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General introduction



General introduction

Primary ovarian insufficiency greatly influences a woman'’s fertility potential and
her overall health. This condition, due to accelerated follicle loss or dysfunction
of the ovarian follicles, is extensively studied in the current thesis. This general
introduction provides a background against which the studies in this thesis were
initiated.

Ovarian follicle pool exhaustion

In human fetal ovaries the maximum number of resting follicles is reached by the
gestational age of approximately 20 weeks (1-3). The maximum number of 6 to 7
million oocytes decreases to an estimated 1 to 2 million oocytes at birth, due to
massive apoptosis of the fetal primordial follicles (4). After birth, atresia continues
although in a slower pace resulting in the survival of around 300,000 to 500,000
follicles at the time when a girl experiences her menarche (1). After menarche,
the ovarian follicle pool further declines with a rate of approximately 1,000
follicles each month, until ultimately only 100 to 1,000 follicles remain (3,5,6). This
situation is marked by the occurrence of the final menstrual cycle: menopause.
In a relatively fixed time relation to menopause, fertility is compromised due to
a decreasing amount of ovarian follicles together with decreasing quality of the
oocytes (7). This process is referred to as ovarian aging.

Menopause typically occurs at around 51 years of age (8). However, there is
substantial variability in menopausal age and related fertility decline among
women of similar age. Approximately 10% of women become postmenopausal
before the age of 45 years, and 1% to 2% of women reach menopause before
40 years of age (9). This condition is referred to as primary ovarian insufficiency
(POI).

Definitions

Historically, various terms have been used to describe the clinical entity of what
is nowadays called primary ovarian insufficiency. In 1942, Albright was the first to
describe the phenomenon of amenorrhea and estradiol deficiency in association
with menopausal follicle-stimulating hormone (FSH) levels in young women as
primary ovarian insufficiency (10). The term ‘primary’ relates to the fact that the
defect resides in the ovary itself, and is not due to other, secondary causes such
as hypothalamic-pituitary disorders, or adrenal dysfunction. Other terms for POI
include premature ovarian failure, premature menopause, climacterium praecox,
and hypergonadotropic amenorrhea. However, POl is now regarded as the more
accurate term (11,12), because it also suggests that ovarian follicular activity
might intermittently recover (even years after the diagnosis) (13).
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Etiology

The exact cause of primary ovarian insufficiency remains to be elucidated in most
women. POI arises from either the premature depletion of the ovarian follicles
or ovarian follicle dysfunction. Premature depletion of the ovarian follicle pool
may be due to destruction of primordial follicles by toxic agents, autoimmune
response, activation of proapoptotic pathways, or accelerated follicular
recruitment (14). Direct evidence of depletion of the resting pool of follicles can
only reliably be assessed through assessment of the total number of follicles in
whole ovaries after oophorectomy (15). In case of follicular dysfunction, sufficient
ovarian follicles are present upon ultrasonography or ovarian biopsy, but they do
not function properly (16,17). Figure 1 presents the distribution of the incidence
of etiologic factors in our own data.
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Figure 1. Incidence of etiologic factors in women with POl included in the Dutch
primary ovarian insufficiency consortium (n = 528). (Own data, unpublished)

latrogenic POI

Advances in the diagnosis and treatment of childhood, adolescent and adult
cancer have greatly increased the life expectancy of young women with cancer.
Approximately 82% of patients diagnosed with cancer before the age of 19 years
survive the disease for at least five years (18). Among the long-term effects of
treatment strategies applied for childhood cancer, especially the high incidence of
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POl and associated infertility have become apparent (12,19,20). Alkylating agents,
such as cyclophosphamide and procarbazine, and irradiation are particularly toxic
to the ovaries (21,22). Other iatrogenic causes of POl include extensive abdominal
surgery or oophorectomy. latrogenic causes explain approximately 5% of all POI
cases (9,23,24).

Autoimmunity

It is estimated that approximately 20% of women with POl have a history of
autoimmune diseases, most frequently thyroid disease (23). Autoimmune
oophoritis may occur as part of the autoimmune polyendocrine syndrome
(APS). APS type I, also known as autoimmune polyendocrinopathy-candidiasis-
ectodermal dystrophy (APECED), has its onset in childhood. First, mucocutaneous
candidiasis (75%) and/or hypoparathyroidism (89%) appear, later adrenal
insufficiency (60% to 79%) and POI (60%) may also occur (25). APS type Il usually
develops in adulthood, and is manifested by autoimmune Addison’s disease and
thyroid autoimmunity, or type | diabetes. In APS type Il, 10% of women develop
POl (26). Moreover, POl may also arise from an inflammatory autoimmune
response against ovarian-specific antigens or regulatory factors, and circulating
steroidogenic cell antibodies have been recorded (27,28).

Genetics

Studies in mother-daughter pairs and in twins have identified that age at
menopause is highly heritable: an estimated 40% to 70% (29-31). Moreover, POI
tends to run in families and it is estimated that familial POl accounts for 12.5%
to 50% of all cases (32-37). Varying definitions and different standards for family
history and cytogenetic and molecular diagnosis may explain the wide interval
in reported incidences (Table 1). The identification of the high heritability of POI
suggests that genetic factors play an important role in the pathogenesis of POI.

Table 1. Incidence of familial POl according to varying definitions

Incidence Definition Inheritance Reference

37.5% > 10l (EMP or POI) X-linked inheritance (32)
Female Sex preponderance

31% >1POI Dominant X-linked or autosomal inheritance (34)
with variable penetrance

50% > 10l (EMP or POI) Dominant X-linked or autosomal inheritance (35)

12.7% 22 POI X-linked or autosomal-dominant sex-limited (36)
inheritance

28.5% >1POI Autosomal or X-linked dominant sex-limited (38)

inheritance, with incomplete penetrance

POI: primary ovarian insufficiency; Ol: ovarian insufficiency; EMP: early menopause (between age
40 and 45 years).
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Structural / numerical chromosomal abnormalities

The X-chromosome plays an important role in the development and maintenance
of ovarian function. Complete absence of the X-chromosome (Turner syndrome),
whether or not occurring in a mosaic fashion, is a strong risk factor for the
development of POI (39). Moreover, cytogenetic studies in women with POI
identified at least two so-called “critical regions” on the X-chromosome; POF
1: Xg26-27 (40), and POF 2: Xq13.3-g21 (41). Deletions and/or translocations in
these regions are highly associated with POI (42). Overall, numerical and structural
chromosomal aberrations account for approximately 1% of all POI cases (43).

Monogenic causes

The most common single gene mutation to cause POl is the premutation of
the fragile-X mental retardation gene 1 (FMR1), located on Xq27.3 (44). CGG
repeat size exceeding 200 repeats is considered a full mutation, and causes the
fragile-X syndrome which is characterized by mental retardation, characteristic
facial features, and behavioral problems (OMIM ID number 300624). The FMR1
premutation is an amplification of the CGG repeat length to 55-200 repeats
(45) above the normal range (< 45 repeats) (46). Approximately 21% of FMR1
premutation carriers will develop POI (FXPOI) (47). Moreover, the FMRI1
premutation accounts for 0.8% to 13% of all women with POI (44).

Many other candidate genes have been suggested in association with POI
etiology. In some of these genes, POI presents as part of a broader syndrome.
Examples of syndromal POl include APS1 caused by an A/IRE gene mutation (48);
the blepharophimosis, ptosis, epicanthus inversus syndrome (BPES) caused by
FOXL2 gene mutations (49); and galactosemia due to homozygous GALT gene
mutations (50,51). Some of the nonsyndromal candidate genes for POl are BMP15
(52), NR5A1 (53), LH-receptor (LHR) and FSH-receptor (FSHR) genes (16,54), and
NOBOX (55). Unfortunately, most of these mutations are rare with frequencies < 1%,
and, to date, most studies were performed in limited-sample size populations or
in which POl phenotype was poorly defined.

POI as a complex genetic trait

The high heritability of age at menopause and the tendency for POI to run
in families, imply a strong genetic component underlying POl. However,
environmental factors, such as smoking, have also been shown to contribute to
the variation in age at menopause (56,57). Finally, in most POI cases, no cause
can be established using current methodologies. Together, this has lead to the
understanding that POI should be regarded a complex genetic disease. Typically,
the phenotype of complex genetic diseases is controlled by many genes and
their variants, in interaction with environmental factors (58). Complex genetic
disorders are often characterized by familial clustering without an obvious
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Mendelian pattern of inheritance because several genes, their mutations and
environmental factors contribute (59). The identification of the multitude of
genes and gene variants involved in the multifactorial forms of POl has now
begun, using techniques to study large numbers of identified polymorphic gene
markers, such as single nucleotide polymorphisms or copy number variations in
localized chromosomal areas. Such genome-wide association studies initiated by
our group and others recently delivered their first, promising results (60-63).

Health effects

The premature hypo-estrogenic status in women with POI is associated with
decreased fertility and quality of life, while general health may also be affected
negatively. A summary of POI-related health effects is displayed in Table 2.

Short-term health effects

Fertility

Notwithstanding the premature exhaustion of the follicle pool, waxing and waning
of ovarian function may occur for several years (64,65). Ovulation has been
documented in a substantial number of POI patients (64). However, the reported
lifetime-incidence of spontaneous pregnancy in POl patients is estimated to be
only approximately 4% (13), and assisted reproduction techniques relying on
the woman’s own oocytes do not significantly improve the chance to conceive
(66,67). In an IVF setting, markers of ovarian reserve, such as anti-millerian
hormone (AMH), have been proven valuable for predicting a woman’s fertility
potential (68). However, women with POI typically have AMH levels below the
assay’s lower limit of detection (69) and thus the usefulness of these markers for
discriminating women who are more likely to conceive versus those who are not
within the POI group is questionable. For the vast majority of women with POI
to start a family, oocyte donation or adoption are the only options. In contrast,
several options for fertility preservation may be offered to women about to
undergo gonadotoxic treatment. These include relatively new techniques, such
as oocyte cryopreservation and ovarian tissue cryopreservation, although varying
success rates on pregnancy chances have been published and both methods are
still considered experimental (70,71).

Climacteric symptoms and quality of life

Despite the clearly negative impact on fertility, effects of POl on perceived quality
of life are hardly substantiated due to lack of good quality studies. Women with
POl may experience typical climacteric symptoms such as night sweats, hot
flushes, and suffer from urogenital atrophy leading to dyspareunia, vaginitis and
micturition complaints similarly to women with menopause at a normal age (72).
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Table 2. Consequences of POI

Organ/Function Effect of POI Reference
Ovary Ovarian follicle pool depleted or follicle dysfunction:

- Decreased estradiol concentrations (10,13)

- Waxing and waning of ovarian function may possibly occur (74,83,84)

- Possible decrease of total testosterone

Fertility - Lifetime chance to conceive after diagnosis POI: 5-10 % (13)
- Assisted reproduction techniques do not improve pregnancy rate (66)
- oocyte donation or adoption only options

Well-being Climacteric symptoms: (72)
- Similar to menopause at regular age
Emotional well-being: (73,74)

- Anxiety, depression, somatization, sensitivity, hostility and
psychological distress
Sexual function: (74)
- Less satisfaction, fewer sexual fantasies, less sexual arousal,
increased incidence of genital pain and reduced lubrication.
- Association with possibly decreased androgens unclear

Bone - Increased risk for osteoporosis (86)
- Increased fracture risk (87)
Cardiovascular - Epidemiologic studies: increased incidence of cardiovascular (92,90)
disease and increased cardiovascular mortality
- Slightly unfavorable serum lipid profile (95)
- Impaired endothelial function (96)

- Exact mechanism of cardiovascular disease development in POI
remains unclear

Brain - Higher incidence of cognitive impairment, dementia and (97)
parkinsonism in women with previous oophorectomy.
- A possible association between cognitive function with time (100)

since natural menopause or age at natural menopause in non-
oophorectomized women is not well-established.

POI: primary ovarian insufficiency.

Feelings of depression and sadness, as well as severe emotional stress at time of
diagnosis have been reported (73). In a Dutch study it was concluded that POI
patients were less satisfied with their sexual life, had fewer sexual fantasies and
less sexual arousal, as well as increased incidence of genital pain and reduced
lubrication compared to controls (74). Figure 2 provides an overview of the
incidence of climacteric symptoms in our own cohort of women with POI.

Most known health risks in women with POI are attributed to the low estrogen
concentration. However, some studies suggest that these women may also
be sensitive to low testosterone concentrations (75-77). It is under debate if
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Figure 2. Incidence of climacteric symptoms in women with POl included in the Dutch
primary ovarian insufficiency consortium (n = 436). (Own data, unpublished).

androgens, which partly originate from the ovaries, decrease in concordance
with estrogens. Initially it was shown that testosterone and androstenedione
levels in POI patients and controls did not differ (78,79), however more recent
studies demonstrated significantly lower testosterone levels in POl compared to
healthy, age-matched, regularly cycling controls (74,80-84). The major problem
encountered when evaluating androgen levels in women is that the available
testosterone assays have difficulty to reliably determine the low androgen levels
in women, let alone in specific female patient groups, such as POI (85).

Long-term health effects
Bone health

Observational studies have identified lower bone mineral density and increased
risk for osteopenia in women with POl compared with controls (86). Moreover,
women with earlier age at menopause are at increased risk for fractures (relative
risk 1.5) (87). A possible protective role for the often prescribed hormone therapy
has not been substantiated until now (88). Risk factors within the entire group of
women with POl are age at diagnosis and time since diagnosis, while smoking is
probably not related (89).
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Cardiovascular risk

Epidemiological data have shown earlier age at menopause to be associated with
an increased incidence of cardiovascular disease (90,91). Moreover, a calculated
2% decrease of cardiovascular mortality for each year that menopause is delayed
was identified (92). It is under debate whether early age at menopause induces
cardiovascular disease (for example due to estrogen deficiency), or whether the
opposite, early menopause as a consequence of cardiovascular damage, holds
true (90,93,94). A previous study by our group demonstrated that women recently
diagnosed with POI have a slightly unfavorable serum lipid profile compared to
healthy cycling controls, irrespective of the time of estrogen deprivation (95).
Another small study identified impaired endothelial function in POl compared to
controls, which improved with use of hormone therapy (96).

Neurologic health

Higher incidences of cognitive impairment, dementia and parkinsonism have
been documented in women who underwent bilateral oophorectomy before
the occurrence of natural menopause (97,98). The risk for cognitive impairment
increases with younger age at oophorectomy (P < 0.0001) (97). In contrast to the
studies in oophorectomized women, other studies did not find an association
of cognitive function and time since natural menopause and age at natural
menopause (99,100). To date, no studies have been performed on cognitive
function in POI patients.
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Aims and outline of the thesis

In 2004, the Dutch primary ovarian insufficiency consortium was established. This
national collaboration is aimed at unraveling the genetic components of POl and
to further describe the phenotype of women affected by POI. Up until time of
writing of this introduction, approximately 500 women with POl were included,
and therefore the Dutch cohort is one of the largest worldwide and offers great
research opportunities.

The studies present in this thesis focus on the assessment of the contribution of
genetic factors to (the phenotype of) POI. Also, POl phenotype was examined by
extensive assessment of the circulating androgens in women with POI. Finally,
the value of ovarian reserve tests was investigated in women with iatrogenic POI,
who had undergone ovarian transplantation.

Outline

Chapter 2 describes the phenotypes of women affected by familial POl compared
with those with sporadic POI to assess possible different genetic makeups and
environmental backgrounds.

Chapter 3 studies the contribution of mutations in the NR5A1 gene in women
with POI.

Chapter 4 studies the relevance of normal- and intermediate FMR1 CGG repeat
size in association with age at POl diagnosis, as a measure of POl severity.
Chapter 5 gives a systematic review and meta-analysis of the available literature
on serum total testosterone concentrations in women with spontaneous or
iatrogenic POI.

In Chapter 6, serum androgen concentrations of women with POI, polycystic ovary
syndrome (PCOS) and controls are investigated, and the accuracy and precision of
two androgen assays in these groups of women are evaluated.

Chapter 7 describes the value of ovarian reserve tests in women who have
undergone ovarian transplantation after cryopreservation following gonadotoxic
treatment.

Chapter 8 summarizes the results of the conducted studies and discusses the
implications for clinical practice and future research.
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Phenotype characteristics in familial POF

Abstract

Objective

Premature ovarian failure (POF) is characterized by secondary amenorrhea prior
to age 40 years, along with repeated increased follicle-stimulating hormone and
low estrogen concentrations. POF is considered a complex genetic disease with
a familial presentation in 12% to 50% of cases. POF may originate from different
genes and various gene-environment interactions. The aim of this study was to
identify possible differences in phenotype comparing women with familial and
sporadic POF.

Methods

A multicenter study was initiated in the Netherlands using standardized
phenotyping. For each woman, medical history, menstrual cycle, and fertility and
smoking status were assessed and standardized examination was performed.
Based on a detailed 3-generation family history, women were identified as having
either familial (defined as having at least one relative with POF) or sporadic POF.

Results

Atotal of 58 familial cases and 142 sporadic cases of POF were identified. Maternal
age at menopause was significantly lower in the women with familial compared
to the women with sporadic POF (41.0 £ 7.5 and 49.7 + 2.6 years, respectively;
P < 0.001). Sex hormone-binding globulin concentration was significantly higher
in the women with familial than in the women with sporadic POF (73.6 + 37.1
and 55.2 + 26.9 nmol/L, respectively; P = 0.002). All other characteristics, such
as parity, bone mineral density, and serum follicle-stimulating hormone and
lipid levels were similar, as was the incidence of autoimmunity and cytogenetic
abnormalities.

Conclusions

Familial and sporadic POF do not differ in phenotype except for maternal
menopause age and sex hormone-binding globulin concentration. Future studies
are needed to unravel the genotype- phenotype interactions in POF.
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Introduction

The mean age at menopause for women in Western industrialized countries is
51 years (1). However, 10% of women become postmenopausal before the age
of 45 years and 1% to 2% of women reach menopause before 40 years of age
(2,3). The phenomenon of secondary amenorrhea occurring prior to age of 40
years, along with repeated elevated follicle-stimulating hormone (FSH) and low
estrogen concentrations is referred to as premature ovarian failure (POF) (2).
Besides its implications for a woman’s fertility potential, POF is also associated
with a variety of health problems ascribed to deprivation from estrogen from
an early age. Studies have shown bone mineral density to be significantly lower
in women with POF within 2 years after the diagnosis (4,5). Early menopause
is also related to a higher incidence of cardiovascular disease, neurological
disease (including stroke), impaired cognition and a reduced life expectancy
(6-11). Moreover, well-being is greatly affected by POF, with high incidences of
depression and low self-esteem being reported (12).

POF is considered to be a heterogeneous, multicausal disorder. latrogenic causes
(e.g., extensive pelvic surgery or oophorectomy, radiation, and chemotherapy)
explain only 5% of POF cases (13-15). POF is also associated with autoimmunity,
such as adrenal disease, oophoritis, or thyroid dysfunction (14,16). However,
the role of endocrine autoimmune diseases in developing POF remains unclear,
and reported incidences vary between 3% to 20% (14,17). Well-known genetic
causes for POF include chromosomal aberrations, such as 45,X mosaicism and
other X-chromosomal numerical and structural defects (prevalence of 1%) (18).
Up to now, the only common single gene mutation on the X chromosome shown
to have a significant prevalence in POF (3% to 15%) is the carrier status of the
fragile-X premutation (FMR1) (19-22). Recently, mutations in the X-linked ovarian
follicle organizer bone morphogenic protein 15 were observed in 2% in a series
of 300 patients, and bone morphogenic protein 15 mutation screening in women
with POF was suggested (23). Many other candidate genes involving follicle
function and oogenesis, such as FOXL2, GDF9, NR5A1, NOBOX, LHR, and FSHR,
have been suggested as other less frequent causes of monogenic POF (24-27).
Nonetheless, only a small minority of POF cases can be explained by mutations
in these candidate genes, and their exact mechanism in the development of POF
remains speculative.

In most POF cases, no cause can be established using current methodologies.
Therefore, the concept of POF as a complex genetic disease arises. Typically,
the phenotype of complex genetic diseases is controlled by many genes and
their variants, in interaction with environmental factors (28). Complex genetic
disorders are often characterized by familial clustering without an obvious
Mendelian pattern of inheritance because, often, several genes, their mutations
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and environmental factors contribute (29). Identifying the multitude of genes
and gene variants involved in the multifactorial forms of POF has now begun,
using techniques to study large numbers of identified polymorphic gene markers,
such as single nucleotide polymorphisms or copy number variations in localized
chromosomal areas. Such genome-wide association studies initiated by our group
and others recently delivered their first results (30,31). Several loci containing
interesting candidate genes were identified for POF (30-32).

POF presents in both sporadic and familial forms, and it is estimated that familial
POF accounts for 12.5% to 50% of all cases (3,33-38). Varying definitions and
different standards for family history and cytogenetic and molecular diagnosis
may explain the wide interval in reported incidences. Different genetic makeups
and phenotype expressions comparing isolated versus familial POF may be
proposed.

Carefully defining familial POF as compared with sporadic POF becomes more
relevant as it may influence the informational content of clinical cohorts, because
differences in phenotype could indicate that different genes play a role in the
development of familial and sporadic POF. The aim of the present study was
to identify possible differences in phenotype characteristics and background
between familial and sporadic cases of POF.

Materials and methods

Participants

In 2005, we initiated a large nationwide, multicenter study of hypergonadotropic
oligomenorrhea/amenorrhea (World Health Organization group 3) (39). Women
presenting with cycle abnormalities, for example, oligomenorrhea or amenor-
rhea, and suspected of a World Health Organization class 3 status were invited to
the outpatient clinic for detailed standardized evaluation. All women with POF,
defined as spontaneous cessation of menses for at least 4 months in women less
than 40 years, and FSH concentrations exceeding 40 IU/L were identified from the
databases of participating hospitals. This study was approved by the local ethics
committees of all participating hospitals, and all women included gave written
informed consent.

We defined POF as familial when the index woman had at least one family mem-
ber also affected by POF. POF was defined as sporadic when the index woman
was the only family member affected by POF and did not have any other family
member affected by early menopause (menopause before the age of 45 years).
The remaining POF women who met neither of our definitions of familial or POF
were excluded from the current analysis.

Women were asked about their medical history, particularly relating to age at
menarche, menstrual cycle irregularities, menopausal age, obstetric history,
symptoms of hypothyroidism and hyperthyroidism, as well as alcohol consump-
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tion and smoking status (current, former or never smokers). Ethnicity and soci-
oeconomic status were assessed, the latter being based on educational level and
profession. Women filled out standardized questionnaires concerning family his-
tory, with a special focus on menopause age, menstrual cycle irregularity, parity,
fertility problems, and cardiovascular disease. Family history covered three ge-
nerations, including paternal and maternal grandparents, paternal and maternal
aunts and uncles, and the proband’s parents and siblings.

Physical examination was performed, including height and weight measurement.
Blood pressure was measured twice in sitting position after 10 minutes of rest
with calibrated IntelliSense M5-1 (Omron)/HEM 757A-E (Omron Healthcare Eu-
rope, Hoofddorp, Netherlands). Transvaginal ultrasound was performed to assess
the antral follicle count (AFC), using the 7.5 MHz transvaginal probe on a Voluson
530D (Kretz Technik, Zipf, Austria). AFC is calculated by adding up the follicles with
a diameter of 2 to 5 millimeters from both ovaries.

Serum samples were drawn in a fasting state for measurement of serum FSH,
luteinizing hormone, estradiol, progesterone, testosterone, 17-hydroxyprogeste-
rone, dehydroepiandrosterone, dehydroepiandrosterone sulfate, sex hormone-
binding globulin (SHBG), androstenedione, cortisol, anti-mullerian hormone,
low-density lipoprotein cholesterol, high-density lipoprotein cholesterol, total
cholesterol, triglycerides, glucose, insulin and thyrotropin levels. Free Androgen
Index (FAI) was calculated as follows: testosterone/SHBG x 100. To obtain valid
laboratory results, none of the women had used any hormonal medication for at
least two weeks. Details on laboratory testing, for example interassay and intra-
assay coefficients of variation and detection limits, have been described in previ-
ously published papers from our group (40,41). In addition, serum was screened
for autoimmunity (antithyroid peroxidase, antiadrenal, antiparietal, antiovarian,
antithyrotropin receptor autoantibodies). Karyotyping and DNA testing for fragi-
le-X premutation (FRAXA) were done. Finally, bone densitometry was performed
using Hologic Discovery A densitometer (serial no. 80675, Tromp Medical, Castri-
cum, Netherlands) if at least six months of amenorrhea had passed.

Statistical analysis

Descriptive and reproductive parameters and endocrine and lipid measurements
are reported as means * SD. Categorical data are expressed as percentages.
The differences between the two groups for mean age at screening, menarche,
childbirth and secondary amenorrhea, as well as for levels of lipids, gonadotropins
and steroids; blood pressure; body mass index; and bone densitometry, were
statistically tested using the Student’s t test. Because high-density lipoprotein
cholesterol and triglyceride values, as well as most of the gonadotropins did
not show a normal distribution, logarithmic transformation was performed
before executing the Student’s t test. We used x? tests to assess statistical
differences between groups for the difference in education, ethnicity, smoking
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status, alcohol consumption, reproductive characteristics, vaginal ultrasound,
and the occurrence of autoimmunity, karyotypical abnormalities, and FRAXA
premutation. Correction for age at screening was done by analysis of covariance
for all variables. Logistic regression with a backward stepwise selection method
was performed for parameters with a P < 0.05, and age at screening forced in
as covariate to determine independent predictive variables for familial versus
sporadic POF. Statistical analysis was performed using SPSS for Windows, version
15.0 (SPSS Inc., Chicago, IL).

Results

A total of 256 consecutive women were diagnosed with POF. Women were mostly
referred to the outpatient clinic for investigation of menstrual cycle irregularities
or infertility or for counseling after a previous diagnosis or positive family history
of POF. A total of 53 women with familial early menopause but without relatives
affected by POF were identified. This group was excluded from further analysis.
There were 61 women with familial POF and 142 women with sporadic POF
identified. Within the familial cases, three pairs of index patients from the same
families were identified. To avoid biased results based on the assumption that
two family members might share genetic and environmental factors and, thus,
may have a similar phenotypical presentation, we included from each pair only
the patient who presented herself first at the outpatient clinic (Figure 1).

The descriptive characteristics of both patient groups are shown in Table 1. Mean
age at screening was statistically significantly different between the two groups
(women with familial POF, 38.8 + 6.4 years; women with sporadic POF, 35.4 +
7.3 years; P =0.002). Educational level, smoking status, and ethnicity did not differ
significantly between groups. Alcohol consumption, however, was significantly
higher in women with familial POF compared to women with sporadic POF
(P =0.048). For physical examination parameters, no significant differences were
identified.

Table 2 lists the reproductive characteristics of the two groups. Mean age of
secondary amenorrhea related to menopause was similar in both groups, as were
parity, age at first and last childbirth, and the incidence of miscarriages. Previous
fertility treatment had been sought by 27% and 29% of the familial and sporadic
groups, respectively, and the incidence of familial fertility problems was similar
in both groups. However, age at menopause of the mothers of the index women
was significantly lower for familial cases than for sporadic cases (41.0 + 7.5 and
49.7 + 2.6 years, respectively; P < 0.001). The parity of mothers of index women
was not significantly different. The use of oral contraceptives or hormone therapy
was equal in both groups. No differences were found for antral follicle count on
transvaginal ultrasound.
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Consecutive patients with
Premature Ovarian Failure
n =256

Cases with EMP in family
history, but no family
members affected by POF
n=>53

A 4

Familial cases of POF Sporadic cases of POF
n=61 d n=142

Second index patients
within the same families
n=3

A 4

A

Families of familial cases
affected by POF
n=>58

Figure 1. Flowchart for the selection of women.
Legend: EMP, early menopause; POF, premature ovarian failure.

Laboratory findings are reported in Table 3. Gonadotropin and sex hormone
levels did not differ significantly between the two groups, except for SHBG (73.6
+37.1 nmol/L in women with familial POF vs. 55.2 + 26.9 nmol/L in women with
sporadic POF; P = 0.002) and free androgen index (1.89 + 1.29 in women with
familial POF vs. 2.45 + 1.47 in women with sporadic POF, P = 0.008). The lipid
profile, also when adjusted for age at screening, was similar for both POF groups,
and all lipid levels were within the normal physiological range.

Table 4 displays the relations between possible etiological factors and the
occurrence of POF. No differences for autoimmunity were found between the two
groups. The incidence of numeric cytogenetic abnormalities was 13% in women
with familial POF and 6% in women with sporadic POF (P = 0.23). The numeric
cytogenetic abnormalities found were mostly 46,XX/45,XO mosaicism (familial
POF, n = 4; sporadic POF, n = 4) and four cases of 46,XX/47,XXX mosaicism (two
in each POF group). The incidences of fragile-X premutation were similar in the
familial and sporadic POF groups.

Correction for age at screening did not create significant differences in any of the
variables. Logistic regression shows that maternal age at menopause and SHBG
are both independently associated with familial versus sporadic POF (P < 0.001
for both parameters).



Phenotype characteristics in familial POF

Table 1. Descriptive characteristics of 200 women with POF

Familial POF Sporadic POF P P adjusted for
(n=58) (n=142) age at screening
Age at screening, years 38.8+6.4 354+73 0.002
Educational level 0.67 0.68

Primary school 1(2) 7 (5)

Secondary school 9(15) 13 (10)

Vocational education 22 (39) 48 (36)

College 17 (30) 40 (30)

University 8(14) 26 (19)

Smoking status 0.13 0.10

Never 24 (44) 79 (56)

Quit 15 (27) 22 (16)

Current 16 (29) 40 (28)

Smoking status, pack year

Quit 6.3+4.2 8.1+5.6 0.30 0.31

Current 10.8+8.5 9.3+8.8 0.56 0.77
Alcohol consumption 0.51 0.85

Yes 34 (59) 76 (54)

No 24 (41) 66 (47)

Alcohol consumption, U/wk 59+49 40+3.1 0.048 0.040
Incidence of cardiovascular disease in 10(17) 19 (13) 0.48 0.23
family
Ethnicity 0.42 0.44

Caucasian 52 (96) 113 (80)

Black 2(3) 10(7)

Mediterranean 1(2) 11 (8)

Asian 1(2) 3(2)

Other 2(3) 5(3)

BMI, kg/m? 233176 236+7.2 0.81 0.89
Systolic blood pressure, mmHg 128.2+17.0 126.5+17.7 0.57 0.71
Diastolic blood pressure, mmHg 83.0+11.2 81.1+10.4 0.31 0.60
Bone densitometry, Z score

Lumbar spine -0.57+1.29 -0.54+1.14 0.91 0.79

Left hip -0.21+£0.91  -0.19+0.97 0.92 0.75

Right hip -0.34+£0.97 -0.15+0.98 0.39 0.31

Data are shown as mean + SD or n (%).
POF, premature ovarian failure; BMI, body mass index.
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Table 2. Reproductive characteristics of 200 women with POF

Familial POF Sporadic POF P P adjusted for
(n=58) (n=142) age at screening

Age at menarche, years 129+1.4 13.2+1.6 0.27 0.31
Age at secondary amenorrhea, years 32.8+5.7 32.1+8.6 0.48 0.42
Parity 0.46 0.67

0 31 (54) 87 (61)

1 13 (22) 31(22)

>2 14 (24) 24 (17)
Age at first childbirth, years 29.3+3.6 28.4+4.1 0.54 0.53
Age at last childbirth, years 29.9+3.2 29.7+3.8 0.85 0.88
Incidence of miscarriages 3(5) 19 (13) 0.10 0.07
Parity of mothers of index patients 3.1+14 35+19 0.10 0.08
Incidence of index patients being a single 2(3) 5(4) 0.98 0.60

child

Age at menopause in mothers of index 41.0+7.5 49.7+2.6 <0.001 <0.001
patients, years

Incidence of fertility problems in family 20 (35) 36 (25) 0.19 0.25
Incidence of ever use of oral 54 (93) 122 (86) 0.16 0.16
contraceptives
Duration of use of oral contraceptives, years 11.2 +6.8 103+6.7 0.35 0.96
Current hormone therapy 18 (31) 34 (24) 0.30 0.22
History of hormone therapy 7 (14) 21(17) 0.56 0.28
Cycle before secondary amenorrhea 0.25 0.66

Unknown 5(9) 26 (21)

Regular 10 (19) 19 (15)

Oligomenorrhea 25 (46) 44 (36)

Shortened cycle 3(6) 4(3)

Oral contraceptives 11 (20) 27 (22)

Pregnancy 0 4(3)
Treatment for infertility 17 (29) 38 (27) 0.71 0.96
Vaginal ultrasound 0.10 0.71
Ovaries

Ovaries both visible 33 (65) 76 (56)

One ovary visible 3(6) 25 (19)

Ovaries not visible 15 (29) 34 (25)
AFC® 0.5+1.3 09+1.8 0.22 0.32

Data are shown as mean + SD or n (%).
POF, premature ovarian failure; AFC, antral follicle count.
a AFC was only calculated when both ovaries were visible.



Phenotype characteristics in familial POF

Table 3. Laboratory findings of 200 women with POF

Familial POF Sporadic POF p? P adjusted for age
(n=58) (n=142) at screening
Gonadotropins, sex hormones
FSH, IU/L 82.3+435 80.4 +41.5 0.78 0.80
LH, IU/L 41.9 £ 30.0 40.0 £20.5 0.93 0.97
E,, pmol/L 133.7+151.1 175.3£230.8 0.88 0.89
Progesterone, nmol/L 3.00+5.59 3.99+6.82 0.39 0.33
17-OH progesterone, nmol/L 1.93 +2.87 1.78 +2.21 0.78 0.85
Prolactin, U/L 0.17 £ 0.06 0.19+0.11 0.14 0.10
Testosterone, nmol/L 1.09 £0.37 1.10+0.44 0.96 0.96
SHBG, nmol/L 73.6+37.1 55.2+26.9 0.002 0.005
FAI 1.89+1.29 245+1.47 0.008 0.022
Androstenedione, nmol/L 3.07 £ 0.99 3.43+1.65 0.36 0.80
DHEA, nmol/L 13.6£6.8 17.1+11.6 0.12 0.51
DHEA-S, umol/L 3.89+1.81 4.54+2.21 0.13 0.40
Cortisol, pmol/L 0.32+0.10 0.32+0.15 0.56 0.57
TSH, mU/L 1.76 £ 0.99 2.16 +2.06 0.43 0.54
Lipids
LDL-C, mmol/L 2.96 +0.83 2.92+0.78 0.78 0.77
HDL-C, mmol/L 1.81+0.56 1.69+0.42 0.32 0.53
Total Cholesterol, mmol/L 5.20+0.97 5.03+0.87 0.31 0.81
Triglycerides, mmol/L 0.94 +0.49 0.93+0.46 0.92 0.76
Glucose, mmol/L 5.00+0.49 5.18 +1.50 0.58 0.55
Insulin, mU/L 6.62+5.14 7.85 + 8.05 0.12 0.32

Data are shown as mean # SD.

POF, premature ovarian failure; FSH, follicle-stimulating hormone; LH, luteinizing hormone;

E

2

estradiol; SHBG, sex hormone-binding globulin; FAI, free androgen

index; DHEA,

dehydroepiandrosterone; DHEA-S, dehydroepiandrosterone sulfate; LDL-C, low-density lipoprotein
cholesterol; HDL-C, high-density lipoprotein cholesterol.
a Calculated using log transformed data value (data not shown).
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Table 4. Etiological characteristics of 200 women with POF

Familial POF Sporadic POF P P adjusted for age at
(n=58) (n=142) screening

Autoimmunity

Anti-TPO positive® 6 (13) 20 (20) 0.31 0.30

Anti-adrenal positive® 0 2(2) 0.33 1.00

Anti-ovarian positive 0 1(3) 0.51 1.00

Anti-parietal positive® 4(4) 7(9) 0.72 0.57

Anti-TSH receptor positive' 0 2 (29) 0.16 1.00
Genetic
Cytogenetic abnormalities®

None 39 (85) 89 (88)

Mosaicism 6(13) 6 (6)

Other abnormality” 1(2) 6 (6) 0.23 0.77
Fragile-X premutation present’ 3(8) 6(7) 0.83 0.98

Data are presented as n (%).

TPO, thyroid peroxidase.

a Anti-TPO positive: 260 U/mL; bn=143;c n=142;dn=107;en=117;fn=13; gn = 147; h Other
abnormalities include translocations and deletions; i n = 119.

Discussion

To our knowledge, the current series represents the most comprehensively
phenotyped and largest study population of women with POF for which a
comparison of familial and sporadic cases by standardized screening was
performed. In the current group of 200 women with POF, maternal age at
menopause was lower and SHBG concentrations were significantly higher in
women with familial POF. Other descriptive and reproductive characteristics,
laboratory findings, and etiological characteristics were similar among both
groups.

We defined POF as familial when an index woman with POF had at least one
relative with POF. Our definition is more restrictive compared to most other
studies that also included a family member affected by menopause before 45
years of age (34,35). Studies using these definitions reported an incidence of
familial POF of between 28.5% and 50% (33-38). We observed an incidence of
familial POF of 29% in the current study population. We chose to exclude the POF
cases where family members presented only with early menopause, because it
remains uncertain whether early menopause represents a continuum with POF.
POF is a condition that greatly reduces fertility and thereby generates small
families. A downside in the recruitment of familial POF patients is the possible
overrepresentation of sporadic POF because families could simply be too small to
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show a familial effect of POF. In addition, infertility and premature menopause may
not be openly discussed in families and families with broken ties. The widespread
use of oral contraceptives adds to the possible underdetection of familial POF.
Taking this into consideration, careful family history taking and recruitment of
affected and unaffected siblings for detailed evaluation are of great importance.

In our study group, maternal age at menopause was significantly lower in women
with familial POF, which should come as no surprise because having a mother
with menopause before 40 years of age fits the inclusion criteria for familial
POF. Indeed, in our population, 32 (55%) women with familial POF had a mother
affected by POF. This is in concordance with other reports in which heritability of
menopause age was shown to be a risk factor for developing POF (3,42,43). These
observations are plausible in view of a familial pattern of reproductive performance
and age at menopause in particular. Another interesting phenomenon that has
been described within POF families is the phenomenon genetic anticipation
(30). This phenomenon could also account for the earlier presentation of POF in
consecutive generations.

Conflicting data have been published regarding the influence of premenopausal
risk profile on the development of POF, the incidence of cardiovascular disease
and the lipid profile in POF women (8,9,40,44). We did not identify any differences
in the incidence of familial cardiovascular disease or lipid profile comparing
women with sporadic and women with familial POF, and all lipid levels were
within the reference range. Moreover, the incidence of smoking and pack years of
smoking did not differ between both groups. Interestingly, SHBG concentrations
were significantly higher in women with familial POF. Because hormone therapy
use and body mass index were similar in both groups, we currently do not have
an explanation for this observation. Further investigation of the role of SHBG in
relation to POF is needed.

Proven etiological factors for POF are autoimmunity, cytogenetic abnormalities,
and the fragile-X premutation. If different genes underlie sporadic and familial
POF, it may be expected that the incidence of autoimmunity in familial POF is
different when compared to sporadic POF. Surprisingly, our findings again do
not support this hypothesis. This also holds true for the incidence of cytogenetic
abnormalities, although there seems to be a trend towards a higher incidence of
numeric cytogenetic abnormalities in familial POF. The cytogenetic abnormalities
account, in part, for the appearance of POF in our women with familial POF,
which may be in concordance with earlier reports on familial mosaicism (45). It
is possible that our series is still underpowered to show more subtle differences.
We did not explore cytogenetic abnormalities within families because the aim
of this study was to identify familial and sporadic cases according to phenotype
characteristics of index women.
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In a recently reported series of 357 women with POF, also including
hypergonadotropic primary amenorrhea, similar findings for gonadotropins and
ovarian and adrenal autoimmunity (2% and 1%, respectively) compared to ours
were reported (46). However, the incidence of FMR1 prematutation carriers (4%)
in this population was surprisingly low compared to ours, which was 7% and 8%
in the familial and sporadic groups, respectively. However, all findings fall within
the already reported incidences in the literature (22,47). Addressing the same
etiological factors as before, we were able to identify the genetic etiology of POF
in 18 (12.7%) out of 142 sporadic cases and in 10 (17.2%) out of 58 familial cases,
which is higher than reported earlier (7.8%) (46).

Future studies concerning the origin of this multigenic, complex disease are
needed to unravel the genotype-phenotype relationships in the development
of POF. As proposed recently, mutations in coding regions of candidate genes
need to be further examined. However, because these genes account for small
numbers women with POF, the regulatory regions and molecular pathways also
need to be studied (24). Recent application of new techniques, such as genome-
wide association studies, has provided promising results (30-32). The present
study shows that there is no need to distinguish between familial and sporadic
cases of POF when genome-wide association studies are performed.

An important issue is the recruitment of large cohorts, also including well-defined
POF families, to be able to identify multiple low-risk genes. Only under those
conditions can a possible relationship between genotype and phenotype be
explored further.

Conclusion

The current study suggests that familial POF only differs in phenotype from
sporadic POF with regard to maternal menopausal age and SHBG concentration.
Therefore, it remains a difficult task counseling women with a positive family
history for POF with regard to fertility in the future. There are no indications for
different follow-up strategies in familial and sporadic idiopathic POF. In addition,
the similar phenotype characteristics in sporadic and familial POF allow genetic
studies to be done without subdivisions. Future studies on the origin of POF are
needed, and institutional cooperation should be emphasized in order to create
sufficient recruitment.
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Abstract

Objective

To evaluate the significance of NR5A1 mutations in a large, well-phenotyped
cohort of women with primary ovarian insufficiency (POI). Mutations in the
NR5A1 gene (SF-1) were previously described in disorders of sexual development
and adrenal insufficiency. Recently, a high frequency of NR5A1 gene mutations
was reported in a small group of women with POI.

Design
Cross-sectional cohort study.

Setting
University hospital.

Patients
Well-phenotyped women (n = 386) with secondary amenorrhea and diagnosed
with POI, including women with familial POI (n = 77).

Interventions
None

Main outcome measures

The entire coding region and splice sites of the NR5A1 gene were PCR-amplified
and sequenced. The pathogenicity of identified mutations was predicted in silico
by assessing Align-GVGD class and Grantham score.

Results

Sequencing was successful in 356 patients with POI. In total, 9 mutations were
identified in 10 patients. Five of these mutations concerned novel nonconservative
mutations occurring in 5 patients. Prediction of effect on protein function showed
low to intermediate pathogenicity for all nonconservative mutations. The overall
NR5A1 gene mutation rate was 1.4%.

Conclusions

The current study demonstrates that mutations in the NR5A1 gene are rare in
women with POI. Primary ovarian insufficiency remains unexplained in the great
majority of patients; therefore, continued efforts are needed to elucidate its
underlying genetic factors.
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Introduction

Menopause occurs at a mean age of 51 years (1). However, 1% of women
experience menopause before the age of 40 years (2). Primary ovarian
insufficiency (POI), also known as premature menopause or premature ovarian
failure (3), is characterized by amenorrhea for at least 4 months, occurring before
the age of 40 years, along with repeated elevated FSH to a menopausal level and
decreased estradiol (E,) concentrations (2). Primary ovarian insufficiency gives
rise to infertility and increased risk for osteoporosis (4) and has been associated
with a higher incidence of cardiovascular disease (5-7), depression (8), and
possibly neurologic disease and impaired cognition (9). A positive family history
for POl has been reported in 12% to 50% of patients (10-12).

Multiple factors may underlie the clinical entity of primary ovarian insufficiency.
Primary ovarian insufficiency should therefore be considered a multifactorial
heterogeneous condition. Gonadotoxic treatments using chemotherapeutic
agents and irradiation, and extensive abdominal surgery and oophorectomy may
cause iatrogenic POI. Furthermore, steroidogenic cell autoimmunity has been
associated with autoimmune oophoritis in POI (13,14). A fair proportion of POl is
caused by numerical or structural chromosomal abnormalities, including (full or
mosaic) monosomy X (15). In addition, carrier status of the fragile-X premutation
(FMR1) has a prevalence of 3% to 15% in women with POI (16). A recent study
decribed mutations in the X-linked bone morphogenic protein 15 (BMP15) gene
in 2% of patients with POI (17).

However, the search for other monogenetic causes of POl proved to be challenging.
Besides syndromic forms of POI, caused by genes such as FOXL2 or GALT (18-
20), only rare gene mutations have been identified for nonsyndromic forms of
POL. These include genes involved in folliculogenesis and follicle function: GDF9,
NOBOX, FSH-receptor gene (FSHR) and LH-receptor gene (LHR) (21,22). Recently,
high-throughput methods, using genomic variants such as single-nucleotide
polymorphisms (SNPs) and copy number variants (CNVs), were applied to identify
genetic risk loci in the complex genetic disease POI. A preliminary genome-
wide association study performed by our group showed a possible role for the
ADAMTS19 gene (23). We also showed that CNVs on the X chromosome do not
play a central role in the pathogenesis of POI (24). Up until now, no cause can be
established in the majority of women with POI (12,25).

A recent report showed that in a sample of 40 women with sporadic POI, as
much as 8% carried mutations in the nuclear receptor subfamily 5, group A,
member 1 (NR5A1) gene (26). Moreover, the same study identified mutations
in the NR5A1 gene within four families with histories of both 46,XY sexual
development disorders and 46,XX POI. It should be noted this study was different
as compared to the studies mentioned before, in which an association was
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studied between DNA marker such as SNPs and CNVs and the phenotype. In the
latter study (26), the whole gene sequence was determined, thus identifying all
sequence mutations and variants. The NR5A1 gene is located on chromosome
9933 and encodes the steroidogenic factor 1 (SF-1) protein, which regulates the
transcription of genes associated with steroidogenesis, sexual development, and
reproduction. Initially, NR5A1 mutations were identified in 46,XY individuals with
primary adrenal insufficiency and complete gonadal dysgenesis (27,28). Later,
NR5A1 mutations were associated with primary adrenal failure in a 46,XX woman
with intact ovaries (29). Moreover, NR5A1 mutations are relatively frequently
present in patients with 46,XY disorders of sexual development (DSD) without
adrenal insufficiency, such as severe hypospadias, or male infertility (26,30-33).
At the moment over 30 different mutations are known.

The recently reported high mutation frequency of SF-1 mutations in a small
group of women with POl in the previously published paper (26), prompted us
to evaluate these results and to further establish the contribution of NR5A1
mutations to POI. Therefore, we sequenced the complete coding regions of
NR5A1 in alarge, well-phenotyped cohort of 356 women with POI, and we sought
to identify and describe any new NR5A1 mutations associated with POL.

Materials and methods

Patients

In 2005, a nationwide POl consortium for the screening and follow-up of
patients with POl was initiated by the University Medical Center Utrecht, the
Netherlands. Participating hospitals included all eight university hospitals in the
Netherlands and 6 large regional hospitals. Women suspected to suffer from
hypergonadotropic oligo- or amenorrhea were systematically evaluated in the
outpatient clinic of each individual hospital, as has been described in previous
studies from our group (7,12). For the current study, all women visiting the
outpatient clinic for POl were identified (n = 378). Primary ovarian insufficiency
was defined as spontaneous cessation of menses for at least 4 months in women
younger than 40 years of age, along with repeated FSH concentrations exceeding
40 1U/L (2).

In short, data were gathered on reproductive and obstetric history, medical
history with special attention for sexual development abnormalities and adrenal
dysfunction, and family history for POI, sexual development disorders and
adrenal hypoplasia. Family history covered three generations including paternal
and maternal grandparents, paternal and maternal aunts and uncles, and the
proband’s parents and siblings. Familial POl was defined as when the index patient
had at least one family member also affected by POI (12). Serum endocrine
measurements included FSH and E,. FSH concentrations were measured using
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a chemoluminescence-based immunometric assay (Immulite 2000; Diagnostic
Products Corp., Los Angeles, CA). Estradiol concentrations were measured
using the Roche E170 Modular (Roche, Basel, Switzerland). Furthermore,
androstenedione (AD), 17-hydroxyprogesterone (17-OH), DHEA, and DHEAS were
measured. Androstenedione was measured after hexane-toluene extraction
using an in-house RIA. Imprecision for the range 1-11 nmol/L was 7% to 9%.
17-Hydroxyprogesterone was measured using after toluene extraction using an
in-house RIA employing a polyclonal anti-17a hydroxy-progesterone antibody
(Bioconnect/Biogenesis), and 17a-hydroxy[1,2,6,7-3H]-progesterone (Perkin
Elmer) was used as a tracer after chromatographic purification. Imprecision
was 10.5%, 8%, and 8.5% at 3.5, 10, and 38 nmol/L, respectively (n = 75).
Dehydroepiandrosterone was measured after diethylether extraction and Celite
chromatography using an in-house RIA. Imprecision for the range 3,5-30 nmol/L
was 6% to 12%. Dehydroepiandrosterone sulfate was measured using the Coat-
A-Count DHEA-SO4 RIA (Siemens Diagnostics, Breda, Netherlands). Imprecision
for the range 1,5-13 umol/L was < 7%. Finally, karyotyping and screening for
fragile-X premutation was performed. Mosaicism was defined by the presence of
at least three or more mosaic cells per 32 analyzed cells. The study protocol was
approved by the institutional review boards of the participating hospitals, and all
women gave informed consent.

An additional eight patients with the diagnosis code POl were selected from the
diagnostic database of the medical genetics department of the University Medical
Center Utrecht, the Netherlands. All DNA samples were stored with informed
consent for the purpose of future diagnostics and research.

Mutation analysis

For each patient, a blood sample was collected in a 10-mL EDTA tube. DNA was
extracted from peripheral blood leukocytes using conventional techniques and
frozen at -20°C until genotyping experiments were conducted.

The entire coding region (exon 2-7) and splice sites of the NR5A1 (SF-1)
gene were PCR-amplified with primers designed with primer3 software
(http://www.broadinstitute.org/genome_software/other/primer3.html)
(Supplementary Table 1). Exon 1 was not PCR-amplified, because it is a non-
coding exon (34). Optimal PCR conditions were determined for each exon. After
denaturation at 94°C for 5 minutes, the PCR amplification conditions for exon 2, 3,
4B and 6 were 15 cycles of 94 °C for 30 seconds, 65°C for 30 seconds (touchdown
0.5°C with each cycle), 72°C for 30 seconds, and 27 cycles of 94°C for 30 seconds,
58°C for 30 seconds and 72 °C for 30 seconds. For exon 6, an additional nested
PCR with the same conditions was required. Optimal amplification for exon 4A
was reached by 33 cycles of 94°C for 30 seconds, 59°C for 30 seconds and 72°C
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for 30 seconds. Exon 5 was amplified by 33 cycles of 94°C for 30 seconds, 63°C for
30 seconds and 72° for C 30 seconds. For exon 7, optimal amplification conditions
were 33 cycles of 94°C for 30 seconds, 65°C for 30 seconds, and 72°C for 30
seconds. Amplification for all exons ended with a final elongation step of 72°C for
5 minutes. GC-rich DNA polymerase (AccuPrime by Invitrogen, Carlsbad, CA) and
buffer (Buffer A by Invitrogen, Carlsbad, CA) were used. To verify the expected
length of the amplified fragments, 2 pL was electrophoresed in a 2% agarose gel
stained in ethidium bromide (0.5 pg/uL).

For sequencing of the amplified DNA fragments, 100 ng of purified DNA was
mixed with 20 ng of primer and 1 pL BigDye Terminator, version 1.1 (Applied
Biosystems, Foster City, CA), acting on the protocol. An ABI 3730 DNA analyzer
(Applied Biosystems, Foster City, CA) was used for automated sequencing. Data
analysis was performed using Xming (Microsoft Corporation). To determine
exact location and novelty of found mutations, the Ensembl database and the
1000Genomes database (www.ensembl.org, reference sequence: Genome
Reference Consortium (GRCh37) and www.1000genomes.org) were consulted.
In principle, only forward sequences were analyzed. Identified mutations were
confirmed by sequencing the reverse strand. Because of the relatively short
strands of the nested exon 6, every sample of this exon was analyzed in both
forward and reverse sequences.

Confirmation of NR5A1 mutations

When mutations were identified in NR5A1, a prediction of the effect of the
mutation could be made by analyzing the effect on protein function. The possible
pathogenicity of these mutations was predicted using the following prediction
programs for mutation interpretation: Align-GVGD (available at agvgd.iarc.fr) (35)
and Alamut (Interactive Biosoftware, Rouen, France). Grantham Variation (GV)
score, Align-GVGD class, and splice site involvement was determined for each
mutation. The GVGD (Grantham Variation — Grantham Deviation) classification
is based on the chemical differences between each amino acid pair, polarity and
molecular volume (GV) and sequence alignments (GD). GV scores below 62 are
associated with variable-conservative pathogenicity of a mutation; mutations
are considered variable- nonconservative when GV is higher than 62 (36). GVGD
classes are the following (ranging from less likely to most likely that the amino
acid substitution is to interfere with protein function): CO, C15, C25, C35, C45,
C55, and C65.

We reconnected with women in whom nonconservative mutations were identified
to inform them on the outcome of the analysis, and to perform additional NR5A1
mutation analysis in their family members. Identical sequencing procedures were
applied.
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Statistical analysis

For baseline characteristics and laboratory findings, median and associated range
of measurements were calculated. For categorical data, number and percentage
are reported.

Results

A total of 386 women with POl were included in the current study. Baseline
characteristics are reported in Table 1. Assessment of adrenal steroids identified
normal adrenal function in all women. Seventy-seven women out of 229 with
complete family history (34 %) were identified to have at least one family member
with POI.

Table 1. Baseline characteristics for all women with POI (n = 386)

Age (years) 37.2(15-60)
Age at secondary amenorrhea (years) 32.0 (12 - 40)
FSH (1U/L) 79 (40 - 200)
E, (pmol/L) 100 (< 20 - 200)
Adrenal dysfunction 0

Family history for POI 77 (34)°
Consanguineous parents 5(1.4)
Abnormal karyotype 21 (7.6)¢
FMR1 premutation 15 (6.3)¢

Note: Data shown as median (range) or n (%).

a Family history was known for n = 229; b Consanguinity was assessed in n = 345;

¢ Karyotype analysis was performed in n = 276; d n =17 mosaicism, n = 4 translocation (see also
Supplementary table 2); e FMR1 premutation screening was performed in n = 234.

Sequencing was performed in all women, including those in whom an abnormal
karyotype or carriership of the FMRI premutation was found considering the
possibility of more than one genomic defect as a cause of POIl. However, 30
patients (of whom 6 with familial POI), could not be included due to insufficient
sequencing results (Figure 1). In the remaining 356 women (71 familial POI, 135
sporadic POI, 150 incomplete family history), 9 different mutations were identified
in 10 women with POI. Four mutations were conservative, and 2 of them involved
mutations in the intronic region (Table 2). Five novel nonconservative mutations
of the NR5A1 were identified in 5 patients. One of these women also showed
45,X[6]/47,XXX[4]/46,XX[121] mosaicism. None of them were fragile -X premutation
carriers. Two women had a positive family history for POI. The mutation rate of
NR5A1 in this cohort of 356 women with POl was 1.4% of all cases, 2.2% in sporadic
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n =378 n=8

n =386

Insufficient sequencing

n=30

n =356

9 mutations in 10 women

A

5 nonconservative mutations
in 5 women (1.4%)

Figure 1. Flowchart of patient inclusion and subsequent mutation analysis.

cases (3 of 135), and 2.8% in familial cases (2 of 71) .

Evaluation of the pathogenicity of the nonconservative mutations is reported in
Table 3. Changes in amino acid were predicted to result in modest effects on
protein structure, varying from highly conserved proteins to weakly conserved
proteins. None of the mutations were predicted to involve any splice site.
Grantham scores varied from 29 to 113, and align-GVGD class was CO (4 amino
acids), C15 (1 amino acid), and C25 (1 amino acid), thus implying low predicted
pathogenicity except for the latter 2 amino acids (intermediate pathogenicity).
We reconnected with all five women in whom a nonconservative mutation was
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identified. Three of them were willing to get acquainted with the study’s findings
and to participate in the follow-up. Additional NR5A1 sequencing was carried
out in family members of two of these women, whereas all family members of
the third woman lived abroad and were thus not able to participate. Sequencing
was performed in the mother (also affected by POI) of the woman with mutation
€.938G>A (patient 5), however, no mutation was identified. Additional sequencing
of the unaffected mother of patient 2 (mutation c.407C>T) did not show any
abnormalities.

Table 2. Results of the NR5A1 mutation analysis and associated patient profile

Mutation analysis

Predicted amino acid

Patient Mutation® Exon change® Effect

1,2 c.407C>T 4A P136L Nonconservative

3 ¢.574G>T and ¢.575C>T 4B A192F or A192S and A192V Nonconservative

4 c.593C>T 4B P198L Nonconservative

5 c.938G>A 5 R313H Nonconservative

6 c.244+55G>A 3-4¢ None; no splice site Conservative

7 c.991-27C>A 5-6° None; no splice site Conservative

8 c.825C>T 4B S275S Conservative

9,10 c.225G>C 2 T75T Conservative
Patient profile

Patient b S’:t‘;'r"y’ ’I’,’ o Ethnicity FMR1 Karyotype

1 No Asian normal 46,XX

2 No Caucasian normal 45,X[6]/47,XXX[4]/46,XX[121]

3 Yes Mediterranean normal 46,XX

4 No Caucasian normal 46,XX

5 Yes Caucasian normal 46,XX

6 NA Caucasian normal 46,XX

7 Yes Caucasian NA 46,XX

8 No Black normal 46,XX

9 No Caucasian normal 46,XX

10 No Black normal 46,XX

POI : primary ovarian insufficiency; NA : not available.

a Numbers refer to position of the nucleotide from the 5’ end; c : coding region of the gene;

> : substitution; first letter refers to wild type nucleotide; second letter refers to nucleotide which
replaced the wild type.

b Number refers to position of the amino acid from the N terminus; first letter refers to one letter
code of wild type amino acid; second letter refers to one letter code of the amino acid present in
the mutation. A : Ala (Alanine); F : Phe (Phenylalanine); H : His (Histidine); L : Leu (Leucine); P : Pro
(Proline); R : Arg (Arginine); S : Ser (Serine); T : Thr (Threonine); V : Val (Valine).

¢ Intronic region.
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Table 3. Analysis of effect on protein function of nonconservative mutations using Grantham Score
and Align-GVGD

Predicted amino Protein Grantham  Align-GVGD Predicted
Patient Mutation® Exon  acid change® conservation Score Class® pathogenicity
land2 c407C>T 4A P136L Weakly 98 Cco Low
conserved
3 c.574G>T 4B A192F Weakly 113 C15 Intermediate
c.575C>T conserved
A192S 99 co Low
A192V 64 co Low
4 c.593C>T 4B P198L Highly 98 co Low
conserved
5 c.938G>A 5 R313H Highly 29 C25 Intermediate
conserved

a Numbers refer to position of the nucleotide from the 5’end; c : coding region of the gene; > :
substitution; first letter refers to wild type nucleotide; second letter refers to nucleotide which
replaced the wild type.

b Number refers to position of the amino acid from the N terminus; first letter refers to one letter
code of wild type amino acid; second letter refers to one letter code of the amino acid present in
the mutation. A : Ala (Alanine); F : Phe (Phenylalanine); H : His (Histidine); L : Leu (Leucine); P : Pro
(Proline); R : Arg (Arginine); S : Ser (Serine); T : Thr (Threonine); V : Val (Valine).

¢ Align-GVGD classes: CO, C15, C25, €35, C45, C55 and C65, ranging from less likely to most likely to
interfere with protein function.

Discussion

The current study aimed to investigate the frequency of NR5A1 mutations in a
large cohort of carefully phenotyped women diagnosed with spontaneous POI
without adrenal insufficiency. The whole NR5A1 gene was sequenced, thereby
enabling the identification of all sequence mutations and variants. Five novel,
nonconservative mutations were identified in five patients, 2 out of 71 (2.8%)
familial cases and 3 out of 135 (2.2%) in sporadic cases, leading to an overall
mutation rate of 1.4% (5 in 356). Analysis of amino acid changes showed that the
pathogenicity of these mutations could be predicted to be low to intermediate.
While a previous study suggested an NR5A1 mutation rate of 8% in women with
sporadic POl and perhaps even higher in familial cases (26), the current results do
not confirm this finding.

Additional NR5A1 sequencing in family members of nonconservative POI patients
was carried out in patients 2 and 5. While the mother of patient 5 was also
affected by POI, the daughter’s age at onset of POl was much lower (20 years)
compared with her mother’s age at onset of POl (32 years). This family was
previously studied in a genome-wide linkage analysis by another research group,
and suggestive linkage was identified for three genomic regions on chromosomes
5, 14, and 18 (37). Because normal sequencing results were identified in the
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mother, it may be hypothesized that the NR5A1 mutation in the daughter had
an amplifying effect to the severity of POI within this family. No mutation was
identified in the unaffected mother of patient 2, which may indicate that the
NR5A1 mutation occurred de novo in this patient. However, the father of this
patient died before the current study was begun and therefore this could not be
verified completely.

The prediction of the pathogenicity of the identified nonconservative mutations
in this study shows that these mutations only affect protein function mildly, if at
all. This is in contrast with previous studies where identified NR5A1 mutations
mutant SF-1 protein was found to be mostly inactive: the “classic phenotype” of
complete 46,XY gonadal dysgenesis and primary adrenal insufficiency, isolated
46,XY disorders of sex development, and isolated (primary) adrenal insufficiency
in both genders (27-31,38). Therefore, it may be hypothesized that mild mutations
lead to subtle sexual disorders, such as POI. This is supported by the findings of
a recent publication suggesting that males with isolated oligozoospermia may
also be affected by mild mutations of the NR5A1 gene (33). Now that both the
prevalence and the pathogenicity of the NR5A1 mutations were much lower as
compared to those previously described (26), we felt it would be of limited value
to undertake additional in vitro experiments to assess their pathogenetic effect
more precisely.

Several reasons may exist to account for the lower prevalence of NR5A1
mutations in this cohort compared with a previous report (26). Firstly, our study
cohort consisting of consecutive patients diagnosed with POl is much larger and
therefore probably is a more reliable representation of the complete spectrum of
POI. Only 25 women with spontaneous POl were included in the previous study
and the recruitment procedure and inclusion and exclusion criteria were not
clearly stated. Women with primary amenorrhea were not included in the current
study, while in the previous study NR5A1 mutations were only demonstrated in
two prepubertal girls aged 12.5 years and 4 months, respectively. Moreover,
both girls presented with abnormal phenotype characteristics: the first patient
presented with short stature, and clitoral hypertrophia and elevated FSH were
found in the second girl. Lastly, the Dutch cohort mainly comprises Caucasian
women (77%), whereas the other study involved subjects of various ethnicities.
Therefore, differences between both POl populations that were studied may
explain the higher prevalence of NR5A1 mutations in the previous study.

In conclusion, the findings of the current study suggest that NR5A1 mutations
are rare in women with POL. Therefore, there seems limited value in the inclusion
of NR5A1 mutation screening in the diagnostic workup of women affected by
POI. Primary ovarian insufficiency etiology remains unexplained in the majority of
women with POI, and studies concerning the origin of this multifactorial complex
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disease are needed. As the concept of POl as a complex genetic disease arises,
it is important to aim at unravelling the genetic variation underlying POI by
performing next generation sequencing technologies in large, well-phenotyped
cohorts for which international collaboration should be sought.
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Supplementary materials

Table S1. Primers used for PCR amplification of the NR5A1 gene

Exon Forward (5’-3’) Reverse (5’-3’)

2 GCCTGGGCACAGAGAGG CGTCTTGTCGATCTTGCAG
3 AGGTGTCCGGCTACCAC ACTGGGCCCTAATGTCG
4A TTGTTTGGAAAGGATCTGTG AGAGAAGGGCTCTGGGTAG
4B CACCGGACTACGTGCTG CCAGGTACTGCCTGAAGC
5 GATGGGCACAGAGAGGTTAG GATAATTAGGGTGCCCAGAG
6 TGACCTGCACCTCCAATC CTACCTCTCCAGCCTCACC
6 nested ACCCACGTCCTCTGACTG GCTGTCTCCACCTCTCTGTC
7 TAACAGCCACCTCCTTGG GTATTGGTGATGCTGGTGAC

Table S2. Detailed description of all cytogenetic abnormalities encountered in women with POI

Chromosomal mosaicism 45,X[3]/46,XX[32] (2 patients)
45,X[11/47,XXX[3]/46,XX[26]
45,X[31/47,XXX[2]/46,XX[27]
45,X[4]/46,XX[28]
45,X[41/46,XX[47]

45,X[41/46,XX[129]

45,X[41/47,XXX[1]/46,XX[45]
45,X[51/46,XX[31]
45,X[51/46,XX[95]
45,X[6]/46,XX[144]
45,X[6]/47,XXX[4]/46,XX[121]
45,X[71/46,XX[93]
45,X[9]/46,XX[123]
45,X[9]/46,XX[91]
46,XX[51/47,XXX[2]
47XXX[3]/46,XX[29]

Chromosomal translocations 45,X,t(X;5)(q22.1;q22.1)

t(9p;Xa)

Translocation involving X chromosome, not further
specified(2 patients)
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Abstract

Objective

To assess the incidence of normal, intermediate and premutation FMR1 alleles in
well-phenotyped women with POI. In addition, a possible association of number
of FMR1 CGG repeats with POI severity was investigated.

Design
Cross-sectional cohort study

Setting
University hospital

Patients

144 women with amenorrhea diagnosed with overt POI, and 34 women with
occult POI (defined as elevated FSH concentrations in women with regular or
irregular menstrual cycles).

Interventions
PCR of the CGG-repeat region of the FMR1 gene and subsequent fragment length
determination.

Main outcome measures
Distribution of FMR1 alleles. Association between the number of CGG repeats vs.
age at diagnosis or vs. FSH concentrations.

Results

A total of 3 (2%) premutations were identified, which occurred only in women
with overt POI. Overall, 6 (3%) intermediate alleles were found; 2 (6%) in occult
POl and 4 (3%) in overt POI. A significant linear association between CGG repeat
size and age at POl or FSH levels could not be demonstrated (P = 0.93 and
P =0.09, respectively).

Conclusions

The evaluation of normal- and intermediate FMR1 repeat size seems of limited
value in the diagnostic work-up of women affected by POI, or in women at risk for
developing POI. The biological pathway and the clinical relevance of intermediate
FMR1 CGG repeat alleles remain to be elucidated.
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Introduction

Menopause typically occurs at around 51 years of age (1). However, approximately
1% to 2% of women experience the cessation of menses before the age of 40
years (2). This condition - currently known as primary ovarian insufficiency (POI)
(previously premature ovarian failure) - is characterized by amenorrhea for at
least 4 months occurring prior to the age of 40 years, and repeatedly elevated
follicle-stimulating hormone (FSH) concentrations above 40 IU/L along with
decreased estradiol (E,) levels (3,4).

The high heritability of age at menopause (5) together with the tendency for
POI to run in families (6), implies a strong genetic component underlying POI.
However, a clear Mendelian pattern of inheritance has not been identified.
Furthermore, environmental factors such as smoking have also been shown to
contribute to the variation in age of menopause (7,8). POl is therefore considered
a multifactorial heterogeneous condition for which the specific cause remains
unknown in the majority of cases (9,10). Genetic causes include numerical or
structural chromosomal abnormalities including (full or mosaic) monosomy
X (11), or relatively rare monogenetic causes such as mutations in the FOXL2,
BMP15, FSHR, or GDF9 gene (12-15). The most frequent monogenic cause of POI
is the premutation of the fragile-X mental retardation gene 1 (FMR1) with an
incidence reported between 0.8% to 13% (16).

The FMR1 gene is located on the distal long arm of the X chromosome (Xq27.3)
and consists of 17 exons (OMIM ID number 309550). Dysfunction of the
FMR1 gene is caused by the amplification of an unstable CGG triplet in the 5’
untranslated region of the first exon (17). CGG repeat size exceeding 200 repeats
is considered a full mutation, which leads to hypermethylation and subsequent
silencing of the FMR1 gene, and thereby results in the loss of fragile-X related
mental retardation protein (FMRP) (18). The fragile-X syndrome is characterized
by mental retardation, characteristic facial features, and behavioral problems
such as autism and attention deficit disorder (OMIM ID number 300624). Both
males and females may be affected by the fragile-X syndrome, although males
are more severely affected because the mutation is X-linked. In women with full
FMR1 mutation, non-random X chromosome inactivation may regulate the FMRP
production and thus the phenotype may be ameliorated, causing only one third
of these women to suffer from decreased intelligence (19).

The full FMR1 mutation may result from expansion of a premutation in maternal
transmission from one generation to the next (20). The FMR1 premutation is
an amplification of the CGG repeat length to 55-200 repeats (19) (normal range
< 45 repeats) (21). It is associated with POI (FXPOI) in young women, and with
fragile-X associated tremor and ataxia syndrome (FXTAS), mostly occurring in
the elderly (22). Furthermore, evidence points towards a higher incidence of
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FMR1 premutation in women with occult POI (regular or irregular cycle, elevated
FSH and/or decreased AMH) compared to controls (23). The incidence of FMR1
premutation carriership varies from 1in 178 to 1 in 468 in the general population
(24-31). Approximately 21% of FMR1 premutation carriers will develop FXPOI
(16,32). The severity of ovarian dysfunction depends on the CGG repeat size in
a non-linear fashion: women with mid-range repeats (80-100) experience POI
earlier and more frequently than other carrier groups (33,34).

The intermediate CGG repeat length (45-54) (19,21) may expand to a full mutation
after two or more generations (20). The role of intermediate CGG repeat size
was recently investigated in POl and varying results were obtained. An increased
frequency of intermediate alleles was identified in (occult) POI in several small
sample size studies (23,35-38), but these findings could not be confirmed in a
much larger sample size study (39). Yet another study suggested that any 5 CGG-
count deviation from the most frequent CGG repeat size in the normal population
(29-30 repeats) (40) would represent a possible risk factor for developing “occult”
POI (41).

However, varying definitions for the description of intermediate CGG repeat length
exist (19,21,42), and a lower boundary of FMR1 repeat sizes which alter ovarian
function has not yet been defined (37). The current study was undertaken to
again assess the incidence of normal, intermediate and premutation FMR1 alleles
in women with POI. Moreover, we aimed to investigate a possible association of
number of CGG repeats with age at POl as a parameter of POI severity.

Materials and methods

Patients

Since 2005, women suspected to suffer from a hypergonadotropic status
presenting with a regular menstrual cycle, oligomenorrhea, or amenorrhea
are systematically evaluated in the outpatient clinic of the University Medical
Center Utrecht, the Netherlands, as has been described in previous studies from
our group (10,43). For the current study, all consecutive women in this cohort
diagnosed with overt POI or occult POl in whom data of the FMR1 gene are
known, were included (n = 144, and n = 34, respectively). Overt POl was defined
as spontaneous cessation of menses for at least 4 months in women younger
than 40 years of age, along with repeated FSH concentrations exceeding 40 1U/L
(4). Women with primary amenorrhea were also included. Women with regular
(previously: incipient ovarian failure) or irregular cycles (previously: transitional
ovarian failure) were diagnosed with occult POl when early-follicular elevated
FSH exceeded 12 IU/L (37,44). Exclusion criteria were the following: abnormal or
unknown karyotype (n = 52), autoimmune (n = 42) or iatrogenic causes for POI (n
=1), and incomplete data on CGG repeat length (n = 16).
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In short, data were gathered on reproductive and obstetric history, medical
history, and family history for POl and mental retardation. For overt POI, age at
diagnosis was defined as age at date of last menses, or age at date of last oral
contraceptive pill (after which amenorrhea occurred, n = 39), or age at date of
birth of the last child (after which menses did not return, n = 4). For women with
occult POI, age at diagnosis was identical to the age at visit to the outpatient
clinic, when the diagnosis was made. Family history covered three generations
including paternal and maternal grandparents, paternal and maternal aunts
and uncles, and the proband’s parents and siblings. Familial POl was defined as
when the index patient had at least one family member also affected by POI (10).
Finally, FSH concentrations were measured using a chemoluminescence-based
immunometric assay (Immulite 2000; Diagnostic Products Corp., Los Angeles,
CA).

The study protocol was approved by the institutional review board of the
University Medical Centre Utrecht, the Netherlands, and all women gave written
informed consent (clinicaltrials.gov identifier: NCT01411644).

Genotyping

For each patient, a blood sample was collected in a 10 mL EDTA tube, and
high molecular weight genomic DNA was extracted from blood samples using
established procedures. Amplification was performed by PCR of the CGG-
repeat region of the FMR1 gene using Platinum Pfx DNA Polymerase according
to the instruction of the manufacturer (Invitrogen). As forward primer PK2038
(5’-GCTCAGCTCCGTTTCGGTTTCACTTCCGGT-3’) and as reversed primer 5" FAM
labeled PK2039 (5-GCCCCGCACTTCCACCACCAGCTCCTCCA-3’) were used.
Fragment length determination was performed on an ABI 3130 sequencer
(Applied Biosystems) using the GeneMarker genotype analysis software
(SoftGenetics, State College, PA). Whenever a single allele length was observed,
a Southern analysis was performed on Hind Il en EclXI restricted DNA to confirm
homozygosity for the number of CGG-repeats. Hybridization was performed
using the PCR DIG Probe Synthesis Kit (Roche, Switzerland) with the primers
PK3692-forward (5'-CGCCAAGAGGGCTTCAGGTCTCCT-3’) and PK3693-reverse
(5’-GAGACTGTTAAGAACATAAACGCGGG'-3').

The allele with the lowest triple repeat number was referred to as allele 1, while
allele 2 was destined to represent the longest of both, consistent with prior
publications (38,45). A normal CGG repeat count was defined as <45 repeats, the
intermediate allele was defined as 45-54 CGG repeats, and the FMR1 premutation
was defined as 55-200 CGG repeats (19,21).
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Statistical analysis

For continuous variables, means + standard deviations (SDs) are reported. The
differences between the overt and occult POI groups were compared using the
Student’s t test. For categorical data, number and percentage are reported, and
chi-square tests were executed to assess statistical differences between both
groups. The Mann-Whitney U test was performed to test for the CGG repeat
distributions in women with overt POl vs. women with occult POI. To identify a
possible non-linear association of number of CGG repeats in the allele with the
longest triple repeat number (allele 2) and age at diagnosis, 3-knot restricted
cubic splines were used. The restricted cubic splines did not indicate deviations
from linearity. Therefore, linear regression analyses were performed to
investigate the association between the number of CGG repeats in allele 2 vs. age
at diagnosis, and vs. FSH concentrations. Because FSH is associated with age, age
at diagnosis was entered as a covariate. Moreover, subgroup analyses for overt
POI and for occult POI, and for familial and sporadic POI groups were performed.
Furthermore, because age at diagnosis and the CGG repeats in allele 2 were not
normally distributed, logarithmic transformation of all variables was performed
before the analyses were executed. Analyses were performed using SPSS for
Windows, version 17.0 (SPSS Inc., Chicago, IL) and R version 2.9.0. (http://www.r-
project.org/).

Results

A total of 178 women, of whom 144 diagnosed with overt POl and 34 diagnosed
with occult POI, were included for the current study. Baseline characteristics
are reported in Table 1. Women with occult POl were older at screening and at
diagnosis compared to women with overt POI. FSH was significantly higher in
women with overt POl compared to women with occult POI. Forty-seven women
had a positive family history for POI: 34% in overt POl and 28% in occult POI.
Details for the CGG repeat lengths for all women are reported in Table 2. The most
common CGG repeat size of allele 2 was 30 repeats. Three FMR1 premutations
were identified in the entire study population (2%), which were all present in the
overt POI group (2%). In total, 6 intermediate alleles were found (3%); 2 (6%) in
occult POl and 4 (3%) in overt POI. The distributions of the CGG repeat size of
allele 2 for each group are shown in Figure 1. Similar to the findings in the entire
group, the most common repeat size was 30 in both subgroups, and ranging from
22 to 92 in overt POl and from 28 to 49 in occult POI. The distributions were not
significantly different between both groups (P = 0.56).
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Table 1. Baseline characteristics for all women included in the study

Overt POI Occult POI Total
(n=144) (n=34) (n=178)
Age at diagnosis, years® 358+7.6 36.2+3.8 359+7.0
Age at final menses, years 32.4+6.7 NA NA
Ever pregnant 72 (50%) 23 (67%) 95 (55%)
Parity 0.75+1.0 091+£1.2 0.78+1.1
Ever used oral contraception 128 (89%) 31 (91%) 159 (89%)
Ever used HT 12 (8%) 0 12 (7%)
Smoking
Never 78 (54%) 21 (62%) 99 (56%)
Current 34 (24%) 5 (15%) 39 (22%)
Past 28 (19%) 8(24%) 36 (20%)
BMI, kg/m? 246+5.0 25.0+6.6 247+54
Family history for POI® 39 (34%) 8 (28%) 47 (33%)
FSH at diagnosis, 1U/L 86.8+40.1 41.2+25.2 78.0+41.8

Data show as mean  SD, or n (%).

POI, primary ovarian insufficiency; NA, not applicable; HT, hormone therapy; BMI, body mass index.
a Significant difference between overt and occult POI, P = 0.001.

b Family history complete for 164 women (92.1%). 20 Women had a family member affected by early
menopause (between age 40 and 45 years). They were not included in this comparison, because it
remains uncertain whether early menopause represents a continuum with POI.

¢ Significant difference between overt and occult POI, P < 0.001.

Table 2. FMR1 CGG repeat length in women with overt or occult POI

Overt POI Occult POI Total
(n=144) (n=34) (n=178)
FMR1 CGG repeat size
FMR1 Allele 1: CGG repeats 27.3+5.0 28.1+3.5 27.4+48
Median (range) 29 (8 —-41) 29 (20-31) 29 (8 —41)
FMR1 Allele 2: CGG repeats 329+86 323+4.6 32.8+8.0
Median (range) 30(22-92) 30 (28 -49) 30(22-92)
Incidence of FMR1 allelic form
Normal (< 44 repeats) 137 (95%) 32 (94%) 169 (95%)
Intermediate (45-54 repeats) 4 (3%) 2 (6%) 6 (3%)
Premutation (55-200 repeats) 3 (2%) 0 3 (2%)

Data show as mean * SD, median (range), or n (%).
POI, primary ovarian insufficiency; FMR1 allele 1, allele with the lowest CGG repeat number; FMR1
allele 2, allele with the highest CGG repeat number.
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Figure 1.

A Distribution of FMR1 CGG alleles in women with overt POI (n = 144).
Legend: POI, primary ovarian insufficiency.

B Distribution of FMR1 CGG alleles in women with occult POI (n = 34).
Legend: POI, primary ovarian insufficiency.

Linear regression analysis for age at diagnosis vs. CGG repeat size of allele 2 did
not identify a significant association (P = 0.93). The introduction of subgroups,
i.e. overt POl and occult POI, did not change this finding (P = 0.99 and P = 0.39,
respectively). Linear regression analysis for FSH vs. CGG repeat size was also not
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statistically significant (P = 0.09). While no significant association between FSH
and CGG repeat size was identified in occult POI (P = 0.73), borderline significance
was identified in women with overt POI (P = 0.056). Subgroup analyses for familial
vs. sporadic occurrence of POl did not change any of the findings (data not shown).

Discussion

The current study was undertaken to investigate the incidence of FMRI
premutationsandintermediateallelesinaconsiderable cohort of well-phenotyped
Dutch women with overt or occult POI. Furthermore, a possible association of the
number of CGG repeats and age at POl was investigated. The most common allele
size was 30 CGG repeats in both groups. A total of 3 premutations was identified
and occurred only in women with overt POI. A significant linear association
between CGG repeat size and age at POl could not be demonstrated.

Gene transcription is significantly increased in FMR1 premutation carriers. The
resulting increased FMR1 mRNA levels probably contribute to the pathogenesis
of FXTAS through toxic gain-of-function effect (46). Up until now, a similar
contribution of the FMR1 premutation (or intermediate repeat size) to the
pathogenesis of FXPOI has only been suggested (47). However, FMRI mRNA
transcript levels are highly variable in CGG repeat numbers at the lower end of
the premutation range (48), and this variability does not correlate to the variance
of CGG triplet numbers in women with POI (49). In contrast, destabilization
of the intermediate CGG stability (resulting from CGG repeats without AGG
interspersions) could be another potential biological pathway in POl (36).
However, AGG interruptions do not seem to decrease FMR1 mRNA levels (50).
Clearly, the possible biological mechanism of intermediate and premutation size
CGG repeats in the pathogenesis of POl needs further study.

The first aim of the current study was to assess once again the incidences of normal
or intermediate CGG repeats, and of the FMR1 premutation in POl. The most
frequent CGG repeat size was 30 in both overt and occult POI, which is similar to
the general population (40). In total, three premutations were identified (1.7%),
occurring in overt POl only (2.1%). These figures fall into the lower range of the
published incidence of 0.8% to 7.5% for premutations in sporadic POl (51-54).
Of the three premutation carriers in our study sample, two had a positive family
history for POIl. One woman had a mother affected by POI, and two maternal
cousins who also carried the FMR1 premutation, one of whom had a son affected
by the fragile-X syndrome. The other woman had a sister also affected by POI.
Intermediate FMR1 alleles were identified in six women in total (3%); four in
overt POl (3%) and two in occult POI (6%).

Up to now, only one study used identical definitions to the current study,
and identified an incidence of 3.2% of intermediate alleles in occult POI (23).
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Unfortunately, most previous publicationsin overt POl applied different definitions
for intermediate alleles, although not concurrent with the existing guidelines
(19,21,42). For the sake of comparison of those publications, we converted our
findings to the other definitions: when intermediate CGG repeats are defined as
41-58 repeats, we found 12 intermediate alleles in overt POl (8.3%) and two in
occult POI (5.9%); which is higher than the previously reported 3.8% to 4.7% in
overt POI (36,39). Another rather wide definition of 34-54 repeats resulted in
26 (18.1%) in overt POI and seven (20.6%) in occult POl in our study sample, in
contrast to the previously published incidence of 7.1% to 14.2% (35,39). Although
the contribution of intermediate CGG repeat length in POl seems considerable
using the two latter definitions, the clinical relevance of these repeat lengths
needs further evaluation. Moreover, approximately 6% of the general female
population carries alleles with 40-60 repeats (39,55), while the incidence of POI
is only 1% to 2% (2). This suggests that low penetrance, variable expression, or
the involvement of other genetic and/or environmental factors possibly play a
role in the development of POI.

The second objective of the current study was to examine a possible association
between CGG repeat size and age at diagnosis, as a measurement for the severity
of POI. No significant association was identified by linear regression analysis.
This finding is in contrast with a previously published study in Asian women
(56), in which it was suggested that having > 38 CGG repeats was associated
with younger age at onset of amenorrhea (56). However, the number of CGG
repeats in Asians exhibits a different distribution compared to other ethnicities,
with a secondary peak of 34-36 repeats in addition to the most frequent peak of
29 or 30 repeats (40,57,58). In the current study, the possibility of a non-linear
relationship between CGG repeat length and age at diagnosis was excluded by
3-knot restricted cubic splines. Therefore, the results do not support a previously
published non-linear relationship between CGG repeat length and the likelihood
for women to develop occult POI (41). Finally, a possible association between CGG
repeat size and FSH concentration was investigated. The analysis almost reached
statistical significance in women with overt POl only. This is an interesting finding
given the results of a recent study in which lower baseline FSH concentrations (30-
52 IU/L) in women with overt POl were associated with a better prognosis for the
resumption of ovarian function compared to higher baseline FSH concentrations
(52-79 1U/L) (59). These associations need further study.

There may be some limitations in this study. Firstly, we chose to only perform
analyses with continuous CGG repeat data to avoid the introduction of a bias due
to multiple testing. Therefore, we cannot be certain whether a significant cut-off
for CGG repeat length would exist in any of the investigated associations, although
the current results do not support this hypothesis. Furthermore, analyses with
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AMH as a measure of POl severity were not performed. The reason for this is that
we have previously demonstrated that AMH concentrations are almost always
undetectable in women with overt POI (44), and linear regression analysis in
women with occult POl only was not feasible due to limited sample size.

In conclusion, the current study identified a low number of intermediate FMR1
CGG repeat alleles and FMR1 premutations in women with overt or occult POI
according to the current FMR1 guidelines. No significant association between
CGG repeat size and age at POI diagnosis could be identified. The biological
pathway and the clinical relevance of intermediate FMR1 CGG repeat alleles
remain to be elucidated. Therefore, there seems limited value in the evaluation of
normal and intermediate FMR1 repeat size in the diagnostic work-up of women
affected by POI, or for prognostic purposes in women at risk for developing POI.
However, although only a low incidence was identified in the current study, the
identification of FMR1 premutations remains important in women with POI
because of the risk for expansion to a full mutation in their offspring.
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Abstract

Background

Increasing age and postmenopausal status are associated with decreasing
androgen concentrations in females. Women with premature loss of ovarian
function - such as primary ovarian insufficiency (POI) or iatrogenic menopause -
may be at increased risk for diminished testosterone (T) levels at a relatively
young age. Differentiation between a hypoandrogenic or normoandrogenic state
in women with premature loss of ovarian function is problematic due to trueness
and precision problems using various T assays. The current meta-analysis was
conducted to evaluate current literature reporting serum total T concentrations
under these conditions, including stratification for various T assays.

Methods

A systematic review and meta-analysis of controlled observational studies was
performed. The electronic databases of Pubmed, Embase and the Cochrane
Library were systematically searched until October 2011 for comparative
studies on total T concentrations in women with spontaneous POI or iatrogenic
menopause compared to controls. Literature search, data extraction, and critical
appraisal, using the Newcastle-Ottawa Scale, were performed by two independent
investigators. The effect measure was the weighted mean difference (WMD) with
95% confidence interval (95% Cl) in a random effects model.

Results

A total of 206 articles for spontaneous POl and 1,358 for iatrogenic menopause were
reviewed, of which 9 and 17 papers, respectively, were selected for final analysis. Both
groups demonstrated significantly lower total T concentrations compared to controls
(WMD (95% Cl) -0.38 (-0.55 to -0.22) nmol/L, and -0.29 (-0.39 to -0.18) nmol/L,
respectively), yet with substantial between-study heterogeneity. Subgroup
analysis for assay type was statistically significant in spontaneous POI only.
Sensitivity analyses of high-quality studies did not change results, and resulted in
a substantial decrease in heterogeneity in spontaneous POI.

Conclusions

The current meta-analysis demonstrates that total T concentrations are decreased
in women with spontaneous POl or iatrogenic menopause. The potential
implications of hypoandrogenism in these women remain to be elucidated.



Testosterone in ovarian insufficiency

Introduction

While spontaneous menopause typically occurs around the age of 51 years
(1), approximately 1% to 2% of women experience menopause before the
age of 40 years (2). Spontaneous premature cessation of ovarian function,
currently known as primary ovarian insufficiency (POI) or premature ovarian
failure (POF), is characterized by amenorrhea for at least 4 months along with
repeatedly elevated follicle-stimulating hormone (FSH) concentrations in the
postmenopausal range and a hypo-estrogenic state (3,4). Spontaneous POI
may be caused by steroidogenic cell autoimmunity (5), numerical or structural
chromosomal abnormalities, such as monosomy X (6), or monogenic causes,
including the fragile-X premutation (7) and other single gene mutations (8-10).
In the great majority of women diagnosed with POI, however, mechanisms
underlying premature exhaustion of the ovarian follicle pool remain unknown.
Most probably, POI should be regarded as a complex genetic disease in which
multiple genetic variants along with environmental factors may play important
roles (11).

Another group of postmenopausal women, who do not fit the description
of physiologic menopause, are women who experienced menopause due to
gonadotoxic treatment (such as chemotherapeutic agents and irradiation), or
extensive abdominal surgery and oophorectomy. Because the long-term survival
in women treated for cancer has greatly improved during recent decades (12),
the incidence of women with iatrogenic menopause due to both benign and
malignant diseases has now increased to 3.4% to 4.5% (13).

Spontaneous POl and iatrogenic menopause are associated with infertility, and
increased risk for osteoporosis (14,15), cardiovascular disease (16-18), and
diminished emotional well-being (19). Most known health risks in women with
spontaneous POl and iatrogenic menopause are attributed to the low estrogen
concentration in these women.

However, some studies suggest that these women may also be at risk for low
testosterone (T) concentrations (20-22). Up until now, it is debated whether the
postmenopausal ovary remains a significant source of androgen production.
There is conflicting evidence indicating that hypoandrogenism in postmenopausal
women may derive from a gradual decrease in both ovarian and adrenal
production of androgens with increasing age (23), while others suggest that only
ovarian androgen production further decreases during menopausal transition
(24,25). Hypoandrogenemia is described in association with the female androgen
insufficiency syndrome (FAIS). The Princeton Consensus Statement proposed
the following clinical symptoms for the description of FAIS: (1) diminished
sense of well-being or dysphoric mood, (2) persistent, unexplained fatigue,
and (3) sexual function changes (20). Besides FAIS, decreased T concentrations
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have been associated with multiple general health consequences in peri- and
postmenopausal women. These include increased risks for dyslipidemia (26) and
coronary heart disease events (27,28). These associations remain controversial,
however, because other studies found no or even reverse effects on risks for
metabolic syndrome (29,30) or cardiovascular disease (31). In contrast, from
existing literature it becomes clear that lower total T concentrations are associated
with increased fracture risk (32) and decreased bone density (33). Furthermore,
associations between low T concentrations and decreased verbal fluency (34),
and increased frailty in the elderly (35) have been described.

Although some studies (36,37) and guidelines (38) have advocated a beneficial
effect of androgen therapy in hypoandrogenic women, the evidence is controversial
and the Endocrine Society Clinical Practice Guidelines do not recommend androgen
therapy until the physiological role of androgens has become clear and the clinical
syndrome of androgen deficiency is better defined (39).

The diagnoses of FAIS and other health risks possibly associated with
hypoandrogenemia are complicated by the lack of reliable T assays and the
need for age-adjusted reference values (40,41). Simple radioimmunoassay (RIA)
and chemiluminescence immunoassay are performed directly in serum, but
show more bias in the lower range encountered in women due to increased
interference and overestimation of steroid concentrations compared to other
assays (42,43). The addition of extraction and chromatography procedures before
use of RIA removes these interfering proteins and cross-reacting steroids, but
extraction is labor intensive and time-consuming (40). A third type of T assay is the
liquid chromatography- tandem mass spectrometry (LC-MS/MS). This assay has
the advantage of chromatographic separation and mass spectrometry analysis,
leading to an equal or better precision compared with most other assays, and
is much less time-consuming. However, like extraction/ chromatography RIAs,
standardization is still lacking for LC-MS/MS (44). Finally, most circulating T is
biologically inactive due to binding to serum proteins, primarily sex hormone-
binding protein (SHBG) and albumin (45). Free T (FT) is the unbound component
of total T, while bioavailable T is defined as the concentration of T that is free or
weakly-bound. While FT may correlate better with the patient’s clinical androgenic
state, the measurement of FT is even more complicated because FT is only a small
proportion of total T (46). Instead of measuring FT concentrations itself, the Free
Androgen Index (FAI; T/SHBG x 100) is often calculated. However, FAl is also highly
dependent on the quality of T and SHBG assay measurements (47).

Multiple studies have investigated serum total T concentrations in women with
spontaneous POI or iatrogenic menopause. However, due to the low incidence
of ovarian insufficiency and the heterogeneity of iatrogenic menopause, most
studies included small sample sizes. Moreover, different total T assays were
applied and control groups were not uniform. The current systematic review
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and meta-analysis was aimed to investigate total T concentrations in women
with spontaneous POl and iatrogenic menopause, and to identify whether these
women are at risk for hypoandrogenemia, while introducing subgroup analyses
for constitution of control group and T assay that was used.

Materials and methods

Search strategy

The electronic databases of MEDLINE, EMBASE and the Cochrane Library were
consulted from inception until October 2011 for the identification of suitable
papers. A search strategy was carried out based on synonyms of ‘POl’, ‘iatrogenic
menopause’, and ‘testosterone’ in title and abstract. Synonyms were identified
by selecting relevant items included in the indexed MeSH search terms and by
reviewing relevant literature for new relevant synonyms not mentioned by MeSH.
Two separate searches were carried out: one for T concentrations in spontaneous
POI, and one for T concentrations in iatrogenic menopause.

For the first search, the following terms were included in the MEDLINE search:
(“Premature ovarian failure”[tiab] OR “ovarian failure”[tiab] OR “ovarian
ageing”[tiab] OR “ovarian aging”[tiab] OR “primary ovarian insufficiency”[tiab]
OR “POF”[tiab] OR “premature menopause”[tiab] OR “early menopause”[tiab] OR
“climacterium praecox”[tiab] OR “gonadotropin resistant ovary syndrome”[tiab]
OR “gonadotropin-resistant ovary syndrome”[tiab] OR “resistant ovary
syndrome”[tiab] OR “ovarian follicle depletion”[tiab]) AND (“testosterone”[tiab]
OR “free testosterone”[tiab] OR “total testosterone”[tiab] OR “androgen”[tiab] OR
“androgens”[tiab] OR “circulating testosterone”[tiab]).

The search for T concentrations in iatrogenic menopause consisted of
the following search terms in MEDLINE: (“iatrogenic menopause”[tiab]
OR “surgical menopause”[tiab] OR “bilateral oophorectomy”[tiab] OR
“oophorectomised”[tiab] OR “oophorectomized”[tiab] OR “ovariectomy”[tiab]
OR “chemotherapy-induced menopause”[tiab] OR “chemically induced
menopause”[tiab] OR “post chemotherapy ovarian failure”[tiab] OR “che-
mical ovarian failure”[tiab] OR “chemical ovarian insufficiency”[tiab]
OR “chemotherapy-induced menopause”[tiab] OR (“cancer”[tiab] AND
“menopause”[tiab]) OR (“chemotherapy”[tiab] AND “menopause”[tiab]))
AND (“testosterone”[tiab] OR “free testosterone”[tiab] OR “total
testosterone”[tiab] OR “androgen”[tiab] OR “androgens”[tiab] OR “circula-
ting testosterone”[tiab]). The searches were modified for EMBASE and the
Cochrane Library using their title/abstract headings. No limits were used in
the advanced search.

In addition, a hand search of reference lists of relevant review articles and those
of included studies was conducted to locate any other potentially eligible studies.
When necessary, authors were contacted to gain additional information.
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Selection criteria

All published studies in which serum total testosterone concentrations were
described for women with spontaneous POl or surgical menopause and compared
with healthy controls, were considered eligible for this systematicreview and meta-
analysis. The criteria for spontaneous POl had to be consistent with the definition
of POl by the WHO lll criteria: amenorrhea for at least 4 months, occurring before
the age of 40 years, along with repeated elevated follicle-stimulating hormone
(FSH) to a menopausal level and decreased estradiol (E,) concentrations (2,3).
latrogenic menopause was defined as women who underwent bilateral salpingo-
oophorectomy (BSO) or became postmenopausal due to gonadotoxic treatment
(such as chemotherapy or irradiation) before natural menopause occurred (48).
Controls were required to be women without POI or iatrogenic menopause. Both
similar-aged, cycling controls as well as naturally postmenopausal controls were
considered eligible.

Exclusion criteria were hyperandrogenemia, BSO or gonadotoxic treatment
performed after menopause had occurred, use of hormone therapy, studies
focusing on men or animals, and studies without a control group. Studies focusing
only on chromosomally abnormal POI patients, such as Turner syndrome, or
women with galactosemia, were excluded. Reviews, case-reports, letters to the
editor, conference papers and studies published in languages other than English,
Dutch or German were also excluded.

The process for study selection was conducted in two phases. First, titles and
abstracts were screened to meet the inclusion criteria by two independent
investigators (F.J. and S.T.) to avoid selection bias (Figure 1). Final inclusion
occurred after the examination of full text. Any disagreement was resolved by
consensus or a third reviewer (B.F.).

Data extraction

From each study included for review, the following information was extracted
by two investigators independently (FJ. and S.T.) using a standardized data
extraction form: author, year of publication, study design, patient population
characteristics (criteria, sample size, age, body mass index (BMI), time since POI/
iatrogenic menopause), constitution of controls, and a description of the applied
total T assay (Tables 1 and 2). Total T concentrations were also extracted from
relevant studies. When data were presented in subgroups within a study, pooled
means and pooled mean standard deviations (SDs) were calculated, using the
following formula: SDpooledZ =[(n,—=1) xSD? + (n—1) x SD,” + (m* + m? = 2 x
m,xm.) xnxn./(n +n,)]/(n+n, —1), where nis the sample size, SD is standard
deviation, and m is the mean. Any T concentrations reported as conventional
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Figure 1A Search and selection for studies on total testosterone concentrations in women with
spontaneous POI.

units (ng/mL or ng/dL) were converted to S| units (nmol/L) by multiplication of
the data by 3.467 or 0.03467, respectively. Reported standard errors of the mean
(SEM) were converted to SD with the following formula: SD = SEM x Vn, where
SD is the standard deviation, SEM is standard error of the mean, and n is the
sample size. Geometric means and 95% confidence intervals were converted to
arithmetic means and SDs using the equivalence of the logarithm of a geometric
mean and the log-normal distribution. When necessary, authors were contacted
to gain additional information.



Testosterone in ovarian insufficiency

Pubmed Embase Cochrane
1090 1291 32

Studies identified by
systematic search

2413
Removal of
duplicates
1055 Title/Abstract and full text
Total available for screening
title/abstract ) o
screening Inclusion criteria:

1358 - latrogenic menopause

- Total T concentrations

- Full text available

- Data extraction possible

Eligible for full text
screening
42

Exclusion criteria:
- Animal studies
- Male population
- Hormone therapy
- Spontaneous POI
Hand search - Hyperandrogenemia
4 - Absence of control population
- Language other than English,
Dutch or German

Studies included in
meta-analysis
21

Figure 1B Search and selection for studies on total testosterone concentrations in women with
iatrogenic menopause.

Critical appraisal

Included studies were critically appraised by two independent reviewers
(F.J. and S.T.) according to the Newcastle-Ottawa Scale for meta-analysis of
observational studies (49) and following the Cochrane risk of bias assessment
(50) (Table 3 and Supplementary Tables 1 and 2). The following criteria were
assessed: representativeness of cases (spontaneous POl or iatrogenic POI),
selection of control groups, and comparability between these groups. Studies
in which control women were matched for important factors associated with T
concentration, such as age, BMI and duration of amenorrhea, were considered



Testosterone in ovarian insufficiency

as higher quality studies. Furthermore, validity of outcome measurement (T
concentration measurement) and non-response rates were assessed. Low
methodological quality was not an exclusion criterion. Again, any disagreement
among the investigators was dissolved by consensus.

Statistical analysis

Weighted mean differences (WMDs) and associated 95% confidence intervals
(95% Cls) were calculated for the comparison of T concentrations between
spontaneous POI and controls, and between iatrogenic menopause and controls
in a random effects model. The degree of heterogeneity between the results of
the different studies was examined by inspection of funnel plots, the overlap in
the Cls, and the Higgins Index (I2). Furthermore, subgroup analyses for T assay
and for constitution of controls were conducted to examine their contribution
to T concentrations. Finally, sensitivity analyses of high-quality studies were
performed. High-quality studies were defined as a high Newcastle-Ottawa score
and studies in which confounding factors for T concentration such as age, BMI,
and time since menopause did not differ between cases and controls. All analyses
were performed with RevMan version 5.1 (2011).

Results

Characteristics of included studies

The systematic searches yielded 468 and 2,413 studies for spontaneous POI
and iatrogenic menopause, respectively (Figure 1). Duplicates were removed
using Reference Manager, which resulted in 206 and 1,358 available studies
for the review process, respectively. On the basis of a priori defined selection
criteria, screening title and abstract resulted in the exclusion of 183 studies for
spontaneous POl and 1,316 studies for iatrogenic menopause. Full text papers
were retrieved for both searches (23 and 42, respectively) and reviewed on the
basis of the selection criteria.

For spontaneous POI 14 full text studies were excluded: 1 study (51) was excluded
due to identical results as a previously published study (52), 2 studies were
excluded because POI diagnosis did not meet the predefined criteria (53,54), 3
studies did not include female controls (18,55,56), 1 study did not measure serum
T concentrations (57), 1 study focused only on women with galactosemia (58), 1
study was a review paper (59), 2 studies were conference abstracts (60,61), and 3
studies were excluded because of language other than English, Dutch or German
(62-64).

For iatrogenic menopause, the following studies were excluded (n = 25): 1 study
(65) was excluded due to identical results as a previously published study (66), 3
studies were excluded because postmenopausal oophorectomy was performed
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(67-69), in 1 study it was unclear whether the gonadotoxic treatment resulted in
a postmenopausal status (70), 12 studies did not include female controls (57,71-
81), 2 studies did not measure total T (82,83), in 1 study women used hormone
therapy (84), 1 study did not report post-oophorectomy T values (66), 1 study was
a conference record (85), and 3 studies were excluded because of language other
than English, Dutch or German (86-88).

In addition, a hand search was performed which resulted in the identification of 4
new eligible studies for iatrogenic menopause, while no additional studies were
found for spontaneous POI. Finally, 9 studies on spontaneous POl and 21 studies
on iatrogenic menopause were included for critical appraisal and meta-analysis.
The characteristics of the included studies for spontaneous POl are reported in
Table 1. In most studies, POI diagnosis was reported as a postmenopausal FSH
concentration > 40 IU/L. Two studies did not adhere to this strict cut-off for FSH,
due to describing FSH as ‘elevated’ (89) or using a cut-off of only 25.6 IU/L (90),
but these studies still met the selection criteria set by the investigators. All studies
incorporated a control group with a regular menstrual cycle pattern, while 2 also
included a postmenopausal control group (52,91). Direct radioimmunoassay (RIA)
was applied in 5 studies, while 4 studies incorporated extraction/chromatography
steps before RIA was applied.

Details for the included studies for iatrogenic menopause are described in Table 2.
In the included studies, iatrogenic menopause was mostly a result of BSO with
(n=7) or without hysterectomy (n = 14). One study in women with cervical cancer
included two groups with possible iatrogenic menopause: one treated by BSO, and
one by irradiation (92). Reasons for BSO were benign or prophylactic in 5 studies,
while BSO was performed because of cancer in 3 studies. However, 13 studies
did not describe reasons why BSO was carried out. Controls consisted of women
with natural menopause (n = 13), women with hysterectomy only (n = 4), or were
cycling women (n = 3). One study included both cycling controls and women with
natural menopause (93). Eleven studies applied extraction/chromatography and
RIA, 2 used (isotope dilution-) liquid chromatography- tandem mass spectrometry
(LC-MS/MS), 1 used gas chromatography- mass spectrometry (GC-MS), and the
remaining studies used direct RIA (n = 6). One study did not mention the type of
T assay that was used (94).

Methodological quality

The quality assessment for studies selected for the comparison of T concentrations
in spontaneous POl vs. controls is reported in Table 3 (summary) and in
Supplementary Table 1. All but 2 studies adjusted for the important confounders
age and BMI, or duration of menopause and BMI. However, in 5 out of 9 studies
selection bias could not be excluded because recruitment procedures for women
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Table 3. Summary of critical appraisal of included studies using the Newcastle-Ottawa Quality
Assessment Scale for case-control studies

Selection Comparability Exposure
Study ID (max 4 stars) (max 2 stars) (max 3 stars)
Spontaneous POI
Bermudez 1993 HE - *
Hartmann 1997 ** ** *x
Elias 1997 * * *
Doldi 1998 *x ** **
Falsetti 1999 Hk wE *
Benetti-Pinto 2005 *x *x *
Kalantaridou 2006 A HE wx
Van der Stege 2008 HAx wE wE
Janse 2011 ok ** *x
latrogenic menopause
Lamb 1964 K - *E
Abraham 1969 * * *
Vermeulen 1976 ** * **
Studd 1978 *x - **
Beksag 1983 Hk - o
Sherwin 1985 HHE * *x
Inskip 1994 HE Hx wx
Wakatsuki 1995 * * *
Laughlin 2000 HHEE ** **
Sowers 2001 K * *x
Couzinet 2001 Hk wE *
Garcia-Pérez 2004 ** ** *
Davison 2005 ok * *
Hassa 2006 HAK * *
Cappola 2007 Hkx - *
McTiernan 2008 * * *
Korse 2009 % %k %k %k * % * %k k
Danforth 2010 * wE *
Bui 2010 ** - *
Labrie 2011 HE * *
Alarslan 2011 Hk * o
Selection:
1. Is the case definition adequate? a) yes, with independent validation*, b) yes, e.g. record

linkage or based on self reports, c) no description.

2. Representativeness of cases. a) consecutive or obviously representative series of cases*,
b) potential for selection biases or not stated.

3. Selection of controls. a) community controls*, b) hospital controls, c) no description.

4, Definition of controls. a) no history of disease (endpoint)*, b) no description of source.

Comparability:

1.  Comparability of cases and controls on the basis of the design or analysis. a) study controls for
(select most important factor)*, b) study controls for any additional factor* (this criteria
could be modified to indicate specific control for a second important factor).

Exposure:

1 Ascertainment of exposure. a) secure record (e.g. surgical records)*, b) structured interview
where blind to case/control status*, c) interview not blinded to case/control status, d) written
self report or medical record only, ) no description.

2. Same method of ascertainment for cases and controls. a) yes*, b) no.

3. Non-Response rate. a) same rate for both groups*, b) non respondents described, c) rate
different and no designation.
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with spontaneous POl and controls were not described. Of the remaining 4
studies, 2 included all consecutive POI patients, while 2 invited these women with
advertisements, internet, or through recruitment letters to physicians. In these
4 studies, controls were selected from different population samples (general
population or hospital population) than cases. Completeness of sample (non-
response rate) was not reported in any of the studies, thus indicating a high risk
for attrition bias. Blinding of laboratory personnel was not described in any study,
thereby introducing a possible detection bias. However, performance bias was
not suspected due to the fact that identical T assays were employed in all case-
control comparisons. The influence of reporting bias could not be assessed. In
summary, 3 studies (19,95,96) scored 7 points or higher on the Newcastle-Ottawa
scale, indicating good methodological quality.

For the comparison of T concentrations in iatrogenic menopause vs. controls, the
quality assessment for included studies are reported in Table 3 (summary) and
in Supplementary Table 2. In most studies (n = 12) iatrogenic menopause was
confirmed by medical records, however, 4 studies relied on self report only and
3 studies did not mention any procedure for how the diagnosis was confirmed.
Cases and controls were matched on or adjusted for age and BMI, or time since
menopause and BMI, in 6 studies. There are indications for selection bias in
most studies, because 10 papers only matched on or adjusted for one of these
confounders, while in 5 studies no matching or adjustment was performed at
all. Moreover, recruitment procedures of cases or controls were not described
in 9 and 6 studies, respectively. Eight studies used identical populations for the
recruitment of controls. All studies were at risk for attrition bias, because response
rate for both cases and controls was not described for any of the studies. Again,
blinding of laboratory personnel was not described in any study (introduction of
possible detection bias), but performance bias was not suspected because of the
use of identical T assays in all case-control comparisons. Assessment of reporting
bias was not possible. Summarizing the Newcastle-Ottawa scale assessment, 3
studies (97-99) scored 7 points or higher, and were therefore considered as the
best available evidence.

Testosterone concentrations in spontaneous POI

The 9 studies included in the meta-analysis reported total T concentrations in 529
women with spontaneous POl and in 319 controls. Women with spontaneous POI
demonstrated significantly lower total T concentrations compared with controls
(9 studies); WMD (95% Cl) -0.38 (-0.55 to -0.22) nmol/L. However, substantial
between-study heterogeneity was identified (I>= 81%) (Figure 2). Subgroup
analyses for comparison between the associations with cycling controls and
postmenopausal controls identified that total T concentrations in spontaneous
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POI are significantly lower in the first control group (WMD (95% Cl): -0.38 (-0.55
t0-0.22) nmol/L), but not in the latter control group (WMD (95% Cl): 0.07 (-0.17 to
0.32) nmol/L). This between-subgroup difference reached statistical significance
(P = 0.002) (Supplementary Figure 1). In a subgroup analysis for assay type,
comparing between the associations with direct RIA (WMD (95% Cl): -0.54 (-0.79
to -0.29) nmol/L) and extraction/chromatography RIA (WMD (95% Cl): -0.19
(-0.35 to -0.04) nmol/L), the difference between assay subgroups was statistically
significant (P = 0.02) (Supplementary Figure 2). In the sensitivity analysis, the
difference in total T concentrations between women with spontaneous POl and
controls remained robust (3 studies, WMD (95% Cl): -0.31 (-0.46 to -0.15) nmol/L),
and resulted in a substantial decrease in heterogeneity (1>= 51%) (Figure 3).

Testosterone concentrations in iatrogenic menopause

Due to incomplete data and nonresponsive authors, the following studies could
not be included in the meta-analysis (n = 4): in 1 study only mean ratios without
original data were reported (92), 2 studies reported geometric means without
95% Cls and data could therefore not be converted into means and SDs (100,101),
and 1 study did not mention SD for cases (102). The 17 studies included in the
meta-analysis reported data on 558 women with iatrogenic menopause and
2,425 controls. In women with iatrogenic menopause, total T concentrations
were significantly lower than in controls (17 studies); WMD (95% Cl): -0.29
(-0.39 to -0.18) nmol/L. For this comparison, major heterogeneity was identified
(1 =97%) (Figure 4). Subgroup analysis for constitution of controls, i.e. cycling or
premenopausally hysterectomized women (WMD (95% Cl): -0.49 (-0.83 to -0.14)
nmol/L) vs. postmenopausal or postmenopausally hysterectomized women
(WMD (95% Cl): -0.18 (-0.27 to -0.10) nmol/L), identified that differences between
the associations according to control type did not reach statistical significance
(P = 0.09) (Supplementary Figure 3). Subgroup analysis for assay type did not
identify statistical differences between T measurement by direct RIA (WMD (95%
Cl): -0.49 (-0.83 to 0.14) nmol/L) vs. extraction/chromatography RIA or LC-MS/
MS or GC-MS (WMD (95% Cl): -0.18 (-0.27 to -0.10) nmol/L) in this population
(P =0.09) (Supplementary Figure 4). Sensitivity analyses performed for the best-
quality studies confirmed the overall findings (3 studies, WMD (95% Cl): -0.24
(-0.29 to -0.18) nmol/L), and between-study heterogeneity remained substantial
(1> = 83%) (Figure 5).
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Discussion

The current systematic review of the literature and subsequent meta-analysis
was set up to assess for the first time whether serum total testosterone (T)
concentrations in women with spontaneous POI or iatrogenic menopause are
different from women who experience natural menopause at a regular age.
For spontaneous POI, pooled total T concentrations were significantly lower
compared to controls: WMD (95% Cl) -0.38 (-0.55 to -0.22) nmol/L. The difference
between pooled total T concentrations in women with iatrogenic menopause
compared to controls was also statistically significant: WMD (95% Cl): -0.29 (-0.39
to -0.18) nmol/L. Sensitivity analyses identified that these differences remained
robust, and heterogeneity decreased significantly in the analysis for spontaneous
POI, but remained substantial in the analysis for iatrogenic menopause.

It has been hypothesized that women with iatrogenic menopause or spontaneous
POl may be at increased risk for hypoandrogenism. Because hypoandrogenism is
related to decreased estrogen concentrations (decreased peripheral conversion
of T to estradiol by fatty tissue), and possibly to diminished well-being and sexual
health (20), and increased risk for cardiovascular disease (28), it is relevant to
evaluate the T concentrations in women with POI or iatrogenic menopause. For
spontaneous POI, it is hypothesized that the premature cessation of ovarian
function may result in a hypoandrogenic state, which is supported by the
findings of the current meta-analysis. There is increasing evidence in the general
female population that advancing age per se is associated with decreasing total
T concentrations (41,103,104). The decline in circulating T may also occur as a
result of atrophy of the aging adrenal zona reticularis (diminished production of T
precursors), which may lead to decreased peripheral conversion of DHEA-sulfate
(through DHEA) to T (23,105). However, it is debated whether menopause as such
is associated with serum T alterations. It has been shown that T levels do not fall
abruptly in women undergoing natural menopause due to the preservation of
androgen producing theca cells along with elevated LH concentrations (69,106),
although the ovarian contribution to circulating T in postmenopausal women
remains the topic of extensive debate (25,93). Clearly, any ovarian contribution
of androgen production is completely stopped in iatrogenic menopause, which is
supported by the current findings. The current results for POl may indicate that
ovarian production of T is decreased, but the underlying mechanisms remain to
be discovered.

To control or adjust for the two possible confounders age and BMI (107,108)
was an important part of the quality assessment in the current review of total
T concentrations in women with spontaneous POl or iatrogenic menopause.
Especially in the latter group, these confounders were often not adjusted for,
which may have lead to significant between-study heterogeneity.
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Another explanation for the significant between-study heterogeneity may be the
heterogeneous constitution of the control groups in both meta-analyses. While
subgroup analyses for type of controls (pre- vs. postmenopausal women) also
showed high between-study heterogeneity, different age ranges and unclear
recruitment procedures for controls may still have been present. Moreover, in the
analysis for iatrogenic menopause, heterogeneity in the patient groups existed:
BSO was performed for different indications (benign or cancer) and at different
ages. A third reason for the encountered between-heterogeneity may be that
none of the studies applied identical T assays. The measurement of T in women is
challenging due to lack of trueness, precision and sensitivity of various available T
assays (40), and between-study comparability of results is therefore problematic.
Subgroup analyses for direct RIA vs. extraction/chromatography RIA or LC-MS/
MS identified that heterogeneity between studies became less important when
the latter assay types were applied, and a significant difference was identified
between the use of these assays in spontaneous POI (x* 5.23, p = 0.02, |12 80.9%).
This is consistent with previously published studies on the performance of T
assays (40,43,109). Finally, most applied T assays were reported to have high
intra- and interassay coefficients of variation. The identified differences between
cases and controls in this meta-analysis were mostly larger than the analytical
variance, and therefore we consider that we may still interpret these results as
statistically significant. However, this once again demonstrates that the trueness
and precision of T assays need to be improved before T measurements could
be used in a clinical setting to distinguish a women with hypoandrogenism from
normoandrogenic women.

Only a limited number of studies have directly investigated the consequences
of decreased T concentrations in spontaneous POI and iatrogenic menopause.
One study, also included in the current meta-analysis, identified that women with
spontaneous POl have diminished general and sexual well-being compared with
controls. Although significantly lower T concentrations were identified in these
women with POI, an independent role for T concentration could not be identified
(19). However, in agreement with findings in normal menopause, multiple studies
have identified that women with iatrogenic menopause are at increased risk for
hypoactive sexual desire disorder (HSDD) (110,111), diminished health-related
quality of life (112), osteoporosis (14) and fracture risk (113), parkinsonism
(114) or cognitive impairment (115). These findings are suggestive of a common
pathological pathway, but the exact association with decreased T concentrations
remains to be determined. Moreover, up until now there is limited evidence for
the subscription of androgen therapy in these groups of women. All available
studies investigated androgen therapy in co-treatment with estrogen therapy
(116,117), and effects of higher serum T concentrations on the remission of
symptoms, such as memory function, are not clear (118).
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The current meta-analysis has several limitations. Because only a limited number
of studies identified by the literature search met the inclusion criteria, all selected
studies were included for review and meta-analysis. This has lead to the inclusion
of lower-quality studies with small samples sizes, and significant between-study
heterogeneity. We have further addressed the issue of low quality androgen
assays by additional sensitivity analyses in the best quality studies only (please see
Figures 3 and 5). Furthermore, the search was restricted to total T concentrations
only. While SHBG, bioavailable T, and FT have also been shown to correlate with
clinical state such as metabolic syndrome (107), it is unclear which of these
measurement best reflects the availability of T at tissue level (119).

In conclusion, this literature review and meta-analysis demonstrates that
women with spontaneous POI or iatrogenic menopause are at risk for decreased
testosterone concentrations. Differentiation between hypoandrogenic and
normoandrogenic state within groups of women with premature loss of ovarian
function is problematic due to trueness and precision problems in various T
assays. The possible effects of hypoandrogenism, and the possible role for
androgen therapy in these women remain to be determined.
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Supplementary materials

Table S1. Critical appraisal of included studies for spontaneous POI using the Newcastle-Ottawa

Study ID

Selection

1. Is case
definition
adequate?
Bermudez 1993  *

Hartmann 1997 *
medical record

Elias 1997 *
elevated FSH
(not specified)

Doldi 1998 *
FSH > 25.6 IU/L

Falsetti 1999 *
medical record

Benetti-Pinto 2005 *
medical record

Kalantaridou 2006 *
medical record

Van der Stege 2008 *

medical record

Janse 2011 *

medical record

2. Cases

no description

Patients at
outpatient

clinic; unclear
whether collected
consecutively

no description

no description

no description

no description

*

Recruitment letters
to physicians,
internet.

Invitation, response
rate 47%

*

consecutive
patients visiting
outpatient clinic

3. Selection of Controls 4. Definition of

no description

healthy volunteers
for OC study (cycling
women) and
hospital controls
(postmenopausal)

no description

Hospital controls
no description

no description

*

General population
recruitment by
advertisement.

*

General population
recruitment by
advertisement

Hospital controls

controls

*

Normal ovarian
function

*

cycling: regular cycle,
normal FSH
menopausal: medical
record

no description of
source (“normal
control subjects”)
*

medical record

*

medical record

*

Control 1: regular
menstrual cycle
Control 2:
Postmenopausal

*

medical record

*

medical record,
hormonal screening

*

medical record, FSH <
12 1U/L

Abbreviations: POI: primary ovarian insufficiency; FSH: follicle-stimulating hormone; BMI: body mass
index; MP: menopause

Selection
1.
or based on self reports, c) no description.
2.
b) potential for selection biases or not stated.
3.
4.

Is the case definition adequate? a) yes, with independent validation*, b) yes, e.g. record linkage
Representativeness of cases. a) consecutive or obviously representative series of cases*,

Selection of controls. a) community controls*, b) hospital controls, c) no description.
Definition of controls. a) no history of disease (endpoint)*, b) no description of source.
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Comparability

Exposure

1. Comparability of
cases & controls

* %k

cycling: age- and BMI-

matched

menopausal: BMI- and
time since menopause-
matched

*

Age-matched, no
information on BMI

*%

Similar age and BMI

* 3k

Similar age and BMI

*%

young controls: matched
for age and BMI
menopause controls:

matched for duration of

amenorrhea
* %

Similar age and BMI,
adjusted for ethnicity

%k

Adjusted for age and
BMI

¥k

Adjusted for age and
BMI

1. Ascertainment
of exposure

*

medical record

*

medical record

not described for
controls

*
medical record
*

medical record
*

medical record

*

medical record

*

medical record

*

medical record

2. Same tests for
groups

not reported

*

outpatient clinic

not reported

*

outpatient clinic

not reported

not reported

3. Non-response

rate

not reported

not reported

not reported

not reported

not reported

not reported

not reported

not reported

not reported

Comparability

109

1.  Comparability of cases and controls on the basis of the design or analysis. a) study controls for(select
most important factor)*, b) study controls for any additional factor* (this criteria could be modified
to indicate specific control for a second important factor).

Exposure

1. Ascertainment of exposure. a) secure record (e.g. surgical records)*, b) structured interview where

blind to case/control status*, c) interview not blinded to case/control status, d) written self report

or medical record only, ) no description.

Same method of ascertainment for cases and controls. a) yes*, b) no.

3. Non-Response rate. a) same rate for both groups*, b) non respondents described, c) rate different
and no designation.

N
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Table S2. Critical appraisal of included studies for iatrogenic menopause using the Newcastle-Ottawa

Selection
Study ID 1. Is case 2. Cases 3. Selection of Controls 4. Definition of
definition controls
adequate?
Lamb 1964 * * * *
medical record
Abraham 1969 - - - *
no description not stated no description
Vermeulen 1976 * - - *
medical record, not stated no description medical record and
FSH FSH
Studd 1978 * - - *
medical record Not Not representative
representative

Beksag 1983

Sherwin 1985

Inskip 1994

Wakatsuki 1995

Laughlin 2000

Sowers 2001

Couzinet 2001

Garcia-Pérez 2004

Davison 2005

*

medical record

*

medical record

menopausal
status unknown

no description

*

self report and
medical record

*

medical record

*

medical record

*

medical record

self report;
unclear whether
BSO caused
iatrogenic MP

no description

*

Consecutive
cases
*

not stated

*

Participants of
heart disease
cohort

*

community
based sample

not stated

population
regularly at

menopause unit.

Possibility for
selection bias
*

community
based sample

no description

Hospital controls

Hospital controls

no description

*

Participants of heart
disease cohort;
response rate 82%

*

community based
sample

no description

hospital controls,
regularly attending
menopause unit.

*

community based
sample

*

medical record

*

medical record

*

Hysterectomy only

*

*

self report

*

medical record

*

medical record

*

natural menopause,
medical record

*

self report and
FSHand E,
concentrations
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Comparability

Exposure

1. Comparability of
cases & controls

1. Ascertainment
of exposure

2. Same tests for
groups

3. Non-response rate

Not performed

*

BMl-adjusted, but not
adjusted for age

*

Comparable age, but
no information on BMI

Not performed

Age unknown; not
adjusted for any
variable

*

Adjusted for age, but
no information on BMI
* %

Adjusted for age and
BMI

*

not adjusted for age,
but similar in BMI

* %

Age- and BMI-
matched

*

Similar age, but BMI in
subgroups unknown

* %

BMI- and time

since MP matched,
Controlled for age

* %

Similar BMI, controlled

for age and time since
MP

*
Age-matched, but no

information on BMI or
time since menopause

not described

*

medical record

*

medical records

*

medical records

no description

*

medical record
checked for

concordance
*

surgical record

*

medical record

self report

*

community
sample

not stated

*

community
sample

not reported

not reported

not reported

not reported

not reported

111

not reported

not reported

not reported
not reported for individual
groups

not reported

not reported

Participation rate controls
62%, cases 81%

not reported
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Table S2. Continued

Study ID Selection
1. Is case 2. Cases 3. Selection of Controls 4. Definition of
definition controls
adequate?
Hassa 2006 * * - *
medical record representative  hospital controls medical record
cases at
hospital
Cappola 2007 - * * *
Self report community community based Self report
based sample sample
McTiernan 2008 - - - *
Self report Potential for Potential for selection  questionnaire

Korse 2009

Danforth 2009

Bui 2010

Labrie 2011

Alarslan 2011

*

medical record

questionnaire

*

medical record

*

medical history

not reported

selection bias

*

consecutive
cases

not stated

Potential for
selection bias

not stated

bias

*

consecutive cases

all nurses, not
community controls

selection of women
in other longitudinal
study

no description

hospital controls,
visiting for routine
gynaecological care.

*

medical record

*

questionnaire

*

medical history

Abbreviations: FSH: follicle-stimulating hormone; BMI: body mass index; MP: menopause.

Selection

1. Isthe case definition adequate? a) yes, with independent validation*, b) yes, e.g. record linkage or based
on self reports, c) no description.
2. Representativeness of cases. a) consecutive or obviously representative series of cases*, b) potential for
selection biases or not stated.

w

Selection of controls. a) community controls*, b) hospital controls, c) no description.

4.  Definition of controls. a) no history of disease (endpoint)*, b) no description of source.
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Comparability

Exposure

1. Comparability of

1. Ascertainment

2. Same tests for

3. Non-response rate

- 113

cases & controls of exposure groups

* * - -

Adjusted for age, but not reported not reported

not for BMI

- R * R

Not controlled for Self report community not reported for individual
age, BMI, time since sample groups

menopause

* R * R

Adjusted for BMI Self report not reported

% ¥ * * *

Controlled for age, NS medical record all women were included
difference time since

MP

* kK _ *

Adjusted for age, questionnaire not reported

BMI, and time since

menopause

Not controlled no not reported

*

Similar age, but not
adjusted for BMI, and
time since menopause
*

Matched for age and
BMI, but duration of
postmenopause sign
higher in cases

Medical history,
not blinded

not reported

not reported

Comparability

1.

1.

g

Comparability of cases and controls on the basis of the design or analysis. a) study controls for

(select most important factor)*, b) study controls for any additional factor* (this criteria could
be modified to indicate specific control for a second important factor).
Exposure

Ascertainment of exposure. a) secure record (e.g. surgical records)*, b) structured interview

where blind to case/control status*, c) interview not blinded to case/control status, d) written
self report or medical record only, e) no description.

different and no designation.

Same method of ascertainment for cases and controls. a) yes*, b) no.
Non-Response rate. a) same rate for both groups*, b) non respondents described, c) rate
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Abstract

Objective

The measurement of serum testosterone in women is challenging due to lack
of trueness, precision, and sensitivity of various available testosterone assays.
Accurate assessment of testosterone in women is crucial especially in conditions
associated with alleged over- or underproduction of testosterone, such as in
polycystic ovary syndrome (PCOS) or primary ovarian insufficiency (POIl). The
aim of this study was to measure and compare androgen concentrations in
women with PCOS, POI, and female controls and to evaluate the performance of
extraction RIA and liquid chromatography- tandem mass spectrometry (LC-MS/
MS) in these women.

Design
Cross-sectional study.

Methods

Carefully phenotyped women with POI (n =208) or PCOS (n =200), and 45 healthy,
regularly cyclic female controls were included. Method comparison analyses were
performed for total testosterone, androstenedione (AD), and DHEA, as measured
by LC-MS/MS and extraction RIA.

Results

All androgen levels were significantly elevated in women with PCOS compared
with POI patients (P < 0.05) and controls (P < 0.05). Women with POI presented
with similar androgen concentrations as controls, except for AD. Compared to
measurements by extraction RIA, testosterone, DHEA, and AD concentrations
measured by LC-MS/MS were systematically lower. However, extraction RIA and
LC-MS/MS, testosterone, DHEA, and AD measurements were shown to have
good agreement as assessed by Bland-Altman analysis and intraclass correlation
coefficient: 0.95 (95% confidence interval 0.94-0.91), 0.83 (0.79-0.86), and 0.96
(0.95-0.97), respectively.

Conclusions

LC-MS/MS, compared with a labor-intensive extraction RIA, shows good precision,
sensitivity, and high accuracy for measuring female testosterone, DHEA, and AD
concentrations under various clinical conditions. LC-MS/MS, therefore, represents
a convenient and reliable assay for both clinical and research purposes, where
androgen measurement in women is required.
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Introduction

The measurement of serum testosterone has proven to be a great challenge due
to lack of precision and sensitivity of various commercially available testosterone
assays, resulting in limited utility (1). Testosterone assays were originally developed
to measure testosterone concentrations in the normal male range (2). However,
women exhibit testosterone levels well below this range, and therefore, reliable
measurement of female testosterone concentrations is particularly problematic
due to trueness and precision problems (3). In women of reproductive age, 25% of
testosterone biosynthesis occurs in the ovarian theca cells. Another 25% is produced
by the adrenal gland, and the remaining 50% of circulating testosterone derives
from peripheral conversion of testosterone precursors (DHEA and androstenedione
(AD)). DHEA and its sulfate metabolite (DHEAS) are exclusively produced by the
adrenal glands, whereas AD is produced by both the adrenal and the ovary (4,5).
Most circulating testosterone is biologically inactive as it binds to serum proteins,
primarily sex hormone-binding protein (SHBG) and albumin (2,6).

The most widely used methods for measuring serum testosterone are the simple,
relatively inexpensive RIAand chemiluminescenceimmunoassay, performed directly
in serum. Although the immunoassays show on average good precision, they often
show more bias. This is especially true for the lower range, where they can be subject
to increased interference and overestimation of steroid concentrations compared
with other assays (7,8). Using extraction and chromatography methods preceding
RIA has the advantage of removing interfering proteins and cross-reacting steroids.
Although extraction RIA seems preferable over direct assays, it is infrequently
used in clinical practice because proper validation is lacking and extraction is labor
intensive and time consuming (1,9,10). A commonly used practical approach to
estimate bioactive testosterone is the calculation of the free androgen index (FAl).
While FAI was shown to correlate quite well with physical separation measures
of female free testosterone (not male), FAl is highly dependent on the quality of
testosterone and SHBG assay measurements (2).

In order to overcome these difficulties, tandem mass spectrometry (MS/MS)
preceded by gas or liquid chromatography (GC-MS/MS and LC-MS/MS) assays for
steroid measurement is emerging (11). LC-MS/MS has some advantages over the use
of immunoassays, especially compared with those performed on platforms. LC-MS/
MS shows equal or better precision, and these assays do not suffer from interferences
due to chromatographic separation and mass spectrometry analysis. Interferences can
cause serious bias at low testosterone concentrations, which may be encountered in
postmenopausal women and children. However, the high costs of mass spectrometry
equipment may be a possible drawback for routine clinical use. Although LC-MS/MS
assays show higher precision and better accuracy than immunoassays, there is still
a difference in performance (sensitivity, specificity and trueness) among LC-MS/MS
methods and thus there is a need for standardization (12).

131



132

LC-MS/MS for androgen measurement in women

Reliable assessment of testosterone in women is crucial for the diagnosis of
conditions associated with alleged overproduction of testosterone such as
in polycystic ovary syndrome (PCOS), or conditions that may incur androgen
deficiency, such as postmenopause, oophorectomy, or primary ovarian
insufficiency (POI) (13-15). However, analysis of serum testosterone by
commercial assays fails to identify biochemical hyperandrogenism in 20 to 40%
of women with PCOS, while hyperandrogenism is one of the criteria on which
the diagnosis is based (16,17). Moreover, female androgen insufficiency remains
controversial due to the lack of reliable serum testosterone assays to define this
condition (18). Clinical guidelines concerning indications for androgen therapy in
case of hypo-androgenism cannot be established (19). These examples illustrate
the need for a reliable testosterone measurement, which is easily available at
reasonable cost for both clinical and research purposes.

The current study was aimed at evaluating the measurement of testosterone and
other androgens by LC-MS/MS in comparison to measurement by extraction RIA
in women with normal and presumably elevated and decreased androgens.

Materials and methods

Subjects

In 2004, a study involving standardized phenotyping and follow-up was initiated
in the University Medical Center Utrecht, the Netherlands, in which all women
suspected of a menstrual cycle disturbance and referred to our outpatient clinic
participated. Details of the systematic evaluation, approved by the local ethical
committee, have been described previously (20,21). For the current study, 169
women with POl and 200 women affected by PCOS, who visited the outpatient
clinic until July 2009, were included. POl was defined as secondary amenorrhea
for at least 4 months prior to age 40 years, along with repeated FSH concentrations
exceeding 40 IU/L (22). PCOS was diagnosed according to the Rotterdam consensus
criteria if at least two of the following criteria were present: i) oligo/anovulation,
ii) clinical and/or biochemical hyperandrogenism (testosterone >2.0 nmol/L,
assessed by our in-house extraction RIA), and/or iii) polycystic ovaries on ultra-
sonography (16). Additionally, 39 women with POI visiting four other centers
(participating in the Dutch POI Consortium (21,23)) were also included in the current
study.

As controls, 45 women visiting the preconceptional clinic prior to starting IVF/ICSI
treatment because of severe male infertility between October 2006 and July 2008
were included. Severe male infertility was defined as semen analysis with volume x
concentration x motility below 2.0 million. All women were healthy and experienced
regular menstrual cycles. Exclusion criteria were PCOS, previous poor response after
ovarian hyperstimulation, age > 38 years, early follicular FSH concentrations > 12 IU/L,
and thyroid dysfunction. All included study subjects gave written informed consent.
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Measurements

Serum samples were collected during the early follicular phase of the menstrual
cycle in women with regular cycles. In case of a cycle disturbance, samples were
drawn at a random cycle day and a progesterone concentration was measured
concomitantly to ensure preovulatory state. None of the women had used any
hormonal medication for at least two weeks. After collection and aliquoting, one
fresh sample was analyzed immediately while the remaining aliquots were stored
at -20 °C. In Utrecht, the fresh testosterone measurement was performed using
anin-house extraction RIA, after diethylether extraction of 500 uL sample, using a
polyclonal anti-testosterone antibody (Dr. Pratt AZG 3290, Department of Nuclear
Medicine, University Medical Center Groningen). [1,2-3H(N)]-testosterone
(NET-387, DuPont NEN B.V., Dordrecht, The Netherlands) was used as a tracer
following chromatographic verification of its purity. A small amount of recovery
tracer was added to the sample to correct for losses during extraction. The lower
limit of quantitation (LLQ), i.e. the concentration which can be determined with
20% coefficient of variation (CV; estimated from a precision profile), was 0.10
nmol/L and inter-assay variation was 10, 6, and 7% at 0.85, 2.6, and 12 nmol/L,
respectively (n = 100). Intra-assay CVs at 2 and 10 nmol/L were 3.8 and 3.5%,
respectively. There was no interference detected from dihydrotestosterone, AD,
and DHEA. Recent comparison of the in-house method with a dilution liquid (ID)-
GC/MS method using 20 human serum samples of the Dutch EQAS gave following
correlation: RIA = 1.13 x (ID-GC/MS) + 0.33 nmol/L (tested range was 0.8-33
nmol/L; 95% confidence limit of the slope: 1.04-1.20 and of the intercept: -1.04
to 0.91)(24). Futhermore, the following measurements were performed on fresh
serum for women with POl and PCOS: estradiol (E,), SHBG, DHEA, DHEAS, and
AD. E, concentrations were measured using the Roche E170 Modular (Roche).
SHBG concentrations were quantified using an Immulite platform (Diagnostic
Products Corporation, Breda, The Netherlands). DHEA was measured after
diethylether extraction and Celite chromatography using an in-house RIA. DHEAS
was measured using the Coat-A-Count DHEA-SO4 RIA (Siemens Diagnostics,
Breda, The Netherlands). AD was measured after hexane-toluene extraction
using an in-house RIA. Interassay CVs for E, were 13, 5.7, and 3.4% at 66, 200,
and 600 pmol/L (n = 100) respectively; for SHBG 4.2, 3.9, and 4.4% at 10, 36, and
120 nmol/L (n = 93) respectively; for DHEA 7.7, 7.6, and 8.8% at 1.4, 4.2, and
12.5 nmol/L (n = 29) respectively, for DHEAS 8.5, 5.5, and 6.8% at 1.3, 5.3, and
12.8 umol/L (n = 60) respectively; and for AD 11.5, 5.7, and 6.7% at 1, 5 and 11
nmol/L (n = 50) respectively. Intra-assay CVs for DHEA were 9 and 5% at 5 and
20 nmol/L, respectively, for AD it was 4% at 7 nmol/L. For E,, DHEAS, and SHBG,
the intra-assay CVs were within the assay documentation. Testosterone, AD,
and DHEA were calibrated against gravimetrically determined quantities of pure
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standard in steroid-free BSA. For the other assays, we used the calibration of the
immunoanalyzers. All measurements were performed in duplicate. The reference
range for cycling women in this laboratory were the following: for testosterone:
0.50-2.00 nmol/L, for DHEA 10-30 nmol/L, and for AD: 3.0-7.0 nmol/L. Serum
SHBG concentrations were also measured in female controls, using identical
assays.

Testosterone, AD, and DHEA were also measured in each individual sample at
the CPR Pharma Pty Ltd laboratory, organized by the University of Adelaide,
Australia. Frozen aliquots were sent to Australia and thawed just before use.
Testosterone, AD, DHEA, internal standards (d3-testosterone (IS-testosterone),
and 19-d3-androstenedione (IS-AD)) were extracted using liquid-liquid extraction
with hexane-dichloromethane solvent mixture. The analytes were separated by
HPLC on an Alltima HP C18HL column, and the eluates monitored by an API5500
MS/MS detector in positive multiple reaction monitoring (MRM) mode. The
single charged Q1/Q3 transition is 289.3/96.9, 287.1/97.0, and 289.2/253.2 amu
for testosterone, AD, and DHEA, respectively, and 292.2/97.0 and 290.2/100.0
amu for IS-testosterone and IS-AD respectively (see Supplementary Figure 1).
The extract was then assayed against a calibration curve, and data were acquired
and processed by the data acquisition system, Analyst 1.5 linked directly to the
AP15500 MS/MS detector. The method’s range is from 0.175 to 69.6 nmol/L for
testosterone and AD, and 4.34-1740 nmol/L for DHEA. Measurements were
performed in duplicate. Accuracy for testosterone against nine validated pure
standards was assessed as above and ranged from -2.0% to +3.8% across the
complete standard range (eight replicates) and between -2.0% and +1.6% in the
range 0.173-3.47 nmol/L. Precision for testosterone ranged between 1.5% and
7.5% across the whole range and was 1.5-9.3% between 0.173 and 3.47 nmol/L.
Results were similar for all analytes measured. The following inter-assay CVs
were identified: in controls: 5.6% (testosterone), 8.4% (DHEA), and 6.4% (AD); in
PCOS: 4.3% (testosterone), 5.9% (DHEA), and 4.5% (AD). The limit of detection
was determined by repeated measures of the three lowest standards used in
the assay. A precision dose profile was established and statistical significance
between the standards shown by clear separation of the doses. The run time was
10 min per sample.

FAl was calculated for both testosterone measurements: testosterone/SHBG x
100 (25) using the SHBG measurement performed in Utrecht.

Statistical analysis

Median values and range for each individual group of women were compared
using one-way analysis of covariance and Bonferroni post-hoc tests for significance,
correcting for age and body mass index (BMI; possible confounders)(26).
Method comparison analyses were performed by constructing scatter plots and
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Bland-Altman plots to evaluate the extent to which testosterone, DHEA and AD
measurements agreed in both methods. Bland-Altman plots show the percentage
difference between two corresponding measurements plotted against the
measurements’ mean.

For all Bland-Altman plots, the mean percentage difference between the
methods (mean bias) with associated 95% confidence intervals (Cl) and limits of
agreement (x 2 SD) were calculated. Intraclass correlation coefficients (ICC) with
95% Cls were calculated for testosterone, DHEA and AD. Large ICC (maximum
1) indicates variation among both assays is equal to zero (perfect agreement)
(27,28). Because androgen concentrations were not normally distributed,
logarithmic transformation of variables was applied before execution of analyses.
When testosterone or DHEA concentrations were undetectable, 0.5 x LLOD was
used (29).

To further compare the performance of extraction RIA and LC-MS/MS for the
measurement of testosterone, DHEA and AD in this population, correlations
between various androgens and E, were assessed. To this end, linear regression
analyses were performed, where testosterone (RIA) and testosterone (LC-MS/
MS) were entered separately and similarly repeated, entering the variables in
the opposite order. Univariate standardized B coefficients with associated S.E.
are reported. Larger univariate standardized B coefficients represent stronger
associations with the steroids. Univariate standardized B coefficients of both
testosterone assays were compared using a bootstrapping procedure with
2000 replications, because both testosterone measurements were performed
in identical samples. 95% Cls were calculated to identify significant differences
between the correlations with androgens and E, versus the testosterone
measurements by RIA and LC-MS/MS assays. Identical analyses were performed
for DHEA (RIA) and DHEA (LC-MS/MS), and for AD (RIA) and AD (LC-MS/MS).
Statistical analyses were performed using SPSS 15.0 (SPSS Inc., Chicago, Il) and R
version 2.9.0. (http://www.r-project.org/).

Results

Median concentrations of all measurements are shown per patient group in
Table 1. In women with PCOS, all hormone concentrations were significantly
higher compared to those in POl patients and in controls, with exception of SHBG.
Androgens (except AD), E, and SHBG concentrations were similar for women with
POI and controls.

The scatter and Bland-Altman plots for both testosterone, DHEA, and AD
measurements are depicted in Figures 1-3. All scatter plots show high correlation
between extraction RIA and LC-MS/MS with correlation coefficients of 0.960 for
testosterone and AD and 0.830 for DHEA. The ICC for testosterone, DHEA, and AD
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Table 1. Baseline characteristics for each patient group.

Controls POI PCOS

(n=45) (n =208) (n=200) P
Age (years) 33.1(20.3-37.8) 37.6(15.8-62.9) 29.3 (17.9-41.0) <0.001
BMI (kg/m?) 23.4(17.1-36.9) 23.4(17.1-37.3) 24.2(16.2-55.9) 0.003
TRIA (nmol/L) 1.20(0.61-3.90) 1.10(0.29-3.00) 2.00(0.64-6.30)  <0.001
T LC-MS/MS (nmol/L)? 0.87(0.31-2.78) 0.76(0.09-2.30) 1.55(0.34-5.48)  <0.001
E, RIA (pmol/L) N/A 40 (20 - 1500)° 200 (70 - 2250) <0.001
SHBG RIA (nmol/L) 60 (12 - 199) 55 (17 - 201) 47 (7-191) 0.04*
DHEA RIA (nmol/L) N/A 11.0(1.10-43.0)° 18.0(2.00 - 67.0) 0.02
DHEA LC-MS/MS (nmol/L)¢ 16.0(8.74-58.9) 12.1(4.34-43.0) 15.8(4.34-65.2) NS
DHEAS RIA (pmol/L) N/A 3.90(0.41-12.0)° 4.80(0.77-14.0) NS
AD RIA (nmol/L) N/A 2.90(0.80-8.90)° 7.20(2.40-22.0) <0.001
AD LC-MS/MS (nmol/L) 3.29(1.31-10.9) 2.23(0.33-8.46) 5.87(1.81-15.9) <0.005
FAIRIA 1.83(0.75-15.8) 1.76(0.29-8.24) 4.65(0.68-26.2)  <0.001
FAI LC-MS/MS 1.29 (0.48-10.7) 0.56(0.02-2.11) 3.36(0.60-21.0)  <0.001

Analysis of covariance was carried out on logarithmically transformed variables to study differences
between patient groups. Results are shown as median (range). All P values are adjusted for age and
BMI.

Italic values in P column indicate that all groups were significantly different from each other; bold
values in P column indicate that PCOS was significantly different from controls and POI; *, indicates
that PCOS was significantly different from controls; N/A, not available; NS, not significant; LLOD,
lower limit of detection

a Measurements below LLOD: in POI n =1 (0.4%); b n = 195; ¢ n = 162; d Measurements below LLOD:
in controls, n = 15 (33%); POI, n = 58 (28%); and PCOS, n = 14 (7%); e n = 164.

were 0.95 (95% Cl 0.94-0.96), 0.83 (0.79-0.86), and 0.96 (0.95-0.97), respectively,
indicating good agreement between both extraction RIA and LC-MS/MS assays. It
becomes evident from the Bland-Altman plots that the average percent difference
(i.e. mean bias) in serum testosterone, DHEA and AD levels between LC-MS/MS
and extraction RIA were -31.5, -7.1, and -20.9%, respectively. This indicates that
LC-MS/MS vyields significantly lower serum testosterone and AD results than
extraction RIA, which may possibly be explained by interfering substances in the
latter assay. In 24 (5.3%) of testosterone, 22 (6.0%) of DHEA, and 16 (4.4%) of
AD, the differences were beyond the limits of agreement (mean difference +/-
2SD), with the majority of these outliers occurring in the lower concentration
ranges. Small, insignificant differences may incur a great percentage difference
when calculated in the low range, which is dramatically shown in a Bland-Altman
plot. In conclusion, the Bland-Altman plots suggest that the two methods are in
good agreement with testosterone, DHEA and AD. Finally, correlations between
testosterone, DHEA, and AD vs. related steroids (i.e. other androgens and EZ)
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were calculated to identify whether the extraction RIA or the LC-MS/MS assays
showed a difference in these associations (Supplementary Tables 1-3). In general,
most correlations were similar among the assays. The identification of some small
significant differences indicates that the strength of the association increased
when related steroids were measured employing the identical assay with which
the original measurement was performed.

Discussion

In this study, the performances of LC-MS/MS and an in-house extraction RIA
were compared for a broad range of androgen concentrations encountered in
women of reproductive age, including the clinical conditions POl and PCOS. LC-
MS/MS and extraction RIA demonstrated good agreement for the measurement
of testosterone, DHEA and AD, although LC-MS/MS gave significantly lower
concentrations when compared with extraction RIA. Furthermore, similar
correlations were identified in the comparison with the association for each
assay with other steroids. Therefore, LC-MS/MS, compared with a labor-intensive
extraction RIA, shows good precision, sensitivity, and high accuracy for the
measurement of androgens in women with PCOS, POI, and regularly cycling
female controls.

Androgen concentrations forwomen with PCOS were significantly higher compared
with female controls and women affected by POI, which confirms other recent
studies applying LC-MS/MS (27,28). However, this is the first study to measure
androgens with LC-MS/MS in women with POL. In this group, testosterone and
DHEA concentrations were similar as female controls, while AD concentrations
were significantly lower. In the existing literature, it is debated whether POI is
associated with decreased androgen concentrations (14,30-34), and only one
study presented with results similar to ours (35). As previous studies only applied
direct RIA, chemiluminescence immunoassays, and extraction RIA, conflicting
findings most probably resulted from lower sensitivity, lack of specificity, or
lower accuracy of these assays (10). While decline of androgen synthesis may
result from menopausal status, this has also been associated with increasing
age (33,36). Therefore, the results of the current study support the concept that
young women with POl encounter normal testosterone and DHEA concentrations,
in contrast with women who experience menopause at a regular age. Currently,
there is no explanation for the significantly lower AD concentrations encountered
in women with POI. This finding needs further investigation.

MS after GC or LC is a relatively new technique for steroid sex hormone
measurement and data on its applicability, particularly in the female sex hormone
concentration range, are scarce. The LC-MS/MS assay in this study showed
excellent precision and accuracy down to at least 0.173 nmol/L (precision -0.2%;
accuracy 1.5% for authentic standards). This allows for a great deal of confidence
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in the reliability of an assay, which is completely specific for testosterone or
other nominated steroid analytes. A study comparing LC-MS/MS with direct
and extraction RIAs in normal and hypogonadal male subjects by Bland-Altman
plots showed systematically lower results by LC-MS/MS (37). Studies on female
and pediatric samples confirmed this finding, while also identifying that LC-
MS/MS showed greater accuracy in lower androgen concentrations than direct
assays (38,39). This study included serum samples of women with PCOS, POI,
and normally cyclic women. We identified good agreement between LC-MS/
MS and the in-house extraction RIA (even for lower ranges encountered in POI)
and slightly lower hormone concentrations reported after LC-MS/MS. Previous
studies on the comparison of LC-MS with extraction RIA identified overestimation
of extraction RIA between 20% and 80% in testosterone concentrations below
3.47 nmol/L (1 ng/dL), similar to our findings: between -0.2% and 63% (37). We
are cautious to generalize the agreement between extracted RIA and LC-MS/MS
in the current study, because only two centers participated in the current study.
But the results are in accordance with previous studies (37,38,40), including a
study in women with PCOS, which confirms that well-chosen RIA may offer equal
precision and accuracy as LC-MS/MS (41).

When examining the performance of extraction RIA and LC-MS/MS, it is important
to include a clinical validation of the androgens measured by each assay. Ideally,
correlation analyses should be performed with clear clinical endpoints, such as
degree of hirsutism or presence of the female androgen deficiency syndrome.
However, until now, clear clinical endpoints related to androgen concentrations
cannot irrefutably be identified (41-43). Therefore, the associations of andro-
gens, measured by both assays, were compared with other physiologically
related steroids (androgens and E,). Our results indicate that for the two assays
evaluated in this study, the correlations were similar and both assays showed
equal performance.

The major strength of this study is the large sample size of well-phenotyped
women with PCOS and POI, representing the broad spectrum of female androgen
concentrations during reproductive life. Laboratory personnel at both sites were
blinded for study design and identity of the samples. But this study may also have
potential weaknesses. While all extraction RIA assessments were done in fresh
samples, frozen samples were shipped to Australia before LC-MS/MS processing.
However, previous studies on long-term stored samples identified that steroids
are very stable after being isolated in serum (44). Furthermore, early follicular
androgen concentrations in regularly cyclic controls may underrepresent
androgen levels present during the middle third of the cycle (19). Finally, the
group of female controls was relatively small, which may have concealed potential
differences in androgen concentrations compared with those in women with POI.
Although our results show that LC-MS/MS is a reliable alternative for measuring
steroid sex hormones in women, its introduction into clinical or research practice
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may depend on several factors: costs of the LC-MS equipment, LC-MS expertise in
laboratories, and future RIA development. The LC-MS is now introduced in many
laboratories, but the methods designed on this analyzer should meet the same
requirements (defined by the FDA or European Directive) like the commercial
immunoassays. This means that the validation of an LC-MS/MS procedure, like the
validation of extraction RIAs, has to be much more extensive than for commercial
immunoassays, because LC-MS assays are mostly in-house-developed methods
unlike already validated kits. Furthermore, inappropriate sample preparation
and analyte detection may greatly influence the performance of LC-MS/MS
and extraction RIA procedures, thus emphasizing the importance of validation.
Extraction RIA may gain increased specificity if more specific antibodies are
selected, and the method for the displacement of bound testosterone from its
binding proteins is optimized (37). If this occurs, new comparison studies with
LC-MS/MS should be performed to assess whether the advantage of the high-
throughput character of the latter assay is still preferable. Extraction RIAs may be
highly reliable when appropriately validated, but the method is time consuming
and costly (11). Commercially available direct testosterone assays, although
simple and convenient, are known for the general overestimation of steroid
concentrations in women (37). Both LC-MS/MS and extraction RIA lack this
bias in the lower concentration range, although the extraction RIA needs to be
recalibrated against proper standards. Proper validation will reduce the number
of false positives and therefore reduce unnecessary medical examinations. LC-
MS/MS is a promising new, accurate, sensitive, and high-throughput method for
the measurement of sex hormone levels.

With the demonstration that LC-MS/MS, compared with a labor-intensive RIA,
exhibits good precision, sensitivity, and high accuracy for measuring female
androgen concentrations, a convenient assay has become available for clinical
and research purposes. Reproducibility of the LC-MS/MS between different
LC-MS/MS laboratories needs to be assessed to meet performance criteria as
is customary for new assays, before this assay will be adopted universally. The
next phase in the introduction of LC-MS/MS should aim at obtaining highly true
and precise reference values. These reference values could then be applied using
other assays with same accuracy for normo-, hypo-, and hyperandrogenic women.
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Supplementary materials

Table S1. Assessment of the correlation of T measured by extraction RIA and LC-MS/MS with other
androgens and E,

Univariate Standardized
Beta Coefficient

Difference of beta
TRIA (S.E.)" T LC-MS/MS (S.E.)°

coefficients 95% Cl of difference®
E, RIA 0.40 (0.05) 0.40 (0.05) 0.0037 -0.02-0.03
SHBG RIA -0.02 (0.05) -0.01 (0.05) 0.0090 -0.02-0.04
DHEARIA 0.48 (0.05) 0.42 (0.05) -0.054 -0.08 - -0.03*
DHEA LC-MS/MS 0.50 (0.04) 0.47 (0.04) -0.030 -0.05--0.01*
DHEAS RIA 0.36 (0.05) 0.33(0.05) -0.035 -0.07 - -0.001*
AD RIA 0.87(0.03) 0.84 (0.03) -0.030 -0.05 - -0.02*
AD LC-MS/MS 0.86 (0.02) 0.86 (0.02) -0.0066 -0.02 - 0.006

Linear regression analyses were performed to assess correlations of T (RIA) and T (LC-MS/MS).
Univariate standardized beta coefficients and associated standard errors are reported.

* Differences between the correlations of T (RIA) and T (LC-MS/MS) show a statistically significant
difference.

a Larger univariate standardized B coefficients represent stronger associations with the steroids.

b Univariate standardized B coefficients of both T assays were compared using a bootstrapping
procedure with 2000 replications.

Table S2. Assessment of the correlation of DHEA measured by extraction RIA and LC-MS/MS with
other androgens and E,

Univariate Standardized
Beta Coefficient

Difference of beta
DHEA RIA (S.E.)* DHEA LC-MS/MS (S.E.)° coefficients 95% Cl of difference®

E, RIA 0.04 (0.06) 0.03 (0.06) -0.013 -0.099 - 0.069
SHBG RIA -0.11 (0.05) -0.17 (0.05) -0.067 -0.148 - 0.006
TRIA 0.48 (0.05) 0.50 (0.04) 0.020 -0.037-0.010
T LC-MS/MS 0.42 (0.05) 0.47 (0.04) 0.044 0.004 - 0.085*
DHEAS RIA 0.72 (0.04) 0.67 (0.04) -0.058 -0.11 - 0.008
ADRIA 0.57 (0.04) 0.54 (0.04) -0.027 -0.081-0.026
AD LC-MS/MS ~ 0.55 (0.04) 0.58 (0.04) 0.030 -0.029 - 0.091

Linear regression analyses were performed to assess correlations of DHEA (RIA) and DHEA (LC-MS/
MS). Univariate standardized beta coefficients and associated standard errors are reported.

* Differences between the correlations of DHEA (RIA) and DHEA (LC-MS/MS) show a statistically
significant difference.

a Larger univariate standardized B coefficients represent stronger associations with the steroids.

b Univariate standardized B coefficients of both DHEA assays were compared using a bootstrapping
procedure with 2000 replications.
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Table 3. Assessment of the correlation of AD measured by extraction RIA and LC-MS/MS with other
androgens and E,

Univariate Standardized
Beta Coefficient

Difference of beta

ADRIA(SE)  ADLC-MS/MS(SE)  otrcients 95% Gl of difference®
E, RIA 0.34 (0.06) 0.37 (0.05) 0.029 -0.001 - 0.061
SHBG RIA -0.16 (0.05) -0.21(0.05) -0.041 -0.092 - 0.008
TRIA 0.87 (0.03) 0.86 (0.02) -0.0025 -0.018 - 0.015
T LC-MS/MS 0.84 (0.03) 0.86 (0.02) 0.021 0.001 - 0.042
DHEAS RIA 0.4 (0.05) 0.43 (0.05) -0.010 -0.038-0.018
DHEA RIA 0.57 (0.04) 0.55 (0.04) -0.014 -0.037-0.010
DHEA LC-MS/MS  0.54 (0.04) 0.58 (0.04) 0.044 0.0043 - 0.085*

Linear regression analyses were performed to assess correlations of AD (RIA) and AD (LC-MS/MS).
Univariate standardized beta coefficients and associated standard errors are reported.

* Differences between the correlations of AD (RIA) and AD (LC-MS/MS) show a statistically significant
difference.

a Larger univariate standardized B coefficients represent stronger associations with the steroids.

b Univariate standardized B coefficients of both AD assays were compared using a bootstrapping
procedure with 2000 replications.



LC-MS/MS for androgen measurement in women

Sample Name: "S0a" _Sample ID: _ File: "20100115_ARS.wil"

Peak Name: "Ad-97" _Mass(es): "287.095/97.000 Da"
tion: "

15

Comment 2 Aot
Sampie Thiex ;
Sampie standara
Concentration: 0.0500 ng/mL 550
Cocineroa done: 070303 nemi
foalbate 187012010 )
ot A
© 450
> 400
w 350
< 500
Z o0
200
150
100
50
0.

550 5
End Tim Time. min

B 3.78 _ min
I Sample Name: "S0a" _Sample ID: ™ _File: "20100115_ARS.wif"

Peak Name: "T-97" Mass(es): "289.300/96.900 Da

Comment: ™ Annotation: ™
Sample Index 15
Sample Type Standazd
0.0500  ng/mL
0.0288  ng/mL
6/01/2010

2:46:36 au

cps

Modified: Yes -
Proc. Algorithm: Analyst Classic >
Bunching Factor: 1 =
Noise Threshol 37.41  cps

Threshold: 187.03  cps @
/Num. Smooths: 2 e
Sep. Wide 0.20 ®
Sep. Height: 0.01 2
Exp. Peak Ratio s5.00 <
Exp. Adj. Ratio 200 =z
Exp. Val. Ratio EN
BT Windows 3000 sec
Expected RT: 3193 mi
Us, lative RT: No
Int. Typ Base To Base
Retention Time: .93

1543.3

Height 3.26e4002

00 05 10 15 20 25 30 35 40 45

d Time 301
‘Sample Name: "S0a"_Sample ID: ™ _File: "20100115_ARO.wiff"
Peak Name: "DHEA-253"  Mass(es): "289.200/253.230 Da"

Comment: ™ Annotation: ™
15
Standard
2.50  ng/mL 4000
3500
Yes .
Analyst Classic > 3000
S z
44.14  cps -
20 cps 2500
2 2000
~ 1500
1000
500
min 00 05 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95
Eng Time: 421 min Time min
Workstation: WCPRO20 Pace 4

Supplementary figure 1.

Chromatogram of LC-MS/MS for lower LOQ of AD: 0.0500 ng/mL (0.173 nmol/L), T : 0.0500 ng/
mL (0.173 nmol/L), and DHEA: 2.50 ng/mL (8.68 nmol/L) (above). The panels on page 150 depict
chromatograms for internal standards (19-d3-androstenedione (IS-A), and d3-testosterone (IS-T).
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Supplementary figure 1.

Chromatogram of LC-MS/MS for lower LOQ of AD: 0.0500 ng/mL (0.173 nmol/L), T : 0.0500 ng/
mL (0.173 nmol/L), and DHEA: 2.50 ng/mL (8.68 nmol/L) (on page 149). The panels above depict
chromatograms for internal standards (19-d3-androstenedione (IS-A), and d3-testosterone (IS-T).
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Abstract

Context

In young women, some treatments for cancer or other conditions (such as sickle
cellanemia) may give rise to primary ovarian insufficiency. Ovarian transplantation
is one of the available options for fertility preservation, with highly variable
pregnancy rates.

Objective

The objective of this study was to investigate markers of ovarian reserve and
ovarian function in women up to 7 years after orthotopic ovarian transplantation.
Secondary objectives were to assess the relationship between markers of ovarian
reserve and pregnancy rate along with the duration of ovarian function.

Design
This was a prospective cohort study in 10 women, with mean follow-up of 2.5 years.

Setting
This study was conducted at a university hospital in Brussels, Belgium.

Patients

Patients included 10 women who were about to receive or had previously
received gonadotoxic treatment. In seven women cryopreservation of ovarian
tissue was performed before starting treatment. Subsequently autografts were
orthotopically transplanted in these women. Three women, who had already
developed primary ovarian insufficiency due to treatment, underwent orthotopic
transplantation of ovarian allograft tissue originating from their human leukocyte
antigen-compatible sisters.

Main Outcome Measures
Serum concentrations of FSH, LH, estradiol, inhibin B and anti-millerian hormone
(AMH) were measured.

Results

On average, first menses took place after 4.7 months. Duration of graft functioning
varied from 2 to more than 60 months. FSH concentrations remained elevated,
whereas estradiol levels normalized and AMH was low to undetectable. Inhibin
B varied among women and was not associated with the duration of ovarian
function (hazard ratio 0.966, 95% CI 0.881 - 1.059). Two spontaneous pregnancies
occurred. Endocrine characteristics were not significantly different in these
women.
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Conclusions

Low AMH and inhibin B concentrations may suggest decreased ovarian reserve
in women after ovarian transplantation. AMH and inhibin B levels may not be
associated with the duration of ovarian graft function, or probability to achieve
a pregnancy.
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Introduction

Advances in the diagnosis and treatment of childhood, adolescent, and adult
cancer have greatly increased the life expectancy of young women with cancer.
Approximately 82% of patients diagnosed before the age of 19 years survive the
disease for at least five years (1). Long-term effects of treatment strategies applied
for childhood cancer have become more apparent, especially the high incidence
of primary ovarian insufficiency and associated infertility in these women (2-4).
Alkylating agents, such as cyclophosphamide and procarbazine, and irradiation
are particularly toxic to the ovaries (5,6).

Several options to preserve fertility in cancer patients are currently available
enabling women to conceive when they have overcome their disease. These
optionsinclude embryo or oocyte cryopreservation and ovarian tissue cryostorage.
Although freezing of oocytes and subsequent in vitro maturation may represent
an alternative in the future, cryopreservation of ovarian tissue is currently the
only option for prepubertal girls and for women who cannot delay the start of
chemotherapy (7). The main aim of this strategy is to reimplant ovarian cortical
tissue into the pelvic cavity (orthotopic site) or a heterotopic site once treatment
is completed and the patient is disease-free (8).

In 2004 the first live birth after orthotopic transplantation of cryopreserved
ovarian tissue was reported (9). Up until now around 13 live births after
orthotopic transplantation of (cryopreserved) ovarian tissue have been described
(10-17). Despite these encouraging results, the restoration of fertility after
ovarian cryopreservation and subsequent transplantation is highly variable and
seems limited in duration (18). The impression arises that only successful ovarian
autotransplantation reports have been published, and no data on the actual
success rate of the procedure are known.

Finally, little information is currently available regarding the possibility for markers
of ovarian reserve to predict the extent of the restoration of ovarian function
and the associated chances for conception. Only a single case report describing
anti-mullerian hormone (AMH) and Inhibin B returning to normal concentrations
and the subsequent occurrence of a pregnancy has been published to date
(19). This underlines the need for the further evaluation of ovarian reserve in
women undergoing ovarian transplantation. Here we describe markers of ovarian
function and reserve in a series of patients who underwent orthotopic ovarian
transplantation.
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Materials and methods

Patients

Since 1997, ovarian tissue cryopreservation is proposed in Brussels for fertility
preservation to all patients presenting a high risk for iatrogenic ovarian failure.
Patient characteristics are described in Table 1.

Seven patients (patients 1-7) were referred for ovarian cryopreservation before
starting on primary ovarian insufficiency-inducing treatments and have been
described in previously published papers (8,20). Patients 3 and 4 had received
pre-treatment with chemotherapeutic agents before cryopreservation was
performed. In addition, for patients 3 and 5, a second reimplantation of ovarian
tissue was carried out after exhaustion of the first graft.

Furthermore, transplantation with fresh ovarian allografts was performed in three
women (patients 8-10), as recently reported (21). These patients presented with
primary ovarian insufficiency after treatments for B-thalassemia, acute myeloid
leukemia and sickle cell anemia. In all three women, allograft ovarian tissue
originated from their human leukocyte antigen-compatible sisters. The donors
were 32, 36, and 34 years of age at the time of reimplantation, respectively.
Sisters of patients 9 and 10 both have two children.

After receiving gonadotoxic treatment, all women experienced amenorrhea for
at least two months, along with elevated FSH concentrations, before the start of
hormone replacement therapy and after iatrogenic primary ovarian insufficiency
had been diagnosed. After discontinuation of hormone replacement therapy,
amenorrhea persisted in all patients and FSH and estradiol concentrations
returned to menopausal levels (respectively, >45 IU/L and >10 pg/mL).

The time line between cessation of chemotherapy and ovarian transplantation
was 6-7 years for patients 1-4 and 6. For patient 5, there were only 2 years
between the cessation of chemotherapy and transplantation. Indeed, she
received oral cyclophosphamide from 2001 to April 2006 and transplantation
went ahead in March 2008. Patient 7 did not receive any chemotherapy as she
underwent castrative surgery, and her ovarian tissue was frozen at the time of
the surgery. Patients 8-10 were treated by chemotherapy before ovarian tissue
cryopreservation was proposed (from 1988 to 1992). All three were transplanted
with fresh ovarian tissue from their sisters who already donated bone marrow
before and after genetic diagnosis of complete chimerism.

After ovarian transplantation, patients were followed up for a mean of 2.5 + 2.0
years until pregnancy had occurred, until cessation of transplanted ovarian tissue
function, or until the time of writing this report.
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Cryostorage, thawing procedure and transplantation

Freezing and thawing of ovarian tissue were carried out according to the protocols
described earlier (9,20,22). After biopsy, samples were immersed in Leibovitz
L-15 medium supplemented with Glutamax (GIBCO, Paisley, UK) and immediately
taken to the laboratory, in which remaining stromal tissue was gently removed.
The cortical samples were cut into small strips (£10 x 3 mm) or cubes (+2 x 2 mm).
These ovarian tissue fragments were suspended in the cryoprotective medium
and placed into precooled 2-mL cryogenic vials (Simport, Québec, Canada), filled
with L-15 medium supplemented with 0.4 mg/mL of human serum albumin (Red
Cross, Brussels, Belgium) and 1.5 mmol/L of dimethylsulfoxide (Sigma, St. Louis,
MO). The cryotubes were cooled in a programmable freezer (Kryo 10, Series Ill;
Planer, Sunbury-on-Thames, UK) according to the following program: cooling
from 0 to -8 °C at -2 °C/min; seeding manually by touching the cryotubes with
forceps prechilled in liquid nitrogen; cooling to -40 °C at -0.3 °C/min; cooling to
-150 °C at -30 °C/min; and immediate transfer to liquid nitrogen (-196 °C) for
storage.

The cryogenic vials were thawed at room temperature (21-23 °C) for 2 minutes
and immersed in a water bath at 37 °C for another 2 minutes. Ovarian tissue was
immediately transferred from the vials to tissue culture dishes (Becton Dickinson,
Hancock, NY) in L-15 medium (Gibco). Subsequently tissue was washed three
times with fresh medium to remove cryoprotectant. Thawed ovarian cortical
tissue was then placed in sterile medium and immediately transferred to the
operating theatre.

As previously described, orthotopic transplantation of the cryopreserved
ovarian tissue was performed after a mean of 6.0 years (SD 0.89 years) when
chemotherapy and hormone replacement therapy was discontinued, and there
was a wish to conceive (8,20). Thawed ovarian tissue was reimplanted to either a
peritoneal window created near the ovary (patient 1) or on decorticated medulla
of atrophic ovaries. The strips or cubes were sutured (patient 1) or covered with
Interceed (Johnson and Johnson, New Brunswick, NJ) (20).

In allograft recipients, both atrophic ovaries were decorticated. When the ovaries
were ready to receive donor ovarian cortex, either one large biopsy (2 x 2 cm)
was taken from the one donor ovary or two smaller biopsies (10 x 6 mm) were
taken from both donor ovaries. Larger biopsies were cut into two parts, and in
each recipient two ovarian tissue fragments were sutured to the decorticated
ovarian medulla. Time between cortex removal and the start of suturing was less
than one minute, and both sutures were achieved within 30 minutes of excision
from the donor.

All patients, with the exception of patient 1, received GnRH antagonists or agonists
and estroprogestogens from 20 days preoperatively for a total of two months to
decrease FSH and LH concentrations before reimplantation, in line with previous
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recommendations (20). Immunosuppressive treatment was not indicated for
allograft recipients because complete human leukocyte antigen compatibility was
confirmed by the short tandem repeat technique (21).

Hormonal measurements

In Brussels, measurement of the following hormones was performed every two
weeks following transplantation (irrespective of their menstrual cycle status): FSH,
LH and estradiol (E,). FSH and LH levels were measured using a chemiluminescent
immunoassay (Access human FSH and Acces human LH 2000; Beckman Coulter,
Inc., Brea, CA). The detection limits of the assays were 0.2 IU/L, inter- and
intraassay coefficients of variation were less than 10%. Estradiol was measured
by the Architect-i2000 chemiluminescent immunoassay (Abbott Laboratories,
Abbott Park, IL). Within- and between-run imprecisions were below 10%, and the
detection limit was 25 pg/mL.

For each patient inhibin B and AMH concentrations were also assessed
at least twice after transplantation; once when E, concentration was high
and another measurement when E, was low. Inhibin B was measured with
immunoenzymometric assay (Oxford Biolnnovation, Oxford, UK, now marketed
by Beckman Coulter, Brea, CA). Intra- and interassay coefficient of variation
were: less than 5% and less than 10%, and sensitivity was 5 ng/L. An in-house
immunoenzymometric assay was used to measure AMH, using the antibodies also
present in the AMH assay Diagnostic Systems Laboratories (Webster, TX), which
is now also marketed by Beckman Coulter. Results should be divided by 2.145 to
be comparable with those of the original Beckman Coulter assay (23). Intra- and
interassay coefficients of variation were less than 5% and less than 10%. Sensitivity
was 0.026 ug/L. Selected samples were reanalyzed for AMH in the laboratory
of one of the investigators (E.A.). Serum AMH (by E.A.) was determined by the
Immunotech AMH enzyme immunoassay (Beckman Coulter, Marseilles, France).
The intra-assay and inter-assay coefficients of variation were less than 9.5% (3.3
pg/L). Functional sensitivity of the assay was 0.35 pg/L. Basal AMH (by E.A.) values
in 21- to 37-year-old normo-ovulatory women defined as normal responders in
an in vitro fertilization (IVF) cycle were 1.7-8.2 pg/L (n = 345).

Statistical analysis

The distributions of FSH and E, for all women receiving ovarian transplantation
after cryopreservation are depicted as box-and-whisker plots. A Kaplan-Meier
survival curve was constructed for the duration of graft survival grouped on
detectable vs. undetectable AMH concentrations. Data were censored when the
graft was still functioning at time of writing of this manuscript. The log rank test
was performed to identify statistically significant differences in the duration of
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graft function according to AMH. Cox regression tests were performed for AMH
and inhibin B in comparison with duration of tissue functioning, and reported as
hazard ratios with associated 95% confidence intervals. For all patients, the first
inhibin B measurement after transplantation was chosen except when using GnRH
(ant-)agonists, in which case the second inhibin B measurement was included.
P < 0.05 was considered statistically significant. Statistical analysis was performed
using SPSS for Windows, version 15.0 (SPSS Inc., Chicago, IL).

Results

Characteristics of menstrual cycle, duration of graft functioning and pregnancies
are reported for all patients in Table 2. In all women except for patient 7, first
menses took place at mean 4.7 (range 3.5-7.0) months after transplantation.
Ovarian function of these women was monitored for a mean of 2.5 years.
Duration of cryopreserved graft functioning varied from 9 to 86 months, with
three of seven grafts still functioning in July 2010. Two of three fresh allografts
still functioned in July 2010, and the duration varied from 17 to 28 months. Two
pregnancies were achieved, of which the first has been previously reported (9). In
patient 7, menstrual cyclicity did not return. At the time of thawing and grafting,
two small fragments were sent for histological investigation and no follicles were
found in serial sections.

Furthermore, AMH and inhibin B measurements are described along with
simultaneously measured FSH and E, concentrations in Table 2. AMH
concentrations were detectable above lower assay limits in five out of 27
measurements only and were low. AMH does not seem to correspond well with
pregnancy chances because AMH was undetectable in the two patients who
conceived. Although measurements by the additional AMH assay showed some
higher AMH concentrations, many were still below the detection limit and do not
correspond well with ovarian transplant function (data not shown).

Inhibin B concentrations varied widely among patients and increased as menstrual
cycles returned. High Inhibin B concentrations were found in patients 6, 9, and
10, but only one of these three women conceived. In contrast, Inhibin B remained
only 30 ng/L in patient 1, who also achieved pregnancy.

Figure 1 presents box-and-whisker plots for FSH and E, concentrations for all
patients receiving ovarian transplantation after cryopreservation (n = 7) with
regard to time since transplantation. As shown, FSH levels tend to remain
relatively high, even when menstrual cycle patterns returned after a mean of 4.7
months. E, concentrations increase over time when ovarian function resumes.
Individual FSH and E, concentrations for three women receiving fresh allograft
ovarian transplantations are depicted in Figure 2. In patient 8 high FSH and low
E, concentrations are found. In both patient 9 and 10, FSH remains below 20 1U/L
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Figure 1. Box-and-whisker plots for FSH (upper panel) and E, (bottom panel) concentrations following
cryopreserved ovarian tissue transplantation (n = 7).

Legend: Blood withdrawal took place every other week, irrespective of cycle phase or length. Boxes
represent the interquartile ranges (p25 and p75), the lines within the boxes are the median values,
and the whiskers depict p5 and p95. o and *, outliers.
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Figure 2. Individual FSH (upper panel) and E, (bottom panel) concentrations after fresh ovarian tissue
transplantation (n = 3).
Legend: M, Patient 8; e, Patient 9; A, Patient 10.
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and E, returns to normal values after three months, and first menses took place
shortly afterwards.

A comparison of detectable vs. undetectable AMH concentrations with regard
to duration of tissue function was performed for which a Kaplan-Meier curve
was constructed (Figure 3). The curves for detectable and undetectable AMH
concentrations are similar. Cox regression analysis for this relationship was not
performed because only one of the grafts for which AMH was detectable had
stopped functioning at the time of this writing. The log rank test for the Kaplan-
Meier curve was not statistically significant (P = 0.99). Cox regression analysis for
inhibin B concentrations compared with duration of tissue functioning resulted in
a hazard ratio of 0.966 (95% confidence interval 0.881-1.059), indicating similar
duration of graft function, regardless of inhibin B concentrations.
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Figure 3. Kaplan-Meier curve showing the survival of the ovarian tissue graft in relation to AMH
concentrations.

Legend: Solid line, undetectable AMH (n = 6); broken line, detectable AMH (n = 4); +, censored data
(graft still functioning in July 2010).
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Discussion

To our knowledge, this is the first study to report comprehensive follow-up
data on ovarian function and markers of ovarian reserve after transplantation
of ovarian tissue in ten women. Despite the return of the menstrual cycle and
the increase of E, concentrations within five months after transplantation, FSH
tended to stay relatively high. Surprisingly, AMH remained low or undetectable in
most cases, whereas inhibin B increase varied widely among patients.

The only safe established option for fertility preservation is embryo
cryopreservation after IVF. However, this is not an option for patients without
a partner or those not wanting to use a sperm donor, for prepubertal girls, in
case chemotherapy has to be initiated immediately or when stimulation is
contraindicated due to the type of cancer (24). The use of ovarian transplantation
techniques to circumvent the need for hormone substitution therapy is still
experimental.

In the existing literature, 13 live births after orthotopic transplantation of
cryopreserved ovarian tissue have been described to date. A recent study reported
a high incidence of pregnancies after fresh allograft transplantation (18). In the
current study, two women spontaneously conceived after cryopreservation and
reimplantation of ovarian tissue; neither of them had received chemotherapy
before cryopreservation. It appears that both pregnancies occurred as a result of
an oocyte ovulating from the graft (confirmed by ultrasound imaging in patient
1 and the fact that both ovaries had been decorticated in patient 6). Indeed, in
patient 1, we observed follicular growth outside of the right ovary at the site
of reimplantation (in the peritoneal window) and ten days later concentrations
of progesterone as high as 37 ng/L concomitant with the presence of a corpus
luteum at the reimplantation site, which was confirmed by ultrasound. Moreover,
serial sections of biopsy samples taken from both atrophic ovaries of patient 1 and
from removed ovarian cortex of patient six failed to demonstrate the presence of
any follicles.

The duration of ovarian function after reimplantation of cryopreserved ovarian
tissue was nine to at least 86 months (end of study). This is not essentially different
from the recently published life span of six to over 54 months in women under
similar conditions (25). It has been reported that the duration of ovarian function
after allograft transplantation is three years or more (18). Patient 8 became
amenorrheic after 28 months; this could be due to the nonoptimal ovarian
reserve of the donor that was identified on biopsy. The remaining two allograft
recipients still experienced regular menstrual cycles after 17 and 19 months.
Cryopreservation of ovarian tissue seems effective for storing primordial follicles
but not for preserving the small number of growing follicles present in the tissue
(26). The process of folliculogenesis, from the recruitment of primordial follicles
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to ovulation, takes 4-6 months (27). In the current study, the first menses after
reimplantation took place after 4.7-7.0 months, which is in line with the previously
described extended duration of follicle maturation. Our findings in the human are
also supported by data from similar studies in the sheep model and in a recent
study in women undergoing cryopreserved ovarian transplantation (25,28).
Although a longer interval until first cycle has been reported in women who had
received chemotherapeutic treatments before cryopreservation (20), the present
study does not support this for all women. Patient 7 did not experience any ovarian
activity after transplantation and histological evaluation confirmed the absence
of follicles. This could possibly be due to the endometriosis and the tuboovarian
abscess present at the time of cryopreservation. This suggests that histological
analysis (including follicle count) may be useful before transplantation.

E, concentrations returned to normal when menstrual cyclicity resumed,
suggestive for dominant follicle development. Still, FSH levels remained above 20
IU/L during menses and the early follicular phase, in contrast to the fairly direct
inverse correlation between E, and FSH under physiological conditions. Sheep
studies confirm elevated FSH concentrations after autograft transplantation,
supporting the hypothesis that some other inhibitory mechanisms, such as
inhibin B, are significantly diminished in transplanted tissue (28,29). Inhibin B
concentrations varied significantly among different subjects. The discrepancy
between E, and inhibin B concentrations may indicate a declining ovarian
follicle pool (30). Indeed, few patients reached normal inhibin B concentrations,
and only patient 6 conceived after inhibin B concentrations reached 100 ng/L.
Cox regression analysis showed similar duration of graft function irrespective of
inhibin B levels.

AMH and inhibin B were measured to assess ovarian reserve in transplanted
ovarian tissue. AMH is produced by granulosa cells of the developing follicles,
and is produced until the antral stage (31). Inhibin B is produced by the cohort
of developing preantral and early antral follicles. Inhibin B concentrations are
maximal during early to midfollicular phase, whereas AMH is cycle independent
(32). Both inhibin B and AMH decrease with increasing age due to diminishing
ovarian reserve, and their clinical value is topic of extensive research. Currently,
AMH is regarded as the superior marker in the prediction of ovarian response to
ovarian stimulation or age at menopause (33,34).

Previously normalization of AMH was reported in a single patient after ovarian
function was restored after reimplantation of cryopreserved ovarian tissue (19).
Another case report described a minor increase of AMH from 0.6 to 1.8 pg/L after
transplantation (17). These anecdotal findings, however, cannot be confirmed in
the present study. Low or undetectable AMH concentrations were found in all
women regardless of time since transplantation. It appears that AMH was more
frequently detectable after transplantation of fresh ovarian tissue compared to
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cryopreserved tissue. All AMH levels assessed in the two women who conceived
were below detection limits. Repeated measurements of selected samples from
the current study in yet another laboratory confirmed low AMH concentrations
(data not shown). Therefore, the use of AMH in the prediction of duration of
ovarian tissue graft functioning seems limited. The current sample size may not
allow for any firm conclusion. However, another very recent report confirms
the present findings by demonstrating AMH concentrations to be undetectable
to low in five patients (including a woman who conceived), under comparable
conditions (25). Therefore, the conclusion seems justified that the use of AMH in
the prediction of duration of ovarian tissue graft functioning seems limited.

The low to undetectable concentrations of AMH in the current study suggest that
the primordial follicle pool is low after transplantation. A recent report described
a correlation between histologically determined primordial follicle numbers and
ovarian reserve tests. After adjustment for age, significant correlations were
found for antral follicle count and AMH (35). One of the aims of our study was to
determine the relationship between markers of ovarian reserve and pregnancy
rate along with ovarian function duration. Finding such low AMH values in all
women does not help us distinguish between successful and unsuccessful
transplantations of ovarian tissue. Therefore, AMH measurement does not
appear to be useful in these circumstances. It is likely that diminished numbers
of developing preantral and early antral follicles give rise to low to undetectable
AMH concentrations, low inhibin B levels, and high FSH values, as recently
described (33,35). Additional studies concerning AMH concentrations following
various surgical transplantation techniques are needed.

Current observations are in line with the recently reported poor ovarian response
to stimulation for IVF in patients following ovarian transplantation (36). This
could be due to several factors that are specific to the transplantation, such as
damage due to cryopreservation or hypoxia during the revascularization time
(37). Oocytes could be damaged by freezing and thawing procedures, leading to
a higher rate of empty follicles or oocyte alteration (38). A recent report found
a 58% decrease of human oocytes after cryopreservation compared with fresh
ovarian tissue grafts (18). Experimental studies have indicated that the fall in
number of primordial follicles in grafted tissue is mostly due to hypoxia and the
delay of revascularization (2-4 days) and is estimated to be 50% to 60% (37,39).
Overall, the exact cause of a decreased cohort size of ovarian follicles along with
its possible association with a reduced duration of ovarian function and poor
response to stimulation remains open for speculation.

In conclusion, both AMH and inhibin B do not seem to be useful as markers of
ovarian reserve or for prediction of pregnancy under the conditions of ovarian
transplantation, despite the fact that AMH has been shown to be very a useful
ovarian reserve marker in many other clinical conditions.
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The Dutch POI Consortium

In 2004, the Dutch primary ovarian insufficiency (POI) consortium was
established with the following aims: (i) to further describe the phenotype of
women affected by POI, (ii) to extend knowledge concerning biochemical and
endocrine characteristics (including AMH and testosterone), (iii) to unravel the
genetic components of POI, (iv) to assess general health risks, and (v) to initiate
proper longitudinal follow-up of women with POI. For these purposes, clinical,
biochemical and DNA data are collected in a systematic and standardized way.
Together, the 14 participating centers have currently included 530 women with
POI (February 2012), and the Dutch POI consortium represents one of the largest
cohorts of women with POl worldwide. This work presents results from the
ongoing research activities based on the national POI collaboration.

From phenotype to genotype

Although POI is nowadays regarded as a complex genetic trait, researchers
worldwide have also focused on the possibility that specific single gene mutations
could explain considerate proportions of women with POI, especially in familial
cases. One of these candidate genes is NR5A1, coding for steroidogenic factor
1. In Chapter 3, we sought to evaluate previous findings of a high mutation
frequency of NR5A1 in women with POI (1) by sequencing the entire coding
region of NR5A1. We found that the overall mutation rate was only 1.4% and
NR5A1 is therefore not considered a major contributor to the phenotype of POI.
Similarly, FMR1 premutations and intermediate-sized CGG repeat alleles were
previously found to contribute to POl in up to 13% of all women affected by POI
(2). In contrast, we found that only 1.7% of women in our POl cohort were FMR1
premutation carriers (Chapter 4). Moreover, measures of POl severity did not
significantly depend on CGG repeat numbers, which emphasizes that normal and
intermediate FMR1 CGG repeat sizes do not seem to play a central role in POI.
While the candidate-gene approach has lead to the identification of numerous
monogenic causes of POI, generally, these mutations explain only a small minority
of POI etiology. A summary of these monogenic causes of POl is described in
Table 1. The results of the candidate gene studies in this thesis emphasize the fact
that candidate genes need to be fully sequenced to identify the true incidence
and the exact genetic changes with the phenotype of POI. A prerequisite for
performing candidate gene studies is a homogeneous, unselected population. By
its nature, POI, defined by the arbitrary cut-off age of 40 years and FSH of 40
IU/L, is a heterogeneous condition. Standardized phenotyping and inclusion of all
consecutive women visiting an outpatient clinic with POI, such as is protocol in
the Dutch POI Consortium, are the only ways to create a reliable, unbiased cohort
for candidate gene studies.



General discussion

Another pitfall of candidate gene studies is that it concerns hypothesis-based
testing, and genetic studies are performed in coding regions only. In contrast,
complex genetic diseases probably arise from interplay of gene expression
modulating variants, regulatory sequences and locus heterogeneity of coding
alleles (3). In recent years, such nonhypothesis-based genetic studies (so-called
genome-wide association studies (GWAS)) focused on disease-associated SNP
and CNV detection, which was perceived as a very promising technique to
elucidate genetic pathways. Through this common disease - common variant
approach, important new genes and non-coding alleles involved in gene
expression modulation have been identified in many diseases. Also in GWAS, it is
of utmost importance to include a well-phenotyped, homogeneous population.
In this light, it was necessary to identify whether a distinction should be made
between familial POI (incidence of 29%) and sporadic POI, because a distinct
phenotype could point at a different genetic make-up or background. We were
able to demonstrate that women with familial POl share a similar proportion of
genetic abnormalities and have no distinctive clinical presentation than women
with sporadic POI (Chapter 2).

However, while a few GWAS have been performed in POI, results were rather
disappointing, because suggestive loci could not always be replicated in validation
cohorts (4,5). A major problem in relatively infrequent diseases such as POl is the
creation of a large enough cohort. The Dutch POI consortium has now included
over 500 women, but continuous efforts are needed to gather the minimum
of 2,000 to 3,000 patients to gain sufficient power. Therefore, it is an absolute
necessity to seek international collaboration to establish a large enough cohort.
Finally, it has become clear that only a small fraction of the heritability was
identified through GWAS in many other complex genetic traits. This phenomenon
is referred to as missing heritability (6). The issue of missing heritability suggests
that, also in POI, we should not only focus on the common disease - common
variant approach, but acknowledge that rare variants may underlie POI
instead. The newly available whole genome sequencing (or exome sequencing)
techniques are aimed at the identification of rare variants, but they also require
large cohorts of patients. However, if combined with a linkage analysis approach,
whole genome sequencing may offer a fruitful possibility to identify those rare
variants in an effective manner (7). A start could be made with X chromosome
sequencing in strong POl families, because at least two so-called “critical regions”
and many candidate genes were previously identified on the X chromosome (8,9).
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Androgens in POI

The premature loss of ovarian function in POI results in a wide spectrum of
women’s health issues, as was described in Chapter 1. While hypoestrogenemia
in women with POI is well established and the associated effects, such as
climacteric symptoms and osteoporosis, have been fairly well documented, the
role of androgens and the effects on health remain to be determined. Circulating
androgen concentrations decrease with increasing age (10). Whether the ovarian
theca cells remain functional for androgen production after menopause is topic of
extensive debate. Conflicting evidence on hypoandrogenism in postmenopausal
women points either to a gradual decrease in both ovarian and adrenal production
of androgens with increasing age (11), or to a further, more abrupt decrease of
only ovarian androgen production during menopausal transition (12,13). Since
up until now these issues have not been tackled in women with menopause at
a regular age, research regarding androgen concentrations in women with POI
is certainly challenging. In Chapter 5, a systematic review and meta-analysis
identified that women with POl are indeed at risk for decreased total testosterone
concentrations, both compared with regularly cycling controls and with women
experiencing menopause at a regular age. The question remains why these
androgen concentrations are lower in women with POl. One may speculate
that POI should be regarded as a distinct phenotype from normal menopause,
and that perhaps ovarian androgen production decreases as a result of ovarian
theca cell disruption due to autoimmune causes, or as a consequence of vascular
damage to the ovarian vessels.

A complicating factor in this matter is that androgen measurement in female
samples is problematic due to trueness and precision problems (14). We
identified that, compared with a labor-intensive extraction radioimmunoassay,
liquid chromatography-tandem mass spectrometry (LC-MS/MS) is a reliable, fast
alternative for measuring steroid sex hormones in women (Chapter 6). However,
because LC-MS/MS techniques are mostly in-house developed methods, external
validation is urgently needed. Fortunately, international efforts are made to
create programs in which individual laboratories participate through a biphasic
investigation of calibration and method bias assessment (15). The standardization
of androgen assays will allow for the identification of reference standards for
women of all ages, which are necessary to come to a final conclusion regarding
androgen production in women with POIl. We propose to measure androgens with
a reliable assay in women with POI, age-matched female controls with a regular
cycle, and in postmenopausal controls that should be matched for duration of
amenorrhea. This will provide a definite answer to the question whether women
with POl are truly in a hypoandrogenic state.
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Managing expectations for fertility preservation strategies

Women about to undergo gonadotoxic treatment are increasingly seeking
medical help to achieve fertility preservation. Up until now, the only reliable
method is the cryopreservation of embryos, but ovarian hyperstimulation may
not always be an option. Although considered experimental, approximately 15
children have now been born following ovarian cryopreservation and subsequent
autotransplantation (16-18). The question remains whether this technique
is sufficiently successful (with a possible publication bias towards successful
reimplantations) and safe to offer to women about to undergo gonadotoxic
treatment. The possibility of reintroducing malignant cells seems realistic in
some cancer types, especially in hematologic cancers such as leukemia (19).
Furthermore, we identified that ovarian reserve parameters such as AMH and
inhibin B, are very low following this procedure, which indicates a low ovarian
reserve status, probably explaining the poor pregnancy rates (Chapter 7).
Therefore, we believe that other fertility preservation options, such as oocyte
vitrification, may prove to be more successful in the long term. Similar to embryo
cryopreservation, ovarian hyperstimulation is necessary for oocyte vitrification.
Current studies estimate that approximately 20 vitrified oocytes are needed to
achieve one pregnancy (20,21), and the success rates are quickly approaching
standard IVF techniques using fresh oocytes. Besides women who are about to
undergo gonadotoxic treatment, oocyte vitrification should also be offered to
women who have a high chance of developing POI because of a familial tendency
and when embryo freezing is not an option. The biggest challenge in this regard
is to define which women are particularly at risk and when to proceed to fertility
preservation, because neither ovarian reserve tests nor genetic tests are available
for long-term prediction of fecundity yet. If we succeed to define and reliably
predict women at high chance of developing POI, we should aim at reaching out
to these young women before POI sets in.

Implications for clinical practice

POl etiology remains unknown in the majority of cases. While some of the studiesin
this thesis were aimed at unraveling genetic components of the disease (Chapters
2-4), this has not lead to the identification of major genetic contributors. Current
Dutch guidelines (NVOG) advise the following diagnostic tests to be performed
in newly diagnosed women with POIl: karyotyping and FMRI1 premutation
screening, and screening for autoantibodies against adrenal and thyroid glands.
Indeed, cytogenetic abnormalities were identified in a considerable proportion
in women included in the Dutch POI consortium (see Chapter 1, unpublished
data). However, FMR1 premutation screening should only be offered because of
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the possibility to expand to a full mutation in their offspring and when a familial
tendency of POl is suspected (case finding). Positive autoantibody titers against
thyroid or adrenal glands may lead to future gland dysfunction with serious health
implications, therefore testing for these autoantibodies is indicated (22,23).
While clinicians should be aware that women with POl are susceptible to sexual
dysfunction and diminished emotional well-being, it remains to be elucidated
whether these health effects are due to hypoandrogenemia. Current routine
testosterone immunoassays are notoriously inaccurate and not sensitive enough
to detect low testosterone concentrations in women, therefore clinicians should
refrain from testosterone measurement. Consequently, there currently is no
evidence to support androgen therapy in women with POI.

Furthermore, while not topic of the current thesis, clinicians should discuss
the possible long-term health implications of POI, including potential risks for
dyslipidemia and cardiovascular disease, osteoporosis, and impaired cognition (24).
Finally, women at high risk for POl development due to gonadotoxic treatment or
a strong familial tendency should be counseled about the possibilities for fertility
preservation and should be adequately informed about the possible benefits and
disadvantages of all available options. To increase awareness and to decrease
involuntary childlessness among women about to undergo menopause-inducing
treatment, health care providers should be encouraged to provide information
about the possibilities and arrange referral to reproductive specialists in an early
stage (25). Most importantly, we advocate that clinicians from all over the field
take on a central role at educating young women and their (future) partners about
the age-related decline of ovarian reserve. This becomes increasingly important
because couples are still postponing to start a family, and are frequently unaware
that even artificial reproductive techniques may fail when ovarian reserve is
diminished.

Proposed future research

The existing Dutch POI consortium offers a great opportunity to further explore
pathophysiological mechanisms and endocrine characteristics of women with
POI, such as the future genetic studies and androgen measurement proposals as
stated above. The development of a predictive test for the development of POI
would be an important endpoint, although important ethical issues need to be
addressed in this perspective.

Furthermore, the extensive cross-sectional set-up provides a fertile background
against which longitudinal, prospective research projects can be initiated. Such
studies will enable us to identify which health risks actually are parts of the POI
phenotype and what the developmental trajectories of such health effects are.
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Moreover, future research should aim at clarification of the potentially protective
roles or adverse effects of both endogenous and exogenous estrogens and/or
androgens in bone density, cardiovascular health, and well-being issues.

And finally, through all these proposed studies, we may be able to answer the
fundamental question: Should POl be seen as a continuum of normal menopause?
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In 2004, the Dutch primary ovarian insufficiency (POIl) consortium was established.
This national collaboration is aimed at unraveling the genetic components of POI
and to further describe the phenotype of women affected by POI. This thesis
presents results from the ongoing research activities based on the national POI
collaboration.

Chapter 1

In the introduction of this thesis, we describe the phenotype of primary ovarian
insufficiency along with the varying definitions that are used to describe this
phenomenon of amenorrhea and estradiol deficiency in association with
postmenopausal follicle-stimulating hormone (FSH) levels in young women.
Current knowledge regarding genetic and other etiologic factors of POI is
reviewed, and data derived of the Dutch POI Consortium cohort is interpreted.
Furthermore, we provide an extensive overview of the impact of this diagnosis on
fertility and other short- and long-term general health aspects of POI.

Chapter 2

POl is regarded as a complex genetic disease in which multiple genetic variants
and environmental factors contribute. A familial form of POl is present in a
considerable proportion of women with POI. We assumed that if women with
familial POl would represent a distinct phenotype regarding POl presentation
and POI severity, their genetic make-up or background would differ from that in
women without any family member with POI (sporadic POI). Based on a detailed
3-generation family history, all women who were consecutively included in the
Dutch POI consortium were identified as having either familial (defined as having
at least one relative with POI) (n = 58) or sporadic POI (n = 142).

We demonstrated that women with familial POl have no distinctive clinical
presentation and share a similar proportion of genetic abnormalities compared
with women with sporadic POI. The only exception was the lower age at
menopause in mothers of women with familial POI, which we consider as a
direct consequence of the definition used for familial POI. These findings imply
that no distinction between the two phenotypes of POl is necessary when high-
throughput sequencing methods using genomic variants are applied to identify
genetic risk loci in POL.

Chapter 3

The nuclear receptor subfamily 5, group A, member 1 (NR5A1) gene, coding
for steroidogenic factor 1, plays an important role in the pathogenesis of
primary adrenal insufficiency and sexual development disorders, including male
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infertility. Earlier research suggested that as much as 8% of women with POI carry
mutations in the NR5A1 gene. We undertook a study to evaluate the contribution
of NR5A1 mutations in women with POI, and to seek and describe any new
NR5A1 mutations associated with POI. In total, 386 well-phenotyped women
with secondary amenorrhea due to POI, including 77 women with familial POI,
were included. The entire coding region and splice sites of the NR5A1 gene were
PCR-amplified and sequenced. Thereafter pathogenicity of identified mutations
was predicted in silico.

In total, 9 mutations were identified in 10 patients. Five of these mutations
concerned novel nonconservative mutations occurring in 5 patients. Prediction
of effect on protein function showed low to intermediate pathogenicity for all
nonconservative mutations. The overall NR5A1 gene mutation rate was only
1.4%. Therefore, there seems limited value in the inclusion of NR5A1 mutation
screening in the diagnostic workup of women affected by POI. POl remains
unexplained in the great majority of patients and continued efforts are needed to
elucidate its underlying genetic factors.

Chapter 4

The most frequent monogenic cause of POl is the premutation of the fragile-X
mental retardation gene 1 (FMR1) with an incidence reported between 0.8%
and 13%. Several small sample size studies investigated the role of intermediate
CGG repeat size in POl. Some previous studies found an increased frequency of
intermediate alleles in (occult) POI, but such findings could not be confirmed in a
larger sample size study. We initiated a study to assess the incidence of normal,
intermediate and premutation FMR1 alleles in 144 well-phenotyped women with
POI and 34 women with occult POI (defined as elevated FSH concentrations in
women with regular or irregular menstrual cycles). In addition, the association
of number of FMR1 CGG repeats with POl severity was investigated. A PCR
amplification of the CGG-repeat region of the FMR1 gene was performed and
subsequently, fragment length determined.

A total of 3 (2%) premutations were identified, which occurred only in women
with overt POI. Overall, 6 (3%) intermediate alleles were found; 2 (6%) in occult
POl and 4 (3%) in overt POI. No significant linear association between CGG repeat
size and age at POI or FSH levels could be demonstrated (P = 0.93 and P = 0.09,
respectively). Therefore, the evaluation of normal- and intermediate FMR1 repeat
size seems of limited value in the diagnostic work-up of women affected by POI,
or in women at risk for developing POI. The biological pathway and the clinical
relevance of intermediate FMR1 CGG repeat alleles remain to be elucidated.
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Chapter 5

Increasing age and postmenopausal status are associated with decreasing
androgen concentrations in women. Women with premature loss of ovarian
function - such as POI or iatrogenic menopause - may be at increased risk for
diminished testosterone levels at a relatively young age. The meta-analysis
presented in Chapter 5 was conducted to evaluate current literature reporting
serum total testosterone concentrations under these conditions. The electronic
databases of Pubmed, Embase and the Cochrane Library were systematically
searched for comparative studies on total testosterone concentrations in
women with spontaneous POI or iatrogenic menopause, compared to controls.
Stratification for assay type was included in the analyses, because androgen assay
problems such as lack of trueness, precision, and sensitivity are well known.

262 Articles for spontaneous POl and 1,358 for iatrogenic menopause were
reviewed, of which 9 and 17 papers, respectively, were selected for final analysis.
In POl and iatrogenic menopause total testosterone concentrations were
significantly lower compared with controls (weighted mean difference (95% Cl)
-0.38 (-0.55 to -0.22) nmol/L, and -0.29 (-0.39 to -0.18) nmol/L, respectively), yet
with substantial between-study heterogeneity. Subgroup analysis for assay type,
comparing direct vs. indirect testosterone assays, was statistically significant in
spontaneous POl only. In conclusion, total testosterone concentrations were
demonstrated to be decreased in women with spontaneous POI or iatrogenic
menopause. The potential implications of hypoandrogenism in these women
remain to be elucidated.

Chapter 6

The measurement of serum testosterone in women is challenging due to lack of
trueness, precision, and sensitivity of various available testosterone assays. Accurate
assessment of testosterone in women is crucial especially in conditions associated
with alleged over- or underproduction of testosterone, such as in polycystic ovary
syndrome (PCOS) and POI, respectively. The aim of this chapter was to measure
and compare androgen concentrations in women with PCOS (n = 200), POI
(n = 208), and female controls (n = 45) and to evaluate the performance of
extraction radioimmunoassay (RIA) and liquid chromatography- tandem mass
spectrometry (LC-MS/MS) in these women. Androgen concentrations were
measured using both extraction RIA and LC-MS/MS, and subsequently, a method
comparison analysis was performed.

All androgen levels were significantly elevated in women with PCOS compared
with POl patients (P < 0.05) and controls (P < 0.05). Women with POl presented
with similar androgen concentrations as controls, except for androstenedione.
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Compared to measurements by extraction RIA, LC-MS/MS measurements were
systematically lower. However, both assay measurements were shown to have
good agreement as assessed by Bland-Altman analysis and intraclass correlation
coefficient. We concluded that LC-MS/MS, compared with a labor-intensive
extraction RIA, shows good precision, sensitivity, and high accuracy for measuring
female androgens concentrations under various clinical conditions. LC-MS/MS
represents a convenient and reliable assay for both clinical and research purposes.

Chapter 7

Ovarian transplantation is one of the available options for fertility preservation in
women about to undergo gonadotoxic treatment, but highly variable pregnancy
rates have been reported. The objective of this study was to investigate markers
of ovarian reserve and ovarian function in women after orthotopic ovarian
transplantation. Ten women, who were about to receive or had previously
received gonadotoxic treatment, were followed for a mean of 2.5 years. In seven,
cryopreservation of ovarian tissue was performed before starting treatment, and,
subsequently, autografts were orthotopically transplanted. Three women, who
had already developed iatrogenic POI, underwent orthotopic transplantation of
ovarian allograft tissue originating from their HLA-compatible sisters.

On average, first menses took place after 4.7 months. Duration of graft functioning
varied from two to more than 60 months. FSH concentrations remained elevated
and AMH was low to undetectable, whereas estradiol levels normalized. Inhibin
B varied among women and was not associated with the duration of ovarian
function (hazard ratio 0.966, 95% Cl 0.881-1.059). Two spontaneous pregnancies
occurred. Endocrine characteristics were not significantly different in these
women. The identified low AMH and inhibin B concentrations are suggestive for
decreased ovarian reserve in women after ovarian transplantation. AMH and
inhibin B levels are probably not associated with the duration of ovarian graft
function, or the probability to achieve a pregnancy.

Chapter 8

In the final chapter of this thesis, the conclusions that can be drawn from the
research contributing to this thesis, and the implications for current practice and
future research are discussed.

Disappointing results from candidate gene studies and GWAS point out that it
remains crucial to create a very large, well-phenotyped, and unbiased cohort
through international collaboration to gain sufficient power for studies aimed to
identify POI pathophysiology. Candidate gene studies may only offer a valuable
contribution to this search when the entire gene is sequenced and if performed
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in well-phenotyped groups. Future genetic studies should focus on rare variants,
and whole genome sequencing combined with linkage analysis may prove a
promising new approach to identify etiologic factors in POI.

To further describe the endocrine implications of POI, it is necessary to have
access to trustworthy, precise and sensitive assays for androgens, estrogens and
other steroids. At the moment, the extent to which androgens are decreased and
the possible implications for general health aspects in women with POl remain to
be determined. Collaborative efforts for standardization of assays along with the
development of reference values for women of all ages are essential to enable
future research efforts in well-phenotyped women with POI.

Ovarian cryopreservation and subsequent reimplantation may not be a highly
successful fertility preservation technique, because ovarian reserve is severely
compromised. Oocyte vitrification seems a promising approach instead, which
should be offered to women about to undergo gonadotoxic treatment or those at
risk for developing POI due to a familial tendency.

Future research is proposed, in which both the cross-sectional Dutch POI
consortium and a proposed prospective follow-up of these already included
women will be of great value and enable us to study both short- and long term
health effects of POI, and investigate potential risk-modifying factors such as
hormone therapy.
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Primaire ovariéle insufficiéntie (POI) kenmerkt zich door het uitblijven van
menstruaties voor het 40° levensjaar gedurende tenminste vier maanden, met
daarbij een verhoogde serum FSH-concentratie van meer dan 40 EH/L. Ongeveer
één op de 100 vrouwen bereikt de menopauze voor het 40° levensjaar, en één op
de 1.000 vrouwen ontwikkelt POl voordat zij 30 jaar is. POI leidt tot infertiliteit,
gaat gepaard met karakteristieke overgangsklachten, en kan op korte en lange
termijn leiden tot algemene gezondheidsproblemen bij de vrouw.

In 2004 is het Nederlandse POl consortium opgericht. Dit nationale
onderzoeksverband is erop gericht om factoren die ten grondslag liggen aan
POI, zoals genetische variaties, verder te ontrafelen. Daarnaast heeft het
Nederlandse POI consortium het doel om het fenotype van vrouwen met POI
beter te beschrijven. In dit proefschrift wordt een aantal studies beschreven die
voortgekomen zijn uit de lopende activiteiten van het POI consortium.

Hoofdstuk 1

Hoofdstuk 1 vormt de introductie van dit proefschrift. POl wordt gekenmerkt
door amenorroe en oestrogeendeficiéntie in combinatie met postmenopauzale
FSH-concentraties bij jonge vrouwen. Dit hoofdstuk begint met een opsomming
van de verschillende definities die worden gebruikt om dit klinische beeld te
beschrijven. Daarna volgt een samenvatting van de huidige kennis ten aanzien van
het ontstaan van POI, waarbij aandacht besteed wordt aan genetische factoren,
iatrogene oorzaken, en auto-immuniteit. Het hoofdstuk wordt afgesloten met een
uitgebreid overzicht van de gevolgen van de diagnose POI op fertiliteit, welzijn en
de algemene gezondheid van de vrouw op zowel korte als lange termijn.

Hoofdstuk 2

Hoewel er veelvuldig wordt gezocht naar monogene oorzaken van POl en er een
aantal belangrijke genen is ontdekt, blijken mutaties in (de meeste van) deze
genen slechts in een klein gedeelte van alle vrouwen een directe verklaring te
zijn voor het ontstaan van POI. Naast genen hebben ook omgevingsfactoren
zoals roken invloed op de leeftijd waarop een vrouw de menopauze bereikt. Het
is daarom aannemelijk dat POl gezien moet worden als het resultaat van een
samenspel tussen multipele genetische varianten en omgevingsfactoren. Dit
samenspel wordt een complex genetische ziekte genoemd. Verder presenteert
POI zich in een aanzienlijk deel van de aangedane vrouwen in een familiaire
vorm. Wij veronderstelden dat vrouwen met een familiaire vorm van POI
mogelijk een ander fenotype zouden hebben dan vrouwen met sporadische
POI (i.e. zonder familieleden met POI), bijvoorbeeld in de presentatie en leeftijd
waarop POl wordt vastgesteld. Als deze gedachte juist zou zijn, zou dat kunnen
betekenen dat vrouwen met familiaire POl een andere genetische achtergrond
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of andere omgevingsfactoren hebben dan vrouwen met sporadische POl. Om
dit te onderzoeken werden familiestambomen van drie generaties opgesteld van
alle vrouwen met POI die zich bij een van de deelnemende centra van het POI
consortium meldden. Op basis hiervan werd bepaald of een vrouw familiaire
POI had (tenminste één familielid met POI) (n = 58), of dat er sprake was van
sporadische POI (n = 142).

Dit onderzoek toonde aan dat de klinische presentatie van vrouwen met
familiaire POI niet onderscheidend is ten opzichte van vrouwen met sporadische
POIl. Bovendien werden er evenveel genetische afwijkingen en andere
etiologische factoren gevonden in beide groepen. Het enige significante verschil
was het feit dat de moeders van vrouwen met familiaire POl op jongere leeftijd
postmenopauzaal werden; dit verschil is echter terug te voeren op de door ons
gestelde definitie van familiaire POI. Deze bevindingen steunen de gedachte dat
er geen onderscheid gemaakt dient te worden tussen familiaire en sporadische
POI fenotypes in genetische studies op basis van high-throughput sequencing
technieken met genomische varianten om risicoloci voor POI te identificeren.

Hoofdstuk 3

Een eerdere studie toonde aan dat 2 van de 25 (8%) onderzochte vrouwen met
POl een mutatie had in het NR5A1 gen. Het nucleaire receptor subfamilie 5, groep
A, lid 1 (NR5A1) gen codeert voor steroidogene factor 1 en mutaties in dit gen
spelen een belangrijke rol in de pathogenese van primaire bijnierinsufficiéntie
en seksuele ontwikkelingsstoornissen, zoals mannelijke infertiliteit. Wij hebben
een studie geinitieerd om te onderzoeken wat het aandeel van NR5A1 mutaties
is in een grotere groep vrouwen met POI. Tevens had deze studie tot doel om
eventuele nieuwe NR5A1 mutaties te zoeken en verder te beschrijven. In totaal
werden 386 goed gefenotypeerde vrouwen met POI geincludeerd, onder wie 77
vrouwen met familiaire POI. Alle coderende regionen en de splice sites van het
NR5A1 gen werden middels PCR geamplificeerd en gesequenced. Daarna werd
een voorspelling gemaakt van de pathogeniciteit van de gevonden mutaties.

In totaal werden 9 verschillende mutaties gevonden bij 10 patiénten. Vijf van deze
mutaties waren nieuwe, nog niet eerder beschreven mutaties van het NR5A1
gen, die invloed hadden op de eiwitstructuur (i.e. niet-conservatieve mutaties).
Echter, voor al deze niet-conservatieve mutaties bleek dat het voorspelde effect
op eiwitfunctie slechts tot lage of middelmatige pathogeniciteit leidde. Bovendien
was de gemiddelde mutatiefrequentie van het NR5A1 gen in dit grote cohort
vrouwen slechts 1,4%. Het is daarom aannemelijk dat er weinig toegevoegde
waarde is voor het verrichten van screening naar NR5A1 genmutaties als
onderdeel van de standaard diagnostiek van vrouwen met POI. De oorzaak van
POI blijft onverklaard in de meerderheid van alle vrouwen met POI en nieuwe
studies naar oorzakelijke (genetische) factoren blijven daarom noodzakelijk.
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Hoofdstuk 4

De belangrijkste monogene oorzaak van POl betreft de premutatie van het fragiele
X mentale retardatie gen 1 (FMR1). Deze premutatie komt voor bij 0,8% tot 13%
van alle vrouwen met POI. Een aantal kleine studies heeft gekeken naar de rol van
zogenaamde intermediaire FMR1 allelen bij vrouwen met POI. Hoewel sommige
studies een verhoogde frequentie van deze intermediaire FMR1 allelen vond bij
vrouwen met POl of met dreigende POI, konden deze bevindingen niet bevestigd
worden in een veel grotere studie. In hoofdstuk 4 beschrijven wij onze studie
naar het voorkomen van normale, intermediaire en premutatie FMR1 allelen in
144 goed gefenotypeerde vrouwen met POl en in 34 vrouwen met dreigende
POI. Dreigende POl werd gedefinieerd als een verhoogde serum FSH-concentratie
bij vrouwen met een regelmatige of onregelmatige menstruatiecyclus. Daarnaast
werd er gekeken naar de relatie tussen het aantal FMR1 CGG repeats en de ernst
van de POI, uitgedrukt als zowel de leeftijd waarop POl werd gediagnosticeerd
alsook de hoogte van de FSH concentratie. De CGG-repeat regio van het FMR1
gen werd middels PCR geamplificeerd en vervolgens werd de lengte van het
fragment bepaald.

Er werden 3 (2%) premutaties gevonden in de totale onderzoeksgroep, welke
alleen voorkwamen bij vrouwen met POI. In totaal werden 6 (3%) intermediaire
allelen geidentificeerd: 2 (6%) bij vrouwen met dreigende POl en 4 (3%) bij
vrouwen met POI. Er kon geen significante lineaire associatie tussen CGG repeat
lengte en ernst van de POl worden vastgesteld; P = 0,93 voor leeftijd waarop
POl werd gediagnosticeerd en P = 0,09 voor FSH concentratie. Samenvattend
lijkt er weinig toegevoegde waarde te zijn voor het onderzoeken van normale
en intermediaire FMR1 repeat lengtes bij vrouwen met POI, noch bij vrouwen
die risico lopen op het ontwikkelen van POI. De biologische cascade en de
klinische relevantie van intermediaire FMR1 CGG repeat allelen moet nog verder
onderzocht worden.

Hoofdstuk 5

Het wordt algemeen aangenomen dat androgeenconcentraties bij vrouwen
dalen met het toenemen van de leeftijd en bij een postmenopauzale status.
Het is mogelijk dat vrouwen die op zeer jonge leeftijd de menopauze bereiken,
zoals vrouwen met POl of met iatrogene menopauze, risico hebben op lage
testosteronconcentraties (hypoandrogenisme) op relatief jonge leeftijd.
Hypoandrogenisme is mogelijk geassocieerd met verminderd welzijn, seksuele
disfunctie, dislipidaemie en coronaire hartziekte. In hoofdstuk 5 wordt een
systematische review en een meta-analyse beschreven van alle beschikbare
literatuur over serum testosteronconcentraties bij vrouwen met POl en bij
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vrouwen metiatrogene menopauze. De elektronische databases Pubmed, Embase
en the Cochrane Libary werden systematisch doorzocht naar studies waarin een
vergelijking werd gemaakt tussen testosteronconcentraties bij vrouwen met
POI of met iatrogene menopauze ten opzichte van gezonde vrouwen (normale
menopauzeleeftijd, of normale ovariéle functie). Aangezien het duidelijk is dat
androgeenbepalingen bij vrouwen ernstig gecompliceerd kunnen worden door
problemen met de assay, zoals matige precisie en sensitiviteit, hebben we ook
subgroepanalyses gedaan voor de verschillende assays die gebruikt werden in de
studies die geincludeerd werden in onze meta-analyse.

Er werden 262 artikelen gevonden voor spontane POI, waarvan er 9 werden
geselecteerd voor de uiteindelijke analyse. Voor iatrogene menopauze
werden 1.358 artikelen bestudeerd, waarvan uiteindelijk 17 artikelen geschikt
bleken voor meta-analyse. Uit de meta-analyes kwam naar voren dat totaal
testosteronconcentratie bij zowel vrouwen met spontane POI als vrouwen met
iatrogene menopauze significant lager is dan bij controles (gewogen gemiddeld
verschil (95% betrouwbaarheidsinterval) respectievelijk -0,38 (-0,55 tot -0,22)
nmol/L en -0,29 (-0,39 tot -0,18) nmol/L). In de subgroepanalyses voor type
testosteron assay werd alleen significantie bereikt voor de groep vrouwen met
spontane POI. Wij concluderen dan ook dat totaal testosteronconcentraties bij
vrouwen met spontane POl of met iatrogene menopauze verlaagd zijn. Voor een
inschatting van de mogelijke implicaties van hypoandrogenisme bij deze vrouwen
is verder onderzoek noodzakelijk.

Hoofdstuk 6

Omdat bestaande testosteronassays een gebrek aan precisie en sensitiviteit
kennen voor de relatief lage waarden bij vrouwen, is het tot op heden een grote
uitdaging gebleken om deze vrouwelijke serum testosteronspiegels betrouwbaar
te meten. Het nauwkeurig en betrouwbaar meten van serum testosteronspiegels
is echter van groot belang bij vrouwen waarbij een vermoeden van hyper- of
hypoandrogenisme bestaat, zoals bij vrouwen met het polycysteuze ovarium
syndroom (PCOS) of bij vrouwen met POI. Het onderzoek in hoofdstuk 6 had tot
doel om androgeenconcentraties van vrouwen met PCOS (n = 200), POI (n = 208)
en gezonde vrouwelijke controles (n = 45) te meten en onderling te vergelijken.
Bovendien wilden we de prestaties van twee assays: extractie radioimmunoassay
(RIA) en liquid chromatography- tandem mass spectrometry (LC-MS/MS), bij deze
groepen vrouwen onderling vergelijken. De androgeenconcentraties werden
met beide assays gemeten en vervolgens vergeleken middels een zogenaamde
method comparison analyse.

Vrouwen met PCOS hadden significant hogere androgeenspiegels dan vrouwen
met POI (P <0,05) en controles (P <0,05). Maar de androgeenspiegels van vrouwen
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met POl waren vergelijkbaar met die van de controles, met uitzondering van
androsteendion. Metingen die verricht werden met LC-MS/MS waren systematisch
lager dan metingen die verricht waren met de extractie RIA. Echter, Bland-Altman
analyse en de intraclass correlatiecoéfficiént lieten een goede overeenkomst
tussen beide methoden zien. Wij concludeerden daarom dat LC-MS/MS een
goede precisie, sensitiviteit en accuratesse heeft voor metingen van vrouwelijke
androgeenspiegels in uiteenlopende klinische omstandigheden. Vergeleken
met de arbeidsintensieve extractie RIA is LC-MS/MS een gebruiksvriendelijke en
betrouwbare assay voor zowel klinische als wetenschappelijke doeleinden.

Hoofdstuk 7

Wanneer een vrouw vervroegd in de overgang dreigt te raken, meestal als gevolg
van iatrogene oorzaken, dan bestaat er een aantal mogelijkheden om de fertiliteit
te bewaren. Een van deze opties is transplantatie van het ovarium, waarbij een
deel van het ovarium gecryopreserveerd wordt voordat met de gonadotoxische
therapie wordt begonnen. Na afloop van de iatrogene therapie en bij een
vastgestelde POI, wordt het ontdooide ovariumweefsel teruggeplaatst. Hoewel
het merendeel van de vrouwen bij wie een dergelijke procedure wordt gevolgd
weer zal gaan menstrueren, is de variatie wat betreft zwangerschapskansen
erg groot. Het doel van deze studie was het onderzoeken van de waarde van
ovariéle reserve testen voor het voorspellen van ovariéle reserve en ovariéle
functie bij vrouwen die eerder een orthotopische ovariumtransplantatie hadden
ondergaan. Hiertoe werden tien vrouwen gevolgd gedurende gemiddeld 2,5
jaar. Zeven van hen ondergingen de ovariumtransplantatie met eigen weefsel
(autotransplantatie). Echter, drie vrouwen hadden al iatrogene POl ontwikkeld,
en ondergingen daarom orthotopische transplantatie van ovarieel allograft
weefsel afkomstig van hun HLA-compatibele zussen.

De eerste menstruatie trad gemiddeld 4,7 maanden na de transplantatie op. De
levensduur van de graft varieerde echter tussen de 2 en meer dan 60 maanden.
Hoewel oestradiol spiegels normaliseerden, bleef het FSH hoog en AMH varieerde
van laag tot onmeetbaar laag. Inhibine B concentraties wisselden sterk tussen
vrouwen en waren niet significant geassocieerd met levensduur van de graft
(hazard ratio 0,966; 95% betrouwbaarheidsinterval 0,881-1,059). Twee vrouwen
raakten spontaan zwanger, maar de endocriene eigenschappen van deze vrouwen
waren niet significant anders dan van de vrouwen die niet zwanger raakten. De
lage AMH en inhibine B concentraties zijn suggestief voor verminderde ovariéle
reserve bij deze vrouwen nadat zij ovariumtransplantaties ondergingen. AMH en
inhibine B zijn waarschijnlijk niet geassocieerd met de levensduur van de ovarium
graft, noch met de waarschijnlijkheid dat zwangerschap wordt bereikt.
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Hoofdstuk 8

Het laatste hoofdstuk van dit proefschrift beschrijft de conclusies die getrokken
kunnen worden uit het verrichte onderzoek en de implicaties die deze conclusies
hebben voor de huidige praktijk en voor verder onderzoek.

De teleurstellende resultaten van kandidaatgenstudies en genoomwijde
associatiestudies benadrukken opnieuw dat het van groot belang blijft om
een groot cohort van goed gefenotypeerde vrouwen met POI te verzamelen.
Hierbij is internationale samenwerking onmisbaar. Voor kandidaatgenstudies
geldt dat deze alleen zinvol en betrouwbaar zijn wanneer het gehele gen wordt
gesequenced en indien deze worden verricht in een goed gefenotypeerde groep
patiénten. In toekomstige genetische studies zou er meer aandacht geschonken
moeten worden aan zeldzame varianten, waarbij een combinatie van whole
genome sequencing met linkage analyse een mogelijk vruchtbare benadering kan
vormen in de zoektocht naar de etiologie van POI.

Voordat het mogelijk is om eventuele endocriene implicaties van POI verder te
onderzoeken en te beschrijven, is het noodzakelijk dat er betrouwbare, precieze,
en sensitieve assays voor androgenen, oestrogenen en andere steroiden
ontwikkeld en gebruikt worden. Op dit moment kunnen zowel de mate van
hypoandrogenisme als de mogelijke gevolgen voor de algemene gezondheid bij
vrouwen met POl nog niet goed worden onderzocht. Internationale samenwerking
voor zowel standaardisatie van assays als het betrouwbaar ontwikkelen van
referentiewaarden voor vrouwen van alle leeftijden is noodzakelijk om in de
toekomst onderzoek te doen bij vrouwen met POI.

In hoofdstuk 7 werd beschreven dat cryopreservatie van het ovarium en
vervolgens reimplantatie van deze graft waarschijnlijk geen erg kansrijke
fertiliteitsbehandeling is, omdat de ovariéle reserve ernstig is aangetast. Daar
staat tegenover dat eicelvitrificatie waarschijnlijk een succesvollere methode
voor fertiliteitspreservatie is, welke dan ook moet worden aangeboden aan
vrouwen die op het punt staan gonadotoxische behandeling te ondergaan of aan
hen die zeer hoog risico op POl hebben op basis van een familiaire belasting.
Tenslotte wordt er een voorstel gedaan voor toekomstig wetenschappelijk
onderzoek, waarbij zowel het cross-sectionele Nederlandse POI consortium als
het voorstel om deze vrouwen prospectief te vervolgen een grote rol zal spelen.
Deze benaderingen zullen het mogelijk maken om zowel korte- als langetermijn
gezondheidseffecten van POl te onderzoeken, en om te onderzoeken welke
factoren deze gezondheidsrisico’s mogelijk moduleren.
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Het is ongelooflijk: mijn boekje is af!

Ook al is een promotietraject een vrij individueel proces, dit werk kon alleen
van de grond komen doordat heel veel mensen mij hebben geholpen. Waarvoor
dank!

Mijn grootste dank gaat uit naar alle vrouwen die vrijwillig hebben deelgenomen
aan de studies in dit proefschrift. Zonder hen was dit nooit mogelijk geweest.
Ik hoop dat dit onderzoek een waardevol puzzelstukje heeft gebracht in onze
gezamenlijke zoektocht naar de oorzaak en de gevolgen van de vervroegde
overgang.

Geachte Prof.dr. B.C.J.M. Fauser, beste Bart, in 2006 hebben we elkaar voor het
eerst gesproken over dit interessante onderwerp. Wat fijn dat ik vanaf 2009
uitgebreid de tijd heb gekregen voor dit onderzoek! De inhoudelijke klik die
we hebben heeft er toe geleid dat de laatste loodjes voor dit werk voorspoedig
zijn verlopen. Ik bewonder je onuitputtelijke bevlogenheid. Bedankt voor je
vertrouwen in de goede afloop!

Geachte Dr. A.J. Goverde, beste Angelique, wat een ontwikkeling hebben we
doorgemaakt de laatste jaren. Jij was degene die de weg voor mij als laatstejaars
geneeskundestudent heeft vrijgemaakt om te starten met mijn promotieproject.
Bedankt dat je me vanaf het begin aan de hand nam, altijd tijd voor mij maakte
(zowel inhoudelijk als privé) en voor je stimulans.

Prof.dr. F.J.M. Broekmans, Prof.dr. P. Devroey, Prof.dr. C.B. Lambalk, Prof.dr. Y.T.
van der Schouw en Prof.dr. H.A. Smit, hartelijk dank dat u zitting heeft genomen
in de beoordelingscommissie voor mijn proefschrift!

Geachte Dr. E.A. Knauff, beste Erik, wat lijkt die eerste maandagochtend in juni
2006 waarop wij voor het eerst spraken over dit onderzoek nog kort geleden!
Je aanstekelijke enthousiasme en het relatieve gemak waarmee jij je een weg
door je promotie hebt gewend werkten besmettelijk op me. Veel dank voor je
investering in mij. Leuk dat we nog heel even tegelijk AlOS zijn!

Geachte leden van het Nederlandse POI consortium, hartelijk dank voor jullie
inspanningen rondom de inclusies voor de onderzoeken in dit proefschrift. Ik
vertrouw erop dat dit waardevolle onderzoeksverband ook in de nabije toekomst
zijn vruchten zal blijven afwerpen.

Dear co-authors Prof. R.J. Norman, Dr. T.E. Hickey, Prof. J. Donnez, Dr. M.-M.
Dolmans, Dr. E. Anckaert, thank you for this fruitful international collaboration.
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Geachte co-auteurs Prof.dr. F.J.M. Broekmans, Dr. K.J. Duran, Dr. J.C. Giltay, Dr.
A. Hoek, Prof.dr. F.H. de Jong, Dr. W.P. Kloosterman, Prof.dr. C.B. Lambalk, Prof.
dr. J.S.E. Laven, Prof.dr. Dr. E.G.W.M. Lentjes, Prof.Dr. M.F. Niermeijer, Dr. J.K.
Ploos van Amstel, Dr. S.J. Tanahatoe, Drs. L.M. de With, hartelijk dank voor jullie
waardevolle bijdragen aan de hoofdstukken in dit proefschrift.

Geachte Dr. M.J.C. Eijkemans, beste René, wat had ik zonder jou gemoeten?
Af en toe werden we allebei een beetje moe van dat testosteronverhaal, maar
de aanhouder wint. Heel veel dank voor je ongelooflijk geduldige uitleg en
uitgebreide aanvullingen op mijn “gepruts”.

Beste gynaecologen, fertiliteitsartsen, laboratoriummedewerkers, polizusters en
dames van receptie 27: hartelijk dank voor alles! Ik kijk er naar uit om over een
jaar weer met jullie te mogen werken.

Beste collega’s in het Gelre Ziekenhuis te Apeldoorn: bedankt voor alle flexibiliteit
rondom het afronden van mijn promotie. Heerlijk dat ik straks met volle aandacht
bij jullie aan de opleiding mag beginnen!

Hannah en Rommy, ook deze aap hebben jullie leren scannen! Dank voor
jullie geduld en sorry voor alle spreekuurinbraken die ik met mijn COLA’s heb
veroorzaakt ;-)

Lieve Ingrid, Ellis en Tessa, jullie vormen het warme nest voor elke onderzoeker.
Bedankt voor alle gezelligheid, taartjes en snoepjes, technische en contactuele
ondersteuning en de wekelijkse V&B ins & outs!

Lieve mede-COLA dokters: Jeroen, Marlies, Susanne, Madeleine, en onze
opvolgsters Felicia, Marlieke, Nadine: dank voor jullie inspanningen! Heerlijk dat
iedereen altijd voor elkaar klaarstaat!

Aan alle onderzoekers van zowel kamertje één, het andere kamertje, de flex, en
van de “overkant” : het was me een waar genoegen! Werken met jullie voelt als
thuiskomen. We hebben keihard gelachen, geborreld en de longen uit ons lijf
gezongen (Nr. 1, Marlous onder de douche en meer van dat soort kwaliteitjes),
maar ook was er altijd ruimte voor persoonlijke gesprekken en inhoudelijke dan
wel emotionele ondersteuning in mindere onderzoekstijden. Ik blijf erbij: dé reden
om je bed weer uit te komen op de maandag is natuurlijk de uitvinderslunch. Ik
zal jullie missen!
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Lieve Yvonne Louwers, dierbare collega in het Erasmus MC en lotgenoot als COVA
dokter en in onze gezamenlijke zoektocht naar samples. Tegelijk gestart met ons
promotietraject en altijd veel raakvlakken! Heel veel succes met jouw laatste
loodjes, je zult zien, het komt echt goed!

Lieve Lotte en Simone, lieve paranimfen. Wat een eer dat jullie mij willen bijstaan
in dit proces! Bedankt voor jullie ondersteuning, begrip en alle gezelligheid. We
gaan er een mooie dag van maken, jullie zijn toppers!

Hoewel promoveren veel tijd en aandacht vergt, is er altijd tijd geweest en zal er
altijd tijd zijn voor gezelligheid. Door alle leuke momenten en ontspanning was
dit werk een stuk makkelijker te volbrengen!

Lieve Jaarclub Luckx, still going strong na 10 jaar alweer. Jordanié was fantastisch.
Of het volgend jaar nou Ibiza wordt of niet, ik weet zeker dat we een mooie
toekomst met elkaar tegemoet gaan.

Lieve geneco’s, one promotie down... en nog vele to go! Leuk om met elkaar in
hetzelfde schuitje te zitten. Ik ben trots op jullie!

Lieve kookclub, bijkomen van promotiestress lukt heel aardig met al dat heerlijke
eten en de gezelligheid. Binnenkort champagneproeverij plannen om dit te
vieren?

Lieve Gonda en Jurriaan, Floris en Merel, Mirre en Ivo. Wat heerlijk om in zo’n
gezellige en ondernemende schoonfamilie terecht te komen! Jurriaan, dank voor
je oprechte interesse in mijn werk. Ivo dank voor je prachtige ontwerp van de
voorkant van mijn boekje!

Lieve Sophie, wat geweldig om jou als zusje om me heen te hebben. Hoewel we als
jonge zusjes soms vechtend door het huis rolden, is ons contact nu zo ontzettend
goed en vertrouwd dat ik me geen leven zonder jou zou kunnen voorstellen. Heel
veel dank voor al je lieve berichtjes en voor jouw geloof in mij. Robert, welcome
to the club! Jullie zijn een mooi stel, ik hou van jullie.

Lieve papa en mama, dankzij jullie ben ik gekomen waar ik nu sta. Heel veel
dank voor jullie stimulans, het vertrouwen, het loslaten, de goede gesprekken,
het warme nest. Promotiedipjes werden altijd weer overzichtelijk door onze
gesprekken. Ik hou van jullie!
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Lieve Matthijs, dank voor jouw niet aflatende steun de afgelopen drie jaar. Samen
met jou kan ik de hele wereld aan. Hoewel men zegt dat promoveren trouwen in
je eentje is, kijk ik er nog veel meer naar uit om op 29 juni met jou te trouwen! Ik
hou van jou en ik kijk uit naar onze mooie toekomst samen.
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