identified in menopausal complaints 

(flushes and night sweats). By definition all control 

and IOF patients had experienced a spontaneous 

menstruation within the previous 35 days, and this 

was also the case in 65% of the TOF patients. 

31% of the POF patients had experienced a spon-

taneous bleed within the last 4 months. In 11% 

of POF patients, a second FSH measurement af-

ter diagnosis did not show an FSH level above 40 

IU/L (Figure 6).

	

Additionally 28 samples were excluded because of 

insufficient amount or quality of serum for analysis. 

In total 342 women (68 IOF, 79 TOF, 112 POF pa-

tients and 83 controls) were included for the cur-

rent study. 

	

In Table 4 baseline and cycle characteristics at 

time of screening are outlined. No statistically sig-

nificant differences existed in age (P = 0.11), BMI 

(P = 0.38), age at menarche (P = 0.36) and pack 

years of smoking (P = 0.86) between controls, IOF, 

Table 4. Baseline characteristics (mean ± SD or percentages) of control women and hypergonadotropic patients.* 

Controls 
(n=83)

IOF 
(n=68)

TOF
 (n=79)

POF 
(n=112)

Age (yrs.) 34.2 ± 3.4 35.2 ± 3.1  34.0 ± 3.9 35.0 ± 3.7

BMI (kg/m2) 24.6 ± 4.3 24.2 ± 4.7  25.4 ± 6.2 24.3 ± 4.2

Pack years of smoking 4.2 ± 6.4 3.4 ± 6.0 3.9 ± 5.6 4.1 ± 6.2

Age at menarche (yrs) 13.2 ± 1.6 12.9 ± 1.4 12.8 ± 1.7 13.1 ± 1.4

Flushes (% of patients)* 2 % 8 % 40 % 71 %

Night sweats (% of patients)* 0 % 14 % 20 % 51 %

Cycle history characteristics at time of screening:

Last menses < 35 days (% of 
patients)

100 % 100 % 65 % 10 %

Last menses 35 – 120 days 
(% of patients)

0 % 0 % 22 % 21 %

Last menses >120 days  
(% of patients)

0 % 0 % 14 % 69 %

*	 significantly (p < 0.001) different between all subgroups
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Endocrine screening (Table 5) identified luteal 

progesterone in 12% and 3% of TOF and POF 

patients, respectively. All measured mean or  

median ovarian reserve parameters (FSH, AMH, 

inhibin B and AFC) differ between regular menstru-

ating controls and the hypergonadotropic women 

(P < 0.001). AMH was detectable in 6% of the 

POF; all had AMH levels below the 5th percentile 

for their age (Figure 7). Median AMH value for IOF 

was 0.33 μg/mL and 0.02 μg/mL for TOF. Of the 

IOF patients 75% had AMH levels in the normal 

range (> P5 for her age) compared to 33% in the 

TOF group. 

	

Figure 6.  

FSH (2nd measurement after diagnosis) and AMH levels (log scale) in relation to age in 112 POF patients; the lines indicate 

the cut-off value of 40 IU/L for FSH and the menopausal threshold (0.086 μg/mL) for AMH 28.

When comparing the direct ovarian parameters 

inhibin B, AFC and AMH (Figure 8), the slope of 

the regression lines against age were significant 

(P < 0.0001) for AFC and AMH, indicating age 

dependency. In contrast, inhibin B levels were 

not significantly associated with age (P = 0.26)  

(Figure 8). When comparing the regression lines 

by age for IOF and TOF, AFC failed to differentiate 

between these groups in the higher age groups 

whilst discrimination between these two groups on 

the basis of AMH levels was possible at every age 

group: the difference became more pronounced at 

advanced age (Figure 3).
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Table 5. Endocrine and ultrasonography assessment at screening (means ± SD)

Controls  
(n=83)

IOF 
(n=68)

TOF 
(n=79)

POF 
(n=112)

FSH in study batch (IU/L) N/Aa 14.0 ± 7.8 29.0 ± 30.1 94.6 ± 44.7

% normal (≤10.2 IU/L) N/Aa 28% 8% 1%

% FSH > 10.2 IU/L N/Aa 72 % 92 % 99 %

% FSH > 40 IU/L N/Aa 2% 19 % 89 %

% Luteal Progesterone N/Aa N/A 12 % 3 %

Ovarian reserve parameters

AMH (μg/mL)b 3.51 (0.09-15.84) 0.33 (0.02-3.56) 0.02 (0.02-4.49) 0.02 (0.02-0.18)

% < P5 for her age 2% 25% 66% 100%

% <  P5 at age 30 (0.3085) 5% 41% 73% 100%

% <  P5 at age 35 (0.2365) 4% 24% 66% 100%

% <  P5 at age 40 (0.1036) 1% 13% 60% 99%

% < mp threshold (0.086) 0% 13% 58% 99%

% undetectablec 0% 7% 52% 94%

Inhibin B (ng/L)b 93 (7-249) 85 (7-237) 17 (7-293) 11 (7-110)

% undetectablec 2% 6% 37% 44%

AFC (no. of follicles in  

2 ovaries)

8.6 ± 5.7 4.4 ± 3.4 5.2 ± 6.8 1.2 ± 2.0

% AFC <5 24 % 63 % 63 % 91 %

% zero follicles 1 % 7 % 21 % 37 %

% not visible 0 % 13 % 23 % 37 %

mp = menopausal 

N/A = not applicable 

a 	� In controls no 2nd FSH measurement was performed since this group was selected on FSH level; 

	 mean FSH ± SD in controls was 6.3 ± 1.7 IU/L.

b 	� AMH and Inhibin B values were logarithmically transformed, therefore medians and ranges are presented. 

c 	 Undetectable levels are <0.026 μg/mL for AMH and <7 ng/L for Inhibin B.
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Discussion

The current study describes the direct ovar-

ian reserve markers AMH, inhibin B and AFC in 

young women presenting with various degrees 

of hypergonadotropic ovarian failure. Although 

ovarian reserve is not well defined in the litera-

ture and no clinical endpoints such as successful 

IVF treatment and/or ongoing pregnancy are used 

in the current descriptive study, our data support 

the application of AMH in estimating the extent of 

follicle pool depletion in young hypergonadotropic 

women. 

	

AMH is already a proven ovarian marker with 

regard to reproduction in non hypergonado

tropic subjects27. In regular menstruating wom-

en, AMH appears to be more predictive of IVF 

outcome than other direct ovarian markers such 

as oestradiol and inhibin B280. Decreased AMH 

levels are clearly correlated to poor response in 

IVF, which is a functional outcome of diminished 

ovarian reserve308. AMH has also been presented 

recently as a useful marker of ovarian dysfunc-

tion and prediction of outcomes of intervention 

in other clinical conditions such as normogo-

nadotropic anovulation (chiefly polycystic ovary 

syndrome)309, anorexia nervosa310 or chemother-

apy-induced ovarian damage311. Furthermore,  

recent studies suggest that AMH levels may pre-

dict age at menopause, and in women approach-

ing menopause extremely low AMH levels are 

observed28,312. However it has not yet been estab-

lished whether data from the normal menopausal 

transition may be applied to hypergonadotropic 

ovarian failure at a much younger age.

Individual AMH levels (log scale) in relation to age in regularly menstruating controls and 3 subgroups of patients with 

elevated FSH levels. The black lines indicate the P5 value for age. 

The +++++ lines indicates the menopausal threshold value for AMH (0.086 μg/mL) 

The -------- lines indicates the lower level of detection of the AMH assay (0.023 μg/mL) 28

Figure 7.  
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AMH levels above the 5th percentile) and thus pos-

sibly a better reproductive potential. Young IOF and 

TOF patients present more frequently with ‘normal’ 

AMH levels for their age compared to older patients 

(P = 0.07 and P = 0.007, respectively). This obser-

vation supports the clinical finding of a normal re-

sponse to ovarian stimulation in some women with 

elevated FSH levels313. When using AMH rather 

than FSH to differentiate between normal or dimin-

ished ovarian reserve, only a quarter of all IOF and 

two thirds of TOF patients would be labelled as ab-

normal. In other words, in 75% of IOF and one third 

of TOF patients normal AMH concentrations were 

Our data in POF patients show that AMH values 

are consequently below the menopausal threshold 

and in the vast majority even undetectable, despite 

fluctuations in FSH levels and incidental vaginal 

bleedings. This finding provides further evidence 

for the notion that infertility treatment is of no ben-

efit in these patients with the exception of oocyte 

donation. In contrast, in patients with elevated FSH 

levels and regular cycles (IOF) or oligo/amenorrhea 

(TOF), we found that AMH may still be normal, sug-

gesting the presence of a fair amount of follicles. We 

therefore suggest that AMH may be applied to iden-

tify women with a less abnormal ovarian reserve (i.e. 

Figure 8.  

Regression lines of inhibin B (log scale), AFC and AMH (log scale) values by age for subgroups of young hyper

gonadotropic women.

◦-◦-◦ 	 regular menstruating controls

+-+-+	 	 incipient ovarian failure (IOF)

x-x-x 		  transitional ovarian failure (TOF)

∆-∆-∆		  premature ovarian failure (POF) 
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have shown strong correlations between AMH and 

early follicular phase AFC in the context of ovarian 

aging230. Despite this correlation, AFC may reflect 

the active cohort of growing follicles317 rather than 

the pre-antral follicle pool. Our current observa-

tions in hypergonadotropic patients indicate that 

ultrasonography is not conclusive in 26% of the 

patients since one or both ovaries were not visible. 

Moreover AFC requires state-of-the-art ultrasound 

machines and experienced ultrasonographists318

The arbitrary cut-off value for FSH should also be 

considered. Different studies, using different out-

comes have used different FSH cut-off levels296. A 

recent large Dutch multi-centre trial (using differ-

ent assays) using FSH as continues variable identi-

fied fewer pregnancies with FSH levels exceeding 

8 IU/L319. Moreover other factors may be involved 

in regulating absolute levels of FSH305, including 

FSH receptor polymorphisms320, 321. Hence, factors 

different from ovarian reserve may also impact on 

absolute FSH concentrations.

	

In conclusion, the current prospective, cross sec-

tional evaluation of ovarian reserve markers in 

young hypergonadotropic women indicates that 

AMH may represent a useful future marker to 

assess the extent of diminished ovarian reserve for 

a given patient. Moreover, our data further suggest 

that the classical role of serum FSH as the primary 

determinant for diagnosing premature follicle pool 

depletion - with premature ovarian failure (POF) as 

its extreme phenotype - may need to be revised. 

Before the widespread clinical application of AMH 

can be recommended, longitudinal follow-up data 

for the general population are needed315. It would 

be extremely useful to define age dependent AMH 

cut-off levels. Furthermore, studies using AMH as 

an ovarian reserve marker for clear clinical out-

come measures may improve its predictive value. 

observed despite elevated FSH and cycle distur-

bances. However, before AMH can be applied clini-

cally, longitudinal follow-up studies should prove 

the ability of AMH to predict clinical outcome in 

young hypergonadotropic patients.

Moreover, our data also suggest that AMH is more 

consistent than inhibin B or AFC as a measure 

to assess the extent of the follicle pool in these 

young hypergonadotropic patients, although the 

results of the regression analysis should be inter-

preted with caution given the transverse nature of 

the data. It is interesting however, that AFC and 

AMH, which are both “direct” markers of “ovarian 

reserve” differ, particularly between the IOF and 

TOF subjects. IOF subjects have lower (and more 

slowly falling) antral follicle counts than those with 

TOF. This finding may indicate that a milder follicle 

depletion pattern is present in IOF patients.

	

Although inhibin B is known to be decreased in 

older women314 and is significantly decreased in 

TOF and POF patients, its capacity to differentiate 

between controls and IOF is absent in our cohort. 

Inhibin B is probably a mere marker of ovarian 

activity rather than of ovarian reserve. This may 

be due to its direct relationship with the cohort of 

growing small antral follicles following secondary 

follicle recruitment during the luteo-follicular tran-

sition298. A recent longitudinal study in a general 

population cohort demonstrated inhibin B was less 

predictive of menopause in the general population 

than AMH315, 316. Finally, inhibin B levels may also 

be affected by the waxing and waning of ovarian 

function often seen during ovarian aging as well as 

throughout the menstrual cycle304. 

	

Overall, the discriminative power of AFC to dif-

ferentiate between various subgroups decreases 

significantly with increasing age. Earlier studies 
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ian function may temporarily resume335. POF may 

be considered an appropriate in vivo model that 

allow us to study the effect of spontaneous ces-

sation of ovarian function on lipid profile and any 

other cardiovascular risk factors independent from 

effects of advancing chronological age.

	

Scant information is available regarding lipid pro-

files in POF. A single study focusing on endothelial 

dysfunction compared 18 POF patients with 20 

controls and found no difference in lipid profile336. 

We conducted a study in a large cohort of young 

women recently diagnosed with POF without re-

cent HT use and population controls without oral 

contraceptive use in the same age range to in-

vestigate whether early changes in lipid profile 

can already be observed in POF. Furthermore the 

relationship between lipids and duration of oestro-

gen deprivation, oestrogen and androgen levels in 

POF women was studied.

Materials and methods

Cases

POF was defined as spontaneous cessation of 

menses for at least 4 months in women younger 

than 40 years in combination with a hypergo-

nadotropic (FSH >40 IU/L) hormonal status (WHO 

III class)6, 288. All consecutive patients between 

October 2004 and January 2007 with a suspected 

WHO III class status who attended the outpatient 

clinics of the University Medical Centre Utrecht and 

the Erasmus Medical Centre Rotterdam (n=188) 

underwent standardized investigation in a fast-

ing state to ascertain the diagnosis and exclude 

associated disease. Of every patient lipid profile 

(TG, Total-C and, HDL-C), E2, Testosterone (T) 

and Sex Hormone Binding Globulin (SHBG) levels 

and a 2nd FSH level were determined. All patients 

Introduction

Lipoproteins play a major role in the ateroscle-

rotic processes leading to cardiovascular events. 

Around and after menopause women experience 

unfavourable changes in plasma lipids and lipo-

proteins, i.e. increases in total (total-C) and LDL-

cholesterol (LDL-C) and triglyceride (TG) levels322. 

These changes are considered the result of (the 

interaction between) chronological ageing, weight 

gain mainly by increase in abdominal fat and loss of 

ovarian function during the fifth decade323-325. 

	

An earlier age at menopause is related to a higher 

incidence of cardiovascular events later in life14, 326. 

The beneficial effects of intact ovarian function on 

lipids and its lipoproteins are generally ascribed to 

endogenous oestrogens. Oestrogens up regulate 

LDL receptors in the liver and are associated with 

an increased clearance of LDL particles. The fall in 

oestrogen levels as seen after menopause is asso-

ciated with a down regulation of the LDL receptor 

activity and can contribute to elevations in plasma 

LDL-chol and TG concentrations327-329.

 

Elevations in plasma TG concentrations indirectly 

interfere with lipoprotein metabolism and are mainly 

associated with obesity and increased insulin resis-

tance and several studies suggest that in women 

hypertriglyceridemia results in greater cardiovascu-

lar risk than in men330-332. Besides oestrogens also 

androgens levels might be associated with cardio-

vascular risk and high free-androgen index (FAI) 

and/or low SHBG levels might be markers for in-

creased insulin resistance333, 334. Spontaneous loss 

of ovarian function before the age of 40 years is 

referred to as (idiopathic) premature ovarian failure 

(POF) which occurs in 1% of all women6. A post-

menopausal hormonal status is already present at a 

young age in POF, although in some patients ovar-
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vestigation in a fasting state (n=128). After exclud-

ing patients with diabetes mellitus (n=2), incomplete 

lipid profile (n=3) and use of any hormonal therapy 

(HT) within the least 6 weeks (n=33) a total of 90 

women were included for further analysis (Figure 

9). Time of oestrogen deprivation was defined as 

gave written informed consent for participation in 

this Institutional Review Board approved study.

	

For the current study, we selected only patients 

younger than age 40 at the time of screening 

(n=135) and those who visited our standardized in-

Figure 9. Flowchart patient selection
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terone levels were determined using in house  

radio immuno-assays. The FAI was calculated as  

T/SHBG * 100. E2 concentrations were measured 

using the Roche E170 Modular (Roche, Basel, 

Switzerland). Intra- and inter- assay coefficients of 

variation for the analytical assays described above 

are all below 10%. 

Controls

Population controls were selected from the 

Atherosclerosis Risk in Young Adults study. This 

time since last menstruation or bleeding after dis-

continuing HT or oral contraceptives use. 

	

Fasting triglycerides, Total-C and HDL-C 

concentrations were measured using a Vit-

ros Dry Chemistry Analyzer 950 (Johnson & 

Johnson, Rochester, New York, USA). LDL-C 

was calculated using the Friedewald formula337.  

SHBG concentrations were quantified using 

an Immulite® platform (Diagnostic Products  

Corporation, Breda, the Netherlands). Testos-

Table 6.  Baseline characteristics and uncorrected parameters

 

 POF  (n=90)
Mean ± sd

Controls (n=198)
Mean ± sd

Age (years) 33.8 ± 5.6 30.3 ± 2.9

BMI (kg/cm2) 24.9 ± 4.3 24.3 ± 4.8

WC (cm) 82.6 ± 10.2a 83.7 ± 12.0

Smoking status (pack years) 4.5 ± 6.3b 3.5 ± 5.8

TG (mmol/L) 1.03 ± 0.43 0.92 ± 0.49

Total-C (mmol/L) 4.80 ± 0.95 4.70 ± 0.86

HDL-C (mmol/L) 1.48 ± 0.48 1.49 ± 0.31

LDL-C (mmol/L) 2.86 ± 0.86 2.81 ± 0.81

Age at secondary amenorrhea (years) 31.8 ± 6.3

Time of estrogen deprivation (days) 433 ± 686

FSH (IU/L) 79.5 ± 42.3

E2 (pmol/L) 140 ± 152

T (nmol/L) 1.03 ± 0.45

SHBG (nmol/L) 52.5 ± 27.8

FAI (T/SHBG * 100 ) 2.42 ± 1.39

a 	 n = 53

b 	 n = 72

From SI units to conventional units multiply by conversion factor: TG (mg/dL) 88.495; Total- HDL-, LDL-C (mg/dL) 38.61; 

E2 (pg/mL) 0.2724; T (ng/dL) 28.818; SHBG (μg/mL) 0.348.
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Analysis of covariance (ANCOVA) was used to ad-

just the differences between the groups for the con-

founding factors age, BMI and smoking status, and 

estimated marginal means were determined, which 

is preferable over a matched control group339. Be-

cause smoking status was missing in 18 patients, 

we used multiple imputation using the ‘AregImpute’ 

function in S-plus version 7.0 (Insightful Corp), to 

avoid loss of data and potential bias. Statistical 

analysis was performed using the statistical pack-

age for social sciences SPSS for Windows, version 

12.1 (SPSS Inc., Chicago, IL, USA). Pearson cor-

relation coefficients were determined and corrected 

for age. We calculated correlations coefficients be-

tween TG and HDL-C and duration of oestrogen 

deprivation, E2, T, SHBG-levels and FAI. 

Results

Baseline characteristics and uncorrected 

laboratory values of POF patients and controls are 

shown in Table 6. Lipid profile of POF patients and 

controls after adjustment for age, BMI and smoking 

Institutional Review Board approved study was 

initiated to determine cardiovascular risk factors at 

an early stage in life. A total of 1011 young adults 

(562 women) born between 1963-1968 (mean age 

34.3 yrs) and 1970-1973 (mean age 28.4 yrs) were 

recruited from two secondary schools in two large 

Dutch cities. From these women we selected non 

oral contraceptive users of whom fasting blood 

samples were available to serve as a comparison 

group (n=198). 

	

Fasting triglycerides, Total-C and HDL-C concen-

trations were measured using automated methods 

(Vitros Dry Chemistry Analyzer 950 (Johnson & 

Johnson, Rochester, New York, USA) and Syn-

chron LX 20 (Beckman Coulter, Fullerton, USA)). 

LDL-C was calculated using the Friedewald for-

mula337. Additional information of this population 

cohort has been published elsewhere338. 

Statistical analysis

The differences between the two groups in mean 

levels of triglycerides, total-, HDL-, LDL-, choles-

terol were statistically tested by Student’s t-test. 

Table 7.  Lipid profile adjusted for age, BMI and smoking

Estimated marginal means ± SEM Difference POF 
vs. controls

95% CI

POF (n=90) Controls (n=198)

ln (TG) (mmol/L) -0.03a ± 0.05 -0.20a ± 0.04 0.17 0.06 - 0.29

Total-C (mmol/L) 4.67 ± 0.11 4.78 ± 0.08 -0.11 -0.35 – 0.12

HDL-C (mmol/L) 1.45 ± 0.04 1.51 ± 0.03 -0.07 -0.16 – 0.03

LDL-C (mmol/L) 2.76 ± 0.10 2.85 ± 0.07 -0.09 -0.31 - 0.13

To convert to conventional units (mg/dL) multiply TG by 88.495 and Total-, HDL-, LDL-C by 38.61
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are presented in Table 7. Although all mean values 

in the POF cases are within the normal physio-

logic range, POF patients had significantly higher 

plasma triglyceride concentrations compared to 

controls and HDL values were borderline signifi-

cantly lower in the POF group. 

Significant positive correlation was identified 

between FAI and TG and a significant negative 

correlation was identified between SHBG and TG. 

Also HDL-C levels and androgens (higher T, lower 

SHBG) were significantly correlated. No significant 

correlation was found between E2 levels or time of 

oestrogen deprivation and any of the investigated 

lipids (Table 8).

Discussion

The current study indicates that women present-

ing with POF and not using hormone replacement 

present with subtle but significant changes in  

lipid profile at a young age compared to con-

trols. Interestingly, although POF patients exhibit 

a post-menopausal hormonal status, no differ-

ence in BMI and WC was observed compared 

to pre- menopausal controls of comparable age. 

This finding, together with a comparable smoking 

status, suggests that the observed differences in 

lipid profile are most likely related to the prema-

ture cessation of ovarian function. In our cohort 

no clear relationship between E2 concentrations 

Table 8.  Correlation coefficients (r) between TG and HDL-C and ovarian markers, adjusted for age

r p-value

TG vs FAI +0.35 0.001*

TG vs T +0.10 0.4

TG vs SHBG -0.32 0.002*

TG vs time of oestrogen deprivation +0.10 0.3

TG vs E2 -0.03 0.7

HDL-C vs FAI -0.06 0.6

HDL-C vs T +0.26 0.01*

HDL-C vs SHBG +0.24 0.03*

HDL-C vs time of oestrogen deprivation -0.03 0.8

HDL-C vs E2 -0.04 0.7

* 	 p value <0.05 considered statistically significant
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karyotypic abnormalities (macrodeletions, trans-

locations, mosaic Turner), FMR1 premutation and 

auto-immunity related aetiologies76, 191. However 

in the vast majority of women premature meno-

pause is of unknown origin. Further exploration 

of the relation between lipid abnormalities and 

POF subgroups would potentially be very inter-

esting, as there are some indications that effects 

are stronger in some phenotypes than in others. 

In addition to the earlier mentioned study336, there 

have been two other studies investigating lipid 

profiles in women with early ovarian ageing. It has 

been described previously that Turner’s syndrome 

patients have a more atherogenic lipid profile than 

POF women342. A study in 40 women with regu-

lar menstrual cycles in combination with elevated 

FSH levels as sign of ovarian ageing found higher 

Total-C and LDL-C levels and no difference in 

HDL-C or TG levels compared to women with nor-

mal FSH levels343. In this study it was not possible 

for all 90 patients to undergo routinely karyotyping, 

FMR1 premutation and auto-immunity screening. 

Therefore no analysis on POF subgroups was per-

formed. Moreover, the numbers in the subgroups 

would probably have been too small for appropri-

ate statistical analysis. 

	

In conclusion, the current study suggests that 

spontaneous cessation of ovarian function  

occurring early in life (women presenting with POF) 

induces elevated TG concentrations, probably 

related to decreased insulin sensitivity. Besides 

additional clarification of the role of androgens 

in female cardiovascular health future follow-up 

studies should establish further deviation of lipid 

profile and other cardiovascular risk factors over 

time along with its implications for true cardiovas-

cular events.

or duration of oestrogen deprivation and sever-

ity of lipid profile could be established in POF 

patients. In contrast, we found similar LDL-C con-

centrations in POF patients and controls. In the 

absence of differences in LDL-C it is unlikely that 

the higher TG in POF can be attributed to lower 

LDL-receptor activity which would have been ex-

pected in a hypo-oestrogenic status as seen in 

menopause. However, in most studies POF is de-

fined as a cessation of menstruation for at least 4 

months whilst menopause is defined as an amen-

orrhea for at least 1 year. POF patients may also 

differ from women who experience menopause 

later in life because occasional ovarian function, 

thus intermittent E2 exposition, may resume335. Of 

the 90 patients in the current study, 13 patients 

experienced one or more spontaneous menstrua-

tion after diagnosing POF and this may render 

observed differences between POF patients and 

population controls less pronounced.

	

Other pathophysiological mechanisms that 

could explain the findings of increased plasma 

TG concentrations in POF patients may include 

relative androgen excess as an early indication 

of decreased insulin sensitivity. The current study 

shows indeed a positive correlation between 

TG and FAI and a negative association between 

TG and SHBG. The few aetiological studies of  

involvement of androgens in the pathogenesis of 

dyslipidemias and other CVD risk factors point  

towards an indirect role of androgens via  

obesity and decreased insulin sensitivity as seen 

for example in hyperandrogenic polycystic ovarian 

syndrome patients and a recent study identified 

lower insulin sensitivity in a large cohort of POF 

patients340, 341.

	

Spontaneous cessation of ovarian function in rela-

tion to POF is a heterogeneous condition involving 
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tained from all participants. Mothers of classical 

(homozygous) galactosemia patients (ie. known 

female carriers of galactosemia) were recruited 

via the Dutch Galactosemia Society. In addition, 

parents of the galactosemia patients were asked if 

they had any family members who were known to 

be carriers of the GALT mutation as a result of ge-

netic counselling. These women were also invited 

to participate in the study. The volunteers received 

financial compensation for travel expenses. The 

control group (n=166) consists of healthy female 

volunteers (age range 25 to 46 years) with regu-

lar menstrual cycles, biphasic temperature curve, 

proven natural fertility with at least one pregnancy 

carried to term, pregnancies were established 

within one year, no (history of) endocrinological 

disease, ovarian surgery or abnormalities on ul-

trasound, no hormonal anticonception use for at 

least two months and has been described earlier 

in detail.299.

	

Participants were requested to undergo a struc-

tured interview designed by the authors regarding 

fertility, smoking status and menopause. The in-

terview was taken by telephone (by R.R.) and took 

approximately 45 minutes per person to complete. 

Age at menopause (defined as the date of the last 

menstruation followed by ≥ 1 year of amenorrhea) 

is considered the most distinct marker of the ap-

parent exhaustion of the follicle pool. All women 

with a menstrual bleeding within the last year were 

invited to visit our outpatient clinic. Women with 

secondary oligomenorrhea, menopausal com-

plaints and elevated FSH (>20 IU/L) levels in com-

bination with low oestradiol (<200 pmol/L) were 

regarded as perimenopausal. Their menopausal 

age was estimated as their age at the interview 

plus 1 year. To determine age at menopause, the 

Kaplan-Meier method was used. The woman’s 

age was the time variable and women who were 

Introduction

Classical galactosemia is an autosomal reces-

sive disorder of galactose metabolism caused 

by a deficiency of the enzyme galactose-1-phos-

phate uridyltransferase. The coding region of this 

enzyme is located on chromosome 9p13 and 

among Caucasians; the gene frequency of the 

GALT mutations is estimated to be 0.34-0.37%. 

The estimated incidence of classical galactosemia 

is 1 in 47,000 births. Patients mostly present in 

the first two weeks of life with feeding problems,  

hypoglycemia, liver and kidney failure, sepsis and 

cataract. A dietary restriction of galactose is life 

saving.344-346

	

Most female patients with galactosemia suffer 

from hypergonadotropic primary amenorrhea or 

premature ovarian failure (POF).79, 347, 348 However, 

the underlying mechanisms have not yet been fully 

elucidated. It is also uncertain whether heterozy-

gosity for a GALT mutation may cause accelerated 

depletion of the pool of ovarian follicles resulting 

in early menopause. Indeed, earlier menopause 

and a history of infertility have been observed in 

women with a low GALT-activity.80 Two more re-

cent studies in GALT mutation carriers, however, 

could not confirm these findings.81, 82 This ongo-

ing debate was a cause for concern among the 

female relatives of Dutch patients with classical 

galactosemia. The Dutch Galactosemia Society 

proposed to investigate whether heterozygous 

GALT mutation carriers exhibit signs of diminished 

ovarian reserve or earlier menopause. 

Materials and methods

This study was approved by the local Ethics Com-

mittee and written informed consent was ob-
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reserve.295, 302 To find a difference in AMH values 

of 0.5 SD (Cohen’s d) between GALT carriers and 

controls 42 GALT carriers were required (assuming 

a case:control ratio of 1:3) to obtain 80% power 

at α = 0.05. All women using oral contraceptives 

(n= 10) were asked to stop, and blood specimens 

were taken during the early follicular phase of the 

classified as premenopausal were censored at the 

age at which they had filled in the questionnaire. 

	

In order to assess the extent of follicle pool deple-

tion in pre- and perimenopausal women, baseline 

FSH, Inhibin B, anti-Müllerian hormone (AMH) lev-

els and the AFC were assessed as tests for ovarian 

Figure 10. Flowchart patient selection
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13 ug/l. The detection limit of the assay was 0.026 

ug/l. Transvaginal sonography of the ovaries was 

carried out in the early follicular phase of the men-

strual cycle (cycle day 2, 3 or 4). All scans were 

performed by the same observer (E.K.) using the 

transvaginal probe of a Voluson 530D (Kretz Tech-

nik, Austria). Round or oval echo-free structures of 

2-5 mm in the ovaries were regarded as antral fol-

licles. The sum of the numbers of counted follicles 

in both ovaries was the AFC.317 

	

To compare laboratory and ultrasonographic 

values between heterozygote GALT carriers 

and controls, Student’s t-test was used, after 

logarithmic transformation where appropriate.  

Correction for age and smoking status was done 

by analysis of covariance (ANCOVA). The relation-

ship between AMH and age within each group was 

assessed by ordinary linear regression analysis, 

with the logarithm of AMH as dependent variable 

and age, group and the interaction age*group, to 

test for a difference in regression line between the 

two groups. 

second spontaneous cycle after interruption of the 

oral contraceptive. Serum of women who could 

not stop for practical reasons (n=3) was obtained 

on day 5-7 of the pill-free interval to be as com-

parable as possible with early follicular levels.349 

Hormonal intrauterine device (Mirena®) users with 

amenorrhea or women who had a hysterectomy 

(n=7) were sampled on a random day.

	

Blood sampling specimens were stored at –20 °C 

within one to six hours after retrieval. FSH was mea-

sured with a chemiluminescence FSH assay on the 

ADVIA Centaur® Automated System (Bayer Corpo-

ration, Tarrytown, NY, USA). Intra- and inter-assay 

coefficients of variation were < 6 and < 3%, respec-

tively. Inhibin B was measured by enzyme-immuno-

metric assay, obtained from Oxford Bioinnovation 

(Oxford, UK). Intra- and inter-assay coefficients of 

variation were below 15% and 14%, respectively. 

AMH levels were assessed using the enzyme-im-

munometric assay described earlier.350 Inter- and 

intra-assay coefficients of variation were below 5% 

at the level of 3 ug/l, and below 11% at the level of 

Table 9. Baseline characteristics pre-menopausal GALT carriers and controls (Mean ± sd)                      

Premenopausal 
GALT carriers (n=42)

Controls 
(n=166)

p-value* 
(T-test)

Age (years) 39.3 ± 5.2 38.0 ± 5.5 0.14 

Age at last childbirth (years) 31.3 ± 3.7 30.3 ± 9.5 0.49

Pack years 5.7 ± 7.6 4.8 ± 7.3 0.47
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by the Dutch galactosemia society to answer a 

very short questionnaire by telephone. Twenty of 

33 non-responders were contacted and in this 

group, all women had regular menses. 

The mean age at menopause in the GALT  

carrier group was 49.7 (95%CI 48.7-50.7) years.  

Table 9 shows baseline characteristics of the 

GALT carriers and controls. No significant differ-

ences were found in the mean difference or ratio 

of the ovarian reserve parameters between con-

trols (n=166) and premenopausal GALT carriers 

(n=42) (Table 10). Since ovarian reserve param-

eters are strongly associated with age and, in a 

lesser extent, also influenced by smoking, we 

corrected for these parameters. Figure 11 demon-

strates that the regression lines between AMH and 

age for GALT carriers and controls are essentially 

the same.

Results

A total of 58 women participated in the study.  

Of the 91 mothers of patients with classical galac-

tosemia invited to participate in the study through 

the Dutch Galactosemia Society, 52 women com-

pleted the questionnaire, which is a response rate 

of 53%. Six women were family members of the 

fathers or mothers, and were previously proven to 

be carriers. Of this total of 58 women, 12 were 

peri -or postmenopausal 2 mothers were pregnant 

at the time of investigation and 2 GALT carriers 

did not consent to ultrasound or blood sampling 

due to personal or practical reasons. A total of 

42 GALT carriers were enrolled in the endocrine 

screening and in 21 women, transvaginal ultra-

sonography was performed (Fig 10). In order to 

rule out selection bias towards a low frequency 

of earlier menopause, non-responders were asked 

Table 10. Ovarian reserve parameters between pre-menopausal GALT carriers (n=46) and controls (n=16)                      

Measured values Uncorrected mean Correcteda mean

GALT Controls difference [95% CI] p-value difference [95% CI] p-value

FSH  
(IU/L)b

2.03 ± 0.46 1.97 ± 0.45 -0.06  
[-0.21 / +0.09]

0.4 -0.02  
[-0.17 / +0.13]

0.8

Inhibin B 
(ng/L)

76.8 ± 56.4 88.3 ± 51.1 11.5  
[-6.3 / +29.3]

0.18 11.2  
[-7.0 / +29.4]

0.23

AMH  
(ng/mL)b 

-0.08 ±1.74 0.19 ±1.45 0.27  
[-0.25 / +0.79]

0.3 0.04  
[-0.39 / +0.47]

0.9

AFC 5.5 ± 4.4 6.0 ± 5.5 0.5  
[-2.0 / +2.9]

0.8 0.36  
[-1.4 / +2.2]

0.7

 

a  	 corrected for age and smoking

b  	� values are on a logarithmic scale (on a normal scale values must be exponentiated) resulting in ratio instead of 

difference.
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Discussion

The results of the present study indicate that 

there is no evidence of an effect of GALT mutation 

carriership on ovarian reserve and age at meno-

pause. These findings are supported by the fact 

that earlier preliminary studies in women suffer-

ing from POF or infertility failed to demonstrate an 

increased frequency of the common GALT muta-

tions.158, 351-353 The published literature concerning 

a possible relationship between GALT carriership 

and fertility thus far was limited to observations on 

menstrual and fertility history. In the present study, 

Figure 11. 
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age in GALT carriers and controls

we applied established endocrine and ultrasound 
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occurs in patients, despite a galactose restricted 

diet.362 The abnormal galactosylation of hormones 

is most likely related to the accumulation of the 

metabolite galactose-1-phosphate, the precursor 

of UDP galactose, which is the substrate for ga-

lactose transferase, incorporating galactose into 

glycoproteins. Even in strictly controlled patients, 

red cell galactose-1-phosphate levels are elevated 

at all times, probably because of endogenous ga-

lactose production.346, 363 However, in carriers of 

classical galactosemia, no elevation of urine ga-

lactitol or red cell galactose-1-phosphate can be 

detected. Therefore, in the absence of toxic ef-

fects or abnormal glycosylation, the occurrence 

of decreased fertility and/or a decreased ovarian 

reserve is unlikely in GALT carriers. Indeed, as our 

study failed to demonstrate such an association, 

we conclude that concern with regard to earlier 

menopause is not justified and that there is no in-

dication for screening for GALT mutations in wom-

en with decreased fertility or POF. 
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menopause in our study cohort, as the meno-

pausal transition is nearly 4 years.354 On the other 

hand recall bias of age at menopause may occur,  

although all retrospective studies involving age at 

menopause will suffer from this bias. 

	

We used random blood samples of 7 GALT carri-

ers who used a hormonal IUD or had undergone 

a hysterectomy. However, while FSH and Inhibin 

B levels are cycle dependent, accumulating evi-

dence points towards AMH as a cycle indepen-

dent ovarian reserve marker.300, 355 Another limita-

tion of our study is that we only evaluated ovarian 

reserve and age at menopause in GALT carriers 

with proven fertility. Thus our observations do not 

exclude the possibility that GALT carriers without 

offspring may have a different ovarian phenotype. 

To rule out dependency analysis was performed 

without the included family members and similar 

results were obtained (data not shown). 

	

As classical galactosemia is a rare disorder with an 

average of 6 new patients per year in the Nether-

lands, the number of mothers of patients who are 

proven carriers participating in the study remains 

relatively small. Nevertheless, more than 50% of 

mothers who are known to the Dutch Galactosemia 

Society participated in the study. Because at the 

time of this study there was no neonatal screening 

for classical galactosemia in The Netherlands, all 

patients presented with a neonatal crisis and carry 

mutations causing a severe phenotype.356 

Abnormal glycosylation of hormones, as well as 

toxic damage to the ovaries, have been reported 

in patients with classical galactosemia, and are 

suspected to be involved in the observed hyper-

gonadotropic hypogonadism in these patients.357-

361 The toxic damage is attributed to the elevated 

levels of the metabolite galactitol, which always 
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sis in sibling pairs discordant for menopausal age 

previously performed by our group resulted in two 

suggestive linkage regions on 9q21.3 and again on 

Xp21.3 61 and many other POF candidate genes 

have been suggested. These were mostly iden-

tified in single patients or families, small patient 

groups, isolated populations, or through animal 

knock-out models (see Chapter 1 - Table 1).

	

Using high-density oligonucleotide genotyping 

platforms, it is now possible to screen up to mil-

lions of single nucleotide polymorphisms (SNPs) 

throughout the genome of a single individual or 

cohort – the so-called genome-wide associa-

tion studies (GWAS). Via GWAS it is possible to 

identify common genetic variants contributing to 

susceptibility to genetically complex (or polygenic) 

diseases such as diabetes, hypertension, Crohn’s 

disease, neurological and psychiatric disorders87. 

We designed a GWAS using SNP arrays to identify 

predisposing genetic risk factors in a well pheno-

typed set of POF patients and controls. 

Materials and methods

Study population and sample collection 

From October 2004 onwards, a nationwide, stan-

dardized systematic screening protocol has been 

applied to women with suspected POF visiting 

the outpatient clinics of 10 Dutch hospitals. This 

protocol was approved by all the local institutional 

review boards and written informed consent was 

obtained from all participants. Screening included 

a questionnaire regarding fertility, family history, 

climacteric complaints, transvaginal ultrasonogra-

phy, and blood withdrawal. Blood samples were 

also collected in 10 ml EDTA tubes. DNA was iso-

lated using a salting out procedure and frozen at  

80°C until genotyping experiments began. 

Introduction

Spontaneous Premature Ovarian Failure (POF) is a 

common disorder in women, with a prevalence of 

1%6. POF is characterized by secondary amenor-

rhea before the age of 40 years along with post-

menopausal gonadotrophin levels (FSH > 40 IU/L) 

and very low or undetectable AMH levels364. POF 

not only truncates the patients’ fertile lifespan, 

but also has major implications for their long-term 

health (i.e. osteoporosis, cardiovascular health 

and cognition). POF is usually due to premature 

exhaustion of the primordial follicle pool. Although 

an association with auto-immunity and macro-

scopic genetic aberrations has been demonstrat-

ed, the aetiology of the great majority of sponta-

neous POF cases remains unknown71. Since family 

history has been shown to be the best predictor 

for early menopause and strong associations have 

been disclosed between the menopausal ages of 

mothers and daughters, sisters and twin pairs, id-

iopathic POF is most likely due to genetic factors45, 

47, 54-57. The incidence of familial POF is reported to 

be between 4 and 31%49, 365.

	

Cytogenetic abnormalities involving the X chromo-

some have been identified in some POF patients, 

in particular XO mosaicism and X chromosomal re- 

arrangements (macrodeletions and translocations)69. 

The only common genetic risk factor (prevalence > 

1%) described in POF is being a carrier of a Frag-

ile X premutation (FMR1). Sixteen percent of these 

carriers suffer from POF, whereas in POF patients 

the prevalence of Fragile X carriership is reported 

to lie between 3% and 15%, depending on familial 

distribution72, 215, 366.

Recently two familial linkage studies identified 

POF loci on Xq21.1 - Xq21.3.3 (in a gene named 

POF1B) and on 5q14.1-5q1562, 63. Linkage analy-
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Genotyping methods

In Phase I, POF cases and OldMP women were 

genotyped using Illumina Infinium II Hapmap370 

SNP duochips v.1.1 April 2007 (Illumina, San 

Diego, CA, US). All experiments in Phase I were 

carried out at the Complex Genetics Group in the 

UMC Utrecht according to the manufacture’s pro-

tocol. In short, 750 ng of DNA per sample was 

whole-genome amplified, fragmented, precipitated 

and resuspended in the appropriate hybridization 

buffer. Denaturized samples were then hybridized 

on Illumina BeadChips at 48°C for a minimum of 

16 hours. After hybridization, the BeadChips were 

processed for single base extension reaction and 

stained. Chips were then imaged using the Illu-

mina Bead Array Reader. 

	

For Phase II (replication) the most significant SNP 

from Phase I was genotyped in the Genetic De-

partment, UMC Groningen, using Taqman allelic 

discrimination assays. PCR was carried out with 

mixes consisting of 15 ng of genomic DNA, 1 x 

AbSolute QPCR ROX mix (AbGene Mix, Thermo 

Scientific) and 1 x assay mix (Applied Biosystems, 

Foster City, Ca, US) and ultraPURE distilled wa-

ter (Dnase, Rnase Free, Gibco) in a 5 μl reaction 

volume in 384-well plates (Applied Biosystems). 

PCR conditions were as follows: denaturation at 

95°C for 15 minutes, followed by 40 cycles of de-

naturation at 95°C for 15 seconds, and annealing 

and extension at 60°C for 1 minute. Allelic PCR 

products were analyzed on the ABI Prism 7900HT 

sequence detecting system using SDS 2.3 soft-

ware (Applied BioSystems). Primer sequences for  

ADAMTS19 was TCTCTTGTCTCATTTGGGCACTTTA

[G/T]AAATTTGTGGATGGCTATTTATTGG. 

Statistical analyses and quality control

Once all samples for the GWA study had been 

genotyped, various quality control procedures 

POF was defined as at least one episode of spon-

taneous secondary amenorrhea for more than 120 

days (4 months) along with at two moments FSH 

levels > 40 IU/L, before age 40 yrs), and AMH lev-

els below the menopause threshold of 0.086 μg/

L28. All patients presented with spontaneous me-

narche, with no history of chemotherapy, pelvic 

radiotherapy/surgery, or other medical conditions 

known to be associated with POF. All patients were 

Caucasian. Their karyotypes were obtained and 

they all underwent FMR1 premutation screening. 

Those with an abnormal karyotype (also including 

low 45,X/46,XX mosaicism) were excluded from 

the current analysis. Patients with more than 40 

CGG repeats in the promotor region of the FMR1 

gene were also excluded. 

DNA samples from population control women with 

an age at menopause above 53 years were select-

ed from the GOAL (Genetics of ovarian ageing by 

linkage-analysis) study cohort, further referred to 

as OldMP61. These Caucasian women had at least 

12 consecutive months of spontaneous secondary 

amenorrhea. Genotyping data from 181 healthy 

Dutch female controls (mean age 60.8 ± 10.3 yrs) 

were added from a GWAS in amyotropic lateral 

sclerosis to increase study power, further referred 

to as FemC367. No menstruation history of these 

women was obtained. These two groups formed 

the control cohort for the current study in Phase I.

	

For the replication study (Phase II), we genotyped 

the SNP identified in Phase I in 60 additional POF 

samples and 90 OldMP females. Of the POF cas-

es, 19 were recruited from the ongoing research 

protocol in the UMC Utrecht and 9 from Phase I 

samples with low genome-wide call rates (<95%). 

An additional 32 POF samples were recruited from 

the GOAL cohort, in which women with a very ear-

ly age at menopause had also been genotyped. 
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ciations (see figure 1). Then we fitted a line to the 

lower 90% of the distribution, of which the slope 

(λ inflation) denotes either the inflation or deflation of 

the test statistic. 

Subsequently we determined what nominal single 

SNP P-Value corresponded to a P = 0.05, after 

correction for multiple testing. A commonly used 

threshold for deeming a SNP association genome-

wide significant is P = 5 x 10-7369. We established 

through 200 permutations of the affection status 

labels of our samples that a nominal P = 2.0 x 10-7 

corresponds to a genome-wide significance of  

P = 0.05 on the Infinium II Hap370 platform. 

	

For the replication analyses, we carried out 

Cochran-Mantel-Haenszel allele count χ2 associa-

tion tests using SPSS 16.0.1 with two clusters: 

Phase I (Infinium assay), Phase II (TaqMan assay). 

All P values are two-tailed. As we observed no 

were employed. For each sample, normalized 

bead intensity data was used in BeadStudio v3.0. 

to call genotypes. Samples that had an overall call 

rate less than 95% were removed. SNPs that had 

a call rate less than 95%, a minor allele frequency 

(MAF) in the controls lower than 1%, or showed 

deviations from Hardy-Weinberg equilibrium (HWE) 

in the controls (Exact HWE P-Value < 0.001) were 

removed from subsequent analyses.

	

To test for association we used Prioritizer GWA368, 

and employed a single marker test, compar-

ing allele count frequencies between cases and 

controls.  Significance of association was deter-

mined by using an allele count χ2 test (1 df). As 

over 300,000 tests were performed, we corrected 

for multiple testing. First, Type I errors were as-

certained by a quantile-quantile (Q-Q) plot, gener-

ated by plotting the observed ordered null-allele 

associations against the ordered expected asso-

Table 11. Overall statistical power of study

MAF OR Power % (P=0.01) Power % (P=2.0x10-7)

0.26 3 100 89

0.26 2.83 100 80

0.26 2.5 100 54

0.26 2 92 11

Power shown was calculated for 99 cases and 235 controls, assuming a minor allele frequency (MAF) of 0.26, which 

corresponds to the mean MAF of all SNPs present on the oligonucleotide array. Results are shown for four different odds 

ratios (OR) with the expected power: P = 0.01 or P = 2.0 x 10-7 (genome-wide significance).
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Subsequently we permuted the affection status la-

bels 500 times, and in each permutation we com-

pared the permuted product of allele frequency P 

values against the observed product P value, en-

abling us to determine a significance of P values, 

while assuming allelic heterogeneity.

Functional candidate gene analysis

We selected 74 candidate genes based on one 

of the three following criteria: (1) incidental find-

ing in POF patients, (2) previously tested in POF 

patients, or (3) animal knock-out model showed 

a POF-like phenotype and the gene involved had 

a human homolog (see Supplementary Table I). 

For each of these candidate genes, we deter-

mined whether associated SNPs were present 

that either mapped within these genes or were 

in strong LD with SNPs within these genes (R2 

> 0.25). SNPs which are in LD with SNPs within 

these genes were included, because these SNPs 

might tag for a causal variant that maps within 

these genes.

	

We then determined the most significant SNP for 

each gene (through an allele frequency P-value) 

and performed a permutation analysis, enabling us 

to empirically determine the significance of each 

candidate gene. The reason for this procedure 

was that the number of SNPs can differ consider-

ably per gene, because genes vary in size and LD 

patterns differ. This is particularly true for SNPs 

that map within or very close to the major histo-

compatibility locus on chromosome 6, where LD 

patterns are very extensive and many SNPs might 

tag the same causal variant. As such, by permut-

ing affection status labels 500 times (leaving the 

LD structure intact), we empirically determined 

the significance of association for each of these 

candidate genes while controlling for LD and the 

number of SNPs.

evidence for bias in the test statistics as the Type 1 

error rate (λinflation = 1.017) was not inflated, we pre

sent uncorrected statistics throughout this paper.

Power calculations

Power calculations for the GWAS were performed 

using the Genetic Power Calculator (http://pngu.

mgh.harvard.edu/~purcell/gpc/) based on our 

sample size, the average observed minor allele 

frequency (MAF) for SNPs present on the Illumina 

HumanHap370 (26%), under the assumption of a 

multiplicative model and a POF prevalence of 1 per 

1006. Using these parameters the genome-wide 

scan was 80% powered to detect an allelic as-

sociation with P < 2.0 x 10-7 (which corresponds 

to a genome-wide significance of P = 0.05 when 

taking linkage disequilibrium (LD) into account, 

determined using permutations) and an odds ratio 

of 2.85 (see also Table 11). 

Linkage regions analysis

Similar to the candidate gene analysis, we first 

determined the most significant SNP (allele count 

1df χ2 P value) for each of these loci and then per-

formed a permutation analysis, assuming that only 

one variant was responsible for the observed link-

age signal. By permuting affection status labels 

500 times (which leaves the LD structure intact), 

we could empirically determine the significance of 

association for each of these SNPs, correcting for 

the fact that linkage regions can differ in size and 

in the number of SNPs that map in them.

	

We also employed another procedure (allelic het-

erogeneity), in which we assumed that multiple in-

dependent, but common, variants within each of 

these loci might have contributed to the observed 

linkage signal. For each of the loci we determined 

the product of the individual allele frequency P val-

ues for all of the SNPs that mapped in these loci. 
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FemC) were included for further analysis. All the 

POF patients had anti-Müllerian hormone (AMH) 

values below the menopause threshold, and most 

had undetectable AMH levels. No related individu-

als were identified after comparing all the samples. 

In total 309,158 SNPs passed our quality control 

(Exact HWE P-value > 0.001 in the controls, MAF 

in the controls > 0.01, call rates for controls > 95% 

Results

In total, 108 POF samples and 60 OldMP samples 

were genotyped using the Illumina HumanHap370 

BeadChip. Nine POF samples and 6 OldMP sam-

ples were excluded from analysis because their 

call rates fell below 95%. Ninety-nine POF cases 

(Table 12) and 235 controls (54 OldMP and 181 

Table 12. POF patient phenotype characteristics (n=99)

 

 Mean  SD %

Age at screening 36.5 ± 7.3

1st FSH (IU/L) 82.4 ± 29.5

2nd FSH (IU/L) 79.7 ± 38.1

Age at menarche (yrs) 13.2 ± 1.6

Age at amenorrhea (yrs) 31.1 ± 8.1

Familial clusteringa (%) 19

46 XX karyotype (%) 100

FMR1 repeats n < 40 (%) 100

Caucasian (%) 100

AMH below menopause thresholdb (%) 100

Undetectable AMH (%) 93

Positive anti-TPO antibodies (%) 25

Adrenal antibodies (%) 2

FSH = follicle stimulating hormone 	

FMR1 = Fragile X mental retardation 1

AMH = anti-Müllerian hormone 		

anti-TPO = anti-thyroid peroxidase

a 	� Defined as at least 2 first- or second-degree female family members with POF  

(including the index patient)

b 	 Menopause threshold for AMH is < 0.086 μg/mL 28.
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Since thyroid peroxidase auto-antibodies (anti-TPO) 

were present in 25 percent of the POF samples we 

stratified for anti-TPO in relation to rs246246 geno-

type. No relation could be identified using a two 

tailed Fisher’s exact test (P=0.283). 

We performed a small-scale replication study in 

Phase II covering 60 additional POF cases and 90 

additional controls. Apart from genotyping rs246246 

in the replication cohort, we also genotyped six ran-

dom individuals from Phase I to ensure both SNP 

genotyping platforms generated the same genotype 

for each individual (concordance rate = 100%). No 

significant difference in MAF between cases and con-

trols from the replication cohort was observed (MAF-

cases = 0.05 and MAFcontrols = 0.0556), resulting in 

P = 0.83. A joint analysis 370 of Phases I and II using 

and for cases > 95%). Three SNPs were not geno-

typed correctly upon visual inspection, and were 

excluded from further analysis. A quantile-quantile 

(QQ) plot analysis indicated no inflation of the test 

statistics (Figure 12) as the λinflation = 1.017. 

One SNP achieved near genome-wide significance 

after correction for multiple testing (A P-value < 5 

x 107 is considered to reflect genome-wide signifi-

cance369, permutation analysis of our data indicated 

a genome-wide significance threshold of P-value < 

2 x 10-7). SNP rs246246 was associated with an 

allele frequency P-value of 5.98 x 10-7. rs246246 

SNP maps to an intronic region of a gene named  

ADAMTS19, in a 200 kb block of LD on chromosome 

5q31, which also includes the small KIAA1024L gene 

on 5q23.3 with unknown function (Figure 12). 

Figure 12. 

Quantile-quantile plot of observed 

versus expected P values. λ inflation = 

1.017, suggesting no inflation of the 

test statistic.
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a Maentel-Haenszel test resulted in P = 4.05 x 10-5. 

Table 13 presents an overview of the descriptive sta-

tistics and results for SNP rs246246 in Phase I/Phase 

II and the joint analysis. An overview of all SNPs from 

Phase I with a P < 0.05 can be found in Supplemen-

tary Table II (not included in the thesis).

In each of the three POF associated linkage regions 

(Xq21.1 - Xq21.3.3, 5q14.1-5q15 and 9q21.3), 

SNPs were identified that had a nominal P value 

< 0.01. However, none of these findings remained 

significant after the permutation analysis, irrespec-

tive of the model assumed. Candidate analysis of 

the most significant SNP revealed 29 candidate 

genes with a nominal P value < 0.05. After per-

mutation, five genes (BDNF, CXCL12, LHR, USP9X 

and TAF4B) showed a nominal P value < 0.05 on 

gene level, which is more than expected by chance 

(0.05 x 74 = 3.7) (Chapter 1 – Table 1).

Discussion

To our knowledge, this is the first reported ge-

nome-wide association study in POF. Our results 

suggest that the gene ADAMTS19, located on 

chromosome 5q31, may be involved in POF. This 

finding will need to be replicated in a larger and 

independent study population.

ADAMTS19 is a member of the large ADAMTS (a 

desintegrin-like and metalloprotease with throm-

bospondin type 1 motif) family of metalloproteases 

(metal-binding enzymes). ADAM proteins are re-

sponsible for the proteolytic cleavage of many 

transmembrane proteins and the release of their 

extracellular domain, and seem to play an impor-

tant role in gonad formation and function371, 372. In 

a previous study on gene expression differences 

between embryonic XX and XY mouse gonads 

Table 13. Descriptive statistics and results for SNP rs246246 (G/T) in Phase I / Phase II and joint analysis. Allele G 

is the susceptibility allele. 

 cases

(n)

controls

(n)

MAFa 

cases

MAFa 

controls

HWEb 

cases

HWEb 

controls

P valuec ORd 95% CI

Phase I 99 235 0.15 0.04 0.09 0.25 5.98 x 
10-7

4.31 (2.33 – 
7.94 

Phase II 60 90 0.05 0.05 0.68 0.15 0.83 0.89 (0.32 – 
2.53)

Com-
binede 

159 325 0.10 0.04 0.11 0.06 4.05 x 
10-5 

 2.75 (1.65 – 
4.59)

a 	 MAF = minor allele G frequency; 

b 	 Hardy-Weinberg equilibrium P values; 

c 	 P values were calculated for each individual population using χ2 test on allele counts; 

d 	 Odds ratios (OR) were calculated for the minor allele; 

e 	 P values and ORs were calculated using the Mantel-Haenszel method.
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encouraged by the initial robust Phase I results and 

think the novelty of these preliminary findings are of 

interest for the scientific community. 

	

Since POF is considered a complex genetic condi-

tion involving multiple genes, our genome-wide SNP 

data allowed us to investigate associated SNPs in 

POF candidate genes identified earlier (see Supple-

mentary Table I). After permutation analysis five can-

didate genes showed higher P values than expect-

ed. All five have been labelled as possible candidate 

genes via animal models showing a POF or POF-

like phenotype. Brain-derived neurotrophic factor 

(BDNF) maps on chromosome 11p13. Ovaries of 

BDNF knock-out mice show loss of follicular or-

ganisation, preceded by massive oocyte death157. 

Chemokine (C-X-C motif) ligand 12 (CXCL12) maps 

on chromosome 10q11.1 and is involved in guid-

ing primordial germ cell migration155. LHR (luteinizing 

hormone receptor) knock-out mice show a block in 

preantral folliculogenesis in combination with under-

developed sex organs113, 114. Ubiquitin-specific pro-

tease 9 (USP9X) is a gene required for oogenesis 

in Drosophila and maps in humans in a highly POF 

susceptible region on the short arm of the X chro-

mosome (Xp11)194. TATA box binding protein (TBP)-

associated factor 4B (TAF4B) maps on chromosome 

18q11.2, while heterozygous TAF4B mice have a re-

duced number of ovarian follicles176. Although SNPs 

in these genes did not show strong significance on 

a genome-wide level in our study, their biological 

relevance might warrant attention in future genome-

wide association analyses.

In conclusion, this first-stage, genome-wide associa-

tion study in a relatively small, homogeneous cohort 

of well-phenotyped POF patients did not reveal any 

common variants with genome-wide significance 

that confers risk to POF. However, ADAMTS19 was 

identified as a potential candidate gene for POF. As-

using cDNA subtraction, ADAMTS19 was shown 

to be significantly upregulated in XX gonads at 

the moment of sex differentiation. Using whole-

mount in situ hybridization abundant expression 

of ADAMTS19 was noted during the embryonic 

phase of gonadal development133. These findings 

provide a biological plausibility to ADAMTS19 as a 

possible candidate gene for POF. Other ADAMTS 

proteases are also widely involved in female re-

production; gonad formation is disrupted in C. 

elegans when the ortholog of ADAMTS-9 and 20 

is mutated, while female homozygous ADAMTS-1 

knock-out mice had a reduced number of ovarian 

follicles373. Furthermore, ADAMTS proteins seem 

to play a role in ovulation processes as well as in 

folliculogenesis374, 375.

	

The near genome-wide significance of a SNP in 

a study with a relatively small number of patients 

and that it mapped to a plausible candidate gene 

like ADAMTS19 (Phase I) were the reasons to per-

form a validation study in an independent subset 

of patients and controls (Phase II). 

	

A weakness of our study is that for Phase I POF 

only cases had been included that had been care-

fully phenotyped. As such in Phase II, fewer cases 

were available with equally well defined pheno-

types. Also some of the cases in Phase II were less 

extensively phenotyped than in Phase I, since these 

samples were taken from the GOAL cohort61. This 

group was only phenotyped as POF via their last re-

corded, spontaneous, menstruation date. It is pos-

sible that this phenotypic heterogeneity interferes 

with the results, although there was no statistical 

significant difference between the heterozygosity 

incidence. The 90 control samples in Phase II were 

again selected from the OldMP cohort and all had a 

history of spontaneous menstruations beyond age 

52 years. Albeit this major shortcomings we feel 
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suming that the Illumina HumanHap370 tags human 

genetic variation well376, and taking into account the 

power calculations that we performed, we conclude 

that the contribution of common genetic variants 

to POF is modest (odds ratio < 2.83). However, in 

the current study, we only assessed common SNP 

variants; rare variants or common structural variants 

were not investigated. As such, additional, system-

atic, genome-wide analyses of POF patients using 

more extensive arrays, CNV detection algorithms, 

and larger sample sizes are warranted in the search 

for POF-associated genetic variants.
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Figure 13.  

Schematic 400 kb haploblock view on the long arm of chromosome 5 surrounding the rs246246 SNP and covering two 

genes: ADAMTS19 and KIAA1024L. 

A: indicates the combined Phase I and Phase II P-value for rs246246. 

B: shows the observed P-values for the SNPs assayed in Phase I. 

C: �shows linkage disequilibrium for rs246246 with neighbouring SNPs, both for the SNPs in the genome-wide analysis 

and SNPs present within HapMap, based on the CEU population.
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show a milder ovarian phenotype compared to 

patients with complete absence of one X chromo-

some. Sometimes menarche and even pregnancy 

is reported, suggesting a dose effect383. Further-

more, in POF families there is evidence for a fe-

male sex preponderance which might be due to 

a lethal genetic factor in male foetuses, possibly 

due to lack of a protective homozygous sex chro-

mosomal state74.

	

In the majority of POF patients no common genet-

ic risk factor has been identified yet. However, in 

a subset of patients fragile X (FMR1) premutation 

or microscopic X chromosome aberrations can be 

identified. Besides 45X/46XX mosaicism, the vast 

majority of identified genetic aberrations involve 

the long arm of the X chromosome. In particular 

balanced Xq21 autosomal translocations65, 69, 384, 

and terminal deletions are associated with POF 

(see Table 14). The vast majority of translocation 

breakpoints and deletions on the X chromosome 

cluster within two POF critical regions on its long 

arm (i.e.loci Xq13.3–Xq21 and Xq23-Xq27) 65. 

Also X chromosomal interstitial deletions213, 384-386, 

inversions387, Robertsonian translocations385, 388 

and short arm deletions389 are described in rela-

tion to the POF phenotype. Recently a study in 

three patients with a terminal Xq deletion revealed 

a cryptic duplication on Xp, including the SHOX 

gene390. Genetic linkage studies in POF families or 

women discordant for menopausal age identified 

loci on 5q14.1-q15 (LOD score:2.4) 63, 9q21.3 

(LOD score 2.6) and two times on chromosome 

X, Xp21.3 (LOD score 3.1)61 and Xq21.1-21.3.3 

(LOD score 2.7)62. 

	

Nowadays high throughout genotyping methods, 

using single nucleotide polymorphisms (SNPs) are 

available. These genome wide arrays contain be-

tween 300,000 and 1,000,000 probes, and have 

Introduction

Premature ovarian failure (POF) is a common com-

plex disorder in females. This condition is char-

acterized by a secondary amenorrhea before 40 

years of age and associated with severely com-

promised fertility and multiple women’s health is-

sues71. Serum follicle stimulating hormone (FSH) 

levels are elevated above 40 IU/L and anti-Mülle-

rian hormone (AMH) levels are below the meno-

pause threshold or undetectable364.

Menopause marks the endpoint of the continuous 

exhaustion of the ovarian follicle pool which is initi-

ated before birth29, 377, 378. The age of menopause 

shows a Gaussian distribution with a median 

around 51 years (range 40 – 60 yrs) worldwide3, 

379. The processes and factors that determine the 

variation among individuals in the rate of decline 

in oocyte quantity are largely unknown238. For 

instance, it remains unknown as yet whether fe-

males with an earlier menopause exhibit an initial 

low count of follicles or an increased rate of follicle 

depletion. 

	

Since heritability for age at menopause is between 

40-70% in sisters and twins54-57 and no evident 

causal environmental factor seems to be associat-

ed with age at menopause, genetic factors seems 

to play a major role295. From a biological point of 

view the X chromosome seems to be a likely can-

didate involved in ovarian function380. Similarly, 

mutations in the Y chromosome have been shown 

to be associated with decreased male fertility381. 

Hemizygosity for the X chromosome, as seen in 

Turner (XO) syndrome leads to primary amenor-

rhea with streak ovaries. Additionally, in Turner 

foetuses ovarian follicles could be identified, im-

plicating initial follicle development but a rapid 

decline thereafter382. Mosaic Turner patients often 
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Table 14. Overview of Xq deletions and translocations associated with POF

Reference Age* Karyotype

Deletions

68 46,X,del(X)(pter-q21.3::q27-qter

390 33 46,X,del(X)(q21.3)

390 15 46,X,del(X)(q21.2)

390 26 46,X,del(X)(q22.3)

403 22 46,X,del(X)(q27)

385 33 46,X,del(X)(q26.2)

385 26 46,X,del(X)(q21.2)

404 30 46,X,del(X)(q26)

405 27 46,X,del(X)(q22)

406 28 46,X,del(X)(q28)

DPC 35 46,X,del(X)(q23)                        

DPC 15 46,X,del(X)(q22)                        

DPC 38 46,X,del(X)(q24)                        

DPC 30 46,X,del(X)(q22)                     

DPC 28 46,X,del(X)(q22.2) isoX(p)              

DPC 28 46,X,del(X)(q22)                        

Translocations**

DPC 34 46,X,t(X;5)(q22.1;q22.1)                

DPC 18 46,X,t(X;1)(q2,2;34.1)                 

384 20 46,X,t(X;5) (q21;q35)

384 17 46,X,t(X;3) (q21;p21)

384 unknown 46,X,t(X;2) (q21;q23)

384 15 46,X,t(X;9) (q21;q33)

384 30 46,X,t(X;12) (q21;p13)

384 16 46,X,t(X;3) (q21.2;q12)

DPC: 	 Dutch POF Consortium (not published)

* 	 Age at last reported spontaneous menstruation

** 	 Cases reported in the last 5 years.
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tiated by the department of Reproduction and Gy-

naecology of the UMC Utrecht. Sixteen Dutch fer-

tility clinics participated (http://www.umcutrecht.

nl/pof). Suspected of previously diagnosed POF 

patients under age 40 yrs all underwent standard-

ized screening involving a questionnaire (medical 

and family history etc.), ultrasonography, hormon-

al profiling, karyotyping plus informed consent for 

a blood specimen for DNA extraction. The study 

has been approved by local ethics review commit-

tees of all participating hospitals. Patients with an 

evident history of POF but were older at the time 

of screening only filled in the questionnaire and 

donated blood for DNA extraction. 

	

Only the following POF phenotype was used in 

this study; spontaneous secondary amenorrhea 

before age 40 yrs, Caucasian, normal karyotype, 

no (or low) XO mosaicism, no FMR1 premutation. 

All patients gave written informed consent.

Laboratory Procedures:

All DNA samples were isolated from fresh venous 

blood using a salting-out procedure and geno-

typed with Human-CNV-370-Duo v1.0 Bead Chips 

(Illumina, San Diego CA, US). This chip contains 

370,404 markers with a median spacing of 5.0 kb 

and 12,556 X chromosome probes. By incorporat-

ing monomorphic probes this chip was specifically 

designed to detect CNVs by covering 3,034 CNV 

regions from the Database of Genomic Variants 

(DoGV)394.

	

All procedures were performed according to the 

manufacturer’s protocol. In short, 750 ng of ge-

nomic DNA was amplified, fragmented, and hybrid-

ized to the array, and products were fluorescently 

labelled and scanned on the Illumina Beadstation 

scanner. Raw intensity data were then uploaded 

into Beadstudio v3.0 (Illumina, CA, US).

helped to identify multiple genetic risk factors that 

are associated with complex genetic disorders87. 

Besides variation at the SNP level, it is now rec-

ognized that insertions, duplications or deletions 

of DNA sequence, also contribute to phenotypic 

variation and disease susceptibility391. These are 

referred to as copy number variants (CNVs) and 

typically range from 1kb to several mega bases in 

size, and usually are too small to be detected by 

conventional karyotyping techniques. CNVs may 

be involved in altering gene expression through 

disruption of regulatory elements or by changing 

dose effects89, 392. Currently, nearly 20,000 com-

mon CNVs (involving more than 6000 loci), cover-

ing over 20% of the genome, have been identified 

in healthy people96, 393-394. 

	

In addition to genotype data, high density SNP 

arrays also generate intensity data for each oli-

gonucleotide probe, which enables quantification 

of input template DNA and, indirectly, detection 

of deletions and duplications. The high density of 

markers means that an enormous increase (x 100) 

in resolution could be obtained as compared to 

that of karyograms395. 

	

As mentioned, X chromosomal macrodeletions 

are related to POF. Therefore the current study is 

based on the on the premise that intensity data 

of a genome wide SNP array might reveal submi-

croscopic X chromosomal deletions (or duplica-

tions) in POF patients with a normal conventional 

karyogram.

Materials and methods

Patients: 

Since October 2004 a nationwide phenotyping 

project of POF patients in the Netherlands was ini-
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For each SNPs these values are calculated based 

on raw intensity characteristics of all samples for 

that particular SNP. As two different batches of 

samples resulted in slightly different overall inten-

sity characteristics, Log R and B allele frequencies 

were calculated separately for these two batches. 

PennCNV was subsequently run using default 

settings. 

	

CNV detection and quality control:

To reliably detect CNV segments we used  

PennCNV396. PennCNV uses a Hidden Markov 

Model to interrogate SNP intensity signals, and 

is capable of detecting CNVs if these typically 

span multiple SNPs. PennCNV uses B allele fre-

quency (a measure of the allelic ratios) and Log R 

values (normalized intensity values) to call CNVs. 

Table 15. Phenotype of 108 POF patients included in CNV analysis

 Mean  SD %

Age at screening 36.3 ± 7.2

FSH (IU/L) 81.7 ± 30.6

Age at menarche (yrs) 13.2 ± 1.6

Age at amenorrhea (yrs) 31.1 ± 8.1

Familial clusteringa (%) 17

46 XX karyotype (%) 100

FMR1 repeats n < 40 (%) 100

Caucasian (%) 100

AMH below menopause thresholdb (%) 100

Undetectable AMH (%) 93

Positive anti-TPO antibodies (%) 32

Adrenal antibodies (%) 3

FSH 	 = follicle stimulating hormone			 

FMR1 = Fragile X mental retardation 1 

AMH 	 = anti-Müllerian hormone 				 

anti-TPO = anti-thyroid peroxidase 

a 	� Defined as at least 2 first- or second-degree female family members with POF  

(including the index patient)

b 	 Menopause threshold for AMH is < 0.086 μg/mL 28
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Table 16. Detected CNVs on the X chromosome (after quality control)

All CNVs Deletions Duplications

Amount (n) 65 45 20

Mean size (kb) – range 423,033 bp   
(541 – 3706,479)

515,190 bp  
(541 – 3706,479)

215,679 bp  
(11573 – 1627,987)

Mean no. probes/ 
CNV – range

36 (10-248) 38 (10-248) 31 (10-168)

Mean amount (n)/
patient* (range)

1.9 (1-6) 2.3 (1-6)** 1 (1-1)***

Xp (n) 19 4 15

Xq (n) 46 41 5

* 	 33 patients showed at least one CNV

** 	 20 patients showed at least one deletion

*** 	 20 patients showed (at least) one duplication

Figure 14. CNVs identified on the X chromosome in 108 POF patients. 
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Results

108 POF patients were included in the current 

analysis. Phenotypic characteristics are listed in 

Table 15. Before quality control PennCNV identi-

fied 310 X-CNVs in total (211 deletions and 99 

duplications). Size varied between 100 basepairs 

and 1 Mb (mean size: 92 kb). In total 88 samples 

showed at least one CNV. After correction 33 pa-

tients showed a CNV, and their characteristics are 

listed in Table 16. Of the 20 identified duplications, 

75% map on the short arm and 87% (13 out of 15) 

of these map on p22. On the long arm 63% (29 

out of 46) of the CNVs map at locus q21, of these 

90% involves a deletion (26 out of 29). Figure 

14 shows the X chromosome with total amount 

To obtain high quality CNV calls we applied 

rigorous quality control measures. We discarded 

CNV calls when less than 10 consecutive probes 

showed significant intensity change as identified 

by PennCNV. CNVs spanning the centromeres 

were excluded from further analyses, since the 

low probe coverage in these regions precludes 

accurate CNV boundary estimation397. CNVs within 

<10 kb distance from each other within the same  

individual were considered as one CNV. After  

filtering all X chromosome deletions and dupli

cations, these were visually inspected within  

Beadstudio using LogR and B allele frequen-

cy plots. Furthermore all CNVs were analyzed 

according to their cytogenetic band and genes 

within these CNV loci were listed. 

Figure 14. CNVs identified on the X chromosome in 108 POF patients. 

Shown are the number of duplications (pink bars) and deletions (red bars). The width of the bar reflects the size of the CNV.
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are identified on the basis of genotyping data (e.g. 

sequencing in search for SNPs) rather than inten-

sity levels that might identify CNVs. Furthermore 

duplications and deletions might have another ba-

sis of interrupting gene transcription than SNPs. 

Three patients in our cohort showed a duplica-

tion in the SHOX gene (Table 5), which was earlier 

identified in a POF patient using bacterial artificial 

clone comparative genomic hybridization390.

	

In the current study between 3-15% of the POF pa-

tients have a CNV in PCDH11X, TGIF2LX, P2RY8, 

ASMTL or ATRX (Table 17). Although unlikely from 

the current knowledge these genes might direct-

ly reveal new pathways in POF aetiology, these 

genes might be added to the already extensive list 

of potential candidate genes for POF. PCDH11X 

or protocadherin 11 X-linked has been scarcely 

investigated until very recently a polymorphism 

in this gene was linked to Alzheimer’s disease398, 

399. TGIF2LX or TGFB-induced factor homeobox 

2-like, X-linked is very recently associated with 

male infertility and may be required for the regula-

tion of spermatogonial stem cell specification and 

proliferation400. The function of P2RY8 (purinergic 

receptor P2Y, G-protein coupled, 8) and ASMTL 

(acetylserotonin O-methyltransferase-like) is gen-

erally unknown. ATRX or alpha thalassemia/mental 

retardation syndrome X-linked undergoes X inacti-

vation and seems to be is involved in gene regula-

tion at interphase, as well as chromosomal segre-

gation at mitosis during embryogenesis401, 402. 

	

There are some limitations of the current study. 

Although visual inspection was undertaken to 

validate the identified CNVs, different assays are 

required in order to validate these. Also replica-

tion in an independent cohort is needed to estab-

lish the true role of chromosome X CNVs in POF 

pathophysiology and to rule out population strati-

of CNVs (split by deletions and duplications) per 

cytogenetic band.

	

In 31 genes at least one CNV could be detect-

ed; in 20 genes at least one sample showed a 

duplication, and in 15 genes at least one sample 

showed a deletion. In 3 genes deletions as well a 

duplications could be identified, namely TGIF2LX, 

MAGT1 and ASMT.  Genes with a CNV in at least 

2 POF samples are listed in Table 17. 

Discussion

Although our findings are preliminary our experi-

ment is a clear proof-of-principle that new genetic 

techniques might identify new determinants, es-

pecially CNVs, which might play a role in the aeti-

ology of idiopathic POF. It could well be possible 

that POF might be the results of multiple genetic 

risk factors, including SNPs, rare sequence vari-

ants and CNVs. The abundant overrepresentation 

of CNVs on Xq21 further substantiates the impor-

tant role of this locus in the genetics of POF. The 

large amount of duplications on Xp22 may be due 

to overall low mean intensity levels. 

	

On the X chromosomes only a small number of 

X genes are biologically plausible POF candidate 

genes since their function is explicitly implicated 

in follicle depletion processes and/or POF phe-

notype in humans or animal knockout models 

(Table 1, Chapter 1). None of these earlier iden-

tified POF candidate genes were interrupted by 

a quality- checked CNV in our cohort. However, 

in the identified smaller CNVs one duplication of 

8 consecutive probes was identified in DIAPH2 

(data not shown). The absence of many CNVs in 

established X linked POF candidate genes can be 

explained by the fact that most candidate genes 
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for example those listed in the Database of Ge-

nomic Variants394 may be performed, as well as 

genome wide CNV candidate gene analysis and 

POF linkage region analysis.

	

Our findings are in line with earlier published find-

ings from cytogenetic studies and therefore might 

add new insights to the incidence of chromosome 

X abberations and genetic mechanisms influencing 

follicle pool depletion and/or (premature) meno-

pause through disruption of DNA sequences on 

the X chromosome by submicroscopic deletions 

and duplications, especially on the Xq21 locus.

 

fication. Furthermore, the current study only in-

vestigated POF samples, and therefore most likely 

rare variants since all intensity data are normal-

ized on the whole cohort. When adding a non-POF 

control cohort it might be possible to identify com-

mon variants and also more clearly identify POF 

specific variants, because it could well be possible 

that multiple CNVs might also show up as (com-

mon) CNVs in control samples.

	

In the near future identification of autosomal CNVs 

may be carried out. Also comparison of identified 

CNVs with earlier identified genome wide CNVs, 

Table 17. Genes on the X chromosome with two or more CNVs in POF patients (n=108)

Gene No. of POF 
samples

Percentage CNV type

PCDH11X 16 14.8% deletion

TGIF2LX 11 10.2% deletion

P2RY8 7 6.5% duplication

ASMTL 5 4.6% duplication

ATRX 4 3.7% deletion

GTPBP6 3 2.8% duplication

PLCXD1 3 2.8% duplication

SHOX 3 2.8% duplication

Cxorf41 2 1.9% deletion

NUP62CL 2 1.9% deletion

MAGT1 2 1.9% deletion

ASMT 2 1.9% duplication

PPP2R3B 2 1.9% duplication

TGIF2LX 2 1.9% duplication

TSPAN7 2 1.9% duplication

CXYorf3 2 1.9% duplication
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phenotypes using baseline FSH in combination 

with cycle pattern before age 40 years. Surprising-

ly, only three of them are generally known. Women 

with an FSH level below 10 IU/L and regular men-

ses are considered ‘normal’. An FSH level exceed-

ing 10 IU/L in combination with regular menses is 

referred to as occult or ‘incipient ovarian failure’ 

(IOF). Finally, women presenting with amenorrhea 

and FSH levels exceeding 40 IU/L are referred to 

as POF. However, there is a fourth group, women 

with elevated FSH not fulfilling the definitions of 

POF or IOF (e.g. oligomenorrhea and elevated 

FSH; or amenorrhea and FSH values between 10 

and 40 IU/L) who have not been investigated yet 

with regard to their ovarian phenotype nor their fer-

tility potential. We looked at the cohort of consec-

utively recruited, hypergonadotropic patients used 

in Chapter 3 and found this fourth group makes 

up around 30% of the young hyper¬gonadotropic  

patients. We named this group ‘transitional ovar-

ian failure’ (TOF), since this group is most likely 

to be in a phase of transition to a permanent  

hypergonadotropic amenorrhea (e.g. POF or 

menopause).

The added value of AMH

After setting these definitions, it was possible 

to investigate AMH levels in a cohort of 259 pa-

tients with elevated FSH levels, covering the entire 

spectrum of phenotypes associated with hyper-

gonatropic ovarian failure and comparing them 

to controls. This is described in Chapter 3. One 

interesting finding was that we could identify 

some women with an age-appropriate AMH level 

despite their elevated FSH level, especially in the 

IOF and TOF groups. It may therefore be worth 

considering giving AMH a more prominent role in 

defining ovarian failure, rather than basing it solely 

on FSH levels. This may also have an impact on 

ovarian failure nomenclature and thus on future 

The Dutch POF consortium

Since 2004, sixteen Dutch fertility clinics have 

worked together and collected data, serum and 

DNA from young hypergonadotropic women, 

with the aim of further elucidating the phenotype, 

women’s health implications, and genetics un-

derlying premature ovarian failure. This thesis de-

scribes the first results from this national research 

project, which is ongoing. Without the help of our 

colleagues, we would not have been able to per-

form these studies. 

Limitations of basal FSH 

Follicle-stimulating hormone (FSH), measured 

during the early follicular phase of the menstrual 

cycle, is the most commonly used test to assess 

ovarian ageing. As reviewed in Chapter 2, elevated 

FSH levels are correlated to adverse outcome in 

terms of spontaneous conception changes as well 

as IVF treatment outcome. Despite the relatively 

limited predictive value of FSH, elevated baseline 

levels in subfertile patients make doctors and their 

patients feel uneasy. In clinical practice this leads 

to an undefined diagnosis, namely ‘diminished 

ovarian reserve’. There is no clear cut-off value for 

FSH to define this condition. When using the 95th 

percentile of normally menstruating women and 

without considering individual variations in FSH 

receptor sensitivity, inter-cycle variability, and the 

different laboratory tests used, we generally take a 

baseline FSH concentration exceeding 10 IU/L as 

elevated. Recently age-specific levels of FSH have 

been published407. In Chapter 2, we reviewed the 

recent observations that anti-Müllerian hormone 

(AMH) has been presented as a promising and 

more stable direct ovarian marker for follicle quan-

tity estimation than FSH. 

Lack of clear ovarian failure phenotypes 

We can distinguish four different ovarian reserve 
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Netherlands in 2008 – www.statlinecbs.nl), coun-

selling of spontaneous POF patients with regard to 

their future health risks, as reviewed in Chapter 1, 

is mainly based on studies in iatrogenic POF. It is 

not clear if results from these studies may be ex-

trapolated to spontaneous POF patients. Further-

more, we may question what percentage of the 

POF phenotype can be regarded as true meno-

pause praecox, since it is possible that a sub-

group of POF patients may be different to those in 

very early ‘physiological’ menopause.

A first exploration of cardiovascular risk param-

eters, namely lipid profiles, in POF patients is de-

scribed in Chapter 4. We were surprised that we 

could not establish any clear correlation between 

the duration of oestrogen deprivation or level of 

serum E2 levels and the severity of serum lipid de-

viations in POF patients. However, we were able 

to identify a relationship between androgens and 

triglycerides. In general, it can be concluded that 

lipid abnormalities in spontaneous POF are very 

modest, which is in contrast to studies performed 

in iatrogenic POF patients or in animal models408-

410. From these first results, it does not seem nec-

essary to measure lipid levels at a young age in 

POF patients. Age is probably a much greater risk 

factor than menopausal state. Future follow-up 

studies may yield more relevant information on 

cardiovascular risk factors in POF patients. Espe-

cially the role of androgens in relation to cardio-

vascular health in females needs to be clarified.

Nearly all the patients in our nationwide research 

project gave informed consent for future follow-up 

studies. Our current cohort of more than 300 POF 

patients and 600 hypergonadotropic non-POF pa-

tients (numbers in January 2009) will enable us 

to determine the true prevalence of auto-immune 

diseases, fragile X premutation, genetic aberra-

pheno- and genotype studies. Additional follow-

up studies should elucidate whether these women 

show a truly distinct, different fertility potential and 

menstrual cycle pattern in the years following di-

agnosis. 

Despite these promising results with regard to 

AMH, so far no ovarian reserve test has shown 

sufficient reliability to allow us to refuse often in-

tensive and expensive fertility treatment to some 

patients. Since Western women (and couples) 

often delay having their first child, women with 

a ‘diminished ovarian reserve’ will be seen more 

often in fertility clinics. At the moment, however, 

the most practical approach is to offer treatment 

and wait and see what happens. The need for an 

adequate ovarian reserve test seems to be greater 

than ever. 

Educating young women as well as their (future) 

partners that their chances of conceiving are 

closely related to a woman’s chronological age will 

hopefully bring out that couples will make a bal-

anced decision and ultimately plan a (first) preg-

nancy earlier in life.

Counselling POF patients

POF is the most extreme phenotype of ovarian fail-

ure below 40 years of age. AMH levels are conse-

quently below 0.1 µg/mL or undetectable (Chapter 

3). With regard to fertility prognosis, it is widely 

regarded as very poor. Patients suffering from 

POF may find it very difficult to accept this pros-

pect in addition to perimenopausal complaints. 

Sometimes it is necessary to consult a specialized 

social worker, psychologist or geneticist (e.g. in 

the case of familiar POF predisposition, fragile X 

carriership, or karyotype abnormalities). Despite 

spontaneous POF having a prevalence of 1% in 

all women above age 40 (~ 40,000 females in the 
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biologically plausible gene, means our findings are 

exciting and hold promise for future genetic ex-

periments and pathway analysis in POF. 

After we had reviewed the literature on the huge 

number of microscopic X-chromosome aberrations 

that occur, it came as no surprise that we could 

identify multiple submicroscopic deletions or du-

plications (so-called copy number variants (CNVs)) 

on the X-chromosome in POF patients by using 

state-of-the-art techniques. Although the results 

of Chapter 7 are preliminary, they are promising 

and a proof-of-principle for the techniques used. 

Future studies will investigate the role of CNVs in 

the pathogenesis of common diseases, in general, 

and POF, in particular.

Future genetic studies in POF

High quality, well powered genetic studies for dis-

eases with a relatively low prevalence like POF can 

only be performed if the following conditions can 

be met: 1) large, international consortia to obtain 

sufficiently large cohorts; 2) use of stringently de-

fined and internationally accepted phenotypes; 3) 

with geneticists understanding the pathophysiol-

ogy of the disease and appreciating the hurdles 

doctors encounter in obtaining DNA samples, 

and 4) with doctors having a better understand-

ing of the genetics and the available techniques411. 

These kinds of studies are time-consuming and 

expensive, and require full support from medical 

doctors, geneticists and funding organizations, as 

well as from medical journals (e.g. multiple author 

papers), ethical committees (e.g. anonymous bio-

banking) and legislators (e.g. protection of identi-

fied findings). 

Clinicians around the world have to deal daily with 

the problems of decreasing fertility potential with 

increasing age. Using whole-genome analysis, 

tions, familial distribution and hormonal therapy 

use in young hypergonadotropic patients. Such 

a large cohort will also make it possible to ob-

tain longitudinal follow-up data on spontaneous 

fertility, outcome of fertility treatment, course of 

cycle disturbances after diagnosis, timeframe of 

transition from IOF to complete amenorrhea, psy-

cho-sexual well-being, cognition, bone density,  

cardiovascular risk parameters and longevity. 

Genetic studies in POF

As reviewed in Chapter 1 and 2, genetic factors 

play a major role in POF and age at menopause. 

Hence, POF may act as a genetic model for study-

ing accelerated follicle pool depletion. Lessons 

learned from genetic research on the POF phe-

notype may lead to a better understanding of the 

genetic background of menopause in general. 

In Chapter 5 we clearly demonstrated that carrier-

ship of the GALT mutations is unlikely to be a can-

didate gene for POF or menopause, and that the 

gonadal failure in galactosemia patients is there-

fore most likely to be due to direct toxic effects at 

the ovarian level. 

By performing the first genome-wide association 

study in POF patients we were able to identify a 

common single nucleotide polymorphism (SNP) 

in the ADAMTS19 gene. This was described in 

Chapter 6. Mouse cDNA subtraction experiments 

showed that ADAMTS19 is significantly upregu-

lated in XX gonads at the moment of sex differ-

entiation, with abundant expression of ADAMTS19 

being noted during the embryonic phase in the go-

nads’ development. Unfortunately, at the moment, 

there is no sufficiently large, independent, valida-

tion cohort available. In conclusion, our result in 

a relatively small cohort of POF patients (n=99), 

as well as the fact that the SNP is located in a 
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it may be possible in the near future to identify 

genes involved in follicle pool depletion and meno-

pausal age. It may even be feasible to design a ge-

netic test for these two factors focusing on SNPs 

and CNVs in relevant genomic areas. Such a test 

could then predict at a young age whether a de-

crease in natural fertility might occur relatively ear-

ly or late for any individual woman and this would 

help her in making important decisions concern-

ing family planning or career opportunities. Such a 

test might also identify women with a high risk of 

suffering from early POF in the future, and these 

might eventually apply for ovarian cryopreserva-

tion or other fertility preservation techniques. 

However, important ethical questions also remain. 

For example: does it do any good to provide wom-

en with a predictive test giving an outcome not as 

yes or no but as a statistical chance? How should 

we as doctors handle such risk estimations? Is 

commercial exploitation of genetic findings ad-

visable? Who will be responsible for counselling 

women after taking such a test? What role will the 

insurance companies play?

Conclusions

In this thesis we have tried to define more specifi-

cally the phenotype of accelerated follicle deple-

tion at a young age, a phenotype with tremendous 

negative impact on fertility and quality of life and 

that has not been well studied so far. In particular, 

AMH seems to be a promising useful marker to 

determine this phenotype more robustly. With re-

gard to future cardiovascular disease risk, the lipid 

profiles of POF patients are not very different from 

control women.
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Summary

Chapter 1

We describe the phenotype of premature ovarian failure (POF). In particular, we focus 

on the impact of this diagnosis on women’s health issues and the various definitions 

used for ‘ovarian failure’. We have summarized the physiology of ovarian development 

and reviewed current knowledge on the aetiology and genetics of POF, including an 

overview of the majority of POF candidate genes that have been identified. We have 

also explained some of the genetic concepts and techniques used in this thesis.

Chapter 2 

In the past few decades, postponement of childbearing has led to a decrease in 

family size and increased rates of age-related female subfertility. Reproductive age-

ing in the female is almost exclusively based on changes in the ovaries. Age-related 

decreases in follicle numbers and decay in oocyte quality influence the natural loss of 

fecundity and ultimately the start of menopause. The decline in fertility with age has 

been described in many natural and contemporary populations, as well as in assisted 

reproduction technology (ART) programs.

The rate of ovarian ageing is highly variable among women, so it is clinically relevant to 

be able to identify women who have severely decreased ovarian reserve for their age. 

Current tests relate mainly to the quantitative aspect of ovarian reserve, but the ability 

to predict the chances for pregnancy in ART are still very limited. As menopause and 

the preceding definitive loss of natural fertility are reproductive events with a fixed time 

interval, tests that predict age at menopause may be useful in assessing reproduc-

tive lifespan. In addition to hormonal and imaging tests for ovarian reserve, we may 

be able to identify genetic factors regulating the size of the follicle pool and the rate 

of its depletion and this will aid the accurate prediction of a woman’s reproductive 

lifespan.

Chapter 3 

Classically, ovarian dysfunction is categorized on the basis of cycle history and follicle-

stimulating hormone (FSH) and oestradiol levels. Novel ovarian markers (anti-Müllerian 

hormone (AMH), inhibin B, and antral follicle count (AFC)) may provide more direct 

insight into follicle quantity in hypergonadotropic women. We wanted to investigate 

the distribution of these markers in young hypergonadotropic women compared to 
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normogonadotropic, regularly menstruating, women in a Dutch nationwide, prospective, 

cohort study. 

Three ovarian failure phenotypes seen in women younger than 40 years of age were 

included: regular menstrual cycles and elevated FSH (incipient ovarian failure (IOF); 

n=68), oligomenorrhea and elevated FSH (transitional ovarian failure (TOF); n=79), or at 

least 4 months’ amenorrhea together with FSH levels exceeding 40 IU/L (POF); n=112). 

Women with regular menses and normal FSH served as controls (n=83).

All POF patients showed AMH levels below the 5th percentile (p5) of normo-ovulatory 

women. Normal AMH levels (> p5) could be identified in 75% of IOF, in 33% of TOF 

patients, and in 98% of regular menstruating controls. AFC and AMH levels changed 

with increasing age (P<0.0001), whereas inhibin B remained constant (P=0.26). AMH 

levels were significantly different between TOF and IOF over the entire age range,  

whereas AFC became similar for TOF and IOF at higher ages.

Compared to inhibin B and AFC, AMH was more consistently correlated with the clinical 

degree of follicle pool depletion in young women presenting with elevated FSH levels. 

Thus AMH may provide a more accurate assessment of the follicle pool in young hy-

pergonadotropic patients, especially in the clinically challenging subgroups of patients 

with elevated FSH and regular menses (i.e. IOF) and in hyper¬gonadotropic women with 

cycle disturbances but not fulfilling the POF diagnostic criteria (i.e. TOF).

Chapter 4 

Early menopause is associated with a higher incidence of cardiovascular events later in 

life. Concurrent with the ages of menopausal transition, there is a shift in lipid profile. 

POF or premature menopause provides a route to studying the effect of cessation of 

ovarian function on lipid profile independent of the effects of advanced chronological 

age. 

Fasting triglycerides (TG) and total-, HDL- and LDL-cholesterol levels were measured 

in 90 POF patients not using any hormone therapy and in 198 population controls not 

taking oral contraceptives. Furthermore we determined correlations between lipids and 

ovarian function parameters. 
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After correction for age, BMI and smoking, POF women presented with significantly 

higher TG levels (mean difference 0.17 LN-mmol/l [95%CI 0.06 - 0.29]). HDL-C levels 

were borderline significantly lower in POF patients. No age-corrected correlation 

between TG or other lipids and oestradiol levels or time of oestrogen deprivation could 

be identified. However, the free androgen index (FAI), SHBG and testosterone concen-

trations showed significant correlations with TG and/or HDL-C concentrations. 

Loss of ovarian function at a very young age (POF) coincides with subtle chang-

es in lipid profile (higher TG levels, marginal lower HDL). Androgens (increased FAI 

and T, and decreased SHBG) are better markers for unfavourable lipid changes than 

oestrogen levels or duration of oestrogen deprivation in POF patients. Elevated TG in 

combination with increased (free) androgens may be an early manifestation of reduced 

insulin sensitivity. 

Chapter 5

Women with classical galactosemia (galactose-1-phosphate uridyltransferase (GALT) 

deficiency) frequently suffer from POF, despite treatment with a galactose-restricted 

diet. Earlier research has suggested an association between heterozygosity for GALT 

mutations and early menopause. We undertook a study to evaluate the effect of being a 

carrier for classical galactosemia on women’s ovarian reserve and menopausal age.

Proven female carriers of classical galactosemia were recruited via the Dutch 

Galactosemia Society. All 58 participants underwent a structured interview regard-

ing their fertility, smoking status and menopause. We determined ovarian reserve in 

42 pre-menopausal GALT carriers, by measuring AFC by transvaginal ultrasound and 

sampling early follicular phase blood to measure FSH, inhibin B and AMH hormone 

levels. These ovarian reserve parameters were compared with a cohort of proven 

fertile women (n=166).

The mean age at menopause in GALT carriers was 49.7 years, which is no different 

to the mean age at menopause in the general female population in the Netherlands. 

There was no difference in FSH, inhibin B and AMH levels, nor in the AFC (when cor-

rected for age and smoking status) between 42 pre-menopausal GALT carriers and 

population controls. We found no evidence that GALT mutation carriership affects 

ovarian reserve or menopausal age.
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Chapter 6 

Spontaneous POF occurs in 1% of women worldwide and has major implications for 

their fertility and health. Besides X chromosomal aberrations and fragile X premutations, 

no common genetic risk factors have been discovered so far in POF. Using high-density 

single nucleotide polymorphism (SNP) arrays, we set out to identify new genetic variants 

involved in this condition.

A genome-wide association study involving 309,158 SNPs was performed in 99  

unrelated, idiopathic, Caucasian POF patients and 235 unrelated, healthy Caucasian 

female controls. We specifically focussed on chromosomal areas and candidate genes 

previously implicated in POF and performed a replication study on the most significant 

finding. 

Suggestive genome-wide significant association was observed for rs246246 (allele 

frequency P=6.0 x 10-7), which mapped to an intron of ADAMTS19, a gene known  

to be upregulated in female mouse gonads during sexual differentiation. However,  

replication in an independent Dutch cohort (60 POF patients and 90 controls) did not 

confirm a clear association (P=4.1 x 10-5 in a joint analysis). We did not observe strong 

evidence for any of the 74 selected POF candidate genes or linkage regions being  

associated with idiopathic POF in Caucasian females, although suggestive association 

(P<0.005) was observed for SNPs that mapped to the BDNF, CXCL12, LHR, USP9X 

and TAF4B genes.

However, we did observe a possible association between POF and a SNP in a biologi-

cally plausible candidate gene, ADAMTS19. This finding warrants a follow-up study to 

investigate it as a possible candidate gene for POF.

Chapter 7

Besides SNPs, the human genome contains multiple copy number variants (CNVs), 

small, sub-microscopic deletions and duplications. POF is associated with macroscopic 

deletions, in particular on the Xq arm. These aberrations are detected by karyotyping. 

Using the intensities of high-density, genome-wide oligonucleotide arrays, it is now pos-

sible to obtain an increase in resolution of more than 100 times compared to conven-

tional karyograms, and it is thus possible to detect CNVs.
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We investigated the incidence, size and location of CNVs on the X chromosome in 108 

Caucasian, spontaneous POF patients, with normal karyotypes and absence of fragile 

X premutation. We used PennCNV software. After quality control, 33 patients (31%) 

showed at least one CNV; sizes varied between 500 bp and 3 Mb (mean size 423 kb). 

On the long arm, 63% (29/46) of the CNVs mapped to locus q21 and of these 90% 

involved a deletion (26/29). At least one CNV could be detected in 31 genes. 3% to 

15% of the POF patients showed a CNV in the PCDH11X, TGIF2LX, P2RY8, ASMTL 

or ATRX gene. 

The current X chromosome CNV analysis in POF patients is a proof-of-principle; it 

shows that new genetic techniques might identify new factors that play a role in the 

aetiology of idiopathic POF. Our findings are preliminary although the abundant over-

representation of CNVs on Xq21 further substantiates the important role of this locus 

in the genetics of POF.

Chapter 8

General discussion and future research concepts.
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In hoofdstuk 1 wordt het fenotype van prematuur ovarieel falen (POF) beschreven; 

het spontaan stoppen van de menstruaties (amenorrhoe) voor het 40e levensjaar in 

combinatie met FSH (follikel stimulerend hormoon) concentraties van meer dan 40 

IU/L. Eenduidigheid in de nomenclatuur van het continuümxii van ovarieel falen op 

jonge leeftijd ontbreekt. 

In dit hoofdstuk geven we een samenvatting van de fysiologie van de ovariële follikel 

pool door het leven heen en de huidige beschikbare wetenschappelijke kennis over 

POF. De diagnose POF heeft een grote impact op het psychosociale welbevinden 

van patiënten. Naast onvruchtbaarheid zijn er talloze gezondheidsrisico’s verbonden 

aan een vroege menopauzeleeftijd. We gaan meer uitgebreid in op de genetische 

mechanismen die wellicht een rol spelen bij POF en we geven een opsomming van 

de kandidaat-genen die tot op heden zijn geassocieerd met dit ziektebeeld. Tot slot 

leggen we in dit hoofdstuk een paar genetische basisconcepten en technieken uit die 

we hebben gebruikt voor de studies in dit proefschrift.

Hoofdstuk 2 beschrijft het verloop van de vruchtbaarheid van de vrouw gedurende 

haar leven in detail. Gezien het feit dat steeds meer vrouwen steeds later in het leven 

kinderen krijgen zien artsen steeds meer subfertiliteit die gerelateerd is aan de leeftijd 

van de vrouw. 

De vruchtbaarheid van de vrouw wordt grotendeels bepaald door de eierstokfunctie. 

Vooral de afname van het aantal follikels / eicellen en de afname van de kwaliteit van 

de eicellen spelen hierbij een belangrijke rol. 

De snelheid waarmee de eierstokken hun follikels verliezen varieert tussen vrouwen. 

Het identificeren van vrouwen die voor hun leeftijd een verminderde hoeveelheid eicel-

len hebben is voor de klinische praktijk belangrijk. Hiervoor zijn zogenaamde ovariële 

reserve testen ontwikkeld. Helaas zeggen deze testen weinig over de kwaliteit van de 

eicellen en zijn deze ook niet geschikt om kansen op zwangerschap te voorspellen. 

Uit de literatuur blijkt dat er tussen de leeftijd waarop een vrouw haar laatste kans 

op zwangerschap heeft en de leeftijd van haar laatste menstruatie (menopauze) een 

min-of-meer vast tijdsinterval zit. Het vooraf voorspellen van de menopauzeleeftijd 

van de vrouw zou dus wat kunnen zeggen over haar vruchtbaarheidsduur. Hormonale 

en genetische testen naar menopauzeleeftijd kunnen hieraan wellicht een belangrijke 

bijdrage leveren.     

xiii	� De transitie van een regelmatige cyclus met een laag FSH naar afwezigheid van de menstruaties (amenorrhoe) 

en hoge FSH concentraties.
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Ovariële reserve wordt vooralsnog gecategoriseerd op basis van het menstruatiepatroon 

en de waarde van de FSH concentratie. In hoofdstuk 3 worden de waarden van nieuwe 

hormonale (anti-Müllerian hormoon (AMH) en inhibine B) en echografische (antrale follikel 

telling (AFC)) markers in vrouwen met een verhoogd FSH beschreven. We vergeleken 

deze waarden met de waarden van vrouwen met een regelmatige cyclus en normale 

FSH waarden. 

Vrouwen bij wie het FSH verhoogd is kunnen in drie subgroepen (fenotypes) worden 

ingedeeld. Ten eerste de subgroep van vrouwen met een regelmatige cyclus en een 

verhoogd FSH, er is sprake van imminent ovarian failure (IOF) (n=68); ten tweede de 

vrouwen met een onregelmatige cyclus (oligomenorrhoe) en verhoogd FSH, wij benoem-

den deze groep transitional ovarian failure (TOF) (n=79); en als laatste vrouwen met 

tenminste 4 maanden amenorrhoe en een FSH waarde hoger dan 40 IU/L, deze worden 

in de literatuur benoemd als POF (n=112).Vrouwen met een regelmatige cyclus en bij wie 

de FSH concentratie normaal is fungeerden als controles (n=83). Alle vrouwen in deze 

studie waren jonger dan 40 jaar.

Zowel AMH, als Inhibine B en AFC laten een afname zien bij toename van de leeftijd in 

de gehele groep. In tegenstelling tot inhibine B (P=0.26) veranderden de AFC en AMH 

(p<0.0001) waarden voor alle vier de subgroepen met stijging van de leeftijd. Bij alle POF 

vrouwen bleek de AMH waarde lager dan de laagste 5e percentiel van onafhankelijke 

controlevrouwen uit Nederlandse populatie, gecorrigeerd voor leeftijd (P5). In geval van 

IOF was bij 75% van deze vrouwen de AMH waarde hoger dan de P5, en bij vrouwen 

met TOF was dit percentage 33%. Als AMH en AFC onderling werden vergeleken bleven 

de AMH waarden significant anders tussen de TOF en IOF subgroepen terwijl de AFC 

minder discriminerend werd bij de oudere TOF en IOF patiënten. 

In onze studie lijkt AMH beter gecorreleerd met de follikelvoorraad in de vier klinische 

fenotypes gebaseerd op FSH en menstruatiepatroon dan inhibine B en AFC. Het lijkt er 

dan ook op dat AMH een goede inschatting kan geven van de grootte van de eicelvoor-

raad in de eierstokken bij vrouwen met een verhoogd FSH. Vooral voor de IOF en TOF 

patiënten is AMH mogelijk van toegevoegde waarde. Toekomstige studies moeten de 

voorspellende waarde van AMH met betrekking tot kans op (spontane) zwangerschap 

bij deze fenotypes verder bewijzen.

Menopauze op een jonge leeftijd lijkt gerelateerd aan een hogere kans op cardiovas-

culaire ziekten later in het leven. Rondom de menopauze veranderen bij vrouwen de 

lipidenwaarden (triglyceriden, totaal-, HDL- en LDL cholesterol). 
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Bij vrouwen met POF is er sprake van een vervroegde uitval van de ovariële functie op 

zeer jonge leeftijd. Men mag dus stellen dat we bij POF patiënten menopauze effecten 

kunnen onderzoeken waarbij de chronologische leeftijdscomponent in vasculaire ver-

oudering een minder prominente rol speelt. 

In hoofdstuk 4 hebben we bij 90 POF patiënten de lipiden vergeleken met die van een 

controlegroep bestaande uit 198 vrouwen uit de Nederlandse populatie in dezelfde 

leeftijdgroep. Geen van de vrouwen in deze studie gebruikten exogene hormonen. 

Daarnaast probeerden we binnen de POF patiënten een correlatie te vinden tussen de 

lipidenwaarden en ovariële functie parameters. 

Na statistische correctie voor leeftijd, Quetelet index en roken waren de triglyceriden 

waarden van POF patiënten significant hoger dan bij de controles (gemiddeld verschil 

0.17 LN-mmol/L). Voor het HDL cholesterol was er een duidelijke trend waarneembaar 

(HDL lager bij POF patiënten). Er bleek geen verband te zijn tussen de waarden van de 

lipiden en het oestradiol en/of de duur dat de POF patiënten niet meer blootgesteld 

waren geweest aan endo- of exogene oestrogenen. Wel was sprake van een signifi-

cant verband tussen de concentraties van triglyceriden of HDL-cholesterol en die van 

androgenen (vrije androgeen index, sex-hormoon bindend globuline en testosteron). 

Wij kunnen concluderen dat bij POF patiënten de lipiden minimaal veranderen. An-

drogenen lijken betere voorspellers voor afwijkende lipidenwaarden dan oestradiol 

concentraties of duur van oestrogeendeprivatie. Verhoogde triglyceriden in combina-

tie met verhoogde vrije androgenen zouden een eerste aanwijzing kunnen zijn voor 

verminderde insulinegevoeligheid bij POF patiënten.

In hoofdstuk 5 onderzochten we de rol van dragerschap van de klassieke galactose-

mie mutatie (GALT) in relatie tot ovariële reserve en menopauze leeftijd. Eerder weten-

schappelijk onderzoek heeft een relatie beschreven tussen heterozygoot dragerschap 

en vervroegde overgang/verminderde vruchtbaarheid. Personen die homozygoot zijn 

voor deze mutatie (galactosemie patiënten) lijden in overgrote meerderheid aan POF. 

Via de Galactosemie Vereniging Nederland werden vrouwen met dragerschap gere-

kruteerd, voornamelijk moeders van klassieke galactosemie patiënten. Alle 58 vrou-

wen werden gevraagd naar hun vruchtbaarheid, menopauzeleeftijd en rookgedrag. 

Van de 42 vrouwen die nog pre-menopauzaal waren werd de ovariële reserve bepaald 

met behulp van FSH, AMH, inhibine B en AFC. De waarden van deze ovariële reser-

vetesten werden vergeleken met een Nederlands populatiecohort vruchtbare vrouwen 

(n=166). De gemiddelde leeftijd van menopauze van de GALT mutatie draagsters was 

met 49.7 jaar niet statistisch significant verschillend van de menopauzeleeftijd in Ne-
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derland. Ook de waarden van de hormonale en echografische ovariële reservetesten 

waren na correctie voor leeftijd en rookgedrag niet significant verschillend tussen GALT 

draagsters en controles. Er lijkt derhalve geen bewijs te zijn dat GALT dragerschap ova-

riële reserve of menopauzeleeftijd beïnvloedt.

In hoofdstuk 6 en 7 hebben wij getracht genetische oorzaken bij POF te identificeren. 

Eén procent van de vrouwen lijdt aan POF. Behoudens karyogram afwijkingen op het 

(de lange arm van het) X chromosoom (deleties en translocaties) en fragiele X syndroom 

premutaties zijn er (nog) geen veel voorkomende genetische afwijkingen beschreven  

bij POF.  

Met behulp van genoomwijde chips, waarmee duizenden single nucleotide polymorfis-

men (SNPs) worden getypeerd, is het mogelijk om genetische risicofactoren te identifi-

ceren bij POF patiënten. Wij voerden in hoofdstuk 6 een genoomwijde associatie studie 

uit met behulp van 309.158 SNPs waarbij het gehele genoom van 99 Nederlandse POF 

patiënten werd vergeleken met dat van 235 Nederlandse controle vrouwen. Daarnaast 

richtten wij ons specifiek op de gebieden en kandidaat-genen die al eerder met POF zijn 

geassocieerd. Onze meest significante bevinding werd  gerepliceerd in een onafhankelijk 

cohort. 

Een zeer sterke associatie werd gevonden voor een SNP genaamd rs246246 op de 

lange arm van chromosoom 5. De allel frequentie P-waarde bedroeg 6.0 x 10-7 wat 

bijna genoomwijd significant is. Deze SNP ligt in een intron (een stuk DNA dat wordt 

afgelezen) van het gen ADAMTS19. Van dit gen is bekend dat het bij de muis sterk 

tot expressie komt tijdens de embryonale ontwikkeling van de gonaden in vrouwelijke  

richting. Echter, de replicatie studie (in 60 POF patiënten en 90 controles) liet geen 

sterke associatie zien waardoor de P-waarde na samenvoeging van beide associatie 

studies nog minder significant werd (P = 4.1 x 10-5). 

Geen van de 74 onderzochte POF kandidaat-genen of eerder gerapporteerde koppe-

lingsonderzoek regio’s was sterk geassocieerd met POF. Een P-waarde van <0.005 

werd gevonden voor de volgende vijf kandidaat-genen: BDNF, CXCL12, LHR, USP9X 

en TAF4B. 

Ondanks bovenstaande bevindingen mag niet gesteld worden dat wij een genetische  

associatie hebben gevonden van ADAMTS19 met het POF fenotype. Echter de identifi-

catie van deze SNP in een biologisch plausibel POF gen rechtvaardigen wel een follow-

up studie in een veel groter cohort POF patiënten.



131

Nederlandse samenvatting

Behoudens SNPs lijkt de variatie tussen mensen verklaard te worden door vele  

microdeleties en duplicaties in het genoom; zgn. copy number variants (CNVs). Door 

gebruik te maken van de intensiteiten van het DNA dat zich bindt aan de genoomwijde 

chips is het mogelijk om deze CNVs te identificeren. De resolutie ten opzichte van een 

conventioneel karyogram wordt hierdoor verhoogd met ongeveer een factor 100. 

Omdat het X chromosoom een belangrijke rol lijkt te spelen bij de etiologie van POF 

onderzochten wij in hoofdstuk 7 het voorkomen, de grootte en de ligging van CNVs 

op het X chromosoom bij deze patiënten. Hiervoor gebruikten wij PennCNV software. 

Alle 108 kaukasische POF patiënten in deze studie hadden een normaal karyogram en 

er was geen sprake van fragiele X premutatie dragerschap. 

Na kwaliteitscontrole bleek 31% (33 van de 108) van de patiënten tenminste 1 CNV 

op het X chromosoom te herbergen met een grootte tussen de 500 bp en 3Mb  

(gemiddeld 423 kb). Op de lange arm van het X chromosoom bleek 63% (29 van de 

46) van de CNVs zich te bevinden op het q21 locus. Hiervan was 90% (26/29) een  

deletie. In 31 X chromosoom genen werd tenminste één CNV gevonden. Drie tot 

vijftien procent van de POF patiënten had een CNV in één van de volgende genen: 

PCDH11X, TGIF2LX, P2RY8, ASMTL of ATRX. 

Deze studie bewijst dat het mogelijk is om met behulp van nieuwe technieken de 

genetische achtergrond van POF te verduidelijken. De bevindingen van deze studie 

zijn nog onder voorbehoud maar de clustering van deleties op de lange arm van het 

chromosoom op locus q21 bevestigt de reeds eerder gerapporteerde potentiële rol 

van dit gebied in de etiologie van POF.

Hoofdstuk 8 is een algemene en maatschappelijke beschouwing van de bevindingen 

van de studies in dit proefschrift en geeft suggesties voor toekomstig onderzoek naar 

POF in het algemeen.
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xiv	� COLA: cyclusstoornissen, oligomenorrhoe, amenorrhoe
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309,158 letters from the DNA of Erik Knauff generated by the Illumina BeadChip 370k v.1.1

White	Homozygous wild-type allele

100% red	Heterozygous

50% red	Homozygous rare allele
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Mijn dank gaat op de eerste plaats uit naar alle patiënten die bereid waren deel te nemen aan dit  

onderzoek. 

Daar dit proefschrift zoveel verschillende vakgebieden omvat en door de (vaak geheel belangenloze) inzet 

van verschillende medewerkers en klinieken (zie blz. 133) tot stand is gekomen, is het vrijwel onmogelijk 

hier een ieder te noemen. Desalniettemin zijn al die mensen van groot belang geweest dit project tot een 

goed einde te brengen. U bent het DNA van dit proefschrift. Ik heb getracht u allen te vermelden op de 

achterkaft maar realiseer me op voorhand dat ik sommigen van u per ongeluk ben vergeten.

Enkele betrokkenen wil ik nog persoonlijk noemen:

‘Geachte prof, beste Bart’, zo klonk de aanhef van de honderden mailtjes die ik je de afgelopen jaren 

gestuurd heb. Behalve dat we, geheel volgens de voorspelling van Yvonne van Kasteren, op het persoon-

lijke vlak klikten, was je een grootse promotor voor me. Jouw manier van motiveren werkte vrijwel altijd 

aanstekelijk op mij. Je had of maakte altijd tijd voor me, ook als het om persoonlijke zaken ging. Je ent-

housiasme voor het doen van onderzoek en je helikoptervisie zijn jaloersmakend. Vanzelfsprekend ben ik 

je zeer dankbaar voor de afgelopen jaren. Ik heb heel veel van je geleerd en wens je zowel professioneel 

als privé alle goeds toe. 

Cisca, je hebt me als genetische newbee de mogelijkheid gegeven om me langzaam maar gestaag te 

ontwikkelen tot een dokter met enige genetische kennis. Je dacht altijd constructief mee over de voort-

gang van het project en wist immer de hoofdlijn voor mij vast te houden. Ook stelde je veel van je mank-

racht en materiaal ter beschikking, dank daarvoor.

Angelique, je was vanaf het prille begin bij het project betrokken. Uren hebben we samen COLA patiënten 

doorgenomen en gesproken over hoe het onderzoek verder vorm moest krijgen. In de auto van of naar 

Amsterdam bespraken we ook de andere zaken des levens. Als jij er niet was geweest,  was er weinig van 

de klinische poot terechtgekomen. Je inzet voor het vak in de breedste zin is bewonderenswaardig.

René, je bent simpelweg groots, onmisbaar, gezellig, vriendelijk, filosofisch, slim en bovenal Amsterdam-

mer. Leve je syntax!

Lude, jonge doctor Franke. Zonder jou was er niets van hoofdstuk 6 en 7 terecht gekomen. Je bent een 

fantastischgeniaalmultitalent. 

Dankwoord
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Frank, wat zou dit onderzoek zijn zonder Dr. Ovarian Reserve and his fabulous controls? Jouw bijdrage 

getuigde immer van een gedegen wetenschappelijke visie. Je was er steeds met briljante ingevingen en 

zinnig commentaar en dat altijd met een grote lach en opgewektheid.

Prof. dr. L.H. van den Berg, Dr. J.S.E. Laven, Prof. dr. N.S. Macklon en Prof. dr. ir. Y.T van der Schouw, 

dank dat u bereid was zitting te nemen in de lees- en promotiecommissie. Professor P. Bouchard, thank 

you very much for your time and effort as a member of my assessment committee. Prof. dr. Peter Pear-

son, ik heb veel geleerd van jouw visie op genen en menopauze en de daaruit voorvloeiende discussies, 

of dit nu in Nederland was of op kerstavond bij jou in Brazillië. 

Uitvinders (Flora, Nicole, Marieke, Carolien, Gijs, Wenche, Jeroen) en iedereen daarvoor, daarna en van 

de overkant, inclusief de inmiddels weledelzeergeleerde heer van Rijn; jullie maakten de afgelopen jaren 

mijn (onderzoeks)vreugde groter en mijn (onderzoeks)leed draaglijker in Kamertje 1. Dank daarvoor! Femi, 

zet ‘m op met de voortgang van het project.

The Big Five: Martijn, Daan, Hielke, Mark en Bas. Dank voor jullie (h)echte vriendschap. 

Tot slot: pappa, mamma, Pieter, Aart-Jan, Eveline en lieve, bijzondere Klaartje; dank dat jullie er zijn.  

Ik houd heel veel van jullie.

Erik,

Amsterdam, april 2009


