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PREFACE 

 

Since September 2009, I have been part of the research unit at The Department of Growth and 

Reproduction, Rigshospitalet. In many aspects, this has been a great privilege.  

 

First of all, invaluable data from two renowned prospective population based cohorts of healthy 

children were readily available when I started at the department. Lise Aksglæde and Kaspar Sørensen 

had initiated the COPENHAGEN Puberty Study in 2006 and the longitudinal follow up study of two 

schools were running smoothly directed by Annette Mouritsen. Inspired by this effective setup, we 

reorganised The Mother-Child cohort enabling us to examine up to 90 children per day resulting in 

approximately 1200 examinations per year. The days of examinations were intensive and successful 

due to Helle Kelkeland´s impressive knowledge of every detail in the cohort, numerous dedicated 

assistants, biomedical laboratory scientists, and fellow PhD students (Annette Mouritsen, Christine 

Wohlfart-Veje, Jeanette Tinggaard, Mikkel Mieritz and Maria Assens).  

This effective setup released time for research. 

 

Secondly, Anders Juul and Katharina Main have been extraordinary supervisors with profound 

knowledge of clinical research and pediatric endocrinology. I may have used your competences 

differently, but one thing you have in common is your open minded interest in ideas and alternative 

interpretations necessary for generating new hypotheses. Curiosity is a trademark of the entire 

department, and the regular scientific meetings often result in constructive discussions. At one of 

these Monday-meetings, we discussed which factors were responsible for suppressing the HPG axis in 

both healthy girls and Turner syndrome patients during mid-childhood. Four years later, we were the 

first to report declining circulating levels of MKRN3 in healthy girls (and boys) supporting genetic data 

of this hypothalamic factor as a main inhibitor of the HPG axis. This is just one example of an 

innovative approach being feasible due to a curious mind-set but even more importantly: the 

biochemical laboratory at the department with highly skilled biomedical laboratory scientists 

performing the main results on which this thesis is based. A special thanks to Jannie, Marianne and 

Maiken. 

 

I have had the pleasure of working closely with experts in genetics Ewa Rajpert-De Meyts, Kristian 

Almstrup, Inger Garn and Brian Vendelboe Hansen. Thanks to Ewa´s quiet suggestion to add analyses 

of FSHR -29 G>A, the report on genetic variation of FSH action became far more interesting. John 

Nielsen has assisted with immunohistochemistry and stories of rare birds from far away. Jørgen Holm 
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Petersen has patiently explained statistics, and Martin Blomberg Jensen has impatiently explained how 

Vitamin D most likely is responsible for the majority of the observed associations… I look forward to 

do research with Rikke Beck Jensen who played a major role in my assignment at the department – 

and with whom I share paternal disposition of endocrine fate. With Anne Jørgensen I share common 

interest, not only in Vesterbro and Scotland, but also in the developing ovary. During my stay at MRC 

Centre for Reproductive Health in Edinburgh, my understanding of ovarian physiology was broadened 

by working in the laboratory as well as through discussions with Professor Richard Anderson and his 

team of researchers. Due to Tina Kold Jensen´s extreme amount of energy and prompt replies, it was 

not a problem to complete the work on AMH as a marker of fecundability while I stayed abroad.  

 

It has been a privilege to collaborate with experts outside the department. Fellow interest in Turner 

Syndrome patients led to joined ventures with Susanne Kjærgaard, Anette Tønnes Pedersen, Stine 

Lunding, Claus Gravholt, Kirsten Holm and Line Cleemann. MRI-expert Eva Fallentin spend hours 

measuring tiny internal genitalia on peripubertal girls, and I dare only approach Karin Sundberg and 

Lisa Neerup Jensen armed with chocolate after their inhuman attempt to count extremely small 

follicles on ultrasound scans performed by Vibeke Brocks. 

 

After I have started my training for paediatrics, I am still in close contact with the Department of 

Growth and Reproduction. I work closely with PhD students Marie Lindhardt Johansen and Alexander 

Busch. It has been a pleasure to teach you what I have learned, and I look forward to see you take off 

from here. 

 

At times of interesting new findings, important presentations, and almost finished manuscripts, I may 

not have been the most present husband or father. I am grateful that you are still here with me, Helle. 

Despite periods of mental absence, Scottish rain and a tiny house, you have always been supportive 

and understanding. We are blessed with the most important aspects of reproduction; Emil, Jacob and 

Nete. I look forward to what the future will bring. 

 

“It is the unknown around the corner that turns my wheels”  

no name – Edinburgh 
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RESUME PÅ DANSK 
 

Visse patientgrupper er i øget risiko for tidligt tab af æggestokkenes follikler med manglende 

pubertetsudvikling og infertilitet til følge. Det drejer sig først og fremmest om piger med 

Turner Syndrom og kræftpatienter efter kemo- og stråleterapi. Det er udfordrende at rådgive 

disse patienter om deres udsigter til egen hormonproduktion og fertilitet, og specielt i 

mellembørneårene er det vanskeligt at vurdere æggestokkenes aktivitet. Hypofyse-gonade-

aksen er hæmmet og koncentrationerne af de reproduktive hormoner fra hypofysen og 

æggestokkene er derfor lave – både i raske piger og i patienter med påvirket 

æggestokfunktion. 

Vores MR- og ultralydsstudier af 121 raske piger afslørede at Anti-Müllersk Hormon (AMH) 

bliver produceret af små voksende follikler. Disse små follikler bliver løbende igennem 

barndommen rekrutteret fra den store reserve af primordial follikler. Stor inter-individuel 

variation men lille intra-individuel variation af AMH tyder på individuelle forskelle i 

æggestokkenes aktivitet selv før puberteten indtræder. Vores tværsnits- og opfølgende 

longitudinelle studier af piger og kvinder med Turner Syndrom har afsløret AMH som en unik 

markør for æggestokkenes aktivitet, og AMH er blevet implementeret i pædiatrisk 

endokrinologi som et dagligt værktøj til at vurdere patienters æggestokfunktion. 

Lighederne mellem AMH i raske kvinder og piger indikerer at AMH, også i piger, er en markør 

for antallet af primordial follikler. Dermed synes en piges AMH niveau at kunne forudsige 

længden af hendes reproduktive liv - og dermed hvornår menopausen vil indtræde. I 

epidemiologisk forskning er AMH derfor sandsynligvis unik til at vurdere hvordan faktorer 

påvirker den prenatale etablering af primordial follikler. Hvor AMH afslører kliniske og 

forskningsmæssige relevante informationer om antallet af æggestokkenes follikler, synes 

AMH ikke at være informativ hvad angår kvaliteten af folliklerne. I vores studie af 186 raske, 

unge kvinder var lav AMH ikke associeret med nedsat fekundabilitet. 

 

FSH modner follikler til stadier som producerer steroidhormoner som er essentielle for 

pubertetsudviklingen. Vi fandt at genetiske variationer i FSH signaleringen i 964 raske piger 

var afgørende for hvornår de startede deres pubertet. Yderligere studier af pigernes 

æggestokke indikerede at den sene udvikling skyldtes genetisk betinget nedsat FSH 

signalering i form af kompensatorisk forhøjet FSH men færre antal modne 
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østradiolproducerende follikler. Forskning i pubertet timing har hidtil primært fokuseret på 

den hypothalamiske aktivering af hypofyse-gonade-aksen. Vores studier viser at regulering 

længere nede i aksen er helt afgørende for hvornår piger går i pubertet. 

Alder for pubertetsstart er associeret med forskellige ugunstige tilstande senere i livet. Det er 

ikke afklaret om disse associationer alene skyldes alderen for pubertetsstart, eller om de er et 

udtryk for underliggende genetiske/epigenetiske forhold. Vi har vist at genetisk variation af 

FSHB og FSHR er associeret med sen pubertet og øget LH/FSH ratio. De samme polymorfier er 

associerede med PCOS i kvinder samt mænds testikel-størrelse, sædkvalitet og risiko for 

infertilitet. Desuden er FSHB og andre gener som påvirker puberteten associerede med alder 

for menopause. Dette indikerer at subgrupper af børn som går sent i pubertet er genetisk 

disponeret til kompromitteret reproduktiv sundhed senere i livet. 

Genetiske studier af familier med ophobning af for tidlig pubertet viser at MKRN3 er en 

primær hæmmer af hypofyse-gonade-aksen i barndommen. I det første studie af serum- 

MKRN3 beskrev vi faldende niveauer før pubertetsstart og gennem puberteten i raske piger. 

MKRN3 korrelerede negativt med FSH og LH og var lavere i piger som gik for tidligt i pubertet. 

Dette støtter at MKRN3 er en primær inhibitor af hypofyse-gonade-aksen i barndommen. Det 

gradvise fald af MKRN3 afspejles i en gradvis stigning af reproduktionshormoner samt vækst 

af æggestokke og livmoder før brystvæv bliver erkendt klinisk. Dermed synes puberteten 

startet af en gradvis frigørelse fremfor en abrupt afslutning af barndommens hæmning af 

hypothalamus. 
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INTRODUCTION 

EVALUATING OVARIAN ACTIVITY IN GIRLS 

Various pathological conditions cause early loss of ovarian follicles resulting in absence or cessation of 

pubertal development and primary or secondary amenorrhea (premature ovarian insufficiency, POI). 

The most prevalent inherited condition of accelerated follicle loss is Turner Syndrome (TS) affecting 

approximately 1:2000 liveborn females [156].  

 

 

Figure 1 

Accelerated loss of follicles depends on the Turner Syndrome (TS) karyotype. The mechanism is believed 
to be apoptosis caused by pairing failure of homologous chromosomes in meiosis I. This is schematically 
showed in top left corner with only one duplicated X chromosome (black).  
In early fetal life when the first oocytes enter the diplotene stage of meiotic prophase I, there are plenty of 
oogonia present in 45X ovaries (histology section A, arrow), but the germ cells are degenerated with 
contracted nuclei and a thin layer of cytoplasm. The germ cells in ovaries from healthy controls are 
grouped in nests (B). In late gestation (bottom panel), primordial and small growing follicles are present 
in the healthy ovary (D), whereas somatic cells and fibroblasts are abundant in the 45X ovary (C). There 
are very few germ cells and no follicles. Histology samples are from Reynaud et al [175]. 
The number of germ cells in healthy females (46XX, grey line) from early fetal life to time of menopause is 
modified by data from Baker et al [12]. In theory, the loss of follicles depends on the specific TS karyotype 
(black, blue and red lines). Patients with 45X are often born with streak gonads whereas TS patients with 
mosaicisms including a healthy cell line (45X/46XX) have approximately 50% chance of entering puberty 
spontaneously [163]. All other TS genotypes caused by structural abnormalities of one X chromosome are 
referred to as miscellaneous. Figure from [78]. 
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Due to the lack of material from one of the X-chromosome in all cells (e.g. 45X) or part of the cells 

(mosaicisms, e.g. 45X/46XX), TS patients suffer from a variable degree of prenatal loss of follicles [151, 

157, 195] (Figure 1). In another group of patients, improved treatment has increased survival rates of 

childhood cancer, however, gonadotoxic therapy leave cancer survivors at risk of POI. 

When these conditions are diagnosed during childhood, patients and their families are concerned 

about their reproductive potential. Will they develop similar to their peers? Will they enter puberty 

spontaneously without hormone replacement therapy? Will they eventually be capable of getting 

pregnant without receiving egg donation?  

These are questions that can be extremely difficult to answer due to suppressed ovarian activity in 

childhood. Apart from a transient neonatal gonadotropin surge, the hypothalamic-pituitary-gonadal 

(HPG) axis is quiescent until pubertal onset allowing only gonadotropin-independent growth of 

follicles reaching small antral stages. Therefore, in TS patients with streak ovaries, the usual lack of 

negative feedback and consequently hypergonadotropic hypogonadism is not evident prior to pubertal 

onset. Reproductive hormone levels in patients are therefore similar to healthy girls; i.e. low levels of 

LH and FSH from the pituitary as well as low or undetectable levels of inhibin B and estradiol 

produced by granulosa cells surrounding larger antral follicles [32, 186] (Figure 2).  

 

 

Figure 2 

The hypothalamic-pituitary-gonadal (HPG) axis. Activity of the hypothalamus and pituitary is regulated by negative 
feedback of ovarian hormones (right). To postpone puberty, the HPG axis is centrally inhibited during mid-childhood 
(left). Follicles are primarily restricted to stages growing independently from FSH stimulation. Only occasionally 
FSH- induced follicle growth occurs. Figure from [78] 
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Despite ultra-sensitive liquid chromatography–mass spectrometry (LCMS/MS) enabling measurement 

of low levels of circulating androgens, these hormones are co-produced by the adrenals and therefore 

not specific for ovarian activity [153]. 

Even after spontaneous pubertal onset and/or menarche, it remains a clinical challenge to evaluate 

ovarian function. Irregular anovulatoric cycles are prevalent in girls 2-3 years after menarche [150]. 

Furthermore, reproductive hormones may remain within the normal range before POI is clinically 

evident, despite significant depletion of the ovarian reserve [43, 62, 215].  

Evaluation of other hormones which are specifically produced by the ovaries is therefore needed. Our 

main focus has been on Anti-Müllerian Hormone (AMH) produced by granulosa cells in small growing 

follicles [109]. Paediatric endocrinologists have used AMH for decades. Initially, the focus of attention 

was the testicular production of AMH. Alfred Jost was the first to suggest that a substance produced 

from the developing gonad in the male fetus was responsible for the regression of the Müllerian ducts 

(ovarian ducts, uterus and the proximal one-third of the vagina) [112]. This hormone is AMH, 

previously referred to as Müllerian Inhibiting Substance (MIS) produced by immature Sertoli cells in 

the male fetus [142, 171]. AMH is a member of the TGF-beta family. It is encoded by the AMH gene [30] 

which is located on chromosome 19p13.3 [110]. AMH exerts its effect through the single 

transmembrane receptor, AMH type 2 (AMHR2), leading to phosphorylation of Smad 1/5/8 that enter 

the nucleus and regulate transcriptional activity [52]. In young patients with Disorders of Sex 

Development (DSD), high serum concentration of AMH is a specific and sensitive marker of testicular 

tissue (immature sertoli cells) in the gonad [111, 135, 136, 174]. This information is essential for 

further treatment and counselling of these rare patients.  

In females, circulating AMH originates exclusively from the ovaries [73]. AMH is produced by 

granulosa cells in small follicles prior to FSH-dependant growth [109, 201]. The function of AMH is not 

fully elucidated but knock-out mice models and human in vitro data indicate that AMH inhibits follicle 

growth as well as FSH induced aromatase activity [57-59, 109]. Effects on recruitment from primordial 

follicles may be species dependent; AMH promotes primordial follicle recruitment in cultured human 

ovaries [182] and recent in vitro and in vivo data from non-human primates support stimulating action 

of AMH on preantral follicle growth [224] (Figure 3). Thus, production and effects of AMH are follicle 

stage dependent and AMH seems to play an essential role as gate-keeper for FSH-induced follicle 

maturation, estradiol production, as well as regulator of the selection of the dominant follicle in the 

late follicular phase of the menstrual cycle. In humans, rare mutations of the gene encoding AMH result 

in premature ovarian insufficiency [8].  

 

 

http://en.wikipedia.org/wiki/Liquid_chromatography%E2%80%93mass_spectrometry
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Figure 3 

Model of AMH production and action. AMH is produced by granulosa cells of small growing follicles. It inhibits FSH-
induced follicle growth as well as gonadotropin-induced aromatization of androgens to estrogens. In contrast to 
mice knock-out models [57, 58], data from human and non-human primates suggest stimulating action on preantral 
follicle growth [182, 224]. Figure modified from [78] 

 

The unique source of AMH from follicles growing independently of FSH-stimulation poses several 

clinical advantages. Circulating AMH levels are more refractive to fluctuations of gonadotropin levels 

compared to hormones produced by larger follicles. Thus, AMH is relatively stable through the 

menstrual cycle [63, 172, 216]. In adult women, serum levels correlate with the number of antral 

follicles [43], and due to a fine equilibrium between antral follicles and resting primordial follicles [70, 

71], AMH levels also reflect the number of primordial follicles [91] - the ovarian reserve. In healthy 

adult women, circulating AMH is therefore predictive of the reproductive lifespan [18, 55, 65, 206, 

207].  

In the first in-house assays, AMH was only detectable in a subset of healthy women [134], however, 

since introduction of sensitive and commercially available assays, AMH has been intensely studied.  

 

Based on retrospective but detailed longitudinal evaluation of Turner Syndrome patients, we found 

that the clinical use of traditional markers of ovarian function (LH, FSH, inhibin B, estradiol) as 

predictors of spontaneous puberty is hampered by central inhibition of the HPG axis during childhood 
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[83]. Introduction of the sensitive AMH assays raised our hopes that AMH could be used as a marker of 

subtle ovarian activity in girls.  

In a number of aspects, we have pioneered the research of AMH in girls. We conducted MRI and 

ultrasound examinations of internal genitalia which enabled us to evaluate whether AMH reflected 

ovarian morphology in healthy girls [86]. Furthermore, we were the first to define a reference range of 

AMH in healthy females [79], including detailed longitudinal assessment of individual AMH levels in 

girls as they progressed through puberty [81]. In cross sectional and longitudinal studies of AMH in TS 

patients, we have evaluated the predictive value of low AMH for absence of spontaneous puberty as 

well as imminent POI [79, 145]. Our study of AMH in girls with early onset of puberty before, during 

and after GnRH agonist treatment contributes to the discussion whether pituitary activity affects 

circulating AMH levels [88]. 

Despite strong evidence of AMH as a quantitative marker of ovarian follicles in adult women, little is 

known about the qualitative properties. In IVF settings, circulating AMH predicts the response of 

ovarian stimulation [20] and a single study suggests that low AMH is predictive of reduced 

fecundability in women in their 30´s [197]. We evaluated whether AMH was associated with time to 

pregnancy in a population-based cohort of young adult Danish women [90] 

 

GENETIC VARIATION OF FSH SIGNALLING  

Attainment of secondary sexual characteristics is essential for all human beings, however, surprisingly 

little is known about regulation of pubertal onset. In July 2005, Science announced “What triggers 

puberty?” to be on the top list of scientific questions needed to be unravelled [121]. The age of 

pubertal onset - usually defined by breast development - varies markedly between healthy girls and is 

continuously declining in the western world. Currently, median age of pubertal onset in Danish girls is 

9.9 years with a considerable inter-individual variation (8 to 13 years) [6].  

Puberty is initiated by reactivation of the HPG axis, establishing pulsatile GnRH- secretion during 

daytime as well as increasing amplitudes of FSH and LH levels [9]. Gonadotropins stimulate 

maturation of ovarian follicles (FSH) and conversion of cholesterol to androgens in theca cells (LH). 

These steroid hormones are further aromatised to estradiol in adjacent granulosa cells. Increasing 

levels of circulating estradiol stimulate breast development and uterine growth.   

Although pubertal timing is largely inherited [193], only approximately 2.7% can be explained by 

genetic variation assessed by GWA studies [168]. FSH signalling is essential for follicle maturation and 

ovarian activity [5, 126, 148]. When evaluating FSH signalling, three processes are of major 

importance; i.e. FSH production, FSH receptor production and transduction through the FSH receptor 

(Figure 3).  
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Figure 3 

FSH signalling relies on FSH production from the pituitary and transduction through the FSH receptor in granulosa 
cells of ovarian follicles. When evaluating genetic variation of FSH signalling, three SNPs seem to be important. 
FSHB -211G>T is located in the promotor of the gene encoding the FSH beta subunit affecting the production of FSH 
[98]. FSHR -29G>A is located in the promotor of the gene encoding the FSH receptor affecting the production of the 
receptor [49]. Finally, FSHR 2039A>G is located in exon 10 of the gene encoding the FSH receptor affecting the 
transduction through the FSH receptor [223]. 

 

Both in vitro and in vivo studies suggest physiological important genetic variation concerning 

production of the FSH Beta subunit (FSHB -211G>T) [98, 128, 184, 221] as well as FSH receptor 

expression and sensitivity (FSHR -29G>A and FSHR 2039A>G, respectively) [29, 48, 155, 223]. In our 

studies of healthy Danish girls, we have revealed remarkable effect of genetic variation in the FSH 

pathway concerning age at pubertal onset [87] which may be explained by circulating hormone levels 

and ovarian morphology [25]. 

Age at pubertal onset (including pubarche reflecting maturation of the adrenal glands) is associated 

with a number of adverse conditions later in life [39]; e.g. breast cancer [36], PCOS [27, 53, 103, 149], 

metabolic syndrome [66, 102, 104], allergy and astma [97], reduced adult height [7, 164], impaired 

bone-mass [69], early sexual debut [117], substance use [116], eating disorders [118], and depression 

[113, 117]. Many of these studies evaluate effects of precocious or delayed puberty whereas 

associations with pubertal onset in the general population are less elucidated. Recently, genome wide 

association (GWA) studies link genes regulating pubertal onset with PCOS [22, 34, 40, 56, 76, 93, 154, 

179, 188, 226] and age at menopause [41]. Thus, there seems to be a molecular link between age at 

pubertal onset and conditions essential for reproductive health later in life. 
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MKRN3 AND PUBERTAL ACTIVATION OF THE HPG AXIS 

Case-reports of hypogonadotropic hypogonadism caused by inactivating mutations in the genes 

encoding KISS peptin and its receptor, KISSR, as well as in TAC3 and the TAC3R (Neurokinin B and its 

receptor) reveal activating hypothalamic factors essential for GnRH signalling [45, 208, 210, 211]. 

However, in the vast majority of patients with central precocious puberty (CPP), the ethiology remains 

idiopathic. Whole-exome sequencing of familiar cases of central precocious puberty was the first to 

suggest a superior inhibiting factor regulating onset of puberty. Mutations in the paternal allele of the 

gene encoding Makorin RING-finger protein 3 (MKRN3) caused precocious puberty in one-third of the 

families [1]. Several reports have confirmed MKRN3 mutations in CPP patients [46, 146, 183, 187]. In 

the first study measuring circulating MKRN3, we observed declining levels prior to pubertal onset in 

healthy girls, supporting MKRN3 as a main inhibitor of the HPG axis during childhood [89]. 
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AIMS OF THE THESIS 

The studies are discussed under the following main topics: 

 

MARKERS OF OVARIAN ACTIVITY IN HEALTHY GIRLS AND TURNER SYNDROME PATIENTS 

Based on cross sectional and longitudinal studies of healthy girls this thesis aims to define references 

of ovarian morphology as well as circulating levels of reproductive hormones according to pubertal 

development. In studies of TS patients we evaluate the predictive value of reproductive hormones for 

POI revealing AMH as a unique quantitative marker of ovarian follicles. 

 

AMH AS A PREDICTOR OF FECUNDABILITY IN ADULT WOMEN     

Whether AMH is a qualitative marker of ovarian follicles is assessed by time to pregnancy in a cohort 

of healthy young women.  

 

GENETIC VARIATION AFFECTING FSH SIGNALLING 

Effect of FSHB -211 G>T, FSHR -29G>A, and FSHR 2039 A>G on reproductive hormone levels, ovarian 

morphology and age at pubertal onset in healthy girls is evaluated, and I will discuss whether girls 

with susceptible genotypes are in risk of reduced adult reproductive health. 

  

MKRN3 AS A MAJOR INHIBITOR OF THE HPG AXIS DURING CHILDHOOD 

Longitudinal evaluation of MKRN3 levels in healthy girls will reveal if MKRN3 declines prior to 

pubertal onset, and whether a certain level of MKRN3 marks the pubertal reactivation of the HPG axis. 
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MATERIALS AND METHODS 

All studies in this thesis have been conducted at the Department of Growth and Reproduction, 

Rigshospitalet. Below is a summary of study populations as well as methodology concerning hormone 

assays, genotyping, and magnetic resonance imaging (MRI)/ Trans-abdominal ultrasound (TAUS) 

modalities.  

 

STUDY POPULATIONS 

I. HEALTHY FEMALES 

Healthy infants, girls, adolescents and young adults are from four different cohorts. 

IA. THE PUBERTY STUDY  

A cross sectional study from the early 1990s of 920 healthy children (469 girls) from four different 

primary schools and one grammar school in the Copenhagen area (1991 – 1993) [114]. Blood samples 

were obtained from 403 girls. 

IB. THE COPENHAGEN PUBERTY STUDY 

A combined cross sectional and longitudinal study of healthy girls and adolescents [6, 192]. The cross 

sectional part of the study was conducted at ten schools in the Copenhagen area (2006 – 2008). All 

children were invited and the overall participation rate was 35% (highest for the young girls 5 –12 

years, 43%). Blood samples were obtained from 995 girls. The ongoing longitudinal part of the study 

of 209 children (108 girls) was continued at two primary schools. 

IC. THE COPENHAGEN MOTHER-CHILD COHORT 

A cohort of healthy Danish children born 1997 – 2002 [32, 33]. 2688 healthy Danish women were 

consecutively included at their first routine obstetric control early in pregnancy at three hospitals in 

Copenhagen (participation rate 22%). The children were examined at several time-points; i.e. at birth 

and at 3, 6, 9, 12, 18, 24 and 36 months of age, at 4 – 9 years (one examination per child), and in a 

longitudinal study with annual examinations during pubertal development. Not all girls were 

examined at all time-points. During infancy, blood samples were drawn at birth (n=480), at 3 months 

of age (n=993), and at 12 months of age (n=49). 

In a nested cohort, MRI and TAUS of the internal genitalia were performed at one of the visits during 

pubertal development. The selection criterion for the nested cohort was high attendance rate at 

previous examinations (minimum five examination: at birth, 3 months, 18 months, 4 – 9 years and at 8 

– 13 years of age). Of 129 girls in the longitudinal cohort invited to participate in the present analysis, 

121 consented and underwent both pelvic MRI and ultrasound examination (n=109), or either 

ultrasound (n=11) or MRI (n=1). The girls evaluated by MRI and TAUS did not differ from remaining 
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girls in the Copenhagen Mother-Child cohort; e.g. Birthweight, mean (SD):  3429 (0.640)g vs. 3391 

(0.612)g, p = 0.670; Peripubertal BMI z-score: 0.13 (1.07) SDS vs. 0.06 (1.12) SDS, p = 0.484. 

 

ID. THE FECUNDABILITY COHORT 

A total of 430 couples were recruited between 1992 and 1995 after a nationwide mailing of personal 

letters to 52,255 trade union members (metal workers, office workers, nurses, and day care workers) 

who were 20-35 years old, lived with a partner, and had no children [17, 108]. Couples with no 

previous reproductive experience who intended to discontinue contraception to become pregnant 

were eligible for enrolment. The couples were enrolled into the study when they discontinued 

contraception and were followed for six menstrual cycles or until a clinically recognized pregnancy 

was achieved, if sooner. From the 430 couples enrolled, AMH concentrations were determined in a 

subgroup of 186 women from one of the two data collecting centers (Sealand) from whom blood 

samples were available for analyses.  

 

II. PATIENTS 

IIA. TURNER SYNDROME PATIENTS 

TS patients included in the studies [79, 145] are from three cohorts in Denmark. 

IIAA. TURNER SYNDROME, RIGSHOSPITALET, COPENHAGEN  

All patients classified as Turner Syndrome; i.e. ICD Q96-Q96.9 followed at The Department of Growth 

and Reproduction and The Department of Obstetrics and Gynecology.  

IIAB. TURNER SYNDROME, HILLERØD  

Adolescent TS patients included in a prospective study (n=41). Patients were recruited from the 

Danish Turner Syndrome Society; local out-patient clinics; from general practitioners; and from 

advertisements in national Danish newspapers [37]. 

IIAC. TURNER SYNDROME, ÅRHUS  

Adult TS patients included in a prospective study (n=99). Patients were recruited through the local 

out-patient clinic and the Danish Turner Syndrome Society [95].  

 

IIB. PATIENTS WITH CENTRAL PRECOCIOUS PUBERTY AND EARLY PUBERTY 

Early maturing girls (n=15) were included from a prospective clinical study [194]. The median (range) 

age at pubertal onset (breast development) was 7.7 yr (7.2 – 8.6) yr. Blood samples were drawn 

before, during and after treatment with long-acting GnRHa treatment (leuprolide acetate 3.75 mg). 
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IIC. PATIENTS WITH DELAYED PUBERTY 

All girls registered with a diagnosis of delayed puberty (ICD-10: DE 30.0) at the Department of Growth 

and Reproduction, Rigshospitalet, Denmark were evaluated (n=168). DNA was available in 18 patients 

with idiopathic delayed puberty.  

 

HORMONE ANALYSES 

Circulating levels of hormones were analysed from serum samples stored at −20º C until analyses. All 

analyses were performed in the Hormone Laboratory at the Department of Growth and Reproduction. 

LH, FSH, inhibin B, AMH, and MKRN3 were measured by commercially available ELISA assays. 

Estradiol was measured by RIA. Androgens were measured by RIA or LCMS/MS. 

 

Details about AMH and MKRN3 assays: 

I. AMH ASSAY 

ELISA: IOT, Beckman Coulter. Based on results from the first 152 assays (corresponding to three 

batches), the intra-assay coefficients of variation (CVs) were less than 7.8, 5.4, and 6.4% at 13, 123, 

and 231 pmol/l, respectively. The inter-assay CVs were less than 11.6, 10.9, and 9.1% at 19, 99, and 

209 pmol/l, respectively. In the following batches, several of the low and medium controls were above 

+2 SD. All samples analysed within these batches were adjusted using a batch-specific correction 

factors. The correction factor was calculated as follows: 

mean of all low control values from the specific batch / 
mean of all low control values from the batches used to analyse the reference range 

 

II. MKRN3 ASSAY 

Serum MKRN3 concentrations were determined using the commercially available Human makorin 

ring finger protein 3 ELISA (MyBioSource, San Diego, CA, USA) with a detection limit of 25 pg/mL. 

Intra- and interassay coefficients of variation (CVs) listed by the manufacturer were < 8% and <10%, 

respectively. In our hands, intra-assay CV (SD / mean) were 5.4% at 201 pg/mL and 5.1% at 410 

pg/mL, respectively, and inter-assay CV was 9.7% at 288 pg/mL. 

 

GENOTYPING 

Genotyping (FSHB -211G>T, FSHR 2039A>G, FSHR -29G>A, MKRN3 rs12148769 and MKRN3 

rs12439354) was performed on DNA purified from white blood cells. Analyses were done by the 

Genetic Laboratory at The Department of Growth and Reproduction and LGC Genomics (LGC 

Genomics, Hoddesdon, UK). Initially, genotyping was performed by restriction fragment length 
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polymorphism (RFLP) of PCR amplified regions. This method was replaced by the less time-consuming 

KASPTM which facilitates bi-allelic discrimination through a competitive PCR incorporating a 

fluorescent resonance energy transfer quencher cassette. 

 

OVARIAN MORPHOLOGY  

I. MRI 

Magnetic resonance imaging was performed with a 3-Tesla MRI (Magnetom Verio; Siemens AG, 

Erlangen, Germany). Ovarian dimensions were measured by an experienced radiologist (EF).  

 

 

Figure 4 

Correlation between the first and second count of total number of ovarian follicles, MRI (A). Bland-Altman plot (B): 
the variation between the first and second count increased with increasing number of follicles. Figure from [86] 
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Ovarian volume was calculated assuming an ellipsoid shape (Ellipsoid MRI: π/6 x length x width x 

depth). Follicle counts were done in the coronal plane (sliced per 2mm). All ovarian follicles (≥ 1.5 mm 

diameter), defined as generally circular, thin-walled fluid-filled structures in the ovary with 

homogenously high signal intensity on T2-weighted images, were manually measured and counted by 

the same observer (CPH) blinded from ultrasound evaluation. All follicle counts were performed twice 

with the second count blinded from the first. The two counts correlated significantly; Pearson´s rho 

0.922, p<0.001 (Figure 4A). A Bland-Altman plot indicated larger variance of follicle counts in ovaries 

with many vs. few follicles, however, there was no systematic difference between the two counts 

(Figure 4B). Follicle counts in all subgroups by 1mm increments were reproducible; i.e. 2mm (2 – 

2.4mm) Spearman´s rho (r)=0.312 (p=0.003), 3mm (2.5 – 3.4mm) r=0.406 (p<0.001), 4mm (3.5 – 

4.4mm) r=0.685 (p<0.0015), 5mm (4.5 – 5.4mm) r=0.588 (p<0.001), 6mm (5.5 – 6.4mm) r=0.532 

(p<0.001), 7mm (6.5 – 7.4mm) r=0.407 (p<0.0018), 8mm (7.5 – 8.4mm) r=0.463 (p<0.001), 9mm (8.5 

– 9.4mm) r=0.338 (p=0.001), ≥ 10mm (≥ 9.5mm) r=0.666 (p<0.001).  

 

II. TAUS 

All girls were scanned with a full bladder. Examinations were performed by a single experienced 

operator (VB) using a Voluson E8 Ultrasound System (GE Healtcare Medical Systems, Zipf, Austria) 

with a multifrequency transabdominal probe (RM6C, 3-8 MHz). Analyses were performed 

concomitantly by two experienced operators (KS and LNJ). 

Volume was calculated as for MRI analyses (Ellipsoid TAUS). The stored volumes were analyzed using 

4DView software (GE Medical System, v 9.1). Using the “Manual” option of Virtual Organ Computer-

aided AnaLysis (VOCAL) the ovary was outlined inside the volume box with 30o rotation in Plane A. 

From the 3D model generated by the outlined ovarian capsule (3D TAUS).  

Follicle numbers (≥ 1 mm) were evaluated by Tomographic Ultrasound Imaging (TUI) where a 3D 

model of the ovary was sliced (4 mm thickness) and follicles were manually counted in subgroups; 

small (1.0 – 4.4mm), medium (4.5 – 9.4 mm), large (≥ 9.5 mm). 
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RESULTS, DISCUSSIONS AND CONCLUSIONS 
 

MARKERS OF OVARIAN ACTIVITY IN HEALTHY GIRLS AND TURNER SYNDROME PATIENTS 

- TURNER SYNDROME KARYOTYPE AS PREDICTOR OF OVARIAN ACTIVITY  

In our studies of TS patients [83, 145], the karyotype was strongly associated with ovarian status; i.e. 

the risk of POI was highest in monosomic patients compared to mosaicisms including a healthy cell 

line (45X/46XX). The degree of mosaicism evaluated in 30 white blood cells may not be fully 

representative [99]. Furthermore, due to the variable degree of mosaicism in different tissue from the 

same patient [138], the proportion of affected cells in peripheral blood is not always predictive of the 

remaining primordial follicles. This may explain cases of apparently monosomic patients with 

preserved ovarian function.   

Miscellaneous karyotypes had intermediate chance of remaining ovarian activity, but from the limited 

size of our cohort, we were not able to clarify if certain loci were more susceptible for POI than others. 

Our findings are in line with previous reports of follicles in ovaries removed for cryopreservation 

[100] as well as prevalence of spontaneous pubertal onset associated with TS karyotype [163]. 

 

In conclusion, the karyotype based on DNA from white blood cells can be misleading concerning the 

degree of ovarian dysgenesis. Thus, the TS karyotype is a strong indicator of the degree of ovarian 

dysgenesis, but additional markers are needed to evaluate the ovarian function of young Turner 

Syndrome patients. 

 

- TRADITIONAL REPRODUCTIVE HORMONES 

Our detailed MRI and TAUS of ovarian follicle numbers in healthy girls revealed that small antral 

follicles were present in all prepubertal girls [86]. Large follicles were present after pubertal onset, 

and the number of large follicles increased as puberty progressed (Figure 5). This is important for 

interpretation of circulating levels of reproductive hormones during childhood. Pubertal reactivation 

of the HPG axis and increasing levels of gonadotropins is essential for maturation of follicles into large 

antral stages responsible for steroid hormone production. Thus, inhibin B and estradiol (granulosa 

cells) as well as testosterone and androstenedione (theca cells) correlated strongly with the number of 

large follicles [86], independent of pubertal stages (Figure 6 BCD).  
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Figure 5 

Ovarian volume (A) and follicle numbers (B – D) assessed by MRI (grey) and TAUS; Ellipsoid TAUS (orange) and 
3D TAUS (red), according to pubertal breast stages. Bars indicate median, 10th and 90th percentiles. Black lines 
indicate lines of identity. 
MRI and TAUS correlated strongly, however, ovarian volume were larger when assessed by TAUS compared with 
MRI. A similar discrepancy was reported in a Swedish study of ovarian morphology in adult women [137]. We 
speculate that this could be explained by more accurate establishment of the orthogonal planes by real-time TAUS 
compared with the fixed setting in MRI.  
The number of small ovarian follicles was higher on TAUS compared with MRI, whereas the numbers of medium and 
large follicles were comparable. This probably relies on the fact that TAUS was able to evaluate follicles > 1mm in 
diameter compared > 2mm on MRI, supporting the exponential increase of follicle numbers as the diameter 
decreases [70]. Figure from [86] 
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Figure 6 

Results of multiple regression analyses evaluating which follicles contributed most to serum levels of ovarian 
hormones. The estimated effect of a two-fold increase (doubling) in follicle numbers is presented as geometric mean 
(95% CI). Both TAUS (red) and MRI (grey) revealed that AMH (A) is produced by smaller follicles than inhibin B (B), 
estradiol (C) and androstenedione (D). Figure from [86]. 

 

This is the morphological explanation of the clinical challenges the paediatrician faces when evaluating 

ovarian activity during the quiescence of the HPG axis in mid-childhood. Centrally inhibited levels of 

FSH levels are rarely sufficient for follicle maturation beyond small antral stages (Figure 2). Thus, in 

our longitudinal study of reproductive hormone levels in Turner syndrome patients through 

childhood, gonadotropins were not elevated in the majority of patients who did not enter pubertal 

development spontaneously (FSH data seen in Figure 7).  

Furthermore, a single measurement of undetectable inhibin B was a prevalent finding in healthy girls 

and therefore not a very specific predictor of absent pubertal onset in TS patients [83]. Repeated blood 

samples increased the chance of revealing ovarian activity by detecting inhibin B produced by a 

randomly matured large follicle [83].  

 

In conclusion, single evaluations of traditional reproductive hormones are not useful to access ovarian 

activity in TS patients during mid-childhood.  
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Figure 7 

Serum FSH levels (IU/l) in girls with Turner syndrome (n=51) according to age, karyotype and spontaneous puberty 
onset compared to a reference range based on 2406 healthy Danish girls (grey dots). Lines represent geometric 
means and 95% prediction interval (±2SD). Girls with 45,X monosomy (red, 1A); miscellaneous TS karyotypes before 
(blue) and after gonadectomy (orange) (1B); TS patients with absent spontaneous puberty (1C) and spontaneous 
puberty (1D) are shown according to karyotype. Age at spontaneous pubertal onset is illustrated by closed circles. 
Figure from [83]. 

 

- AMH IN HEALTHY GIRLS 

Interestingly, circulating AMH reflected the number of small and medium antral follicles in healthy 

girls [86] (Figure 6A and Figure 8). AMH could therefore be a valuable marker of subtle ovarian 

activity during mid-childhood quiescence of the HPG axis.  

To elucidate this, we conducted studies of AMH in Turner Syndrome patients in risk of accelerated loss 

of follicles [79]. However, in order to interpret AMH levels in patients, we established the first 

reference range of AMH in females measured on a sensitive assay. It was based on 926 healthy females 

from birth to 69 years of age (Figure 9). 
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Figure 8 

Correlations between AMH and (B) the total number of follicles (r=0.553, p<0.001), (C) small follicles (r=0.531, 
p<0.001), (D) medium follicles (r=0.512, p<0.001), and (E) large follicles (r=0.109, p=0.323) evaluated on MRI. 
Green: Tanner stage B1, orange: B2, grey: B3, red: B4+5, white: Tanner stage unknown. Grey lines indicate tendency 
lines for correlations including all samples. Figure modified from [86]. 

 

We observed a surge of AMH at time of the postnatal activation of the HPG axis. This is most likely 

explained by withdrawal of placental steroid hormones and loss of central negative feedback on 

gonadotropin secretion [38]. Stimulation of the ovaries results in increasing numbers of antral follicles 

producing AMH [125]. In accordance with the number of AMH-producing follicles (antral follicles < 

6mm) which varied between healthy peripubertal girls but did not increase in numbers after early 

puberty [86], circulating levels of AMH varied 15 fold between individuals, but the AMH reference 

range was remarkably stable in childhood, puberty and adolescence [79]. 
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Figure 9 

Serum AMH (pmol/L) in 926 healthy healthy infants, girls, adolescents and adult women. Longitudinal values 
during infancy are connected with black lines. The red curves represent the median, the 2.5th percentile and the 
97.5th percentile. Figure modified from [79]. 

 

When we took longitudinal evaluation of repeated blood samples into account, we observed only 

minor intra-individual fluctuations of AMH according to pubertal onset [81] (Figure 10). These minor 

fluctuations have been confirmed in two longitudinal studies of healthy peripubertal girls [105, 130]. I 

will get back to the discussion of this phenomenon later in the thesis. 

 

 

Figure 10 

Longitudinal serum levels of AMH (pmol/L) in 85 healthy girls and adolescents as a function of age. Total number of 
samples (median; range of samples per girl): 504 (6; 2-10). The girls were grouped according to mean AMH level; 
Blue lines: 28 girls with the highest tertile of AMH; Red lines: 29 girls with the medium tertile of AMH; Black lines: 28 
girls with the lowest tertile of AMH. Thin grey lines indicate the AMH reference range: median, 2.5 th and 97.5th 
percentile. Figure from [79]. 



27 

 

 

- AMH AS MARKER OF OVARIAN ACTIVITY IN TURNER SYNDROME PATIENTS 

Importantly, AMH was associated with ovarian status in adolescent and adult TS patients; i.e. low or 

undetectable AMH in patients with POI vs. AMH in the reference range in the majority of patients with 

ongoing ovarian function. This was observed both in the initial cross sectional study [79] as well as the 

more recent longitudinal follow-up [145] (Figure 11).  

 

 

Figure 11 

Serum AMH levels (pmol/L) in girls, adolescents, and women with Turner Syndrome according to age, reference 
range and their ovarian status: never ovarian function (A), ongoing ovarian function (B), and loss of ovarian 
function (C). Green: patients with ongoing ovarian function; gray/black: patients with no ovarian function. Note the 
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logarithmic Y-scale. Blue lines indicate the reference range (median, 2.5th and 97.5th percentiles). Figure from 
[145]. 

The longitudinal data from TS patients suffering from POI were sparse and we can therefore not firmly 

conclude on specific AMH values as predictors of absent pubertal onset or imminent POI. However, 

AMH was < 5 pmol/L (equals -2 SD) in all patients prior to POI. A cross sectional ROC analysis 

including data from all adolescent and adult patients revealed AMH < 3 pmol/L as a sensitive and 

specific marker of POI (both 95%) [145]. These findings suggest an increased risk of imminent POI in 

TS patients with AMH < -2SD. For the clinician, the apparent predictive value of low AMH is extremely 

useful when counselling adolescent TS patients with ongoing ovarian function about their risk of POI. 

Taking into account that healthy girls maintain their relative AMH levels through puberty and 

adolescence [81] (Figure 10), it seems likely that undetectable AMH or AMH < -2SD is indicative of 

reduced ovarian activity in prepubertal TS patients. This was supported by our limited longitudinal 

data on young TS patients where all girls with AMH < 4 pmol/L suffered from absent spontaneous 

pubertal onset [145]. These findings are in line with a large European study where TS girls with 

measurable AMH had a 19 fold increased chance of entering puberty spontaneously compared with 

patients with undetectable AMH [219]. AMH is also undetectable or low in adult patients suffering 

from idiopathic premature ovarian insufficiency [124]. 

 

FSH, LH, inhibin B, and estradiol may be unaffected until time of clinical manifestations of POI where 

the number of remaining follicles is severely reduced [23, 43, 62, 215]. Our findings of multiple 

undetectable inhibin B measurements as a predictor of absent pubertal onset in young TS patients [83] 

as well as decreasing inhibin B prior to POI in adolescent and adult patients [145] indicate inhibin B as 

a valuable predictor of POI. However, single measurements of low or undetectable inhibin B should be 

interpreted with caution as this is a normal finding in healthy girls and adolescents [186]. 

 

- TURNER SYNDROME PATIENTS WITH PRESERVED OVARIAN FUNCTION 

Interestingly, adult Turner patients with ovarian function maintained their AMH levels during follow 

up suggesting that they did not exhibit an accelerated depletion of their ovarian reserve compared to 

healthy controls. Hopefully, added understanding of the reproductive phenotype of TS patients will 

lead to more uniform fertility counselling. On experimental basis, ovarian cryopreservation for the 

purpose of future autotransplantation is offered at a number of clinics to young TS patients. 

Harvesting of ovarian tissue usually includes laparoscopic retreavel of one of the ovaries inducing a 

small risk of bleeding and infection. It still remains to be elucidated whether healthy oocytes from TS 

patients survive cryopreservation and whether pregnancy can be achieved. Low rates of success may 

induce false hope and later psychosocial harm. Apart from these ethical issues, the removal of an ovary 
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may cause even earlier loss of valuable ovarian function. Importantly, hidden nests of viable 46XX 

oocytes with the potential of future fertilisation may be lost. As an alternative strategy for intervention 

to preserve oocytes, ovarian stimulation and oocyte vitrification in adolescent TS patients with at least 

partially remaining ovarian function could be considered [101, 119, 160]. 

 

In conclusion, during mid-childhood, the clinical use of gonadotropins and products from larger 

ovarian follicles (inhibin B, estradiol, testosterone and androstenedione) are hampered by central 

inhibition of the HPG axis. Circulating levels of AMH is a relatively stable marker of ovarian activity, 

reflecting the number of small growing follicles even in prepubertal girls. In TS patients, AMH < -2SD 

predicts absent puberty and imminent POI. 
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AMH LEVLES IN VARIOUS CLINICAL CONDITIONS  

In our studies, we have primarily assessed the clinical use of AMH in TS patients. Longitudinal data on 

other groups of patients in risk of POI due to loss of germ cells are sparse. However, AMH seems to 

reflect ovarian function in girls with cancer treated with gonadotoxic irradiation and/or alkylating 

agents [21, 47, 140, 209], as well as girls with galactosemia [10, 181, 196] (Figure 12). In specific cases 

of autoimmunity against steroidogenic enzymes in theca cells, the number of follicles in different 

stages seems abundant [11] and levels of AMH and inhibin B may initially be unaffected or even 

elevated [212] prior to an accelerated decline [61]. 

In other conditions affecting ovarian function, AMH may be unaffected or even elevated. We observed 

unaffected AMH levels in girls with central precocious puberty and decreasing but not undetectable 

AMH levels during pituitary suppression by GnRH agonist treatment [88] (Figure 14). This is in line 

with patients suffering from hypogonadotropic hypogonadism, where AMH levels are comparable with 

controls, e.g. patients with hypothalamic amenorrhea due to anorexia nervosa [139, 144]. Thus, in girls 

with delayed pubertal onset, AMH can be used to distinguish between POI (low or undetectable AMH) 

and constitutional delay of pubertal onset or hypogonadotropic hypogonadism (AMH levels in the 

reference range). 

Conversely, AMH is elevated in adult patients with PCOS [131, 169], although no specific cut-off is able 

to distinguish PCOS from controls [51]. PCOS patients have increased numbers of immature follicles 

(producing AMH) [3] and intensified AMH production from granulosa cells [165], however, reduced 

AMH expression in the initial stages of follicle development has been suggested [202]. Interestingly, 

AMHR2 is widely expressed in extra-ovarian tissue [13, 173, 185], and AMH may directly activate 

GnRH neurones and LH secretion [35]. In adolescents, the PCOS diagnose is contentious due to the 

high prevalence of anovulatory irregular cycles [150] as well as polycystic morphology (PCOM, >12 

follicles 2-9 mm in at least one ovary) [86, 92]. However, daughters of mothers with PCOS have higher 

AMH levels compared with controls [190] and GWA studies reveal that girls genetically susceptible for 

PCOS have high AMH in childhood [40]. Longitudinal studies are necessary to confirm whether high 

AMH levels in girls and adolescents predict PCOS in adulthood.  

Extremely elevated AMH levels are found in two serious conditions; i.e. patients with granulosa cell 

tumours [129, 143] and in DSD conditions prior to pubertal onset where immature sertoli cells 

produce high levels of AMH [111, 135, 136, 174]. (Figure 12) 
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Figure 12 

Depicted on the reference range of AMH [79], brackets schematically outline AMH levels usually found in girls and 
adolescents with various clinical conditions. Patients with pathological proliferation of granulosa cells (producing 
AMH) or DSD conditions including testicular tissue often have extremely elevated AMH levels [129, 174]. PCOS 
patients have abundant numbers of AMH producing follicles and intensified production of AMH, however no specific 
AMH cut-off distinguish AMH in PCOS from healthy women with high AMH [51]. Small follicles producing AMH grow 
independently of FSH. Thus, AMH is unaffected in girls with low levels of gonadotropins (e.g. ICP, CDGP, 
Hypogonadotrophic jypogonadism and hypothalamic amenorrhea) [88, 139]. Low or undetectable AMH is 
associated with POI in patients at risk of accelerated loss of follicles [10, 21, 80, 145] 

 

In our studies, we have assessed circulating levels of hormones and growth factors produced by the 

pituitary and ovaries measured predominantly on ELISA assays (FSH, LH, AMH, inhibin B, estradiol, 

and INSL3 [84]). More sensitive and specific methods may reduce the limit of detection and enable 

assessment of subtle ovarian activity relevant for the clinician, e.g. LCMS/MS of estradiol and its 

derivatives [15], and ultrasensitive AMH ELISA assays [31]. Furthermore, ovarian germ cells, 

granulosa cells and theca cells produce a variety of substances; e.g. activins, GDFs, BMPs, FOXLs, 

FOXOs, PTEN, KIT, etc. Sensitive and specific assays for these substances may in the future yield new 

and valuable information about ovarian activity and function important for the gynaecologists and 

paediatric endocrinologists.  

 

As in TS patients, AMH seems to be a marker of ovarian activity in cancer survivors after gonadotoxic 

chemotherapy. High levels of AMH support PCOS-conditions in adolescents. Extremely elevated levels 

suggest granulosa cell tumor or testis tissue in DSD patients.  
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REGULATION OF AMH 

In our study of healthy girls, circulating AMH levels were negatively associated with FSH levels prior to 

pubertal onset [81]. Furthermore, longitudinal data revealed limited but significant increase of AMH 

prior to pubertal onset (+17%) followed by decreasing levels (-30%) two years after pubertal onset. 

These findings have been confirmed by two British cohorts of healthy peripubertal girls [105, 130] 

(Figure 13).  

 

 

Figure 13 

Longitudinal AMH levels in 39 girls according to time to pubertal onset (breast development) (top). Blue, red and 
black lines indicate highest, medium and lowest tertile of AMH, respectively. A variance component model (bottom) 
of the longitudinal data (black line: geometric mean, grey lines: +/- 1.96SD) revealed minor increase of AMH levels 
during the three years prior to pubertal onset (20 to 24 pmol/L, 17%, p=0.023), followed by decreasing levels two 
years after pubertal onset (24 to 17 pmol/L, 30%, p<0.001). Subsequently, AMH levels were stable.  

Figure based on data from [81]. 

 

Initially, we speculated that the post-pubertal decrease of AMH was caused by the pubertal increase of 

FSH, leading to increased maturation of follicles which would reduce the number of AMH producing 

follicles. However, our detailed study of ovarian morphology revealed that the number of AMH 

producing follicles (< 6mm) actually increased during early puberty [86]. In the same study, 
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independent of follicle numbers, estradiol levels were negatively correlated with AMH. Increasing 

estradiol during early puberty may therefore directly inhibit AMH production. Firm conclusions 

concerning the causation of the negative association between AMH and FSH as well as estradiol cannot 

be drawn from our human clinical data; however, direct inhibition of AMH expression by estradiol 

have been suggested by in vitro studies of granulosa cells from patients undergoing in vitro 

fertilization [75]. Conversely, AMH reduces sensitivity and growth rate in response to FSH as well as 

inhibits aromatase expression in smaller follicles [109, 166, 224]. Thus, AMH seems to inhibit estradiol 

production in small follicles, whereas estradiol may inhibit AMH production in large follicles. We have 

speculated that in prepubertal girls, AMH is essential to prevent FSH-induced growth as well as 

premature estradiol production from small growing follicles.  

The data discussed above are from healthy girls with an intact HPG axis. Cellular studies suggest that 

FSH does not affect AMH production in granulosa-cells from healthy women [165], however, these 

studies were performed on granulosa-cells retrieved after ovarian stimulation which may affect the 

response. Further insight in regulation of AMH is gained from studies manipulating the HPG axis. From 

small cross sectional studies of women on hormone contraceptive treatment (HCT), AMH levels were 

considered independent of pituitary activity [191, 200]. However, larger cross sectional studies as well 

as recent longitudinal studies suggest that AMH levels are reduced 30-50% by HCT [14, 54, 115]. 

Whether this is caused by direct inhibition of AMH expression by estradiol or the effect is due to 

reduced number of medium antral follicles (producing AMH) remains to be elucidated. In our study of 

AMH levels in girls with central precocious puberty before, during and after GnRH agonist treatment, 

AMH was reduced 50% in response to suppression of pituitary activity [88] (Figure 14). Although 

ultrasound was not performed on these girls, previous studies suggest reduced number of medium 

sized antral follicles during GnRHa treatment [106]. This would be a plausible explanation for our 

findings. 

 

In conclusion, the negative correlation between AMH and FSH supports that ovarian negative feedback 

regulation of the pituitary gonadotropin secretion is exercised even in prepubertal girls. Our clinical 

data cannot fully elucidate the cause- and effect concerning the negative correlations between AMH 

and both FSH and estradiol. 
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Figure 14 

Longitudinal serum levels of AMH (pmol/L) in 15 girls with central precocious puberty or early pubertal onset 
during long-acting GnRHa treatment. Individual serum levels of AMH are marked with dots and connected with thin 
grey lines. Median levels at baseline, at 3 and 12 months of treatment, and 6 months after discontinuation of GnRHa 
are marked with fat black bars.  

Figure from [88] 
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AMH AS PREDICTOR OF THE REPRODUCTIVE LIFESPAN IN GIRLS 

Although serum levels of AMH may be slightly affected by activity of the pituitary, the relatively low 

intra-individual variation through puberty supports that a single AMH measurement is representative 

for a given girl [81]. In adult women, AMH correlates with the number of antral follicles [43] as well as 

the number of resting primordial follicles [91], supporting the delicate equilibrium between the 

number of primordial follicles and the number of recruited follicles growing into small antral stages 

independent of gonadotropins [70, 71] (Figure 15). It is therefore not surprising that AMH in adult 

women predicts age at menopause [18, 55, 65, 206, 207]. All studies, however, have wide confidence 

intervals concerning the predictive value of a single AMH measurement – most pronounced in women 

with early and late menopause. Thus, the clinical value of AMH when consulting healthy women about 

their reproductive lifespan is debated [50]. 

The number of primordial follicles decline rapidly during childhood [12, 220]} and the relation 

between relatively stable levels of circulating AMH and declining numbers of primordial follicles in 

girls are therefore more complex than in adult women. However, as in adult women, a similar inter-

individual variation of AMH is present in girls. Furthermore, taking the relative stable individual levels 

through childhood and young adulthood into account, we assume that girls maintain their relative 

levels into adulthood; i.e. girls with high AMH during childhood will exhibit high AMH in adulthood 

whereas girls with low AMH also have low levels later in life.  

Thus, AMH in girls not only reflects the number of small growing follicles [86], but we speculate that 

the relative level reflects the number of primordial follicles - which again reflects the reproductive 

lifespan of a given girl (Figure 15). Thus, AMH seems to provide a unique tool for epidemiological 

research assessing effects of intrauterine exposure to substances or factors suspected to affect the 

prenatal establishment of primordial follicles. Longitudinal studies of healthy infants followed until 

time of menopause would be the optimal design to test this hypothesis. More feasible studies would be 

supportive, e.g. longitudinal studies of healthy girls in late adulthood elucidating if intra-individual 

levels remain stable into early adulthood. This is indicated by cross sectional studies [79, 141], 

however a meta-analyses including data from several studies suggests increasing AMH in late 

adolescence [120]. The study is based on data from different cohorts using different immunoassay 

which have proven difficult to convert to comparable levels [176, 177]. Circulating AMH is present in 

different molecular forms [147] which may explain the discrepancy between AMH assays [162]. There 

is a desperate need of an international standard to enable AMH levels to be compared between study 

populations when measured at different laboratories.  
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Figure 15 

Upper panel illustrates how the number of follicles decline as they mature. Histological studies suggest that the 
number of follicles in different stages is in equilibrium; i.e. an individual with many primordial follicles have more 
preantral and antral follicles (blue triangle) compared with an individual with less primordial follicles (black 
triangle) [70, 71].  
The lower panel illustrates longitudinal serum levels of AMH (pmol/L) in 85 healthy girls and adolescents as a 
function of age [79]. We have found that girls with high serum levels of AMH (lower panel: blue lines) have many 
small and medium antral follicles [86], and we speculate that this reflects the number of primordial follicles (upper 
panel: blue triangle). Conversely, girls with low AMH levels  (lower panel: black lines) have fewer follicles in various 
stages - including primordial follicles (upper panel: black triangle). Thus, AMH seems to reflect the ovarian reserve 
predicting the reproductive lifespan of a given girl.   

 

In conclusion, there are strong indications of AMH as a valuable predictor of the reproductive lifespan 

- even in girls. This is of great clinical importance when counselling patients with a risk of accelerated 

loss of follicles. Furthermore, AMH in healthy girls may prove as a unique tool in epidemiological 

research when evaluating factors important for prenatal establishment of primordial follicles. 
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AMH AS PREDICTOR OF FECUNDABILITY IN ADULT WOMEN 

Whereas the value of AMH as a quantitative marker of follicles is fairly established, it remains 

contentious whether AMH is a marker of oocyte quality.  

Data from IVF settings strongly suggest circulating AMH as a marker of oocyte quality. AMH predicts 

the ovarian response [19, 20], and positive associations with the chance of conception [205] and live-

birth [122, 127] have been reported. However, data from healthy women are less convincing. The first 

report of AMH as a marker of fertility in healthy women indicated that very low AMH predicted 

reduced fecundability in 100 women in their late reproductive life (30 – 42 years) [197]. In another 

study of subfertile women who were unsuccessful to conceive after 12 months of unprotected sexual 

intercourse (mean age 36 years), AMH levels in the 14 women achieving pregnancy during the 

following 6 months were not different from the 69 non-pregnant women [28]. To our knowledge, our 

study of AMH as a predictor of fecundability is the only prospective study evaluating time to 

pregnancy in healthy women adjusted for male confounders [90]. In 186 young women (mean age 27 

years) we found that high but not low AMH predicted reduced fecundability (Figure 16).  

 

 

Figure 16 

Kaplan-Meier curves showing cumulative proportion of pregnancy by serum level of AMH (A). Low AMH (quintile 1) 
orange line, medium AMH (quintiles 2-4) black line, high AMH (quintile 5) red line. P-value describes difference 
between curves (log-rank test). AMH as a function of age in 186 participating women (B). Colors correspond to 
subgroups of AMH levels: low (orange), medium (black) and high (red). Figure from [90]. 
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Our finding of high AMH associated with reduced fecundablility is most likely explained by a PCOS-like 

biochemical profile indicating an intermediate phenotype between healthy women and PCOS patients. 

The low AMH tertile ranged from 0 – 13 pmol/L which is well above the detection-limit of the assay (2 

pmol/L) and the -2SD of the reference range in young adults (5 pmol/L). Thus, the size of the study 

population did not allow us to evaluate the effect of very low AMH. In support of our findings, a recent 

study of 1202 healthy women who had previously conceived did not find reduced fecundability in 

women with low AMH [225]. There is a risk that subfertile PCOS patients may not have been included 

in the study which may explain why high AMH was not associated with reduced fecundability in their 

cohort. In another study, AMH levels withdrawn in the first trimester of pregnancy was not associated 

with fecundability (self-reported) in a retrospective study of 87 healthy women conceiving naturally 

(mean age 31 years) [199].  

 

In conclusion, AMH in adult women seems to be a quantitative rather than a qualitative marker of 

ovarian follicles. Further studies are necessary to to elucidate if extremely low AMH affects time to 

pregnancy and to confirm whether low AMH predicts reduced fecundability in healthy women in late 

reproductive life.  
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GENETIC VARIATION AFFECTING FSH SIGNALLING  

- EFFECTS ON PUBERTY, CIRCULATING HORMONES, AND OVARIAN MORPHOLOGY 

FSH is essential for maturation of ovarian follicles and steroid hormone production. In a pilot study 

including the longitudinal cohort of girls in the COPENHAGEN Puberty Study, genetic variation of FSH 

action seemed to affect age at breast development as well as reproductive hormone levels in healthy 

girls [82].  

We tested these hypotheses in two large studies. In the first study, including 964 healthy girls, carriers 

of FSHR -29AA (minor allele homozygotes) entered puberty 7.4 months later that other girls (Figure 

17A).  

 

 

Figure 17 

Influence of FSHR -29G>A and FSHB -211G>T on age at pubertal onset in 964 healthy Danish girls.  

Left panel: The number of girls and their mean age at pubertal onset according to FSHR -29G>A genotypes (A) and 
the combined genotypes of FSHR -29G>A and FSHB -211G>T (B). In the combined model, we tested if there was an 
additive effect of the minor alleles across the genotypes (FSHR -29A and FSHB -211T). The fading green/yellow/red 
bars indicate intermediate FSH production and FSH receptor expression, respectively, in the heterozygotes 
compared with the wild-types and the minor allele homozygotes. The colours correspond to the subgroups of 
combined genotypes: 0 minor alleles: dark green; 1 minor allele: light green; 2 minor alleles: orange; 3 minor alleles: 
red; No girls had 4 minor alleles (C). Right panel: Mean age at pubertal onset (95% CI) according to FSHR -29G>A 
genotypes (A) and the combined genotypes of FSHR -29G>A and FSHB -211G>T (B). The combined model revealed 
additive effect of the minor alleles across the genotypes (B). Figure from [87]. 
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The effect of FSHB -211G>T seemed to be even stronger, however, the minor allele frequency for this 

variant is low and we need larger study populations to confirm this finding [87]. The combined effect 

of FSHR -29G>A and FSHB -211G>T explained 2.9% of the phenotypic variation of age at breast 

development (Figure 17B), and the susceptible genotypes were more prevalent in patients with 

delayed puberty compared to healthy girls. The effect is remarkable compared to a meta-analysis of 

GWA studies including 182,416 women in which the 123 SNPs with the strongest association to age at 

menarche only explained 2.7% of the inter-individual variation [168]. This important piece in the 

puzzle of understanding regulation of pubertal onset was not detected in these GWA studies because 

the FSH SNPs were not included on the commercially available platforms. In addition, no tag-SNPs 

which indirectly could have supported our data, were available. A recent study of healthy British 

women revealed a marginal effect of FSHB -211 G>T on age at menarche [178]. Whether the observed 

effect on menarche is due to recall bias or whether genetic variation of FSH signalling affects thelarche 

(pubertal onset) stronger than menarche (late marker of pubertal development) remains to be 

elucidated.  

Our findings add substantially to the understanding of pubertal timing and draws attention from the 

hypothalamic reactivation to downstream processes in the HPG axis. Furthermore, these genetic 

variants may explain a subgroup of patients with delayed puberty, however, the SNPs did not explain 

precocious puberty nor the secular trend of earlier pubertal onset. 

In the second study, we compiled all available data on FSH SNPs and hormone levels in our cohorts of 

healthy girls (n=633). FSHR 2039A>G and FSHR -29G>A minor alleles (reduced FSH receptor 

transduction and production, respectively) were associated with higher FSH levels. This association 

was increasingly evident as puberty advanced. We speculate that increased FSH production is a 

compensatory response to reduced FSH receptor signalling [25] (Figure 18).  

This is in line with the majority of studies of adult women concerning FSHR 2039A>G [42, 44, 72, 132, 

167, 203], although the effect has been questioned in other studies [68, 123], possibly due to inclusion 

of older women with higher basal levels of FSH [189]. The less intensely studied FSHR SNP (FSHR -

29G>A) seems to affect maturation of follicles rather than FSH levels in adult women [2, 49, 223].  

Furthermore, in our study of healthy girls, ovarian morphology suggested impaired FSH-induced 

maturation of follicles in minor allele carriers of FSHB -211G>T and FSHR -29G>A [25] which possibly 

explains why these girls entered puberty later than other girls [87]. Preliminary analyses of a cohort of 

healthy Chilean girls confirm our findings of later puberty in the susceptible genotypes affecting FSH 

signalling. Interestingly, in boys where FSH is essential for spermatogenesis, FSH SNPs affect pubertal 

onset of testicular growth in cohorts of both Danish and Chilean healthy boys (data not published).  
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The effect of genetic variation of FSH signalling draws attention down-stream the HPG axis when 

evaluating factors affecting pubertal onset. Other SNPs affecting the HPG axis (e.g. MKRN3, LH- and 

estradiol signalling) would be interesting to elucidate further.      

 

 

 

Figure 18 

Serum FSH levels according to Tanner subgroups stratified by FSHR 2039A>G (upper part) as well as FSHR SNP 
combinations FSHR 2039A>G and FSHR -29G>A (lower part). Box and whisker plots: medians are marked by thick 
black lines; boxes contain 50% of the distribution, whiskers outline the range (non-outliers); dots indicate values 
more than 1.5 times the interquartile range; asterisks indicate values more than three times the interquartile range. 
Rhombuses indicate single values if less than five observations were available. Figure from [25]. 

 

The combined effect of FSHB -211G>T and FSHR 2039A>G on circulating AMH levels initially observed 

in healthy Danish girls [82] was not confirmed in the compiled dataset using a more detailed additive 

model [25]. In accordance, studies of adult women have not found associations with AMH levels [128, 

152]. Although FSH SNPs may not affect AMH levels, it is likely that genetic variations in other 

regulators of follicle recruitment and follicle maturation affect the number of small growing follicles 

and thereby circulating AMH levels independently of the number of primordial follicles. This may be 

important for the clinical interpretation of AMH when counselling individuals about their reproductive 

lifespan.  
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- ASSOCIATIONS WITH ADULT REPRODUCTIVE HEALTH 

Genetic variation of FSH signalling may be responsible for conditions affecting both pubertal onset as 

well as future reproductive health in both genders (Summarized in Figure 19).  

 

 

Figure 19 

Schematic outline of reported effects of genetic variation of FSH signalling in both females and males throughout 
the reproductive lifespan. Reduced “FSH signalling” refers to gender-specific conditions. Females: compensatory 
increased FSH (FSHR) or reduced FSH due to compromised production (FSHB), reduced number of large antral 
follicles, and in IVF settings: increased exogenous FSH for ovarian stimulation and/or reduced E2 at time of HcG 
administration; Males: compensatory increased FSH (FSHR) or reduced FSH levels due to compromised production 
(FSHB), reduced testosterone and inhibin B, reduced testes volume, reduced semen quality and/or low response to 
FSH treatment of oligozoospermic men (FSHB and FSHR). 
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In our studies, FSHB -211G>T were associated with increased LH/FSH ratio (characteristic 

biochemical profile in PCOS patients) in girls at every stage of pubertal development [25] and as 

discussed previously, FSHB -211G>T as well as FSHR -29G>A were associated with age at pubertal 

onset [87]. GWA studies of PCOS patients report associations with both FSHB [40, 93] and FSHR [22, 

34, 56, 76, 154, 188, 226], although not reproduced in all cohorts [67, 214, 222]. These findings 

indicate neuroendocrine changes in PCOS pathogenesis. Interestingly, a clinical study reported late 

pubertal onset in lean PCOS patients compared with controls [27]. We speculate that girls with late 

onset of puberty due to genetic variation of FSH signalling are in risk of PCOS. FSH receptors are 

expressed in extragonadal tissue [170, 198] and FSHR/FSHB SNPs are associated with other aspects of 

adult health; e.g. risk of osteoporosis [204] and hypertension [155]. Whether the effect is direct or via 

altered ovarian activity remains to be elucidated.  

FSHB and FSHR SNPs may also affect male puberty and reproductive health. Late pubertal onset is 

associated with reduced testicular volume, reduced semen quality as well as compensatory increased 

FSH levels in early adulthood [107]. The same parameters are affected in adult men with genetic 

variants of FSHB -211G>T and FSHR 2039A>G [213]. Furthermore, the risk of infertility is increased in 

minor allele carriers of FSHR [4, 64, 74]. 

The wildtype alleles of the three examined SNPs seem to be ancestral [189]. Introduction of genetic 

variation reducing FSH action may have been favourable in prehistoric times when the risk of 

pregnancy-related death was considerable. The genotype with reduced fertility potential seem to be 

epidemiological relevant in modern societies where many couples plan pregnancies in late 

reproductive life. 

 

In conclusion, the combined effect of FSHR -29G>A and FSHB -211G>T explained 2.9% of the 

phenotypic variation of age at breast development in healthy girls, and the susceptible genotypes were 

more prevalent in patients with delayed puberty compared to healthy girls. Interestingly, in healthy 

minor allele carriers, FSH levels were elevated (FSHR SNPs) but the number of large follicles was 

reduced (FSHR and FSHB) suggesting a degree of hypogonadism. We speculate that this is the 

biological explanation of the observed delay of pubertal onset. Genetic variation in FSH signalling may 

affect pubertal onset as well as adult health in both genders.  
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MKRN3 AS A MAJOR INHIBITOR OF THE HPG AXIS DURING CHILDHOOD 

Puberty is initiated by reactivation the HPG axis with increasing levels of FSH and LH. Although 

excitatory input is essential, withdrawal of hypothalamic inhibition seems to be a prerequisite for 

hypothalamic reactivation initiating pubertal onset [158]. 

Directly inspired by the study of Abreu and colleagues reporting a likely candidate responsible for 

mid-childhood inhibition of the HPG axis [1], we conducted a longitudinal study of circulating MKRN3 

in peri-pubertal girls [89]. The decline of MKRN3 levels preceding puberty as well as the negative 

correlation with gonadotropins in samples from prepubertal girls support MKRN3 as a major inhibitor 

of hypothalamic GnRH secretion during childhood (Figure 20).  

 

 

Figure 20 

Circulating MKRN3 levels in girls (red) and boys (blue) according to time of pubertal onset (breast development / 
testicular size > 4 mL). Sex specific mean and 95% CI are analysed by a component variant model including 
longitudinal data for each individual. MKRN3 levels declined prior to and during pubertal development in both 
genders. Interestingly, girls had higher MKRN3 levels compared with boys. Figure is adapted from [89] including 
male data [24].  

 

In contrast to the abrupt termination of hypothalamic Mkrn3 mRNA expression levels in mice [1], we 

observed a gradual decline of circulating MKRN3 in girls, indicating that puberty in humans is 

gradually turned on over years. This is supported by slowly increasing gonadotropins and estradiol-

levels [15, 81], the presence of large ovarian follicles [86], as well as ovarian and uterine growth in 

girls prior to clinical recognition of glandular breast tissue development [26, 60, 77, 81, 85, 94, 96, 

180]. These observations suggest that puberty in girls is caused by a slow activation of the HPG axis 
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rather than an abrupt onset. Puberty is not only caused by intensified nocturnal amplitudes of 

gonadotropin levels. GnRH secretion is also present during daytime in girls after pubertal onset [9]. 

Whether diurnal secretion pattern of MKRN3 is changed according to puberty reflecting gonadotropin 

levels remains to be elucidated.  

In a recent meta-analysis of GWA studies, Perry and colleagues report a major effect of the paternal 

allele of MKRN3 on age at menarche [168]. The marked inter-individual variation of circulating 

MKRN3 levels in our study suggests that there exists no common MKRN3 threshold for pubertal onset. 

We observed no linear correlation between MKRN3 levels and age at pubertal onset, however, a non-

linear relationship may be present. Furthermore, the small group of girls with central precocious 

puberty (CPP) had lower MKRN3 levels compared with age-matched prepubertal girls. The overlap of 

MKRN3 levels between healthy girls and CPP patients was considerable, and there is no obvious 

clinical use of circulating MKRN3 measurements. Sequence analyses of the girls with central 

precocious puberty and very low or undetectable MKRN3 levels did not reveal mutations explaining 

their biochemical and clinical phenotype (unpublished data).  

In boys, MKRN3 also declines prior to – and during pubertal development [24, 217]. Noticeable, 

MKRN3 levels are consistently lower than in girls (Figure 20) [24]. Thus, MKRN3 seems important for 

HPG suppression during childhood in both boys and girls, however, our data suggest a sexual 

dimorphism of MKRN3 levels. This may explain why CPP boys with MKRN3 mutations entered puberty 

later than affected girls [1]. Interestingly, MKRN3 does not seem to be elevated in adult men with 

hypogonadotropic hypogonadism [218]. 

The Makorin RING finger protein family is highly conserved and ubiquitously expressed [133, 161]. 

We cannot exclude that the measured MKRN3 was produced from outside the hypothalamus. 

However, the phenotype of MKRN3 mutated CPP patients is apparently selectively affecting age at 

pubertal onset [46, 146, 183, 187], suggesting that MKRN3 is not essential outside the hypothalamus. 

Although the specific mechanism of MKRN3 remains to be elucidated, the zink-finger structure and 

presumed ubiquitin ligase properties indicates that MKRN3 regulates superior cellular processes such 

as post-translational modification of proteins or epigenetic regulation of transcription [16]. Ojeda and 

Lomniczi have suggested that MKRN3 inhibits downstream activators of hypothalamic GnRH 

secretion, such as KISS1 [159] (Figure 21).  

 

In conclusion, we have reported novel longitudinal data on circulating MKRN3 in healthy children 

supporting MKRN3 as a main inhibitor of the HPG axis during mid-childhood.  
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Figure 21 

MKRN3 is an essential gate keeper for pubertal onset [1]. Decreasing circulating MKRN3 levels (girls and boys) [24, 
89] as well as hypothalamic Mkrn3 expression (mice) [1] support MKRN3 as a superior inhibitor of the HPG axis 
during mid-childhood. Whether MKRN3 inhibits excitatory inputs from KISS-peptin (KISS1) and neurokinin B (NKB) 
(as indicated above) or MKRN3 directly inhibits GnRH secretion remains to be elucidated. 
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STRENGHTS AND LIMITATION 

Based on unique reference data of age-specific hormone levels in healthy girls, we have evaluated the 

predictive value of reproductive hormones, including AMH, in a large number of TS patients.  

The cohorts of TS patients were primarily from tertiary centres of pediatric and gynaecological 

departments at Rigshospitalet, Copenhagen. The patients may have been referred due to severe 

phenotypes, and they may therefore not be representative for the general TS population concerning 

e.g. distribution of genotypes, ovarian status, AMH levels etc. However, our primary aim was to 

evaluate the validity of specific markers as a predictor of POI in TS patients and not to describe the 

ovarian phenotype of an unselected group of TS patients.  

 

We were the first to define a reference range of AMH in healthy girls and adolescents. In general, the 

more participants included, the more accurate the median and percentiles of a given reference range 

can be established. We believe that the number of girls included enabled us to define the reference 

range rather accurately. Importantly, we used the reference range to perspectivate AMH levels in TS 

patients, however, specific levels of upper – and lower limits of the reference range were not used to 

define outcomes; e.g. POI. Thus, inaccuracy of the reference range would not alter our findings of AMH 

as a marker of ovarian activity in TS patients. 

 

We were the first to evaluate AMH as a marker of ovarian activity in TS patients. The longitudinal 

study was conducted approximately 5 years after introduction of the AMH assay, and long-term follow 

up was therefore not available. Furthermore, data were collected retrospectively from visits in the 

outpatient clinics, and AMH-measurements were not protocolised. Thus, more detailed evaluation 

must be expected in patients with clinical or biochemical signs of affected ovarian function. The 

number of patients with POI during follow up was limited. Longer follow-up and regular AMH 

measurements on all TS patients would clarify the expected decline of AMH prior to POI. 

Little is known about AMH regulation. Our epidemiological studies cannot elucidate the cause – and 

effect of the negative associations between AMH and FSH as well as estradiol. Cellular studies and 

studies of genetically manipulated animals are necessary to elucidate this further. 

 

Possible demographic bias is introduced by the Copenhagen origin of all included cohorts of healthy 

girls. Furthermore, we cannot exclude socio-economic bias in the longitudinal part of the 

COPENHAGEN Puberty study, where the girls are from two schools in the affluent part of the 

Copenhagen area. The nested cohort of girls evaluated with TAUS and MRI was considered 

representative for the main cohort of girls participating in the community based Copenhagen Mother-
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Child cohort, and we believe therefore that the data on ovarian morphology are representative for the 

general population.  

 

Follicle counts on MRI and TAUS were performed separately. As intra-follicular concentration of AMH 

is highest in the smallest of antral follicles, we strived to count even very small follicles from diameters 

of 1mm (TAUS) and 2mm (MRI). Naturally, the accuracy of these counts depended on the quality of the 

scans. To enhance accuracy, all counts were either performed simultaneously by two experienced 

ultrasonographers (TAUS) or counts were repeated blinded from the first count (MRI). The tight 

correlation of numbers of medium ovarian follicles on TAUS vs MRI supports that ovarian follicles 

were identified identically on the two modalities.  

 

In our studies of genetic variation of FSH action, we have carefully selected SNPs based on a plausible 

biological mechanism as well as previously reported effects on reproductive parameters in adults. 

Furthermore, our detailed clinical data enables us to determine age of pubertal onset with great 

accuracy. This is in contrast to GWA studies including larger numbers of participants but relying on 

less accurate outcomes (i.e. recall of age at menarche). Thus, our approach enables us to evaluate the 

effect of specific SNPs more accurate than GWA studies. Obviously, we do not get any information of 

other SNPs by this selective approach. 

 

Our findings of declining circulating levels of MKRN3 during pubertal development were 

simultaneously reported in an independent cohort of healthy boys but needs to be confirmed in girls. 

Based on our thorough longitudinal approach, we believe that the findings are true. 
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SUMMARY AND PERSPECTIVES 

Girls with Turner Syndrome and cancer patients treated with gonadotoxic chemotherapy are in risk of 

premature ovarian insufficiency. Many of these patients are diagnosed in mid-childhood, but due to 

central inhibition of the HPG axis, it is difficult to evaluate ovarian activity in girls prior to pubertal 

onset.  

Our studies of ovarian morphology and AMH in healthy girls support that AMH is produced by 

granulosa cells surrounding small ovarian follicles. During mid-childhood, these follicles are 

continuously recruited from the pool of primordial follicles independently of gonadotropin-

stimulation. Thus, marked inter-individual variation but little intra-individual variation of AMH levels 

in girls indicates difference in subtle ovarian activity even prior to pubertal onset. Our studies reveal 

AMH as a unique predictor of premature ovarian insufficiency in Turner Syndrome patients in risk of 

accelerated loss of follicles. Our findings have contributed substantially to our knowledge of AMH in 

girls. Based on these findings, the clinical use of AMH has been expanded from a marker of testicular 

tissue in rare DSD patients to a marker of ovarian activity used at a daily basis in paediatric 

endocrinology.  

Circulating levels of AMH is predictive of the reproductive lifespan in healthy adult women, and our 

findings strongly indicate that inter-individual variation of AMH in girls is indicative of the number of 

remaining primordial follicles – an important outcome in epidemiological research evaluating factors 

affecting prenatal establishment of the primordial follicle pool. Despite strong evidence of AMH as a 

quantitative marker of ovarian follicles, low AMH does not seem to predict reduced fecundability in 

young healthy women.   

 

FSH is essential for follicle maturation into stages producing steroid hormones. By a targeted 

approach, we were the first to report a remarkable effect of FSHB and FSHR SNPs on age at pubertal 

onset in girls. These findings are probably explained by reduced FSH signalling leading to 

compensatory elevated FSH levels and reduced number of large, estradiol-producing follicles. In boys, 

FSH is essential for spermatogenesis. Interestingly, FSH SNPs also affect age at pubertal onset in 

healthy boys from two genetically distinct ancestries (Denmark and Chile, unpublished data). Much 

focus concerning pubertal timing has been on the hypothalamic reactivation, however, our findings 

have drawn attention to mechanisms downstream the HPG axis. We are planning studies of genetic 

variation affecting signalling along this pathway.  

Timing of pubertal onset is associated with a number of adverse conditions later in life. Whether these 

associations are caused by direct effects of pubertal timing or if underlying genetic/epigenetic profiles 

affect both puberty and outcomes later in life remain to be elucidated. FSHB and FSHR SNPs are 
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associated with late pubertal onset (in both girls and boys), increased LH/FSH ratio in girls, as well as 

PCOS later in life. In addition, FSHB and other genes regulating pubertal onset are linked to age at 

menopause. In males, genetic variation of FSH signalling is associated with reduced testicular size, low 

semen quality and risk of infertility. Thus, subgroups of children with late pubertal onset may be 

genetic susceptible of deleterious adult reproductive health.  

 

MKRN3 mutations cause central precocious puberty in both genders, indicating MKRN3 as an essential 

brake on the HPG axis. We reported declining levels of MKRN3 in healthy girls as well as negative 

correlations to gonadotropins in samples from prepubertal girls, supporting MKRN3 as a key inhibitor 

of the HPG axis during mid-childhood. Interestingly, the gradual decline of circulating MKRN3 prior to 

pubertal onset mirrors slowly increasing gonadotropin levels, increasing number of large follicles, as 

well as slowly growing ovarian- and uterine volume. These findings indicate that the pubertal 

reactivation of the HPG axis is a slow release rather than an abrupt termination of the mid-childhood 

quiescence.  
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background: Ovarian function in Turner syndrome (TS) patients depends on the specific karyotype. This retrospective clinical study
evaluates the pituitary–gonadal axis during infancy, childhood and adolescence in TS patients according to karyotype and ovarian function.

methods: A cohort of 70 TS patients (0–16 years) followed at a tertiary referral centre for paediatric endocrinology were included.
Longitudinal measurements of reproductive hormones (FSH, LH, inhibin B and estradiol) prior to hormonal replacement treatment in 66
patients related to karyotype (A, 45,X; or B, miscellaneous karyotypes) and ovarian function (spontaneous puberty or absent spontaneous
puberty) were compared with an age-matched reference range of 2406 healthy Danish females.

results: The prevalence of spontaneous puberty was 6% for 45,X and 54% for miscellaneous karyotypes, P ¼ 0.001. In all TS patients,
gonadotrophins were higher during infancy and at expected puberty compared with levels at mid-childhood, where 21/25 and 23/27 had
FSH and LH levels, respectively, within the reference range. In patients with absent spontaneous puberty, 10/12 had FSH in the reference
range during the mid-childhood nadir. 45,X-TS patients had undetectable inhibin B at 0–16 years. Ovarian failure was predicted in 20/20
patients with exclusively undetectable inhibin B, while 9/10 with detectable inhibin B entered puberty spontaneously. Estradiol levels were
elevated from 4 to 8 years.

conclusions: Ovarian function in TS patients is associated with the specific karyotype, and multiple undetectable inhibin B values
during mid-childhood may predict absence of spontaneous puberty, although the specificity of the test is low. The biphasic age pattern
of gonadotrophins was preserved in all patients, and spontaneous gonadotrophins are not useful as a diagnostic marker for TS in girls
aged 6–10 years.

Key words: Turner syndrome / FSH / LH / inhibin B / estradiol

Introduction
Girls with Turner syndrome (TS) have characteristic physical features
as a result of complete or partial absence of the second X chromo-
some, with or without mosaicism. TS affects �1/2000 live born
females (Nielsen and Wohlert, 1991), and the TS phenotype varies
to some degree with the specific karyotype. The classical X-
monosomic TS (45,X) is usually associated with prenatal degeneration
of ovarian follicles, resulting in streak gonads and absent pubertal

development (Singh and Carr, 1966; Weiss, 1971; Reynaud et al.,
2004), although a few cases of spontaneous puberty have been
reported (Weiss, 1971; Pasquino et al., 1997; Hreinsson et al.,
2002). The density of ovarian follicles in patients with mosaic TS is
higher than in 45,X-TS (Hreinsson et al., 2002), and �50% of TS
girls with 45,X/46,XX have sufficient ovarian function to enter
puberty spontaneously (Pasquino et al., 1997). The ovarian function
of TS patients with miscellaneous karyotypes depends on the X
chromosome aberration (Ogata et al., 2001).
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In most prepubertal TS patients, ovarian failure and reduced ovarian
feedback result in significantly elevated FSH and LH levels during early
childhood (0–5 years) and adolescence (.10 years), whereas gon-
adotrophin levels are not significantly elevated at age 5–10 years com-
pared with healthy girls (Conte et al., 1975; Heinrichs et al., 1994;
Chrysis et al., 2006; Fechner et al., 2006).

Inhibin B is secreted by developing follicles, and serum levels are
associated with total follicle count (Danforth et al., 1998). In healthy
girls, serum inhibin B and estradiol levels express a biphasic age
pattern with high levels at 3 months of age, low levels during the pre-
pubertal period and subsequently rising serum levels marking the
initiation of puberty (Sehested et al., 2000; Chellakooty et al., 2003;
Aksglaede et al., 2009). In prepubertal TS patients, very low levels
of serum estradiol and inhibin B have been demonstrated (Gravholt
et al., 2002; Wilson et al., 2003a).

However, most available data on gonadotrophins, inhibin B and
estradiol serum levels in TS girls are based on cross-sectional
studies of TS girls in limited age periods, and the majority of studies
do not evaluate the influence of specific TS karyotypes on reproduc-
tive hormone levels.

We therefore found it important to report our longitudinal data of
circulating FSH, LH, inhibin B and estradiol levels including the entire
age span from 0 to 16 years in a large group of TS patients with
and without spontaneous pubertal development. We hypothesize
that the remaining ovarian function is dependent on the specific karyo-
type in girls and adolescents with TS, and that reproductive hormones
will be more severely affected in TS patients with a monosomic 45,X
karyotype. We therefore evaluated the karyotype, FSH and inhibin B
as markers of remaining ovarian function in girls with TS.

Materials and Methods

Controls
A total of 2406 healthy girls participated as controls. They were
recruited as part of population-based studies of healthy Danish girls,
and included 583 infant girls from an ongoing longitudinal cohort of
healthy pregnant women and their offspring, as well as from studies
of healthy school children: The COPENHAGEN Puberty Study.

Reference ranges for reproductive hormones are cross-sectional,
including one serum sample from each control. These data have pre-
viously been reported in age-specific intervals, but are now combined
to include the entire paediatric age range, although values in the 1–5
years range are sparse (Sehested et al., 2000; Chellakooty et al., 2003;
Aksglaede et al., 2009).

Patients
All girls classified as TS patients who were followed at the Department
of Growth and Reproduction, Rigshospitalet, Denmark (1991–2009)
were included. 71 patients were identified from the patient registry
at our department based on International Classification of Diseases-10
codes (Q96–Q96.9). One patient with severe concomitant hepatic
illness was excluded. Serum concentrations of FSH, LH, inhibin B
and estradiol had previously been determined at standard clinical
visits, and these data were compiled retrospectively. All patients
were routinely examined by paediatric endocrinologists. Information
concerning use of sex hormone treatment [hormone replacement

therapy (HRT), oral contraceptives, GnRH agonist and oxandrolone]
was retrieved from patient files. Only reproductive hormone levels
measured prior to sex hormone treatment were included. Two
patient files were unavailable. In these cases, only reproductive hor-
mones before the age of 10 years were included.

Karyotypes
Diagnosis of TS was confirmed by karyotyping using routine
G-banding, including counting of at least 10 metaphases, 3 of which
were fully analysed. One clinical geneticist (S.K.) validated all karyo-
types in the present study. Depending on their karyotype, the patients
were divided into two groups: group A, 45,X (n ¼ 29); and group B,
miscellaneous karyotypes (n ¼ 41).

Clinical examination
A thorough clinical examination was performed in all patients and con-
trols, including pubertal staging. The patients were grouped according
to their ovarian function. Group 1: absent spontaneous puberty in the
case of induction of puberty by HRT, or prepubertal [breast stage 1,
according to Tanners classification (Tanner, 1962)] at .12 years of
age. Group 2: spontaneous puberty with pubertal arrest in the case
of spontaneous puberty [presence of breast stage 2 or higher (palpa-
tion of glandular breast tissue) or menarche without previous HRT],
subsequently treated with estrogen/progesterone due to lack of
pubertal progression or secondary amenorrhoea. Group 3: spon-
taneous puberty with ongoing ovarian function in the case of spon-
taneous puberty and ongoing pubertal progression or regular
spontaneous menstrual bleeding.

Reproductive hormone assays
Blood samples (0–16 years) were drawn from 66 to 70 TS patients.
The number of samples listed below are the total number of patients
in the karyotype group and the number of patients with longitudinal
samples in parentheses. For serum FSH, 318 measurements were
drawn from a total of 51 patients: group A, 19 (14); group B, 32
(26). For serum LH, 314 measurements were drawn from a total of
50 patients: group A, 19 (14); group B, 31(25). For estradiol, 277
measurements were drawn from 51 patients: group A, 19 (14);
group B, 32 (23). For inhibin B, 238 measurements of inhibin B
were drawn from 49 patients: group A, 18 (13); group B, 31 (23).
Inhibin B was withdrawn from 30 patients followed at time of pubertal
onset.

All blood samples from patients and controls were analysed in the
same laboratory blinded for the technician for age, pubertal staging
and karyotype. Non-fasting blood samples were drawn between 8
a.m. and 5 p.m. from an antecubital vein, clotted and centrifuged,
and serum was stored at 2208C until hormone analyses were per-
formed. All samples were analysed longitudinally within a period of
3 weeks from blood sampling. Serum FSH and LH were measured
by time-resolved immunofluorometric assays (Delfia; PerkinElmer,
Boston, MA) with detection limits of 0.06 and 0.05 IU/l for FSH
and LH, respectively. Intra- and inter-assay coefficients of variation
(CVs) were ,5% in both gonadotrophin assays. Estradiol was
measured by radioimmunoassay [Pantex, Santa Monica, CA (before
1998 distributed by Immuno Diagnostic Systems, Bolton, UK)]. The
detection limit was 18 pmol/l, and the intra- and inter-assay CVs
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were ,8 and 13%, respectively. Inhibin A and B levels were measured
by double-antibody immunometric assays (Beckman Coulter Ltd, UK
and Serotec, UK, respectively). The inhibin B assay had a detection
limit of 20 pg/ml, and the intra- and inter-assay CVs were ,16%.

Statistical analyses
Fisher’s exact probability test was used to determine whether the
prevalence of spontaneous puberty was significantly different
between karyotype subgroups. The same test was used to determine
whether significantly more patients with undetectable inhibin B experi-
enced absence of spontaneous puberty compared with patients with
at least one detectable inhibin B value. Reference curves for reproduc-
tive hormones as a function of age were obtained for girls using a local
linear regression smoother. The data for estradiol were log-
transformed, whereas inhibin B, LH and FSH measurements were
square root-transformed to obtain normal distribution. The mean
curve of variance was estimated by smoothing of the observations
and residuals, respectively. After calculation of mean and SD on the
transformed data, the data were transformed back, resulting in geo-
metric means and 95% prediction interval (+2 SD).

Ethical considerations
The studies of healthy girls were approved by the local ethics commit-
tee (# KF 01 282214 and # V200.1996/90) and conducted in accord-
ance with the second Declaration of Helsinki. All healthy girls and their
parents gave informed consent. Blood samples from girls with TS were
collected as part of their routine clinical follow-up and results were
stored in a clinical database approved by the Danish Data Protection
Agency.

Results
Descriptive characteristics of the patients according to karyotype and
the prevalence of spontaneous puberty are shown in Table I. In kar-
yotype groups A and B, the median ages (range) at TS diagnosis (or
at the first available blood sample) were 5.2 years (0.0–15.8) and
8.2 years (0.0–16.8), respectively.

Longitudinal FSH, LH, inhibin B and estradiol levels by age are
shown in Figs 1–4. Eight girls with Y chromosome material in group
B were gonadectomized to prevent gonadoblastoma. Reproductive
hormone levels after gonadectomy are illustrated by orange lines.

.............................................................................................................................................................................................

Table I Description of the study population: TS karyotype subgroups and prevalence of spontaneous pubertal onset.

Karyotype n >12 years Spontaneous puberty (%)

45,X (group A) 29 18 1 (6)a

Miscellaneous karyotypes (group B) 41

Miscellaneous karyotypes (without Y material) 33 26 14 (54) ¤

45,X/46,XX 13 9 8

45,X/47,XXX/46,XX 1

45,X/46,X,i(X)(q10) 7 7 1

46,X,i(X)(q10) 1 1

45,X/46,X,r(X) 2 1

45,X/46,X,r(X),inv(4)(p11q11) 1 1 1

45,X/46,XXp- 1 1

45,X/46,X,der(X) 1 1 1

45,X/46,X,-X,+der(X)t(X;X)(p11.4;q13) 1 1

45,X,der(X)t(X;22)(p11.22;q10)-22 1 1 1

45,X/46,X,der(X)t(X;12)(p22.2;q21.3) 1 1

45,X/46,X,del(X)(q22) 1 MF MF

46,XX,del(X)(q23) 1 1 1

46,XX,del(X)(p22.1) 1 1 1

Miscellaneous karyotypes (containing Y material)

45,X/46,XY 4 4 NA

45,X/46,XY,idic(Y)(q11) 1

45,X/46,X,dic(Y)(q12) 1 1 NA

45,X/45,X,t(Y;22) 1 1 NA

46,X,+mar Y 1 1 NA

Total 70 44b 15 (34)

NA, not applicable due to bilateral gonadectomy; MF, information not available due to missing file.
aA versus B (non-gonadectomized): P ¼ 0.001.
bNo gonadectomized patients or MF.
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Puberty
Spontaneous puberty occurred in 6 and 54% of patients in groups A
and B, respectively (gonadectomized patients were excluded), P ¼
0.001 (Table I). In patients with 45,X/46,XX, the prevalence of spon-
taneous puberty was high (8/9). In the case of spontaneous pubertal
onset, pubertal arrest was experienced in 1/1 (100%) and 5/14 (36%)
of groups A and B, respectively.

FSH
Independent of karyotype, FSH levels showed a marked biphasic age
pattern from 0 to 16 years (Fig. 1A and B). The biphasic age pattern
was preserved in patients subjected to gonadectomy (Fig. 1B, orange
lines) and in patients with absent spontaneous puberty (Fig. 1C). All
monosomic patients demonstrated highly elevated FSH levels during
infancy and early childhood (age 0–5 years) and at the time of expected
puberty (.10 years), but they all (n ¼ 12) had as least one FSH value
within the reference range during the mid-childhood nadir (5–10
years) (Fig. 1A). Of 13 patients in group B, 9 (including one gonadecto-
mized patient) had FSH within the reference range at the mid-childhood
nadir (Fig. 1B). The majority of patients with 45,X/46,XX (10/13) had
no FSH measurements outside the reference range from 0 to 16 years.

Of 12 patients with absent spontaneous puberty, 10 (83%) had FSH
levels within the reference range during mid-childhood, but levels were

highly elevated at the time of expected puberty (Fig. 1C). The majority
of patients entering puberty spontaneously demonstrated FSH levels
within the reference range. The patient with the most elevated FSH
[45,X,der(X)t(X;22)(p11.22;q10)-22] had elevated LH, undetectable
inhibin B and experienced pubertal arrest (Fig. 1D).

LH
Regardless of karyotype, LH demonstrated the same biphasic age
pattern as FSH levels (Fig. 2A and B). The majority of patients demon-
strated moderately elevated LH levels during infancy and early child-
hood (78% in group A and 75% in group B) and at the time of
expected puberty (75% in group A and 56% in group B; Fig. 2A and
B). During the mid-childhood nadir, 11/11 in group A and 12/16 in
group B presented LH values within the reference range.

Patients with absent spontaneous puberty had LH within the refer-
ence range or slightly elevated LH at the time of expected puberty.
The majority of patients entering puberty spontaneously presented
LH levels within the reference range (Fig. 2D).

Inhibin B
All X-monosomic TS patients demonstrated undetectable inhibin B levels
at all times (Fig. 3A). In group B, 12/32 (38%) demonstrated detectable
levels (Fig. 3B), but no patients subjected to gonadectomy had detectable

Figure 1 Serum FSH levels (IU/l) in girls with TS (n ¼ 51) according to age, karyotype and spontaneous puberty onset compared with a reference
range based on 2406 healthy Danish girls (grey dots). Lines represent geometric means and 95% prediction interval (+2 SD). Girls with 45,X mono-
somy (red, A); miscellaneous TS karyotypes before (blue) and after gonadectomy (orange) (B); TS patients with absent spontaneous puberty (C) and
spontaneous puberty (D) are shown according to karyotype. Age at spontaneous pubertal onset is illustrated by filled circles.
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inhibin B (Fig. 3B, orange lines). All 45,X/46,XX patients with multiple
measurement of inhibin B (n ¼ 7) had at least one detectable value.

Inhibin B was recorded in sera from 30 patients with either spon-
taneous puberty (n ¼ 10; Fig. 3D) or absent spontaneous puberty
(n ¼ 20; Fig. 3C). Of 20 patients with absent spontaneous puberty,
19 had exclusively undetectable inhibin B (one patient had detectable
inhibin B at 9.0 and 9.2 years and eight other undetectable values from
8.2 until 12.1 years). Of 10 patients entering puberty spontaneously, 9
had at least one detectable inhibin B value (the one patient with exclu-
sively undetectable inhibin B only had two measurements at 7.5 and
15.0 years). Of these patients, six had both detectable and undetect-
able inhibin B values. Only four of nine patients had inhibin B measured
prior to pubertal onset. Exclusively undetectable inhibin B (number of
measurements per patient: median 3, range 1–21) predicted absent
spontaneous puberty in 19/20 patients, and the patient who
entered puberty spontaneously experienced pubertal arrest at
Tanner breast-stage B2. Thus, exclusively undetectable inhibin B
levels during childhood predicted premature ovarian failure (absence
of pubertal onset or pubertal arrest) in 20/20 patients.

Estradiol
X-monosomic TS patients (group A) demonstrated elevated prepu-
bertal levels of circulating estradiol compared with healthy girls

(Fig. 4A). At age 4–8 years, 4/7 patients had elevated levels, but
estradiol declined to undetectable levels at the time of expected
puberty. In group B, estradiol levels were not as high as in group A,
but 8/12 demonstrated detectable levels at age 4–8 years (Fig. 4B).
After spontaneous pubertal onset, the majority of patients had estra-
diol levels in the reference range (Fig. 4D).

Discussion
In this unique cohort of 70 TS girls, reproductive hormone levels were
highly dependent on karyotype and chronological age. Independent of
remaining ovarian function, gonadotrophin levels were within the
reference ranges in TS patients during mid-childhood. Multiple
undetectable inhibin B values during childhood were strongly associ-
ated with premature ovarian failure.

One previous report confirms our findings concerning elevated FSH
levels in X-monosomic TS patients and miscellaneous karyotypes in
early childhood (0–5 years), compared with 45,X/46,XX mosaicism
(Fechner et al., 2006). The study was based on a growth hormone
trial, and patients with Y chromosome material were only included
if gonadectomized. Our longitudinal study provides additional infor-
mation about patterns of gonadotrophin levels in TS girls over a
large age range, including Y chromosome-positive patients before
and after gonadectomy.

Figure 2 Serum LH levels (IU/l) in girls with TS (n ¼ 50) according to age, karyotype and spontaneous puberty onset compared with a reference
range based on 2406 healthy Danish girls (grey dots). Lines represent geometric means and 95% prediction interval (+2 SD). Girls with 45,X monos-
omy (red, A); miscellaneous TS karyotypes before (blue) and after gonadectomy (orange) (B); TS patients with absent spontaneous puberty (C) and
spontaneous puberty (D) are shown according to karyotype. Age at spontaneous pubertal onset is illustrated by filled circles.
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In healthy girls, the pituitary–gonadal axis is activated post-natally,
resulting in peak FSH and LH levels at �3 months of age, which sub-
sequently decrease to minimal levels at mid-childhood. At pubertal
onset, the pituitary–gonadal axis is reactivated (Sehested et al.,
2000; Chada et al., 2003; Chellakooty et al., 2003; Aksglaede et al.,
2009). We revealed the same biphasic age pattern for gonadotrophins
in all TS patients independent of karyotype, which is consistent with
previous findings (Conte et al., 1975; Chrysis et al., 2006). In X-
monosomic and gonadectomized patients who suffered the most
severe ovarian failure, gonadotrophin levels were markedly elevated
during infancy and at the time of expected puberty but not during
mid-childhood. This indicates that the ovaries are not the main inhibi-
tors of gonadotrophin levels during mid-childhood. In support of our
present findings, identical biphasic gonadotrophin patterns were
found in biologically intact and neonatally ovariectomized female
rhesus monkeys, with amplification of elevated gonadotrophin levels
during infancy and at the time of expected puberty in agonadal
animals (Pohl et al., 1995). In primates, kisspeptin seems to be a criti-
cal upstream regulator of GnRH release in the transitions from infancy
to childhood and from childhood to puberty (de Roux et al., 2003;
Seminara et al., 2003). Withdrawal of other hypothalamic stimulators
or activation of inhibitory signals have also been suggested to block
pulsatile GnRH release in childhood, but the exact mechanisms are
still unknown (Mitsushima et al., 1994, 1996; El Majdoubi et al.,

2000; Wilson et al., 2003b). Conclusively, spontaneous gonadotrophin
values are not useful for the diagnosis of TS in girls age 6–10 years.

In contrast to previous findings (Wilson et al., 2003a), we observed
intermittent measurable levels of serum estradiol in X-monosomic TS
and in patients with miscellaneous karyotypes at age 4–8 years. This
finding was unexpected, as these patients had signs of reduced ovarian
function, indicated by high FSH and LH levels during adolescence,
undetectable inhibin B levels and lack of spontaneous pubertal onset
or pubertal arrest. The patient files did not indicate exposure to any
external estrogen sources. Limited specificity and sensitivity for extre-
mely low estradiol concentrations may in theory yield falsely elevated
estradiol levels due to methodological problems. However, it is unli-
kely that such a phenomenon would only be present in sera from
this specific age group.

An alternative explanation of the measurable estradiol levels could be
extragonadal production of estradiol derived from adrenal androgens.
Previous longitudinal data showed that primary ovarian failure in TS is
associated with earlier onset of adrenarche and significantly higher
serum dehydroepiandrosterone levels compared with healthy age-
matched girls and TS patients with spontaneous puberty (Martin
et al., 2004). Aromatase cytochrome P450 that catalyses the aromatiza-
tion of testosterone to estradiol and androstendione to estrone is
up-regulated by FSH (Beitins and Padmanabhan, 1991). In theory, this
could explain the elevated prepubertal estradiol values in TS patients.

Figure 3 Serum inhibin B levels (in pg/ml) in girls with TS (n ¼ 49) according to age, karyotype and spontaneous puberty onset compared with a
reference range based on 2406 healthy Danish girls (grey dots). Lines represent geometric means and 95% prediction interval (+2 SD). Girls with
45,X monosomy (red, A); miscellaneous TS karyotypes before (blue) and after gonadectomy (orange) (B); TS patients with absent spontaneous
puberty (C) and spontaneous puberty (D) are shown according to karyotype. Age at spontaneous pubertal onset is illustrated by filled circles.
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However, if true, one would expect elevated estradiol in older patients
as well. Unfortunately, we do not have sufficient data on adrenal andro-
gen levels in our 4–8-year-old TS patients to clarify this further.

In our study, the specific TS karyotype seems to be highly predictive
of the remaining ovarian function. Other studies have found fewer
differences in ovarian function between TS-kayorype groups (Pasquino
et al., 1997), and there are even cases of 45,X patients with preserved
fertility (Mortensen et al., 2010). This stresses the need for a reliable
biomarker of ovarian function during mid-childhood. In this study,
solely undetectable inhibin B levels measured prior to pubertal
onset were found in all patients with premature ovarian failure.
Inhibin B has previously been proposed as a marker of ovarian function
in TS girls in a smaller longitudinal study (Gravholt et al., 2002). The
specificity of a random undetectable inhibin B value as a marker of
ovarian failure is diminished by the fact that 37% of healthy girls (6–
12 years of age) have undetectable inhibin B (Sehested et al., 2000).
Although this fact restricts the specificity of undetectable inhibin B
levels as a screening test of ovarian failure, consecutive measurement
of fluctuating inhibin B in a given patient will increase the possibility of
detecting remaining ovarian function. This is clearly demonstrated in
our present study in which 9/10 patients entering puberty spon-
taneously had at least one detectable measurement of inhibin B. As
the majority of gonadotrophins in TS girls during mid-childhood are
within the reference range, FSH levels do not seem to add to the

specificity of any test of remaining ovarian function during mid-
childhood. Obviously, an elevated FSH at later ages, i.e during adoles-
cence, is highly indicative of primary ovarian failure.

The TS patients in this study are included in a recent multicentre study
in which we concluded that anti-Müllerian hormone (AMH) may be a
sensitive and specific screening marker of ovarian function in healthy
girls and TS patients (Hagen et al., 2010). Until confirmation of these
findings, or if analysis of AMH is not available, we recommend that clini-
cal guidelines concerning evaluation of the residual ovarian function
during mid-childhood in girls with TS should rely on the specific karyo-
type preferably supported by longitudinal evaluation of inhibin B.

Conclusion
In this longitudinal study, we found significant correlation between
specific TS karyotype and remaining ovarian function. Furthermore,
we demonstrated a preserved but amplified biphasic age pattern of
gonadotrophins in TS patients. We demonstrated considerable differ-
ences in reproductive hormone levels among TS girls, depending on
their specific karyotype, chronological age and residual ovarian func-
tion. However, the mid-childhood decrease of gonadotrophin
secretion was independent of karyotype and ovarian reserve, which
illustrates that normal gonadotrophin levels during mid-childhood do
not exclude TS. Multiple undetectable levels of inhibin B during

Figure 4 Serum estradiol levels (in pmol/l) in girls with TS (n ¼ 51) according to age, karyotype and spontaneous puberty onset compared with a
reference range based on 2406 healthy Danish girls (grey dots). Lines represent geometric means and 95% prediction interval (+2 SD). Girls with
45,X monosomy (red, A); miscellaneous TS karyotypes before (blue) and after gonadectomy (orange) (B); TS patients with absent spontaneous
puberty (C) and spontaneous puberty (D) are shown according to karyotype. Age at spontaneous pubertal onset is illustrated by filled circles.
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childhood were highly predictive of ovarian failure and lack of spon-
taneous pubertal onset.
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Serum Levels of Anti-Müllerian Hormone as a Marker of
Ovarian Function in 926 Healthy Females from Birth to
Adulthood and in 172 Turner Syndrome Patients

Casper P. Hagen, Lise Aksglaede, Kaspar Sørensen, Katharina M. Main,
Malene Boas, Line Cleemann, Kirsten Holm, Claus H. Gravholt,
Anna-Maria Andersson, Anette T. Pedersen, Jørgen Holm Petersen,
Allan Linneberg, Susanne Kjaergaard, and Anders Juul
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Obstetrics and Gynecology (A.T.P.), and Clinical Genetics (S.K.), Copenhagen University Hospital,
Rigshospitalet, DK-2100 Copenhagen, Denmark; Department of Pediatrics (L.C., K.H.), Hillerød Hospital,
DK-3400 Hillerød, Denmark; Department of Endocrinology and Internal Medicine MEA (C.H.G.), Aarhus
Sygehus, Aarhus University Hospital, DK-8000 C Aarhus, Denmark; Research Centre for Prevention and
Health (A.L.), Glostrup University Hospital, DK-2600 Glostrup, Denmark

Context: In adult women, anti-Müllerian hormone (AMH) is related to the ovarian follicle pool.
Little is known about AMH in girls.

Objective: The objective of the study was to provide a reference range for AMH in girls and
adolescents and to evaluate AMH as a marker of ovarian function.

Setting: The study was conducted at a tertiary referral center for pediatric endocrinology.

Main Outcome Measures: We measured AMH in 926 healthy females (longitudinal values during
infancy) as well as in 172 Turner syndrome (TS) patients according to age, karyotype (A: 45,X; B:
miscellaneous karyotypes; C: 45,X/46,XX), and ovarian function (1: absent puberty; 2: cessation of
ovarian function; 3: ongoing ovarian function).

Results: AMH was undetectable in 54% (38 of 71) of cord blood samples (�2; �2–15 pmol/liter)
(median; 2.5th to 97.5th percentile) and increased in all (37 of 37) infants from birth to 3 months
(15; 4.5–29.5 pmol/liter). From 8 to 25 yr, AMH levels were stable (19.9; 4.7–60.1 pmol/liter), with
the lower level of the reference range clearly above the detection limit. AMH levels were associated
with TS-karyotype groups (median A vs. B: �2 vs. 3 pmol/liter, P � 0.044; B vs. C: 3 vs. 16 pmol/liter,
P � 0.001) as well as with ovarian function (absent puberty vs. cessation of ovarian function: �2
vs. 6 pmol/liter, P � 0.004; cessation of ovarian function vs. ongoing ovarian function: 6 vs. 14
pmol/liter, P � 0.001). As a screening test of premature ovarian failure in TS, the sensitivity and
specificity of AMH less than 8 pmol/liter was 96 and 86%, respectively.

Conclusion: AMH seems to be a promising marker of ovarian function in healthy girls and TS
patients. (J Clin Endocrinol Metab 95: 5003–5010, 2010)

Anti-Müllerian hormone (AMH), also called Mülleri-
an-inhibiting substance is produced by primary and

preantral ovarian follicles (1). In adult women, serum
AMH level is thought to be a predictor of the follicle re-

serve with high AMH levels associated with high number
of remaining ovarian follicles (2). A few studies have re-
ported detectable AMH levels in serum from healthy girls
at various ages (3, 4), but data are sparse. Little is known
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about the physiological role of AMH, especially in girls
during infancy, childhood, and adolescence. Inhibin B re-
flects ovarian function and serum levels are related to the
menstrual cycle. Thus, high serum levels of inhibin B are
found after ovulation, whereas low or undetectable levels
are normal findings during the early follicular phase and
in healthy prepubertal girls and young adolescents (5).

Girls with Turner syndrome (TS) have characteristic
physical features and ovarian dysfunction as a result of a
complete or partial absence of the second X chromosome,
with or without mosaicism. The TS phenotype varies, de-
pending on the specific karyotype. The classical X-mono-
somic TS (45,X) is usually associated with prenatal de-
generation of the ovarian follicles and streak gonads (6).
The density of ovarian follicles in subjects with mosaic TS
(45,X/46,XX) is higher than in X-monosomic TS (7), and
approximately 50% of TS girls with mosaicism (45,X/
46,XX) have sufficient ovarian function to enter puberty
spontaneously (8). The ovarian function of TS patients
with miscellaneous karyotypes depends on the type of the
X-chromosome abnormality (9).

Despite differences in follicular density, premature
ovarian failure (POF) affects most TS patients, and only
5–10% obtain regular menstrual bleedings (8, 10). To our
knowledge, only one previous study has reported AMH
levels in TS patients, demonstrating that AMH levels cor-
related with the density of ovarian follicles (histologically
examined) in TS girls and adolescents (7).

In this study, we present extensive normative data for
circulating AMH levels, determined by an ultrasensitive
assay, in females (0–69 yr), including longitudinal values
of AMH in infancy. In addition, we report on AMH levels
in 172 TS patients according to their age, karyotype, and
ovarian function.

Materials and Methods

Healthy females
A total of 926 healthy females participated as controls. Seven

hundred seventy-eight girls and adolescents (0–20 yr) were re-
cruited as part of our population-based studies of healthy subjects:
1) Infant girls were included from an ongoing longitudinal cohort
ofhealthypregnantwomenandtheiroffspringwithbloodsampling
at 0, 3, and 12 months of age (n � 108), and at 4–6 yr of age (n �
53) (11, 12); 2) 6- to 20-yr-old girls and adolescents (n � 617) were
included from the cross-sectional part of the Copenhagen Puberty
Study (13, 14); and 3) 148 adult females (20.1–69 yr) were ran-
domly selected from the Danish National Personal Register, as part
of the Health 2006 study (15).

One serum sample was obtained from each girl, adolescent,
and adult woman (4–69 yr). AMH levels from umbilical cords
and infant girls (0–1.5 yr) were recorded in 108 controls. Lon-
gitudinal progress of circulating AMH during female infancy
was established from multiple measurements (2–5) obtained

from 46 controls (97 samples). Samples from both cord blood
and 3 months of age were available in 37 individuals.

TS patients
Serum samples were available from a total of 172 patients

from three different Danish TS cohorts: cohort I, 38 pediatric and
adolescent TS patients seen at the Department of Growth and
Reproduction and the Department of Obstetrics and Gynecol-
ogy, Rigshospitalet; cohort II, 35 pediatric TS patients who were
evaluated as part of an ongoing research project at the Depart-
ment of Pediatrics, Hillerød Hospital; cohort III, 99 adult TS
patients participating in an ongoing research project at the De-
partment of Endocrinology and Internal Medicine, Aarhus Sy-
gehus, Aarhus University Hospital. Multiple samples were re-
corded in 19 patients.

Karyotypes
Diagnosis of TS was confirmed by routine G-band karyotyp-

ing that included counting of at least 10 metaphases, three of
which were fully analyzed. All karyotypes were validated by one
of the investigators (S.K.). Depending on their karyotype, the
patients were divided into three groups: group A, 45,X; group B,
miscellaneous karyotypes; and group C, 45,X/46,XX.

Clinical examination
A thorough clinical examination was performed in all healthy

girls and adolescents as well as in all TS patients, aged 0–25 yr.
All TS patients were examined by pediatric endocrinologists. We
have categorized TS patients (12–25 yr) into three groups at the
time of AMH measurement.

TS patients were defined as having the following conditions.
Group 1 had absent spontaneous puberty in case of induction

of puberty by hormone replacement therapy or prepubertal
[breast stage 1 (B1), according to Tanner classification (16)] at
older than 12 yr of age.

Group 2 had spontaneous puberty with cessation of ovarian
function in case of spontaneous puberty [presence of B2 or higher
(palpation of glandular breast tissue) or menarche without pre-
vious hormone replacement therapy], subsequently treated with
estrogen due to lack of pubertal progression (pubertal arrest) or
secondary amenorrhea.

TS patients with absent spontaneous puberty or cessation of
ovarian function (groups 1 and 2) were defined as having POF.

Group 3 had spontaneous puberty with ongoing ovarian
function in case of spontaneous puberty and ongoing pubertal
progression or regular spontaneous menstrual bleeding.

AMH assay
Nonfasting blood samples were drawn between 0800 and

1700 h from an antecubital vein, clotted, centrifuged, and serum
was stored at �20 C until hormone analyses were performed. All
samples from controls and patients were analyzed after maxi-
mum 4 yr of storage in the freezer at �20 C.

All serum AMH measurements were performed in the same
laboratory using the same assay. AMH levels were determined
using the Immunotech Coulter enzyme immunometric assay (Im-
munotech, Beckman Coulter Ltd., Marseilles, France). In our
hands, the sensitivity of the assay, defined as the mean concen-
tration of the zero standard � 3 SD, was 2.0 pmol/liter. AMH
levels were stable after 10 d storage of serum and unprocessed
whole blood at 4 and 22 C, respectively. AMH in serum did not
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change after 10 freeze-thaw cycles, and dilution of samples re-
sulted in a linear decline in AMH levels. The intraassay coeffi-
cients of variation (CVs) were less than 7.8, 5.4, and 6.4% at 13,
123, and 231 pmol/liter, respectively. The interassay CVs were
less than 11.6, 10.9, and 9.1% at 19, 99, and 209 pmol/liter,
respectively, based on results from the first 152 assays (corre-
sponding to three batches). In the two following batches, several
of the low and medium controls were above �2 SD. All samples
analyzed within these batches adjusted using batch-specific cor-
rection factors. A total of nine samples from TS patients and 38
samples from healthy infants were adjusted.

Inhibin B
We report inhibin B values from TS patients (12–25 yr) in

whom AMH and inhibin B levels were available in the same
serum sample. Inhibin B levels were measured by double-anti-
body immunometric assays (Serotec, Oxford, UK). The detec-
tion limit was 20 pg/ml and the intra- and interassay CVs were
less than 16%. In TS cohorts I and II, part of the data has been
described previously (19).

Statistics analyses
Reference curves for the skewed distribution of AMH as a

function of age were calculated. The curves were obtained using
generalized additive models for location, scale, and shape (18).
This technique takes into account both the dependence on age
and the skewed distributions of the hormone. The results were
verified using locally weighted regression quintiles, a completely
nonparametric technique. The curves represent the median, the
2.5th percentile, and the 97.5th percentile corresponding to the
mean, the mean � 1.96 SD, and the mean � 1.96 SD, respectively.

In case of more than one AMH value in a single TS patient
(8 –25 yr), the mean AMH level was used in statistical
evaluations.

AMH levels in cord blood, at 3 months of age and at 12
months of age, were compared using a Mann-WhitneyU test. For
other age intervals, the age dependency of AMH was assessed
using Spearman correlations. To compare the prevalence of
spontaneous puberty between TS karyotype groups, Fisher’s ex-
act test was used. AMH levels between groups of TS patients,
8–25 yr (karyotype groups and ovarian function groups), were
compared using a Mann-Whitney U test. Receiver-operating

characteristic curve was used to assess which cutoff level of AMH
that resulted in the highest sensitivity and specificity of AMH as
a screening test for premature ovarian failure in TS patients.

Ethical considerations
The studies on healthy girls were approved by the local ethical

committee (no. KF 01 282214 and V200.1996/90) and con-
ducted in accordance with the Second Helsinki Declaration. All
children and parents received written information and were in-
vited to an information meeting. The study was presented as a
study on growth and puberty timing. All healthy girls and their
parents gave informed consent. All participants in the Health
2006 study signed a written informed consent before the begin-
ning of the study, and the study was registered (www.clinical-
.trials.com; unique ID KA20060011). Data on patients with TS
were collected as part of routine clinical follow-up (cohort I) as
part of an ongoing research project (H-Ø-2004-2-24G, regis-
tered at www.clinical.trials.com; unique ID NCT00134745)
(cohort II), or as part of an ongoing research project (no.
20010248; registered at the www.clinical.trials.com; unique ID
NCT00624949) (cohort III).

Results

AMH levels in healthy females

Cord blood
AMH levels in cord blood were undetectable (54%,

38 of 71) or very low (�2 pmol/liter; �2–15.5 pmol/
liter) (median; 2.5th to 97.5th percentile) (Fig. 1).

Infancy
AMH levels at 3 months of age were significantly higher

(15 pmol/liter; 4.5–29.5 pmol/liter) than levels in cord
blood (�2 pmol/liter; �2–15.5 pmol/liter) (P � 0.001)
and at 12 months of age (8 pmol/liter; 3.0–18.9 pmol/liter)
(P � 0.001). In the longitudinal follow-up, all infant girls
(37 of 37) demonstrated a marked postnatal rise of AMH
levels (Fig. 1).

FIG. 1. Serum AMH (picomoles per liter) in 926 healthy infants, girls, adolescents, and adult women. Longitudinal values during infancy are
connected with black lines. The red curves represent the median, the 2.5th percentile, and the 97.5th percentile.
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Four to 8 yr of age
A linear increase of AMH levels was noted from 4 yr

(10.9; 1.9–39.2 pmol/liter) to 8 yr of age (20.4; 5.5–57.1
pmol/liter) (r � 0.27; P � 0.001) (Fig. 1).

Eight to 25 yr of age
From mid childhood to early adulthood, AMH levels

were relatively constant (19.9; 4.7–60.1 pmol/liter) (mean
of median; mean of 2.5th to 97.5th percentile) (r �
�0.046; P � 0.285) (Fig. 1). There were no significant
fluctuations in mean AMH (and SD) levels between the
pubertal stages (data not shown).

From 25 to 69 yr of age
After 25 yr of age, median AMH levels declined to un-

detectable levels (�2 pmol/liter) at 46.7 yr of age (Fig. 1).
AMH were detectable in serum from 746 of 747 infants

(99.9%), girls and young adults (0–32 yr). Three adults
older than 48 yr (5%) had detectable AMH levels, and the
oldest woman with detectable AMH was 57 yr old.

AMH levels in TS patients
Descriptive characteristics of TS patients according to

age and karyotype are shown in Table 1. Spontaneous
puberty was demonstrated in 9, 56, and 100% in TS
groups A, B (excluding gonadectomized patients), and C,
respectively (A vs. B: P � 0.001; B vs. C: P � 0.021). In
group B, spontaneous puberty and ongoing ovarian func-
tion was not restricted to patients with specific karyo-
types. Forty-six percent of the TS patients (12–25 yr) who
entered puberty spontaneously subsequently experienced
cessation of ovarian function.

From 0 to 25 yr
Eighty-five percent of X-monosomic TS patients (34 of

40) had AMH levels less than �2 SD or undetectable AMH
(Fig. 2A). Fifteen percent (six of 40) had AMH levels in the
reference range. In patients with miscellaneous karyo-
types, 43% (12 of 28) (excluding gonadectomized pa-
tients) had AMH levels in the reference range (Fig. 2B,
blue). All patients (10 of 10) subjected to gonadectomy
(11–47 yr) had undetectable AMH levels (Fig. 2B, or-
ange). All TS patients (10 of 10) with 45,X/46,XX dem-
onstrated AMH levels in the reference range (Fig. 2C).
AMH levels were significantly different between TS
karyotype groups (median; range of AMH in TS, group
A vs. B: �2; �2–11 vs. 3; �2–33 pmol/liter, P � 0.044;
in TS group B vs. C: 3; � 2–33 vs. 16; 8 –58 pmol/liter,
P � 0.001).

From 25 to 69 yr
Six percent (five of 88) of Turner women had AMH

levels greater than 2 pmol/liter. Although values in group

C were sparse, AMH levels seemed dependent on karyo-
type (Fig. 2, A–C).

AMH correlated with ovarian function
AMH levels correlated significantly with remaining

ovarian function in TS patients from 12 to 25 yr of age
(Fig. 3) (median; range of AMH in patients with absent
spontaneous puberty vs. patients with cessation of ovarian
function was �2; �2–7 vs. 6 pmol/liter; �2–11 pmol/liter,
P � 0.004; and in patients with cessation of ovarian func-
tion vs. patients with ongoing ovarian function, AMH was
6; �2–11 vs. 14; 2–36 pmol/liter, P � 0.001). In patients
with cessation of ovarian function, there was no correla-
tion between AMH levels and time from pubertal arrest or
cessation of menses (Spearman coefficient, r � 0.475; P �
0.165). Twenty-five percent of patients (13 of 53) with

TABLE 1. Descriptive characteristics of TS patients
according to age and karyotype

TS karyotype
n <

12 yr

n
12–25

yr
n >

25 yr
Group A: 45,X 8 32 51
Group B: miscellaneous karyotype

Without Y- chromosome material
45,X/46,X,i (X) 1
45,X/46,X,i (Xq) 2 9
45,X/46,X,i (X) (q11) 3 1
45,X/46,X,r (X) 1 8 4
45,X/46,X,der (X) 1
45,X/46,X,del (X) (p11) 1 1
45,X/46,X,del (X) (q11) 2
45,X/46,X,idic (X) 1
45,X/46,X,idic (X) (p11) 1
45,X/46,X,idic (Xq) 1
45,X/46,X,idic (X) (q21) 1
45,X/46,X, �mar 1 1
45,X/46,XXp� 1
46,XX,del (X) (p11.1) 1 1
46,XX,del (X) (p22.1) 1
46,XX,del (X) (q22.2) 1
46,XX,del (X) (q23) 1
46,X,I (Xq) 4
46,X,I (X) (q11) 1
46,X,idic (Xq) 2
45,X/47,XXX 1
45,X/46,XX/47,XXX 1
45,X/46,XX/46,X,idic (Xq) 1
45,X/46,X,i (Xq)/47,X,i (Xq), I (Xq) 1
45,X/46,X,i (Xq)/46,X,r (X) 1
45,X/46,X,r (X)/46,XX 1

Containing Y-chromosome material
46,X,r (Y) 1
45,X/46,XY 3 2
45,X/46,X,r (Y) 1
45,X/46,X,dic (Y) (q12) 1
45,X/46,X,i (Yq?) 1
45,X/45,X,t (Y; 22) 1

Group C: 45,X/46,XX 2 8 2
Total 12 72 88
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POF (absent spontaneous puberty or cessation of ovarian
function) at time of AMH measurement had levels low in
the reference range (6; 5–11 pmol/liter). The sensitivity
and specificity of serum AMH as a screening test of POF
in TS depend on the cutoff value of AMH. Based on the
receiver-operating characteristic curve, a cutoff value of
AMH at 8 pmol/liter was established. The sensitivity
(probability of AMH � 8 pmol/liter if the patient had
POF) was 96% (51 of 53) and the specificity (probability
of AMH � 8 pmol/liter if the patients had ongoing ovarian
function) was 86% (12 of 14). The positive predictive
value (probability of POF if the patient had AMH � 8
pmol/liter) was 96% (51 of 53).

Inhibin B levels in TS patients
Forty-nine patients (12–25 yr) had

inhibin B and AMH measured in the
same serum sample. Thirty-nine of 39
patients with POF and AMH less than 8
pmol/liter had undetectable inhibin B.
Thirty-three percent (three of nine) of
patients with ongoing ovarian function
and AMH 8 pmol/liter or greater had
undetectable inhibin B levels. One of
one patient with ongoing ovarian
function and AMH less than 8 pmol/
liter had a detectable inhibin B level of
55 pg/ml.

Discussion

We present extensive normative data on
serum AMH levels in 926 healthy in-
fants, girls, and adolescents. To evalu-
ate AMH as a marker of ovarian func-
tion, we report AMH levels in 172 TS
patients. In healthy subjects, AMH lev-
els rise during infancy, whereas levels
are stable from childhood to early
adulthood. In TS patients, AMH levels
correlate significantly with specific
karyotype and with remaining ovarian
function. AMH seems to be an excellent
marker of ovarian function in girls and
adolescents.

Previous reports of AMH in healthy
females have been limited by small
numbers of subjects, inclusion of sub-
jects with somatic illness, limited age
ranges, or low-sensitivity assays (3, 4).
In contrast to previous studies, our cal-
culated lower limit of the normal range
is clearly separated from the detection

limit of the assay during childhood.
To our knowledge, our present longitudinal data in

female infants are the first to demonstrate a marked in-
crease in AMH levels from birth to 3 months of age, which
is in line with previous cross-sectional findings (4). Acti-
vation of the hypothalamic-pituitary-ovarian axis during
the so-called minipuberty at the first months of life in girls
has previously been demonstrated (12), but AMH is not
considered to be up-regulated by gonadotropins (1).
AMH expression is limited to primary and preantral fol-
licles (19, 20), and AMH inhibits both initial follicle
recruitment (primordial to primary follicles) and FSH-de-

FIG. 2. AMH levels in patients with TS compared with a reference range based on 926
healthy Danish females. Lines represent median, the 2.5th percentile, and the 97.5th
percentile. Dotted lines represent the detection limit of the assay. Black, Patients with 45,X
monosomy (A); blue, miscellaneous TS karyotypes (B); orange, gonadectomized patients (B);
red, 45,X/46,XX karyotype (C).
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pendent follicle growth (preantral and antral follicles) (21,
22). We speculate that rising levels of AMH during
minipuberty may be an ovarian response to prevent FSH-
induced follicle growth at a time of life when further dif-
ferentiation of follicles would be inappropriate. In mice,
AMH expression seems to be dependent on the specific
developmental stage of the oocyte (23), but the mecha-
nisms responsible for the rising AMH during human fe-
male infancy and from 4 to 8 yr remains to be elucidated.

The reference range of serum AMH outlined by the
curves of 2.5th and 97.5th percentiles is wide throughout
the entire stable period from 8 to 25 yr, in which healthy
girls demonstrate AMH levels from 4.5 to 62 pmol/liter.
There may be several explanations of this large variation
in AMH levels observed in healthy girls and adolescents.
Compared with other known biochemical markers of re-
sidual ovarian follicles in adults, such as FSH and inhibin
B, AMH seems to better reflect the continuous decline of
the follicle pool with age (24). Thus, variations in AMH
levels during childhood may theoretically predict the du-
ration of any given girl’s reproductive life span, assuming
that the speed of the continuous follicle loss is comparable
between individuals. Some TS patients with POF had de-
tectable AMH in the lower part of the reference range, and
some healthy girls with similarly low AMH could there-
fore represent patients with concealed hypergonadotropic
hypogonadism, at risk of premature ovarian failure. How-
ever, this is purely speculative, and longitudinal studies are
required to confirm this hypothesis. Another explanation
for the AMH variability in healthy females could be related
to the presence of polycystic ovary syndrome (25, 26) and
differences in body mass index and insulin levels (4, 27).

Differences in residual ovarian func-
tion among TS patients in relation to
karyotype have previously been sug-
gested (7, 8, 28) and are well in line with
our present observations. In patients
with 45,X who present with AMH in
the reference range and apparently nor-
mal ovarian function, one cannot ex-
clude the possibility that mosaicism
with a normal cell line, not detected in
peripheral blood, predominates in the
ovaries (29). Some TS females have
detectable levels of inhibin B without
apparent menstrual cycling (30), and
occasionally women with 45,X TS be-
come pregnant without ever experienc-
ing menarche or menstrual cycling (31).
This highlights the obvious need for a
useful clinical tool for the assessment of
ovarian reserve. Our findings of a
strong correlation between AMH levels

and remaining ovarian function in TS patients, as well as
the very low AMH levels in adult TS patients, support the
hypothesis that AMH is a surrogate marker of the indi-
vidual follicle pool (24, 32). A reevaluation of the raw data
presented in the publication of Borgström et al. (7) reveals
that AMH levels correlated significantly with the density
of ovarian follicles (confirmed by histology) (Spearman
coefficient, r � 0.438; P � 0.003). The TS cohort of girls
and adolescents in that study was clinically comparable
with our patients (prevalence of spontaneous puberty
34%).

The high predictive value of low serum AMH in rela-
tion to ovarian failure in TS patients suggests that AMH
may be a clinically useful marker of ovarian failure in girls.
Compared with other markers of ovarian failure during
childhood and adolescence, AMH seems to have several
advantages. Changes in AMH levels are observed in early
phases of ovarian failure in young women (33), and there
is no significant fluctuation of AMH during the menstrual
cycle (34). At the time of expected puberty, primary ovar-
ian failure usually gives rise to undetectable inhibin B and
FSH hypersecretion, but during midchildhood gonado-
tropin secretion in girls with ovarian failure are not always
elevated compared with controls (35). Furthermore, FSH
levels are influenced by hormone replacement therapy. In
contrast to AMH, undetectable inhibin B is a normal find-
ing in 18% of healthy females aged 12–25 yr (5), which
evidently affects the positive predictive value of undetect-
able inhibin B in relation to ovarian failure. Multiple mea-
surements of exclusively undetectable inhibin B during
childhood are predictive of premature ovarian failure in a

FIG. 3. AMH levels and ovarian function at time of AMH measurement in patients with TS,
aged 12–25 yr. The reference range is marked by the hatched area, and lines represent the
median, the 2.5th percentile, and the 97.5th percentile. Dotted line represents the detection
limit of the assay. Squares, Patients with absent puberty; triangles, patients with cessation of
ovarian function; circles, patients with ongoing ovarian function. Thick black bars, Median of
AMH. Black, Patients with 45,X; blue, miscellaneous karyotypes; red, 45,X/46,XX.
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subpopulation of TS patients also included in this study.
Whether a combination of AMH, inhibin B, and FSH
could add to the specificity of the AMH screening test
of ovarian failure during midchildhood remains to be
elucidated.

In conclusion, we suggest that rising AMH levels during
infancy in healthy girls may prevent inappropriate devel-
opment of follicles by high FSH levels at the time of the
postnatal gonadotropin surge. We found that AMH levels
did not change in childhood and adolescence but showed
large interindividual variability. AMH correlated signifi-
cantly with adolescent ovarian function in TS and showed
excellent sensitivity and specificity in the prediction of
remaining ovarian function in such patients. Thus, AMH
seems to be a promising marker of ovarian function in
healthy girls and patients with TS and may be helpful in
counseling of TS patients with regard to their fertility
potential.
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background: In adult women, the circulating level of anti-Müllerian hormone (AMH) is a novel marker of ovarian function, as it reflects
the number of remaining ovarian follicles. Therefore, AMH has gained widespread attention in fertility clinics, and a low AMH is believed to
predict impaired fertility and imminent menopause. However, the natural course of circulating AMH levels during female childhood and ado-
lescence is not known.

methods: Serum levels of AMH and FSH were measured in girls participating in The COPENHAGEN Puberty Study. Longitudinal part:
85 healthy girls and adolescents were examined, and blood samples were drawn every 6 months for an average of 3 years: median (range)
number of samples per girl was 6 (2–10), age at baseline was 9.2 (5.9–12.9) years. Cross-sectional part: 224 prepubertal girls (age 8.3, 5.6–
11.7 years) were examined and each girl had one blood sample drawn.

results: The individual mean AMH levels in girls followed longitudinally ranged from 5 to 54 pmol/l (median 18 pmol/l). The mean intra-
individual coefficient of variation of AMH was 22% (range 0–54%). Overall, each girl maintained her AMH level throughout childhood and
adolescence although minor, but significant, changes occurred during pubertal transition. In prepubertal girls, AMH was negatively correlated
with FSH (r ¼ 20.31, P , 0.001). Twelve per cent (10/85) had mean AMH below a cut-off value of 8 pmol/l, indicating that the interpret-
ation of low AMH as a marker of approaching menopause may not apply to pre- and peri-pubertal girls.

conclusions: Circulating AMH exhibits only minor fluctuations during childhood and adolescence, and a random AMH measurement
seems representative for a given girl. The negative AMH–FSH correlation in prepubertal girls supports the notion that AMH is a quantitative
marker of ovarian follicles even in young girls.

Key words: ovary / ovarian reserve / AMH / MIS / female reproduction

Introduction
Primordial follicles in the human ovary are only formed during fetal life,
and the potential of female reproductive capacity is therefore already
established at birth (Baker, 1963). Even during childhood, the number
of ovarian follicles declines with increasing age. When the follicle
number falls below a critical threshold of a few thousand, the

menstrual cycle becomes irregular as menopause approaches
(Richardson et al., 1987).

Anti-Müllerian hormone (AMH) is produced by granulosa cells sur-
rounding follicles that have undergone recruitment from the primordial
follicle pool but have not been selected for dominance (pre-antral and
early antral follicles) (Andersen et al., 2010). In adult women, serum
AMH level is considered to be a predictor of the follicle reserve.
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High AMH levels are associated with high antral follicle count (de Vet
et al., 2002), and with a high number of resting primordial follicles
(Hansen et al., 2011). Unlike FSH, LH and estradiol, AMH appears
to be relatively stable through the menstrual cycle (Hehenkamp
et al., 2006), and levels are not affected by hormonal contraceptive
treatment (Streuli et al., 2008). Thus, the evaluation of AMH is straight
forward and has gained widespread attention and clinical use among
gynaecologists and fertility doctors.

Patients with Turner syndrome (TS) experience primary ovarian in-
sufficiency due to highly accelerated loss of follicles (Singh and Carr,
1966). Recently, we reported that a random serum AMH level
below a cut-off value of 8 pmol/l was a highly specific and sensitive
marker of ovarian failure in young TS patients. In the same study,
we reported a stable but wide reference range of circulating AMH
levels during childhood and adolescence in healthy girls (4.5–
62.0 pmol/l) (Hagen et al., 2010a). The observed high prevalence of
low AMH (,8 pmol/l) among otherwise healthy girls caused
concern. However, due to the cross-sectional design of that study,
it was not possible to discern whether the wide range of individual
AMH levels reflected large inter-individual differences or, alternatively,
intra-individual fluctuations.

FSH is measurable in all healthy prepubertal girls. Levels range from
0.3 to 6.8 IU/l (Sehested et al., 2000). It is not known if inter-individual
FSH variation in healthy girls reflects different levels of ovarian activity.

We hypothesized that AMH is a marker of ovarian follicles even in
young girls. By longitudinal evaluation of circulating AMH levels in a
large contemporary group of healthy Danish girls, we expected to
find slightly declining individual AMH levels during childhood and ado-
lescence. A negative correlation of AMH and FSH levels in prepubertal
girls would suggest an individual pituitary-ovarian set-point. This would
support the notion that AMH is a quantitative marker of ovarian func-
tion even in young girls.

Materials and Methods
The COPENHAGEN Puberty Study is a combined cross-sectional and
ongoing longitudinal population-based cohort study of healthy Danish
children and adolescents. The primary purpose of conducting the
study was to establish the time of pubertal onset in a contemporary
cohort of Danish children (Aksglaede et al., 2009; Sorensen et al.,
2010). Predefined secondary outcomes were to establish normative
data of anthropometry and hormone levels during childhood and ado-
lescence. All pupils (n ¼ 6203) at 10 randomly selected schools within a
radius of 10 km in the Copenhagen area were invited to participate in
the cross-sectional study (2006–2008). All schools were situated in
areas of Copenhagen traditionally representing the social middle class.
The overall participation rate was 30%, ranging from 19 to 40%. Gen-
erally, the participation rates were highest in the youngest age groups.
The participation rate was lowest in a college with adolescents from 14
to 18 years of age. All participants at two schools with high participa-
tion rates were invited to continue in the ongoing longitudinal follow-up
study. Blood samples were drawn, and a thorough clinical examination
was performed in all participating girls at every visit, including staging of
breast development by palpation (B1–B5), according to Tanner’s clas-
sification (Tanner, 1962). The pubertal onset was defined as having
Tanner’s breast stage 2 (B2) or more, as previously described in
details (Aksglaede et al., 2009).

Longitudinal study population
To evaluate the inter- and intra-individual variation of hormone levels in
serum during childhood, 108 girls and adolescents were examined every
6 months. The girls had no history of gynaecological diseases. Twenty-
three girls were excluded from the present data set because one or
both parents originated from a non-European country (n ¼ 11), because
none or only one AMH value was available (n ¼ 11), and due to previous
cytostatic treatment (n ¼ 1). The remaining 85 healthy girls were included
in the present study. They were followed for an average of 3 years (range:
0.5–4 years). Mean (range) age at baseline was 9.2 (5.9–12.9) years.
AMH and FSH were evaluated in a total of 504 samples (median 6,
range 2–10 per girl) and 502 (6, 1–10), respectively.

The age of pubertal onset was approximated using the date exactly
between two visits where the girl advanced from B1 to B2 (or more).
Thirty-nine girls entered puberty and 9 had menarche during the follow-up
period.

Cross-sectional study population
In order to establish normative data of reproductive hormone levels during
childhood and adolescence, blood samples were drawn from 995 healthy
girls and adolescents. To evaluate the correlation between AMH and FSH
levels in prepubertal girls, we included all 230 girls (age 5.6–11.7 years)
without breast development (Tanner stage B1 on both sides) participating
in the cross-sectional cohort. Six girls were excluded from the present
study because one or both parents originated from a non-European
country. Other aspects have previously been published (Hagen et al.,
2010a).

Laboratory analyses
All blood samples were drawn between 8:00 a.m. and 1:00 p.m. from an
antecubital vein, clotted, centrifuged and serum was stored at 2208C until
hormone analyses were performed. Blood samples were analysed after a
maximum of 4 years of storage in the freezer at 2208C. All samples were
analysed in the same laboratory blinded for the technician for age and pu-
bertal stage.

Reproductive hormone assays
Serum AMH levels were determined using the Beckman Coulter enzyme
immunometric assay (Immunotech, Beckman Coulter Ltd., Marseilles,
France) with a detection limit of 2.0 pmol/l. The intra-assay coefficients
of variation (CVs) were ,7.8 and 5.4% at 13 and 123 pmol/l,
respectively. On the basis of results from the first 154 assays (correspond-
ing to three batches), the inter-assay CVs were ,11.3 and 9.2% at 18 and
99 pmol/l, respectively. In the following batches, several of the low and
medium controls were above +2 SD. According to standard practice,
all samples were adjusted using a batch-specific correction factor. Adjust-
ments were blinded for age and stage of pubertal development. After ad-
justment of internal controls, the inter-assay CVs were 10.8 and 9.2% at
18 and 99 pmol/l, respectively.

Our AMH results were compared with those of other studies using
another assay and other units. At present, two different AMH assays
are commercially available: Immunotech, Beckman Coulter (BC) and Diag-
nostic System Laboratories (DSL). The recorded value of a specific serum
AMH level is higher when measured on BC compared with DSL, and the
detection limit of DSL is approximately five times lower than BC. To
compare levels measured on different assays, the following conversion
was used: AMH(BC) pmol/l ¼ AMH(DSL) mg/l × 2.0 × 7.14 pmol/mg
(Hehenkamp et al., 2006).
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Serum FSH was measured by time-resolved immunofluorometric assays
(Delfia; PerkinElmer, Boston, MA, USA) with detection limits of 0.06 IU/l.
Intra- and inter-assay CV were ,5%.

Statistical analyses
To evaluate the individual fluctuation of AMH levels according to age, we
compared intra-individual CV with the AMH inter-assay CV (CV% ¼ SD/
mean × 100). To evaluate the progress of AMH levels as a function of
time from pubertal onset, we used a variance component model allowing
each girl to have her own general AMH level. The time from B2 (numeric
variable) was grouped into a categorized variable (i.e. 20.5 ≤ 0 year
,0.5; 0.5 ≤ 1 year ,1.5; etc.). In case of multiple AMH values per girl
in a given category, the mean AMH was used. To compensate for a
skewed distribution of AMH, we transformed AMH values with the
natural logarithm before analysis.

To enable visual evaluation of the association between longitudinal
AMH and FSH levels as a function of age, longitudinal FSH levels were
grouped in tertiles, according to the mean AMH level of the girl.

To assess the correlations between AMH and FSH levels in prepubertal
girls (cross-sectional study), Spearman’s correlation was used.

Ethical considerations
The Copenhagen Puberty Study (ClinicalTrials.gov ID: NCT01411527)
was approved by the local ethical committee (KF 01 282214 and
V200.1996/90) and the Danish Data Protection Agency
(2010-41-5042). All children and parents received written information,
and they were invited to an information meeting. All participants and
their parents gave informed consent.

Results
Serum AMH was detectable (.2 pmol/l) in all samples. The individual
mean AMH ranged from 5 to 54 pmol/l (median: 18 pmol/l). Overall,

each girl maintained her AMH level throughout childhood and adoles-
cence (Fig. 1). The mean intra-individual CV of AMH was 22.0% (range
0.1–53.7%). A total of 10 girls (12%) had a mean AMH level below a
cut-off value of 8 pmol/l. Six of these 10 girls demonstrated ongoing
pubertal development, whereas the remaining four did not enter
puberty during follow-up. In the prepubertal samples from the girls
with AMH ,8 pmol/l, FSH levels ranged from 0.8 to 4.9 IU/l.

From 3 years prior to pubertal onset until 4 years after pubertal
onset, individual AMH levels did not change significantly (from an
average of 20–17 pmol/l, P ¼ 0.082). During this period, AMH
levels increased by 17% from 3 years prior to time of
pubertal onset until start of puberty (from an average of
20–24 pmol/l, P ¼ 0.023). After pubertal onset, AMH decreased
30% during the first 2 years (from an average of 24–17 pmol/l, P ,

0.001). Subsequently, AMH levels were constant during the last 2
years of follow-up.

We found no correlation between individual AMH level (the mean
level of AMH prior to pubertal onset) and age at entering puberty
(Spearman: r ¼ 0.14, P ¼ 0.39).

Longitudinal FSH levels are shown according to AMH tertile groups
as a function of chronological age (Fig. 2). Individual AMH levels were
negatively associated with FSH levels; girls in the high AMH tertile
(blue lines) having clearly lower FSH levels compared with girls in
the low AMH tertile (black lines). The association was confirmed by
a significant negative correlation between AMH and FSH serum
levels in 224 prepubertal girls from the cross-sectional cohort
(Spearman: r ¼ 20.31, P , 0.001).

Discussion
To our knowledge, longitudinal AMH has not previously been evalu-
ated in girls and adolescents, and this is the most comprehensive

Figure 1 Longitudinal serum levels of AMH (pmol/l) in 85 healthy girls and adolescents as a function of age. Total number of samples (median;
range of samples per girl): 504 (6; 2–10). The girls were grouped according to mean AMH level. Blue lines: 28 girls with the highest tertile of
AMH; Red lines: 29 girls with the medium tertile of AMH; Black lines: 28 girls with the lowest tertile of AMH. Thin grey lines indicate the AMH ref-
erence range: median, 2.5th and 97.5th percentile.
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study of circulating AMH levels evaluated longitudinally in healthy
females at all ages. We found that circulating AMH showed only
minor fluctuations during childhood and adolescence. Thus, a
random AMH measurement seems representative for a given girl.

Furthermore, AMH was negatively correlated with FSH prior to pu-
bertal onset. Thus, each girl seems to have a prepubertal set-point of
ovarian-pituitary activity, which may be determined by the number of
ovarian follicles. Follicles large enough to produce AMH are present in
prepubertal girls (Holm et al., 1995). Our findings support the notion
of a random AMH value being a marker of pre-antral and early antral
follicles even in girls. Inter-individual variation of AMH levels may also
be affected by the presence of polycystic ovarian syndrome and insulin
levels (Codner et al., 2011; Hart et al., 2010). Unfortunately, such data
are not available from our present study. FSH may indirectly affect cir-
culating AMH levels by inducing follicle growth, which reduces the
number of AMH-producing follicles (La Marca et al., 2004). We specu-
late that the observed minor changes of AMH at pubertal onset are
caused by redistribution of the follicle pool under the influence of
the pubertal FSH surge.

Our finding of an individual prepubertal pituitary-ovarian set-point
suggests that FSH is a marker of ovarian function in healthy girls
during childhood. However, central inhibition of gonadotrophin secre-
tion during mid-childhood makes elevated FSH an insensitive marker
of ovarian failure in young patients with ovarian dysgenesis (Hagen
et al., 2010b).

In mammals, the onset of puberty is believed to be centrally regu-
lated by pulsatile hypothalamic secretion of GnRH, which is largely un-
affected by ovarian function (Pohl et al., 1995). In patients with TS, the
age of the pubertal gonadotrophin surge does not depend on the
remaining ovarian function (Hagen et al., 2010b). Thus, we expected
to find that time of pubertal onset was not correlated with the pre-
pubertal AMH level.

Serum AMH concentration has gained widespread attention as a
marker of ovarian reserve in adult women, and AMH measurement
in a single spot sample is now clinically used among fertility doctors
worldwide. Longitudinal studies of AMH in adult women suggest
that individual AMH levels decline over time, reflecting the continuous
loss of follicles with age (van Rooij et al., 2005). Furthermore, low
AMH in healthy adults predicts early time of menopause (Broer
et al., 2011; Tehrani et al., 2011). Using the exact same AMH assay
as reported in our present study, we have previously found that an
AMH level ,8 pmol/l was a specific and sensitive marker of prema-
ture ovarian failure in young patients with TS (Hagen et al., 2010a).
Others have found that 0.56 mg/l (corresponding to 8 pmol/l)
equals the median AMH level in 44-year-old women (van Disseldorp
et al., 2008). Although circulating AMH levels may reflect different
physiological conditions in this cohort compared with adult women
or TS patients, we are concerned by the high prevalence (12%) of ap-
parently healthy girls maintaining AMH levels ,8 pmol/l. In the
1980’s, the incidence of primary ovarian insufficiency was 1%
(Coulam et al., 1986). At this time, there is no fertility outcome on
this study population available. Continuous longitudinal follow up is es-
sential to evaluate if low AMH is predictive of reduced fertility and pre-
mature ovarian insufficiency in this cohort. Theoretically, low pre- and
peripubertal AMH levels may have a different clinical implication than
later in life, and the interpretation of low AMH as a marker of
approaching menopause may not apply to pre- and peri-pubertal
girls. One study suggests that AMH declines rapidly 5 years prior to
time of menopause (Sowers et al., 2008). Longitudinal tracking of
the steep premenopausal decline of AMH may be a more sensitive
marker of approaching menopause in healthy females compared
with consecutive low, but stable, AMH values.

As in any observational study, our findings are susceptible to con-
founding. The longitudinal study was conducted at two primary

Figure 2 Longitudinal serum levels of FSH (IU/l) in 85 healthy girls and adolescents as a function of age. Total number of samples (median; range of
samples per girl): 502 (6; 1–10). The girls were grouped according to mean AMH level. Blue lines: 28 girls with the highest tertile of AMH; Red lines:
29 girls with the medium tertile of AMH; Black lines: 28 girls with the lowest tertile of AMH. Thin grey lines indicate the FSH reference range: median,
2.5th and 97.5th percentile.
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schools in Copenhagen, thus we cannot exclude possible sociodemo-
graphic selection bias. All pupils were invited to participate, and we
consider the participants in this study as representative of age-
matched healthy Danish girls. In the final data-analysis, we have only
included Caucasian girls, as racial differences in AMH levels have
been suggested (Seifer et al., 2009). None of the included girls had
a history of gynaecological diseases or surgery, and they had not
received gonadotoxic treatment or radiotherapy.

In conclusion, circulating AMH exhibits only minor fluctuations at
the time of pubertal onset, and a random AMH measurement
seems representative for a given girl during childhood and adoles-
cence. The negative AMH–FSH correlation in prepubertal girls sup-
ports the notion that AMH is a quantitative marker of ovarian
follicles even in young girls.
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Circulating AMH Reflects Ovarian Morphology by
Magnetic Resonance Imaging and 3D Ultrasound in
121 Healthy Girls

Casper P. Hagen, Annette Mouritsen, Mikkel G. Mieritz, Jeanette Tinggaard,
Christine Wohlfart-Veje, Eva Fallentin, Vibeke Brocks, Karin Sundberg,
Lisa Neerup Jensen, Richard A. Anderson, Anders Juul, and Katharina M. Main
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Rigshospitalet Faculty of Health and Medical Sciences, University of Copenhagen, DK-2100
Copenhagen, Denmark; and Medical Research Council Centre for Reproductive Health (R.A.A.),
University of Edinburgh, Edinburgh EH16 4TJ, United Kingdom

Context: In adult women, Anti-Müllerian hormone (AMH) is produced by small growing follicles,
and circulating levels of AMH reflect the number of antral follicles as well as primordial follicles.
Whether AMH reflects follicle numbers in healthy girls remains to be elucidated.

Objective: This study aimed to evaluate whether serum levels of AMH reflects ovarian morphology
in healthy girls.

Design and Setting: This was a population-based cohort study involving the general community.

Participants: Included in the study were 121 healthy girls 9.8–14.7 years of age.

Main Outcome Measures: Clinical examination, including pubertal breast stage (Tanner’s classi-
fication B1–5), ovarian volume, as well as the number and size of antral follicles were assessed by
two independent modalities: magnetic resonance imaging (MRI), Ellipsoid volume, follicles �2
mm; and Transabdominal ultrasound, Ellipsoid and 3D volume, follicles �1 mm. Circulating levels
of AMH, inhibin B, estradiol, FSH, and LH were assessed by immunoassays; T and androstenedione
were assessed by liquid chromatography-tandem mass spectrometry.

Results: AMH reflected the number of small (MRI 2–3 mm) and medium (4–6 mm) follicles (Pear-
son’s Rho [r] � 0.531 and r � 0.512, P � .001) but not large follicles (�7 mm) (r � 0.109, P � .323).
In multiple regression analysis, small and medium follicles (MRI � 6 mm) remained the main
contributors to circulating AMH (�, 0.501; P � .001) whereas the correlation between AMH and
estradiol was negative (�, �0.318; P � .005). In early puberty (B1–B3), the number of AMH-pro-
ducing follicles (2–6 mm) correlated positively with pubertal stages (r � 0.453, P � .001), whereas
AMH levels were unaffected (�0.183, P � .118).

Conclusions: Similarly to adult women, small and medium antral follicles (�6 mm) were the main
contributors to circulating levels of AMH in girls. (J Clin Endocrinol Metab 100: 880–890, 2015)

Imaging is widely used to assess the function of the ovary
for physiological investigations as well as for diagnos-

tic and therapeutic purposes, complementing hormone

analyses (1). Ovarian morphology in girls is usually as-
sessed by transabdominal ultrasound; ie, ovarian volume,
number and size of follicles. In young and especially in
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resonance imaging; PCOM, polycystic ovary morphology; PCOS, polycystic ovary syn-
drome; POI, premature ovarian insufficiency; TAUS, transabdominal ultrasound.
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overweight girls, visualization can be challenging and
magnetic resonance imaging (MRI) can provide detailed
analysis (2). Ovarian volume increases through childhood
and particularly as puberty progresses (3). Although an-
tral follicles are found at all ages (4, 5) little is known about
follicular development in relation to pubertal onset and
progression (6, 7).

Anti-Müllerian hormone (AMH) is produced by gran-
ulosa cells in small follicles prior to FSH-dependant
growth (8). In vitro studies suggest that AMH inhibits
aromataseactivity and therebyconversionofandrogens to
estradiol (9). In selected follicles induced to further growth
by FSH, production of AMH is suppressed and androgens
from theca cells are converted to estradiol by the adjacent
granulosa cells (8). Estradiol and/or androgens may di-
rectly regulate AMH production (10, 11).

Although AMH is predominantly produced by small
growing follicles (8, 12), serum levels reflect both the
number of preantral and antral follicles (13), and in
healthy adult women AMH correlates positively with
the number of primordial follicles (14). Thus, low AMH
predicts early onset of menopause (15) whereas very
high AMH levels are associated with polycystic ovary
syndrome (PCOS) (16).

Whether AMH reflects the number of follicles in
healthy girls and adolescents remains to be elucidated. As
in adult women, AMH levels vary substantially between
individuals (ranging from 5–60 pmol/L) (17), and indi-
vidual girls maintain their relative AMH level through
childhood and adolescence (18). Furthermore, low AMH
is an excellent marker of premature ovarian insufficiency
(POI) in young Turner Syndrome patients suffering from
accelerated loss of follicles (19, 20). In addition, girls with

POI due to other causes eg, galac-
tosemia (21) or after treatment with
gonadotoxic chemotherapy (22, 23)
also have very low or undetectable
AMH concentrations.

In contrast, the continuous loss of
primordial follicles during infancy
and childhood in healthy girls (24) is
not reflected by decreasing AMH
levels. In contrast, longitudinal data
reveal fluctuations of AMH during
infancy and in puberty (17, 18, 25),
but the relationship with follicle de-
velopment is unclear (26). To
broaden our understanding of the
maturing ovary, the aim of this study
was to characterize the relationship
between AMH and ovarian mor-
phology in healthy peripubertal
girls. We hypothesized that, as in
adults, circulating AMH is a quanti-
tative marker of small antral follicles
in girls.

We here report ovarian morphol-
ogy in 121 healthy girls (assessed by
MRI as well as 3D ultrasound) in re-
lation to circulating reproductive
hormone levels, including AMH.

Materials and Methods

Study population
A total of 121 healthy girls participat-

ing in The Copenhagen Mother-Child
cohort were included in the study. From

F 

F 

F 

2.7 cm3 10.4 cm3 

F 

10mm 10mm 

10mm 10mm 

Figure 1. Right ovary of a girl in breast stage 1 (B1), 11.3 years (left panel) and B4, 12.1 years
(right panel) visualized by MRI coronal section (upper panel) and TAUS (middle panel) including a
3D model of ovarian volume (lower panel). F indicates ovarian follicle.
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1997–2002, 2688 Danish women were consecutively included at
their first routine obstetric visit at three hospitals in Copenhagen
(participation rate, 22%). The children from this cohort were
examined at several time points during infancy and childhood,
and 1293 peripubertal children (584 girls) agreed to participate
in an ongoing longitudinal study with annual examinations (par-
ticipation rate 43%). Detailed information has previously been
published (27, 28). The selection criterion for the nested cohort
in the present study was high attendance rate at previous exam-
inations. Of 129 girls in the longitudinal cohort invited to par-
ticipate in the present analysis, 121 consented and underwent
both pelvic MRI and ultrasound examination (n�109), or either
ultrasound (n � 11) or MRI (n � 1).

Clinical examination
At the day of the MRI and ultrasound evaluation, a thorough

clinical examination was performed. Height was measured using
a wall-mounted stadiometer to the nearest milimeter (Holtain)
and weight was measured to the nearest 0.1 kg using electronic
scales (SECA delta model 707, Seca; and Bisco, model PERS
200). We evaluated stage of pubertal development according to
Tanner and Marshall (29). Girls with Tanner breast stage B2 or
greater (evaluated by palpation) were considered to be in pu-
berty. Clinical hyperandrogenism was not systematically evalu-
ated, however, no girls presented with severe hirsutism or acne.

In a questionnaire, the girls reported whether they had experi-
enced menarche (n � 26). Median (range) gynecological age was
0.69 (0.03–2.30) years. Examinations in these girls were not
scheduled according to their menstrual cycle.

No girls had a history of endocrine, gynecological or cerebral
illness.

MRI
Magnetic resonance imaging was performed with a 3-Tesla

MRI (Magnetom Verio; Siemens AG). In all girls, a 3D T2-
weighted turbo spin-echo sequence was performed using a 32-
channel receiver array coil during free breathing with navigator
respiratory triggering. The scan parameters were as follows: rep-
etition time/echo time, 1600/109 msec; Turbo factor 71, Echo
spacing, 4.34 msec; field of view, 400 mm; matrix, 384 � 384;
and slice thickness, 1.2 mm. The voxel size of the 3D sequence
was 1.1 � 1.0 � 1.2 mm, and these near-isotropic voxels enabled
reconstruction in all planes. The images were obtained in the
coronal plane and covered the abdomen, including the pelvic
region. The large field of view was necessary to provide sufficient
signal to noise.

Ovarian dimensions were measured by an experienced radi-
ologist (E.F.). Ovarian volume was calculated assuming an el-
lipsoid shape (Ellipsoid MRI, �/6 � length � width � depth).
Ovarian volume (L/R/sum) was calculated in 88/91/84 girls. In

Table 1. Study Population Stratified by Breast Stage (Tanner’s Classification)

Characteristic

Breast Stage

B1 B2

n Median Range n Median Range

Age, y 15 10.9 (9.8–12.7) 31 11.8 (10.3–12.8)
Body mass index, kg/m2 15 18 (13.1–21.4) 31 17 (13.8–21.2)
Ovarian volume, sum, Ellipsoid MRI, cm3 10 2.3 (0.7–5.5) 19 4.6 (2.4–8.5)
Ovarian volume, max, Ellipsoid MRI, cm3 11 1.6 (0.4–3.9) 25 2.6 (1.1–4.7)
Ovarian volume, sum, Ellipsoid TAUS, cm3 13 5.5 (2.2–11.9) 30 8.8 (3.7–17.0)
Ovarian volume, max, Ellipsoid TAUS, cm3 15 3.2 (1.1–6.9) 31 5.6 (1.9–13.4)
Ovarian volume, sum, 3D TAUS, cm3 13 5.8 (2.4–13.5) 30 8.9 (3.7–18.9)
Ovarian volume, max, 3D TAUS, cm3 15 3 (1.3–7.9) 31 5.9 (2.3–13.3)
Ovarian follicles, MRI, total 10 13 (3–21) 20 18 (9–33)
Small, 2–4 mm 10 8 (1–14) 20 10 (1–23)
Medium, 5–9 mm 10 5 (2–8) 20 8 (5–13)
Large, �10 mm 10 0 (0–0) 20 0 (0–2)

Ovarian follicles, 3D TAUS, total 11 40 (19–65) 30 40 (21–86)
Small, 1–4 mm 11 34 (15–53) 30 33 (13–70)
Medium, 5–9 mm 11 9 (3–16) 30 9 (1–22)
Large, �10 mm 11 0 (0–1) 30 1 (0–5)

AMH, pmol/La 14 20 (8–45) 29 17 (5–55)
Inhibin B, pg/ml 14 24 (9–66) 29 43 (24–122)
Estradiol, pmol/L 14 32 (�18–45) 29 61 (�18–291)
T, nmol/L 14 �0.10 (�0.10–0.31) 29 �0.10 (�0.10–0.65)
Androstenedione, nmol/L 12 1.63 (�0.18–3.64) 29 2.1 (�0.18–6.09)
FSH, IU/L 14 1.78 (0.09–3.69) 29 3.05 (0.64–6.84)
LH, IU/L 14 �0.05 (�0.05–0.38) 29 0.65 (�0.05–8.00)
Menarche, Y/N/NA 15 0/15/0 31 3/28/2000
Gynecological age, y 0 NA 3 0.5 (0.27–0.90)
PCOM, MRIb 10 0 (0%) 20 6 (30%)

Abbreviation: NA, information not available or not applicable.

The sum of ovarian volumes and number of follicles from both ovaries are reported.
a 1 ng/ml � 7.14 pmol/L
b �12 follicles (2–9 mm) and/or ovarian volume �10 cm3 in at �1 ovary.
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the remaining girls, assessment was not possible due to the pres-
ence of large cysts (�25 cm3), inadequate image quality, or be-
cause the region of interest was not included in the scanned area.
Only girls in whom both ovaries were measured were included in
the final analyses, and we report the sum of volumes.

Follicle counts were performed in the coronal plane (sliced per
2 mm). All ovarian follicles (diameter, �1.5 mm), defined as
generally circular, thin-walled, fluid-filled structures in the ovary
with homogenously high signal intensity on T2-weighted im-
ages, were manually measured and counted by the same observer
blinded from ultrasound evaluation (Figure 1). All follicle counts
were performed twice with the second count blinded from the
first. The two counts correlated significantly; Pearson’s rho (r) �
0.922, P � .001 (Supplemental Figure 1A), and the median co-
efficient of variation (CV � SD/mean) of total number of follicles
was 11.5%. A Bland-Altman plot indicated larger variance of
follicle counts in ovaries with many vs few follicles; however,
there was no systematic difference between the two counts (Sup-
plemental Figure 1B). Follicle counts in all subgroups by 1-mm
increments were reproducible; ie, 2 mm (2–2.4 mm) Spearman’s
rho (r) � 0.312 (P � .003); 3 mm (2.5–3.4 mm) r � 0.406 (P �
.001); 4 mm (3.5–4.4 mm) r � 0.685 (P � .0015); 5 mm (4.5–5.4
mm) r � 0.588 (P � .001); 6 mm (5.5–6.4 mm) r � 0.532 (P �
.001); 7 mm (6.5–7.4 mm) r � 0.407 (P � .0018); 8 mm (7.5–8.4
mm) r � 0.463 (P � .001); 9 mm (8.5–9.4 mm) r � 0.338 (P �

.001); �10 mm (�9.5 mm) r � 0.666 (P � .001). To compare
MRI follicle counts with ultrasound data, follicles were grouped
into three (2–4 mm, 5–9 mm, �10 mm). To obtain normal dis-
tribution of follicle counts for multiple regression models, we
regrouped MRI-derived follicle counts into 2–3 mm, 4–6 mm,
and �7 mm.

Ovarian follicles (L/R/bilateral) were counted in 91/93/87
girls. In the final analyses, we only included girls in whom fol-
licles were assessed in both ovaries. We used the average of the
two counts and report the sum of follicles from both ovaries.

Polycysticovarymorphology (PCOM)wasdefinedasgreater than
12 follicles (2–9 mm) and/or ovarian volume greater than 10cm3 in at
least one ovary (30).

Transabdominal ultrasound
All girls were scanned with a full bladder. Examinations were

performed by a single experienced operator (V.B.) using a Volu-
son E8 Ultrasound System (GE Healtcare Medical Systems) with a
multifrequency transabdominal probe (RM6C, 3–8 MHz). Analyses
were performed concomitantly by two experienced operators (K.S.
and L.N.J.).

Volume was calculated as for MRI analyses in 104/111/103
girls (L/R/sum) (Ellipsoid transabdominal ultrasound; TAUS).
The stored volumes were analyzed using 4DView software (GE

Table 1. Continued

Breast Stage

B3 B4�5 NA

n Median Range n Median Range n Median Range

34 12.4 (10.7–14.0) 38 12.6 (11.5–14.7) 3 11.4 (11.4–13.3)
31 18.1 (14.2–22.4) 38 19.3 (16.3–33.9) 3 20.1 (17.8–22.6)
23 6.7 (2.5–13.8) 30 8.4 (3.2–21.0) 2 11.3 (6.0–16.6)
25 4.1 (1.5–8.3) 32 4.9 (1.6–11.6) 2 7 (3.2–10.6)
29 12.7 (5.4–31.2) 28 11.7 (3.6–26.8) 3 13.2 (6.6–14.1)
30 8 (3.1–20.1) 32 7.4 (2.4–14.6) 3 7.1 (4.1–7.5)
26 14.3 (4.5–20.2) 28 13.5 (4.6–29.3) 3 12.1 (8.5–18.0)
29 8.3 (3.6–17.2) 32 7.4 (3.0–16.1) 3 6.7 (5.9–10.1)
24 24 (10–63) 31 22 (6–62) 2 35 (26–44)
24 12 (4–26) 31 8 (0–26) 2 14 (14–15)
24 12 (5–37) 31 11 (3–36) 2 19 (12–26)
24 0 (0–5) 31 1 (0–4) 2 2 (0–4)
24 41 (26–84) 26 43 (25–94) 3 42 (38–44)
24 30 (18–75) 26 30 (13–63) 3 26 (24–28)
24 9 (5–30) 26 11 (2–29) 3 13 (8–16)
24 2 (0–6) 26 2 (0–7) 3 2 (2–5)
31 18 (2–37) 36 14 (4–63) 2 30 (25–34)
31 64 (4–215) 36 70 (3–120) 2 57 (49–64)
31 88 (24–236) 36 150 (42–891) 2 84 (40–127)
31 0.53 (�0.10–2.03) 36 0.48 (�0.10–1.60) 2 0.52 (�0.10–1.02)
31 5.64 (�0.18–11.90) 34 4.08 (1.65 � 14.80) 2 6.56 (3.36–9.76)
31 4.56 (1.31–6.53) 36 4.39 (0.64 � 7.39) 2 3.23 (3.06–3.39)
31 2.34 (0.07–5.92) 36 3.34 (�0.05 � 8.72) 2 2.94 (0.49–5.38)
34 3/27/2004 38 20/17/1 3 0/3/0
3 0.1 (0.03–0.28) 20 0.94 (0.08–2.30) 0 NA
24 15 (63%) 31 17 (55%) 2 2 (100%)
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Medical System, v 9.1). Using the manual option of Virtual Or-
gan Computer-aided Analysis, the ovary was outlined inside the
volume box with 30° rotation in Plane A. From the 3D model
generated by the outlined ovarian capsule, ovarian volume was
assessed in 102/109/100 girls (3D TAUS) (Figure 1). In the re-
maining girls, assessment was not possible due to the presence of
large cysts (�25 cm3) or inadequate picture quality. We report
the sum of volumes from both ovaries.

Follicle numbers (�1 mm) were evaluated by Tomographic Ultra-
soundImagingwherea3Dmodelof theovarywassliced(4-mmthick-
ness)andfolliclesweremanuallycountedinsubgroups;small(1.0–4.4
mm), medium (4.5–9.4 mm), large (�9.5 mm) (3D TAUS) (Figure 1).
We report the sum of follicles from both ovaries.

Reproductive hormone assays
All blood samples (n � 112) were drawn between 0800 and

1400 h from an antecubital vein, clotted, and centrifuged; serum
was stored at �20°C until hormone analyses. Blood samples were
analyzed after a maximum 2 years of storage. All samples were
analyzed in the same laboratory blinded for age and pubertal stage.

Serum AMH levels were determined using the Beckman
Coulter enzyme immunometric assay generation I (IOT, Immu-
notech, Beckman Coulter) with a detection limit of 2.0 pmol/L.
The intra-assay coefficients of variation (CVs) were less than
10.8 and 9.2% at 18 and 99 pmol/L, respectively. All samples
were analyzed on two plates from the same batch. Serum FSH
and LH were measured by time-resolved immunofluorometric
assay (Delfia; PerkinElmer) with detection limits of 0.06 and
0.05 IU/L, respectively. Intra- and interassay CVs were less than
5%. Serum concentrations of inhibin B were measured using the
Beckman Coulter GenII assay with a detectionlimit of 3 pg/ml,
and interassay CV �11%. Serum estradiol was measured by RIA
(Pantex); detection limit, 18 pmol/L and intra- and interassay
CVs were �8 and 13%, respectively. T and androstenedione
were quantified using a newly developed and validated Turbo-
Flow-liquid chromatography-tandem mass spectrometry method
(31). Detection limits were 0.10 nmol/L (T) and 0.18 nmol/L (an-
drostenedione) and relative SDs for the quality control samples at
the low and high concentration levels were 10.0% and 5.7% (T);
11.0% and 11.1% (androstenedione).

Statistics
Data are presented as median, 10–90th percentile (see Fig-

ures), and range (Tables 1). If possible, log10 transformation was
used to obtain normal distribution, and univariate correlations
were evaluated with Pearson’s Rho (parametric) and Spearman’s
Rho (nonparametric).

To evaluate the independent effect of follicles as well as hormone
levels on circulating AMH levels, multiple linear regression models
were performed, including:

A. Subgroups of follicles (MRI, 2–3 mm, 4–6 mm, �7 mm;
TAUS, 1–4 mm, �5 mm).

B. Subgroups of follicles (MRI, �6 mm, �7 mm), estradiol,
FSH, and androstenedione. LH and T were omitted be-
cause their distributions could not be normalized due to
many undetectable values.

Effect of the included variables is given in Beta coefficients
(how many SDs AMH will change per SD increase in the pre-
dictor variable).

To assess whether the prevalence of polycystic ovarian mor-
phology (PCOM) was higher in girls who had experienced men-
arche vs premenarcheal girls, Pearson’s �2 test was used. Differ-
ences in hormone levels (girls with PCOM vs girls � Breast
Tanner stage 1 without PCOM) were evaluated with Mann-
Whitney U test.

Ethical considerations
The Copenhagen Mother-Child cohort was conducted ac-

cording to the protocol approved by the local ethics committee
(KF 01-030/97/KF 01276357/H-1-2009-074) and the Danish
Data Protection Agency (1997-1200-074/2005-41-5545/2010-
41-4757). All families gave informed written consent to partic-
ipate in this study.

Results

Ovarian morphology in relation to circulating
hormone levels

Serum levels of AMH correlated positively with ovar-
ian volume assessed by MRI (r � 0.338, P � .002,
Figure 2A) and the total number of follicles (r � 0.553,
P � .001, Figure 2B). AMH reflected the number of
small (2–3 mm) and medium (4 – 6 mm) follicles (r �
0.531 and 0.512, P � .001; Figure 2, C and D) but not
large follicles (�7 mm) (r � 0.109, P � .323, Figure 2E).

Findings were confirmed in multiple regression
models:

A. Small and medium follicles correlated positively
with AMH (MRI and TAUS) after inclusion of fol-
licle subgroups (Figure 3A).

B. Small and medium follicles (MRI � 6 mm) remained
correlated with AMH (� � 0.501; P � .001) whereas
estradiol and AMH were negatively correlated (� �
�0.318; P � .005) after adjusting for large follicles
(�7 mm) (� � 0.108; P � .315), FSH (� � �0.212;
P � .064) and androstenedione (� � 0.140; P �
.258) (data not shown). Small and medium follicles
remained strongly correlated with AMH (� � 0.412;
P � .003) after further adjusting for ovarian volume
(� � 0.385; P � .033), Tanner stages (� � �0.446;
P � .004), age (� � �0.034; P � .785), body mass
index (� � 0.131; P � .153), and inhibin B (� �
0.070; P � .561). Androstenedione did not correlate
with AMH in any of the models.

In early puberty (B1–B3), the number of AMH-pro-
ducing follicles (2–6 mm) correlated positively with pu-
bertal stages (r � 0.453; P � .001), whereas AMH levels
were unaffected (r � �0.183; P � .118) (Figure 4A).

Large follicles (MRI, �7 mm; TAUS, �5 mm) corre-
lated positively with circulating inhibin B (Figure 3B), es-
tradiol (Figure 3C), and androstenedione (Figure 3D) but
not with AMH (Figure 3A) after adjusting for other fol-
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licles. Pubertal stages (B1–B5) correlated positively with
the number of large follicles (�7 mm) (r � 0.473, P �
.001; Figure 4, B–E), inhibin B (r � 0.209, P � .029; Figure
4B), estradiol (r � 0.610, P � .001; Figure 4C), T (r �
0.479, P � .001, Figure 4D), androstenedione (r � 0.478,
P � .001, Figure 4E), and gonadotropin levels (FSH,
0.425; P � .001; LH, 0.649; P � .001; Figure 4F).

Ovarian morphology assessed by MRI and
ultrasound

Ovarian volume (Ellipsoid MRI, Ellipsoid and 3D
TAUS) was positively correlated with pubertal stages (B1–

B5) (r � 0.637, 0.475, 0.514, respec-
tively; P � .001) (Figure 5A). Vol-
umes assessed by TAUS (Ellipsoid vs
3D) were strongly correlated (r �
0.901, P � .001) (data not shown).
Volumes were smaller when assessed
by Ellipsoid MRI compared with ul-
trasound; a 2-fold increase in Ellip-
soid and 3D TAUS volume corre-
sponded with an increase in Ellipsoid
MRI volume of geometric mean,
66%; 95% CI, 44–92, P � .001 and
geometric mean, 69%; 95% CI, 50–
91, P � .001, respectively (Figure
5A). The total number of follicles
was smaller when assessed by MRI
than TAUS; a 2-fold increase in MRI
follicles corresponded to an increase
in TAUS follicles of geometric mean,
54%; 95% CI, 25–91, P � .001 (not
shown). Primarily, this was due to
higher numbers of very small folli-
cles on TAUS (1–4 mm) compared
with MRI (2–4 mm) (Figure 5B),
whereas the number of medium and
large follicles were more comparable
between the two modalities (Figure
5, C and D).

Both ovarian volume (Ellipsoid
MRI, Ellipsoid and 3D TAUS) and
the total number of ovarian follicles
(MRI and TAUS) were comparable
between the right and left ovary,
Supplemental Figure 2.

Girls with polycystic ovary
morphology

Basedstrictlyonquantitativecriteria,
40 of 87 girls (46%) with MRI assess-
ment of both ovaries had polycystic
ovary morphology (PCOM) (Table 1).

They all had greater than 12 follicles (2–9 mm) in at least one
ovary, but a classic pattern for PCOM with abundant follicles
located near the ovarian cortex was only observed in 2/40 girls.
Thevolumecriterion(oneovary�10cm3)wasfulfilled in2/40
(not the same girls as the two with classical PCOM pattern).
MorethanhalfofthegirlsinTannerstageB3–B5hadpolycystic
ovaries, whereas no prepubertal girls met the PCOM criteria.
PCOM was not associated with menarche (10/20 with men-
archevs28/63withoutmenarche,P� .664).GirlswithPCOM
had higher serum levels of AMH (median, 23; range, 6–63
pmol/L vs median, 13; range, 4–36 pmol/L; P � .001) and T
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Figure 2. Correlations between serum levels AMH and (A), ovarian volume. Gray, Ellipsoid MRI
(r � 0.338, P � .002); orange, Ellipsoid TAUS (r � 0.172, P � .095); red, 3D TAUS (r � 0.146,
P � .166). Colored lines indicate tendency lines for each correlation. Correlations between AMH
and (B), the total number of follicles (r � 0.553, P � .001); (C), small follicles (r � 0.531, P �
.001); (D), medium follicles (r � 0.512, P � .001); and (E), large follicles (r � 0.109, P � .323)
evaluated on MRI. Green, Tanner stage B1; orange, B2; gray, B3; red, B4�5; white, Tanner stage
unknown. Gray lines indicate tendency lines for correlations including all samples.
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(median, 0.44; range, �0.10–1.48 nmol/L vs median, �0.10;
range,�0.10–2.03nmol/L,P� .016)comparedwithpubertal
girls (�B1) without PCOM, whereas the difference in LH/FSH
ratio did not reach statistical significance (median, 0.59; range,
0.01–2.63 vs median, 0.45; range, 0.01–2.68; P � .069).

Discussion
To our knowledge, this is the first study of serum AMH
levels in relation to ovarian morphology and pubertal sta-
tus in healthy girls. As in adult women, circulating AMH
reflected the number of smaller antral follicles (8). Impor-
tantly, our findings were observed with two different mo-
dalities (MRI and ultrasound) evaluated independently by
different observers. In addition, we provide extensive nor-
mative data of ovarian volume and follicle numbers ac-
cording to pubertal development, which can be directly
implemented as reference values in a clinical setting.

Detailed analyses of follicle subgroups revealed that small
and medium follicles (� 6 mm) were the main contributors to
serumlevelsofAMHinourcohortofhealthygirls.Thisisinline
withthesteepdeclineinAMHproductioninfolliclesafterFSH-
inducedfollicleselectioninadultwomenreportedinultrasound
(8) as well as MRI studies (32).

Consistent with FSH-induced follicle growth, we ob-
served increasing numbers of large follicles as puberty pro-

gressed, whereas small and medium follicles peaked at
Tanner’s breast stage 3. This may suggest that the increas-
ing FSH and thus intensified follicle growth at this stage
causes accelerated transit through follicle sizes. The num-
ber of smaller growing follicles is probably further limited
by the decline in rate of primordial follicle recruitment
from the age of approximately 14 years (26).

We and others have speculated that the minor decrease
of AMH after pubertal onset observed in longitudinal co-
hort studies is caused by FSH-induced follicle growth,
which could reduce the number of follicles contributing
most to serum AMH (18, 25). Based on the present cross-
sectional data, we cannot firmly exclude this. However,
increasing numbers of AMH-producing follicles but un-
affected AMH levels in early puberty strongly suggest that
other regulatory factors are involved. Independent of fol-
licle numbers, estradiol was negatively correlated with
AMH levels, and increasing estradiol during early puberty
may thereforedirectly inhibitAMHproduction.Firmcon-
clusions concerning the causation of the negative associ-
ation between AMH and estradiol cannot be drawn from
our data; however, direct inhibitory effects of estradiol on
AMH expression have been suggested by in vitro studies
of granulosa cells from patients undergoing in vitro fer-
tilization (11). Conversely, AMH reduces sensitivity and
growth rate in response to FSH as well as inhibiting aro-

A B

C D

Figure 3. Results of multiple regression analyses evaluating which follicles contributed most to serum levels of ovarian hormones. The estimated
effect of a 2-fold increase (doubling) in follicle numbers is presented as geometric mean (95% confidence interval). Both TAUS (red) and MRI (gray)
revealed that AMH (A) is produced by smaller follicles than inhibin B (B), estradiol (C), and androstenedione (D).
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matase expression in smaller follicles (8, 9). Thus, estra-
diol seems to inhibit AMH production in large follicles
whereas AMH seems to inhibit estradiol production in
small follicles. In prepubertal girls, AMH may be essential
to prevent FSH-induced growth as well as premature es-
tradiol production from small growing follicles.

The close reflection of ovarian morphology by circu-
lating AMH supports the current clinical use of AMH
when counseling girls at risk of premature loss of germ
cells; eg, girls with Turner Syndrome (17, 19), patients
with cancer treated with gonadotoxic chemotherapy (22,
23), and patients with galactosemia (21), in whom very
low or undetectable AMH is considered a risk of imminent
premature ovarian insufficiency (POI). However, longi-
tudinal studies of these high-risk patients are needed to
assess the predictive value of specific AMH values, and
new ultrasensitive assays may further improve clinical in-
terpretation (33).

Histological samples are necessary for direct evaluation
ofprimordial folliclesnumbers, yet, as inadultwomen, the
number of antral follicles reflected by circulating levels of

AMH may be a reasonable, albeit indirect marker of re-
maining primordial follicles (14) and thereby predictive of
age at menopause (15, 34). Despite this circumstantial
evidence of AMH as a quantitative marker of primordial
follicles in girls, interpretation of low AMH remains chal-
lenging. We have previously observed low AMH in
healthy girls with variant genotypes affecting FSH action
(35), and we speculate that in a subset of girls, low AMH
is caused by reduced recruitment rates of primordial fol-
licles, and/or by intensified FSH-induced follicle growth
rather than reduced numbers of remaining primordial fol-
licles. In these girls, low AMH may not be predictive of
early menopause. As discussed below, high AMH is ob-
served in adolescents with PCOS reflecting abundant
AMH-producing follicles (2) and not necessarily many
primordial follicles. These examples may be exceptions,
and although they highlight the need for greater under-
standing of the factors determining AMH production, we
speculate that in large, population-based cohort-studies,
AMH ([ital]z score) is a promising epidemiological tool
when evaluating factors affecting the prenatal establish-

A B

C D

E F

Figure 4. The number of follicles (MRI, gray bars) contributing to serum levels of ovarian hormones (red bars) according to pubertal breast stages;
AMH (A), inhibin B (B), estradiol (C), T (D), and androstenedione (E); bars indicate median, 10th, and 90th percentiles. Increasing LH and FSH levels
(F) indicate the onset of puberty by reactivation of the hypothalamic-pituitary-gonadal axis. Despite increasing numbers of AMH-producing follicles
(2–6 mm) during early puberty (B1–B3), AMH levels were stable. Increasing numbers of follicles �7 mm reflected serum levels of inhibin B,
estradiol, T, and androstenedione as puberty progressed and gonadotropin levels increased.
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ment of primordial follicles crucial for the reproductive
life span (36).

As anticipated, ovarian volume increased as puberty
progressed. Both Ellipsoid and 3D TAUS assessments
were comparable with previously reported ovarian vol-
umes in European girls (6, 7), and the strong correlation
between the two TAUS volume assessments supports the

easily obtained ellipsoid approach as an accurate estimate
(38). In adult women, follicle numbers increase with de-
creasing size [eg, the mean number of follicles 2–5 mm and
1–2 mm were 10.6 and 13.4, respectively in women age
19–30 years (37)]. Thus, the high number of small follicles
on TAUS vs MRI was probably caused by inclusion of
smaller follicles (1–4 mm vs 2–4 mm). Compared with

Figure 5. Ovarian volume (A) and follicle numbers (B–D) assessed by MRI (gray) and ultrasound; Ellipsoid TAUS (orange) and 3D TAUS (red),
according to pubertal breast stages. Bars indicate median, 10th, and 90th percentiles. Black lines indicate lines of identity.
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MRI of healthy adolescents (2), ovarian volume was sim-
ilar but follicle counts were higher. This discrepancy may
be explained by our MRI analyses of thinner ovarian sec-
tions [sliced per 2 mm in our study vs 6 mm in the study
from Brown et al (2)]. Similar to our findings, a recent
comparative study of Swedish women reported reduced
ovarianvolumewhenassessedbyMRIcomparedwithtrans-
vaginal ultrasound (38). They speculated that the discrep-
ancy between the modalities could be explained by more
accurate establishment of the orthogonal planes by real-time
ultrasound compared with the fixed setting in MRI.

Polycystic ovary morphology is usually assessed by ul-
trasound (preferably transvaginal). In our study, the prev-
alence of PCOM was higher than previously reported in
healthy Australian adolescents (35%) (39). We used MRI
evaluations which, compared with TAUS did not seem to
overestimate ovarian volume or follicle counts, but almost
half of the girls had PCOM as defined by the Rotterdam
PCOM criteria for adults (30). Importantly, only two girls
had an ovary greater than 10 cm3, suggesting that this
could be a more appropriate criterion for PCOM in ado-
lescents than follicle numbers.

Circulating T was higher in the girls with PCOM com-
pared with girls without PCOM even after correction for
pubertal onset. Because we have no information about
menstrual cycle regularity or clinical hyperandrogenism,
we are not able to classify girls with PCOS. We expect the
girlsinthisstudytoberepresentativefortheDanishbackground
population, suggesting that approximately 10% of the girls are
at risk of PCOS (40). Whether high AMH in peripubertal girls
is indicative of nascent PCOS remains to be elucidated. Fol-
lowupisnecessarytoevaluateearlypredictorsofPCOS, includ-
ing circulating AMH.

We lack information concerning the menstrual cycle in
the 26 postmenarcheal girls; however, detailed analyses
suggest that only three girls were potentially examined
preceding ovulation (estradiol, �360 pmol/L) and cor-
pora lutea were not observed. Thus, this study character-
izes a reference population that can be directly imple-
mented in a clinical setting including premenarcheal girls
as well as young adolescents in whom examinations are
seldom timed according to irregular menstrual cycles.

Conclusion

In this comprehensive study of 121 healthy girls, we show
that small- and medium-sized antral follicles (�6 mm)
were the main contributors to circulating levels of AMH.
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AMH as Predictor of Premature Ovarian Insufficiency:
A Longitudinal Study of 120 Turner Syndrome
Patients

Stine Aa. Lunding, Lise Aksglaede, Richard A. Anderson, Katharina M. Main,
Anders Juul, Casper P. Hagen,* and Anette T. Pedersen*

Department of Gynecology/Fertility Clinic (S.Aa.L., A.T.P.), and Department of Clinical Genetics (L.A.),
Rigshospitalet, University of Copenhagen, DK-2100 Copenhagen, Denmark; Medical Research Council
Centre for Reproductive Health (R.A.A.), University of Edinburgh, Edinburgh EH8 9YL, United Kingdom;
and Department of Growth and Reproduction and EDMaRC (K.M.M., A.J., C.P.H.), and The Paed-Gyn
Endo Transition Clinic (K.M.M., A.J., C.P.H., A.T.P.) at Rigshospitalet, University of Copenhagen,
DK-2100 Copenhagen, Denmark

Context: The majority of Turner syndrome (TS) patients suffer from accelerated loss of primordial
follicles. Low circulating levels of anti-Müllerian hormone (AMH) may predict the lack of sponta-
neous puberty in prepubertal girls and imminent premature ovarian insufficiency (POI) in TS
women with preserved ovarian function.

Objectives: To evaluate the association between circulating AMH and ovarian status in TS patients.

Design: Longitudinal observational cohort study.

Setting: Tertiary referral center for pediatric and gynecologic endocrinology.

Participants: A total of 120 TS patients, aged 0 to 48 years.

Main Outcome Measures: Longitudinal measurements of AMH, FSH, LH, estradiol, and inhibin B
according to age, karyotype (45,X; 45,X/46,XX mosaicism; miscellaneous karyotypes), and ovarian
status (group 0, prepubertal; group 1, never ovarian function; group 2, ongoing ovarian function;
and group 3, loss of ovarian function).

Results: Ovarian status was highly associated with the TS karyotype: spontaneous puberty—45,X
(three of 44 patients), 45,X/46,XX (15 of 17), miscellaneous (17 of 42); and POI—45,X (three of
three), 45,X/46,XX (one of 15), and miscellaneous (eight of 17). AMH was associated with ovarian
status (eg, group 1, �2 pmol/L; vs group 2, 19 pmol/L; P � .001). AMH � 4 pmol/L (corresponding
to ��2 SD) predicted absent puberty in prepubertal girls and POI in adolescent and adult patients.

Conclusion: The majority of women with mosaic karyotype 45,X/46,XX had ongoing ovarian
function in early adulthood. AMH � �2 SD predicted failure to enter puberty in young TS girls
and imminent POI in adolescent and adult TS patients. (J Clin Endocrinol Metab 100:
E1030 –E1038, 2015)

Turner syndrome (TS) affects one in 2000 newborn fe-
males (1, 2). The syndrome is caused by X-chromo-

some abnormalities with or without mosaicism and is
characterized by an increased risk of primary or premature

ovarian insufficiency (POI) due to accelerated loss of germ
cells before or after puberty (3–6).

Counseling TS patients about their reproductive func-
tion is challenging and depends on the age of the patient.
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In prepubertal girls, the hypothalamic-pituitary-gonadal
axis is centrally inhibited, making the biochemical assess-
ment of ovarian activity difficult because circulating levels
of reproductive hormones are extremely low or undetect-
able (7). In adolescents and in adults, POI can be evaluated
clinically and biochemically with the classic combination
of amenorrhea and elevated FSH concentrations (hyper-
gonadotropic hypogonadism) (8, 9). However, in postpu-
bertal adolescents and adult women, reproductive hor-
mones may remain within the normal range before POI is
clinically evident, despite significant depletion of the ovar-
ian reserve (10–12). Very little is known about the timing
and onset of POI in TS patients with initially normal ovar-
ian function, which makes it difficult to predict their fer-
tility prognosis.

The specific TS karyotype can to some degree predict
the potential ovarian function in TS patients because
monosomic patients (45,X) usually are born with streak
gonads, whereas those with 45,X/46,XX mosaicisms have
the best chance of spontaneous puberty and fertility (5, 13,
14). However, the karyotypes determined from peripheral
blood lymphocytes or skin biopsies lack specificity and
sensitivity due to the unknown degree of gonadal mosa-
icism (15).

In both prepubertal girls and adult women, anti-Mül-
lerian hormone (AMH) is produced by small antral folli-
cles (16, 17). In healthy adult women, circulating AMH
reflects the number of primordial follicles (18) and is there-
fore predictive of the reproductive lifespan (19–21). In
girls and adolescents, AMH varies markedly between in-
dividuals (reference ranging from 5 to 60 pmol/L), but
overall each girl maintains her AMH level through child-
hood and adolescence (22, 23). In cross-sectional studies,
serum AMH is a sensitive and specific marker of ovarian
function in adolescent TS patients (22, 24, 25).

In this longitudinal study of 120 TS patients, we aimed
to assess the predictive value of AMH for spontaneous
puberty in prepubertal TS girls and imminent POI in ad-
olescent and adult TS patients.

Patients and Methods

TS patients
All TS patients (n � 137) identified by ICD-10 codes DQ96-

DQ96.9 were recruited from the Department of Gynaecology,
the Department of Growth and Reproduction, and the Paed-Gyn
Endo Transition Clinic at Rigshospitalet, University of Copen-
hagen, Denmark. Seventeen of the 137 patients were excluded
from the study due to gonadectomy (n � 7), age above 50 years
(n � 4), or lack of medical record information (n � 6), leaving
120 patients for further evaluation.

Clinical and biochemical information was retrieved from pa-
tient files. Circulating AMH measurements were available from

2009–2014 in a total of 101 TS patients (81%). Longitudinal
samples (� two samples) were available in 73 patients (median,
three samples; range, 2–13 per patient). Data from 71 patients,
including longitudinal FSH, LH, inhibin B, and estradiol and
single measurement of AMH, have been reported previously
(7, 22).

Karyotypes
Diagnosis of TS was confirmed by G-band karyotyping of

blood lymphocytes, including counting of at least 10 meta-
phases, three of which were fully analyzed. All karyotypes in the
present study were validated by the same clinician (L.A.). Ac-
cording to their karyotype, the TS patients were divided into
three groups: 45,X (n � 48), 45,X/46,XX (n � 26), and miscel-
laneous without Y chromosome material (n � 46).

Ovarian status
Regardless of karyotype and AMH, the 101 TS patients with

AMH measurements were categorized into four ovarian func-
tion status groups and evaluated by pubertal breast stage (Tan-
ner’s classification) (26); occurrence of spontaneous menarche;
menstrual bleeding pattern; serum levels of estradiol, FSH, and
LH; and hormone replacement therapy (HRT). The groups were:

Group 0—prepubertal (n � 11); no spontaneous puberty
(Tanner � 1); age �12 years; and no HRT.

Group 1—never had ovarian function (n � 55); age �12
years; no spontaneous puberty; puberty and menarche induced
by HRT.

Group 2—ongoing ovarian function (n � 23); spontaneous
pubertal onset (breast Tanner � 2) and/or spontaneous men-
arche and/or regular menstruation; no indications for HRT. Two
patients with uterine agenesis (both 45,X/46,XX) were catego-
rized in this group because FSH, LH, inhibin B, and estradiol
were in the reference range.

Group 3—loss of ovarian function (n � 12); spontaneous
puberty and/or menarche followed by cessation of pubertal de-
velopment and/or secondary amenorrhea and hypergonado-
tropic hypogonadism; HRT indicated.

Hormone assays
Blood samples were taken as part of the clinical follow-up on

the patients. The AMH assay has been available for clinical use
at Rigshospitalet, Copenhagen University Hospital since Janu-
ary 2009. All samples were withdrawn from an antecubital vein,
clotted, centrifuged, and analyzed. Serum AMH levels were de-
termined using the Beckman Coulter enzyme immunometric as-
say (IOT, Immunotech; Beckman Coulter Ltd) with a detection
limit of 2.0 pmol/L. The intra-assay coefficients of variation
(CVs) were �7.8 and 5.4% at 13 and 123 pmol/L, respectively.
Interassay CV was �11.6 and 10.9% at 19 and 99 pmol/L,
respectively.

The age-specific reference range of AMH was based on serum
samples from 926 healthy females aged 0–69 years (22).

Serum FSH and LH were measured by time-resolved immu-
nofluorometric assays (Delfia; PerkinElmer) and by electro-
chemiluminescence immunoassays (Roche Diagnostics), respec-
tively. The detection limits from both assays were: FSH, �0.1
IU/L; and LH, �0.1 IU/L. Intra-assay and interassay CVs from
both assays were �5% for FSH and LH.

Between 1990 and 2010, serum inhibin B was measured using
one of two double antibody enzyme immunometric assays (In-
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hibin B DSL or Oxford Bio-Innovation Inhibin B), both with a
detection limit of 20 pg/mL and intra- and interassay CVs
�16%. From 2010, inhibin B was measured using the Beckman
Coulter Inhibin B genII assay, with a detection limit of 3 pg/mL
and intra- and interassay CVs �11%. The old and new inhibin
B methods were compared extensively before changing assays
and showed similar results, and no correction factor was needed.
Estradiol was measured by RIA (Pantex, before 1998; distrib-
uted by Immuno Diagnostic Systems) with a detection limit of 18
pmol/L and intra- and interassay CVs of �8% and �13%, re-
spectively. T was measured by RIA (Coat-a-count; Diagnostic
Products) with a detection limit of 0.23 nmol/L and intra- and
interassay CVs both �10%.

Statistics
Pearson’s �2 test was used to assess whether the prevalence of

spontaneous puberty depended on karyotype.
Differences in AMH levels between groups of TS patients

(according to karyotype or ovarian status) were assessed by
Mann-Whitney U test (two groups) and Kruskall Wallis test
(three groups). Each patient contributed with a single AMH
value, using the mean value if repeated measurements were avail-
able. Intraindividual CVs were calculated: CV � SD/mean �
100%.

To evaluate AMH as a predictor of spontaneous puberty, we
described repeated AMH measurements from 15 patients before
pubertal onset: spontaneous puberty (n � 5) vs HRT-induced
puberty (n � 10). To evaluate AMH as a predictor of POI, we
used the last AMH measurement before POI in adolescents and
adults who later experienced loss of ovarian function. In addi-
tion, we visualized all individual AMH values before and after
POI. We further evaluated AMH as a marker of POI in patients �
12 years old. Each patient contributed a single AMH value, using
the mean value if repeated measurements were available. A re-
ceiver operating characteristic (ROC) curve was established,
providing the AMH cutoff with the best combination of sensi-
tivity and specificity. Patients were divided in two groups: 1)
POI—patients with “never ovarian function” (group 1) or “loss
of ovarian function” (group 3) using AMH values measured after
onset of POI; and 2) ovarian function—patients with “ongoing
ovarian function” (group 2).

The study was approved by The Danish Data Protection
Agency (registration number 2014-41-2699).

Results

Description of the TS cohort
Descriptive characteristics of the TS cohort according

to karyotypes and ovarian function are shown in Table 1.
The prevalence of spontaneous puberty was significantly
higher in patients with miscellaneous karyotypes (17 of
42) than with karyotype 45,X (three of 44) and highest in
patients with 45,X/46,XX mosaicism (15 of 17) (P �
.001).

AMH levels and association with karyotype

45,X
AMH was measured in 39 of 48 (81%) TS patients with

karyotype 45,X (Figure 1A). Twenty-seven of these (69%)

had exclusively undetectable levels of AMH (average of
two measurements; range, one to five). The four prepu-
bertal girls with 45,X had AMH levels below the normal
reference range (maximum, 2 pmol/L in all samples).

45,X/46,XX mosaicism
AMH was measured in 21 of 26 (80%) TS patients with

45,X/46,XX mosaicism (Figure 1B); the median was 16
pmol/L (range, �2–92). Only three patients had undetect-
able AMH values. Three of the four prepubertal girls with
45,X/46,XX had AMH levels within the reference range;
the median AMH level was 6 pmol/L (range, �2–11).

Miscellaneous karyotypes
AMH was measured in 41 of 46 (89%) TS patients with

miscellaneous karyotypes (Figure 1C). Eight patients
(20%) had AMH within the normal reference range:
karyotypes 45,X/46,XX/47,XXX (n � 2), 45,X/47,XX
(n � 1), 45,X/46,X,r(X) (n � 1), 46,X,del(X) (n � 2),
45,X/46,X,del(X) (n � 2).

The three prepubertal girls with miscellaneous karyo-
types had AMH levels below the reference range (maxi-
mum, 2 pmol/L in all samples).

AMH was higher in TS patients with mosaicism (45,X/
46,XX) compared with patients with 45,X (16 pmol/L
[�2–92] vs �2 pmol/L [�2–2]; P � .001) (Figure 1). In
most TS patients, AMH levels remained relatively stable
during follow-up; ie, the median intraindividual CV was
21% (0–172%).

Eight TS patients were taking oral contraceptives at the
time of AMH measurements (marked with black dots in
Figure 1).

AMH levels and association with ovarian status
There were 55 patients who never had any clinical signs

of ovarian function (group 1), and all but three patients
had AMH levels below the reference range (Figure 2A).
The three patients with a single AMH value in the refer-
ence range had elevated FSH serum levels at 102, 69, and
42 IU/L, respectively.

Twenty-three of the 35 (66%) TS patients with spon-
taneous puberty had ongoing ovarian function (group 2)
during the study period (Figure 2B), and one TS patient
conceived naturally (45,X/46,XX). The karyotype distri-
bution for the 23 patients with ongoing ovarian function
was 45,X, 4%; 45,X/46,XX, 65%; and miscellaneous,
31%. All but two of these 23 patients had AMH within the
reference range: median, 19 (range, �2–92) pmol/L (Fig-
ure 2B). In 17 of 23 patients, AMH was stable or slightly
increasing. AMH declined in the remaining five patients;
median decline of AMH was 20 (range, 3–79) pmol/L
during a median time period of 1.8 (range, 0.2–3.6) years.
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AMH was markedly lower in women who never had
ovarian function compared with women with ongoing
ovarian function: AMH � 2 (range, �2–8) pmol/L vs 19
(range, �2–92) pmol/L (P � .001) (Figure 2, A vs B).

AMH as a predictor of pubertal onset
AMH before pubertal onset was available in 15 pa-

tients. In 10 of these 15 patients, puberty was induced with
HRT, and AMH was detectable in three of these 10 girls:
median, �2 (range, �2–4) pmol/L. AMH was detectable
in four of the five girls who later had spontaneous pubertal
development: mean of repeated individual AMH measure-
ments, 4, 6, 20, and 58 pmol/L, respectively.

AMH as a predictor of POI
During follow-up, 12 TS patients developed POI

(group 3) (Figure 2C). Four of these patients lost ovarian

function after onset of spontaneous puberty but before
menarche at a median age of 15.6 (range, 12.7–23.1)
years, whereas eight patients had secondary amenorrhea
at a median age of 19 (range, 15.2–32.9) years.

The karyotype distribution for these 12 patients was:
25% (three of 12), 45,X; 8% (one of 12), 45,X/46,XX;
and 67% (eight of 12), miscellaneous karyotypes,
respectively.

AMH was measured in five of the 12 patients before
cessation of pubertal development or secondary amenor-
rhea (POI): median of last AMH value before POI, �2
(range, �2–5) pmol/L (Figure 3A).

Measurements of serum levels of FSH, LH, estradiol,
and inhibin B are shown only before onset of POI (and
hence before HRT) (Figure 3, B–E). FSH, LH, and estra-
diol levels before POI were: 30.6 (range, 5.86–93.7) IU/L,

Table 1. Descriptive Characteristics of the 117 TS Patients According to Karyotype and Ovarian Status

Karyotype Prepubertal

Spontaneous

Puberty

Induced

Puberty

Spontaneous

Menarche

Age at

Spontaneous

Menarche,

Median

(Range), y

Induced

Menarche

Continuous

Pubertal

Development

Continuous

Menstruation

Bleeding

Loss of

Ovarian

Function

Age at Loss

of Ovarian

Function,

Median

(Range), y

45,X (n � 48) 4/48 3/44 (7%) 41/44 (93%) 2/44 (4%) 14 (13.5–15) 41/44 (93%) 0/3 (0%) 0/2 (0%) 3/3 (100%) 15.85 (14–16.9)
45,X/46,XX (n � 23) 6/23 15/17 (88%) 2/17 (12%) 15/17 (88%) 14 (11–21.5) 2/17 (12%) 0/15 (0%) 14/15 (93%) 1/15 (7%) 21.15

Miscellaneous (n � 46)
45,X/46,X,iso(X)(q10) 0/11 1/11 10/11 0/11 — 11/11 1

45,X/46,X,r(X) 2/7 2/7 3/7 2/7 18.0 3/7 1 1

45,X/46,X,�mar 0/2 0/2 2/2 0/2 — 2/2

47,XXX/45,X/46,XX 0/2 2/2 0/2 1/2 15.0 0/2 1 1

45,X/46,X,del(X)(q22) 0/1 0/1 1/1 0/1 — 1/1

45,X/47,XXX 0/1 1/1 0/1 1/1 13.0 0/1 1

45,X,der(X)t(X;22)

(p11.22;q10)-22

0/1 1/1 0/1 1/1 13.0 0/1 1

45,X/46,X,der(X)del

(X)(p11.2)

dup(X)(q21.3)

0/1 1/1 0/1 1/1 10.5 0/1 1

45,X/46,X,-X,�der

(X)t(X;X)(p11.4;q13)

0/1 0/1 1/1 0/1 — 1/1

45,X/46,X,del(X)

(p11)/46,XX

0/1 0/1 1/1 0/1 — 1/1

45,X/46,X,der(X) 0/1 1/1 0/1 0/1 — 1/1 1

45,X/46,X,der(X),

t(X;6)(q26;q21)

0/1 1/1 0/1 1/1 15.0 0/1 1

45,X/46,X,der(X)

t(X;12)(p22.2;

q21.3)

0/1 0/1 1/1 0/1 — 1/1

45,X/46,X,i(Xq)/

47,X,i(Xq),i(Xq)

0/1 0/1 1/1 0/1 — 1/1

45,X/46,X,idic(X) 0/1 0/1 1/1 0/1 — 1/1

45,X/46,X,r(X),

inv(4)(p11q11)

0/1 1/1 0/1 0/1 — 1/1 1

45,X/46,X,del

(X)(p11.2)

0/1 0/1 1/1 0/1 — 1/1

45,X/46,X,del

(X)(p11,4)

0/1 1/1 0/1 1/1 12.0 0/1 1

46,X,i(X)(q10) 0/3 0/3 3/3 0/3 — 3/3

46,X,del(X)(p21.2) 0/1 1/1 0/1 0/1 — 0/1 1

46,X,del(X)(p21) 1/2 1/2 0/2 1/2 14.0 0/2 1

46,X,del(X)(q22.2) 0/1 1/1 0/1 1/1 13.0 0/1 1

46,X,del(X)(p22.1) 0/1 1/1 0/1 1/1 13.0 0/1 1

46,X,del(X)(q23) 0/1 1/1 0/1 1/1 12.0 0/1 1

46,X,del(X)(q21,2) 1/1 0/1 0/1 0/1 — 0/1

Totals 4/46 17/42 (40%) 25/42 (60%) 12/42 (29%) 13 (10.5–18) 28/42 (67%) 2/17 (12%) 7/12 (58%) 8/17 (47%) 18.28 (12.7–32)

Total (n � 117) 14/117 (12%) 35/103 (34%) 68/103 (66%) 29/103 (28%) 71/103 (69%) 2/35 (6%) 21/29 (72%) 12/35 (34%)

Data are expressed as number of patients/total number of patients, unless stated otherwise. Three patients with 45,X/46,XX were not included in
the table. Two of the women had uterus agenesis, and in one woman the information on ovarian status was missing. Dashes indicate information
not applicable.
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9 (range, 0.5–47) IU/L, and 20 (range, �18–54) pmol/L,
respectively. Inhibin B was available in four patients be-
fore POI: median, �20 (range, �20–55) pg/mL. Inhibin B
decreased to undetectable levels within 1 year before POI
(Figure 3E).

AMH as a marker of POI
Based on the mean of individual AMH measurements

from each adolescent and adult patient, the best cutoff
value for AMH as a marker of POI was 3 pmol/L. Both the
sensitivity (probability of having POI when AMH � 3
pmol/L) and the specificity (probability of having ovarian
function when AMH � 3 pmol/L) were 95% (Supplemen-
tal Figure 1).

TS patients with high AMH
Seven TS patients had AMH �

�2 SD. Five of these patients had
regular menstrual cycles, one patient
suffered from metrorrhagia, and one
was born with no uterus.

Ultrasound of the ovaries was de-
scribed in five of the seven patients.
Three of the patients had slightly en-
larged ovaries with up to 12 small
follicles (�9 mm diameter) per
ovary, but morphology was not clas-
sically polycystic ovary syndrome
(PCOS)-like with follicles located
close to the ovarian cortex. Two pa-
tients had normal ovarian morphol-
ogy. Serum T was measured in five of
the seven patients and was found to
be normal with a range from 0.02 to
1.9 nmol/L. The LH/FSH ratio was:
median, 1.34 (range, 0.25–4.22).
Pubic hair from the symphysis to the
umbilicus was described in one
patient.

Discussion

This unique longitudinal cohort of
120 TS patients in a transition setting
from pediatrics to gynecology al-
lowed us for the first time to evaluate
AMH as a predictor of absent pu-
berty and imminent POI. No prepu-
bertal girls with AMH � 4 pmol/L
entered puberty spontaneously, and
in adolescents, AMH � 5 pmol/L
(��2SD) was indicative of immi-
nent POI. ROC analysis of cross-sec-

tional data from adolescent and adult patients confirms
that low AMH is indicative of POI (AMH � 3 pmol/L was
a sensitive [95%] and specific [95%] marker of POI). Our
present ROC analysis does not assess the diagnostic value of
AMH to predict future POI in adult patients with ongoing
ovarian function, but suggests that AMH is a valuable pre-
dictive tool when counseling prepubertal TS patients as well
as adolescents regarding remaining ovarian function and
their future reproductive lifespan.

Supporting previous studies, we observed that the TS
karyotype was a strong predictor for spontaneous puber-
tal onset and menarche (15, 22, 24, 25). Due to a potential
hidden grade of mosaicism, which is frequently found in

A

B

C

Figure 1. Serum AMH levels in girls, adolescents, and women with TS according to age and
karyotypes: 45,X (A), 45,X/46,XX (B), and miscellaneous karyotypes (C). Red, prepubertal girls;
green, patients with ongoing ovarian function; black, hormonal contraceptive treatment at the
time of AMH measurement; and gray, patients with no ovarian function. Note the logarithmic
Y-scale. Blue lines indicate the reference range (median, 2.5th and 97.5th percentiles) based on
926 samples from healthy Danish infants, girls, adolescents, and adults (22).
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TS patients when analyzing an extended number of meta-
phases (27), the predictive value of karyotypes for POI is
poor (28, 29).

A subset of TS patients—predominantly those with mo-
saicism 45,X/46,XX—had ongoing ovarian function well
into early adulthood. Most TS women with spontaneous
menarche and continuous ovarian function had stable
AMH levels within the reference range during the 5 years
of follow-up. As in adult women, AMH seems to reflect
the number of small growing follicles in both healthy girls
and TS patients (17, 25). Thus, as in healthy adult women,
AMH in girls and in TS patients most likely reflects the
number of resting primordial follicles, thus determining
the reproductive lifespan.

In our longitudinal analysis, AMH below the reference
range was associated with the absence of spontaneous pu-

berty onset in prepubertal girls as
well as with imminent POI in ado-
lescents and adults. To explore fur-
ther how AMH reflects ovarian
function, we evaluated AMH as a
marker (not a predictor) of POI in
adolescent and adult patients. This
information is useful when interpret-
ing AMH in prepubertal patients
when the central inhibition of the hy-
pothalamic-pituitary-gonadal axis
prevents assessment of ovarian func-
tion with traditional reproductive
hormones (7). The highly sensitive
and specific AMH cutoff (�3
pmol/L) as a marker of POI in ado-
lescent TS patients supports the hy-
pothesis that low AMH is reflecting
compromised ovarian activity in pre-
pubertal girls. Our findings are in
line with a large European TS study
reporting that the chance of sponta-
neous pubertal onset was increased
19 times if AMH was detectable
(24). This is also consistent with data
from girls with cancer treated with
gonadotoxic chemotherapy and ir-
radiation (30).

Compared with the AMH cutoff
reported in a subgroup of TS patients
from the present study (8 pmol/L)
(22), the new cutoff based on a larger
number of patients is close to the de-
tection limit of the AMH assay (2
pmol/L) and below �2 SD. This is
reassuring for normal girls with
AMH in the low part of the reference

range, suggesting that they are not facing imminent POI.
However, prospective studies are needed for clarification.

Not all TS women with no ovarian function had un-
detectable AMH, and two patients even had single mea-
surements within the reference range. Thus, a limited
number of small AMH-producing follicles may be present
in patients who fulfill the criteria for the definition of POI.
However, these small follicles may not produce sufficient
estradiol to initiate pubertal development (25).

When we evaluated other reproductive hormone levels
as predictors of POI, inhibin B particularly appeared to be
of potential predictive value, with levels dropping mark-
edly during the year preceding POI, however, data are
sparse. In many of the patients, gonadotropins and estra-
diol were not affected before clinical manifestation of POI.

Figure 2. Serum AMH levels in girls, adolescents, and women with TS according to age, reference range
and their ovarian status: never ovarian function (A), ongoing ovarian function (B), and loss of ovarian
function (C). Green, patients with ongoing ovarian function; gray/black, patients with no ovarian function.
Note the logarithmic Y-scale. Blue lines indicate the reference range (median, 2.5th and 97.5th percentiles)
based on 926 samples from healthy Danish infants, girls, adolescents, and adults (22).
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The finding of declining inhibin B is consistent with data
indicating the predictive value of inhibin B concerning the
natural menopause (30–32). However, the predictive
value of inhibin B is hampered by its variation through the
menstrual cycle, resulting in undetectable values in sam-
ples from some healthy women during the luteal phase
(33).

In experimental settings, cryopreservation of ovarian
tissue is offered to TS girls and adolescents with the po-
tential chance of preserving remaining ovarian follicles.
However, there are no reports of follicle survival after
thawing, and no pregnancies have yet been reported after
auto-transplantation of tissue in this patient group (34,
35). Therefore, ovarian cryopreservation introduces a risk
of lossofpreciousovarian tissue thatmayhavemaintained
ovarian function including endogenous hormone produc-
tion and potentially spontaneous pregnancy. Ovarian

stimulation, aspiration, and vitrifi-
cation of mature oocytes is an alter-
native method of fertility preserva-
tion but is not always feasible in
young TS patients. Because AMH is
a quantitative rather than a qualita-
tive marker of primordial follicles,
ie, low AMH is associated with early
menopause (19, 21), it is not predic-
tive of fecundability in young adult
women (36). Thus, it is not yet pos-
sible to determine which patients
will benefit from fertility preserva-
tion strategies. Our data indicate
that potential candidates may be
found among patients with 45,X/
46XX mosaicism and miscellaneous
karyotypes with relatively preserved
AMH levels.

We were puzzled by the few pa-
tients with high AMH values, similar
to what is observed in PCOS patients
(37). The etiology of PCOS is still not
elucidated; however, early exposure
to androgens may predispose to
PCOS (38, 39). Premature adre-
narche and increased levels of dehy-
droepiandrosterone sulfate have
been observed in TS girls (40). How-
ever, only one TS patient in this study
had polycystic ovarian morphology
(�12 follicles 2–9 mm in size), and
none had clinical or biochemical hy-
perandrogenism. Thus, it is highly
speculative whether TS patients with
remaining ovarian function have in-

creased risk of developing PCOS.
A higher number of TS patients with a longer clinical

follow-up of absent spontaneous puberty or secondary
amenorrhea are required to conclude firmly on the pre-
dictive value of absolute AMH levels.

AMH measurements cannot be directly compared be-
tween commercially available assays, and reports of dif-
ferent converting factors suggest that the assays have been
modified continuously (41). Therefore, the absolute AMH
levels reported in this study should be used with caution
for other AMH assays. Nevertheless, the relative levels
based on a well-defined reference range are clinically use-
ful because AMH � �2 SD is predictive of absent pubertal
onset (prepubertal patients) and imminent POI (adoles-
cents and adults). The introduction of more sensitive
AMH assays may improve further the accuracy of inter-

A

B C

D E

Figure 3. A, Serum AMH levels in women with TS before and after POI; the 12 women are
represented by different colors. FSH (B), LH (C), estradiol (D), and inhibin B (E) levels in women
with TS in the years preceding development of POI or initiation of HRT (red line). The blue line
represents the 2.5th percentile corresponding to �2 SD of the reference range. The blue dotted
line represents the detection limit of 2 pmol/L.
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pretation of low AMH concentrations. This has recently
been demonstrated in the context of the assessment of
ovarian function after chemotherapy for early breast can-
cer (42).

In conclusion, most women with mosaic karyotype
45,X/46,XX had ongoing ovarian function and AMH lev-
els within the reference range in early adulthood. AMH �
�2 SD predicted failure to enter puberty in prepubertal TS
girls and imminent POI in adolescent and adult TS pa-
tients. Longer follow-up is required to assess the value of
AMH levels in predicting the reproductive lifespan in pa-
tients with TS.
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Serum levels of antim€ullerian
hormone in early maturing girls
before, during, and after suppression
with GnRH agonist
Casper P. Hagen, M.D.,a Kaspar Sørensen, M.D., Ph.D.,a Richard A. Anderson, M.D., Ph.D.,b

and Anders Juul, M.D., Ph.D., D.M.Sc.a

a Department of Growth and Reproduction, Rigshospitalet, University of Copenhagen, Copenhagen, Denmark; and
b Medical Research Council, Centre for Reproductive Health, University of Edinburgh, Edinburgh, United Kingdom

Objective: To evaluate whether serum antim€ullerian hormone (AMH) levels are affected in early maturing girls, and whether pituitary
suppression by long-acting GnRH agonist (GnRH-a) affects AMH.
Design: Secondary analyses of a prospective clinical study.
Setting: Tertiary pediatric center.
Patient(s): Fifteen girls followed during GnRH-a treatment. Evaluations before, 3 and 12 months after initiation, as well as 6 months
after discontinuation of treatment. To evaluate whether AMH levels were affected in early maturing girls, baseline levels were compared
with levels in healthy girls (matched for age, n ¼ 129; matched for pubertal Tanner stage, n ¼ 119).
Intervention(s): Patients were treated with SC injections of leuprolide acetate (LA; Procren 3.75 mg every 28th day).
Main Outcome Measure(s): Basal serum levels of AMH, E2, inhibin B, FSH, and LH, as well as GnRH-stimulated levels of FSH and LH.
Result(s): At baseline, the median (range) of AMH levels in the patients was 20.3 pmol/L (2.0–30.0 pmol/L). After 3 months of GnRH-
a treatment, AMH declined to 10.4 pmol/L (range, <2.0–27.0 pmol/L). The AMH suppression was maintained after 12 months of
treatment (14.4 pmol/L [range, <2.0–29.6 pmol/L]). Six months after discontinuation of GnRH-a treatment, AMH levels were
similar to pretreatment levels (18.8 pmol/L (range, 5.8–46.9 pmol/L)). Before treatment, AMH levels in early maturing girls did not
differ significantly from AMH levels in healthy age-matched girls (median, 20 vs. 23 pmol/L) or Tanner-matched girls (median,
20 vs. 19 pmol/L).
Conclusion(s): The partial suppression of AMH by GnRH-a treatment is consistent with
previous studies suggesting partial gonadotropin-dependence of AMH. (Fertil Steril�
2012;98:1326–30. �2012 by American Society for Reproductive Medicine.)
Key Words: AMH, MIS, GnRH agonist, precocious puberty

Discuss: You can discuss this article with its authors and with other ASRM members at http://
fertstertforum.com/hagencp-antimullerian-hormone-early-maturing-girls-suppression-
gnrh-agonist/

Use your smartphone
to scan this QR code
and connect to the
discussion forum for
this article now.*

* Download a free QR code scanner by searching for “QR
scanner” in your smartphone’s app store or app marketplace.

A ntim€ullerian hormone (AMH) is
produced by granulosa cells
(GC) surrounding follicles that

have undergone recruitment from the
primordial follicle pool but have not

been selected for dominance (preantral
and early antral follicles) (1–3). In adult
women, serum AMH level is considered
to be a surrogate marker of the
primordial follicle pool and thereby

predicting the follicle reserve (4). In
healthy girls, serum levels of AMH
vary considerably between individuals
(5, 6), and individual levels seem to
decline slightly as a response to
pubertal onset (7). In the same study,
prepubertal level of serum AMH did
not seem to correlate with age of
pubertal onset in healthy girls. Despite
increasing recognition of AMH as an
important clinical marker of follicle
quantity, little is known about AMH
regulation. Whether AMH levels are
affected by gonadotropins is
contentious. In prepubertal girls, AMH
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correlates negatively with FSH levels (7); however, diverging
results exist concerning the direct effect of FSH on AMH
production in GCs (8, 9).

Pubertal development can be arrested in girls with central
precocious puberty (CPP) by treatment with depot GnRH
agonist (GnRH-a), which suppresses pituitary FSH and LH se-
cretion with secondary inhibition of ovarian estrogen (E) pro-
duction. Retrospective studies have reported normal
reproductive function in young women after depot GnRH-
a treatment of CPP (10, 11); however, increased risk of
hyperandrogemia has been suggested (12). Due to short time
of observation after discontinuation of GnRH-a, any possible
long-term effects of GnRH-a therapy on reproductive func-
tion including fertility and age at menopause has not been
properly evaluated.

By longitudinal evaluation of AMH levels in early
maturing girls during pituitary suppression by long-acting
GnRH-a treatment (Procren Depot, Abbott Scandinavia AB;
leuprolide acetate [LA] 3.75mg), we aim to provide new insight
to the regulation of AMH. In addition, this study will suggest
whether pretreatment with AMH in early maturing girls differ
from levels in healthy girls matched by age and Tanner stage.

MATERIALS AND METHODS
Patients and Controls

The present study is based on a previously reported prospective
clinical study population of early maturing girls. Detailed de-
scription of the patients is available in the original study (13).
In short, patients referred with onset of breast development be-
fore the age of 9 years were recruited consecutively from
our outpatient clinic at the Department of Growth and
Reproduction, Copenhagen University Hospital, from May
2008 to September 2009. All patients presentedwith breast bud-
ding as first sign of puberty and all were premenarcheal. The
girls were diagnosedwith idiopathic CPP if age at onset of breast
development was less than 8 years, peak LH level wasmore than
5 IU/L, and/or peak LH-to-peak FSH ratio was more than 0.66
(14) in response to rapid-acting GnRH-a (0.1 mg Relefact
LHRH, Sanofi-Aventis) and brain magnetic resonance imaging
was nonpathological. The same criteria were applied for the di-
agnosis of early puberty, except for age at onset of breast devel-
opment was between 8 and 9 years. Pubertal development was
described according to Tanners criteria (15).

Fifteen girls (13 with CPP and 2 with early puberty) were
initiated on long-acting GnRH-a treatment (3.75 mg of LA)
with SC injections every 28th day. The median (range) age at
pubertal onset was 7.7 years (7.2–8.6 years). Age at initia-
tion of treatment was 8.9 years (range, 7.5–10.0 years).
Blood samples were withdrawn at baseline (n ¼ 14) and at
re-examinations after 11.9 weeks (range, 10.2–12.3 weeks)
of treatment (time-point, 3 months; n ¼ 14), 51.9 weeks
(range, 48.9–55.1 weeks) of treatment (time-point, 12
months; n ¼ 14), and 26.3 weeks (22.5–33.1 weeks) after
discontinuation of treatment (time-point, 6 months after
discontinuation; n ¼ 11). All re-examinations were done
immediately before GnRH-a injections.

To evaluate whether baseline levels of AMHwere affected
in early maturing girls, we included healthy girls from The

Copenhagen Puberty Study based on four primary schools in
the Copenhagen community (16). Healthy girls matched by
age (8.7 years; range, 7.5–9.9 years; n¼ 129) and breast Tan-
ner staging (II and III; n¼ 119)were included. No priormedical
history of conditions associated with altered pubertal timing,
gonadal diseases, or intake of medications was reported.

Blood Sampling

An intravenous cannula was inserted into an antecubital
vein, from which venous fasting blood samples were drawn
into standard vacuum tubes. Blood was centrifuged (3,000
� g at 10minutes) within 30minutes and plasma immediately
stored at �20�C until analyses.

Analyses

Serum AMH levels were determined using the Beckman Coul-
ter enzyme immunometric assay (Immunotech, Beckman
Coulter Ltd.) with a detection limit of 2.0 pmol/L. The intra-
assay and interassay coefficients of variation (CV) were less
than 7.8% and 11.3%, respectively. In case of controls exceed-
ing two SD, samples were adjusted with a batch-specific
correction factor, according to standard practice (7). Serum
FSH and LH levels were measured by time-resolved immuno-
fluorometric assays (Delfia; PerkinElmer) with detection limits
of 0.06 and 0.05 IU/L for FSH and LH, respectively. Intra-assay
and interassay CV was less than 5% in both gonadotropin
assays. Inhibin B levels were measured by double-antibody
immunometric assays (Serotec). The inhibin B assay had a de-
tection limit of 20 pg/mL, and the intra-assay and interassay
CVs were less than 16%. Estradiol levels were determined by
RIA (Pantex) with detection limit of 18 pmol/L and intra-
assay and interassay CVs of 7.5% and 12.3%, respectively.

Statistics

Reproductive hormone levels were presented as median and
range. Longitudinal changes in AMH levels during GnRH-
a treatment were evaluated by Wilcoxon signed rank tests.
Mann-Whitney U test was used to compare AMH levels
between patients and healthy girls. To assess the correlations
betweenAMHandFSH levels, Spearman's correlationwasused.

Ethics

The study protocol was approved by the local ethics commit-
tee (references KF 01 282214 and KF 11 2006-2033). The
Copenhagen Puberty Study (ClinicalTrials.gov ID:
NCT01411527) was approved by the local ethical committee
(KF 01 282214 and V200.1996/90) and the Danish Data Pro-
tection Agency (2010-41-5042). All children and parents
gave their informed written consent.

RESULTS
At baseline, all girls with CPP and early puberty presented
with breast Tanner stage II or III. The median (range) of
AMH levels was 20.3 pmol/L (2.0–30.0 pmol/L) (Fig. 1). After
3 months of treatment, AMH level declined to 10.4 pmol/L
(<2.0–27.0 pmol/L; P¼ .007). The relative decline of AMH
level after initiation of treatment was not associated with
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pretreatment level of AMH (data not shown). After 12 months
of treatment, the partial suppression of AMH was maintained
(14.4 pmol/L; range, <2.0–29.6 pmol/L vs. pretreatment
levels; P¼ .007). After discontinuation of GnRH-
a treatment, AMH recovered to pretreatment levels
(18.8 pmol/L [range, 5.8–46.9 pmol/L) vs. 20.3 pmol/L [range,
2.0–30.0 pmol/L]; P¼ .508). The AMH did not show statisti-
cally significant changes during treatment (3–12 months,
10.4 pmol/L [range,<2.0–27.0 pmol/L] to 14.4 pmol/L [range,
<2.0–29.6 pmol/L]; P¼ .582) and from 12 months of treat-
ment to 6 months after discontinuation of treatment
(14.4 pmol/L [range, <2.0–29.6 pmol/L] to 18.8 pmol/L
[range, 5.8–46.9 pmol/L]; P¼ .248). The two girls with early
puberty were randomly distributed within the larger group
of patients with CPP (data not shown).

The FSH, LH, inhibin B, and E2 levels were suppressed
during long-term GnRH-a treatment (Fig. 2).

Prior to treatment, AMH levels in early maturing girls did
not differ significantly from AMH in healthy age-matched
girls (median 20 vs. 23 pmol/L; P¼ .058) or Tanner-matched
girls (20 vs. 19 pmol/L; P¼ .335).

At baseline, AMH and FSH levels were negatively corre-
lated (r ¼ �0.856, P< .001). The same tendency was found
6months after discontinuation (r¼�0.588, P¼ .074). No cor-
relation was found during treatment (3 months: r ¼ 0.088,
P¼ .775; 12 months: r ¼ �0.053, P¼ .858).

DISCUSSION
This is the first study evaluating the effect of GnRH-
a treatment on serum AMH levels in girls with precocious

puberty. The AMH level was assessed in a well-defined study
population of early maturing girls, and pretreatment levels
did not differ from levels in healthy girls. The main finding
is that AMH declined significantly (51% reduction) after the
first 3 months of GnRH-a treatment. After discontinuation
of treatment, AMH recovered to pretreatment levels.

Although AMH levels are very stable through childhood
and adolescence (5), we observed a slight decline of individual
AMH levels in healthy girls during the first 2 years after
pubertal onset (7). In this study, baseline AMH levels were
measured approximately 1 year after start of pubertal onset.
Thus, we find it highly unlikely that the observed significant
reduction of circulating AMH levels after GnRH-a treatment
is explained by the slight decline of individual AMH levels
in healthy girls during early puberty.

Whether AMH levels are affected by gonadotropins is not
fully elucidated. Our study is consistent with previous find-
ings of suppression of AMH during long-acting gonadotropin
suppression in women with breast cancer (17). In that study
a comparable reduction in AMH level (approximately 50%)
was observed during GnRH-a treatment. Decreasing levels
of AMH have also been reported after start of combined
oral contraceptives (OC) (18), and in a cross-sectional study
of users of combined OC compared with nonusers (19).
Furthermore, AMH level declines during pregnancy (20). In
contrast some studies (21, 22) report that AMH levels were
not affected by combined OC. AMH is produced by small
antral follicles, whose growth is gonadotropin dependent, as
well as by small follicles with little gonadotropin
dependence (2, 3), and FSH has been demonstrated to
directly stimulate AMH production from GCs in vitro (9).
Overall these data support the conclusion that AMH
production is partially gonadotropin responsive.

Medical suppression of gonadotropins from the pituitary
nearly silenced the ovarian production of inhibin B and E2.
This is consistent with AMH-producing preantral and small
antral follicles remaining present in the ovary during
GnRH-a treatment, whereas the lack of FSH depletes larger
follicles responsible for inhibin B and E2 production. Unfortu-
nately, we do not have ultrasound assessment of the ovaries.
However, longitudinal evaluation of the distribution of folli-
cles in girls during long-acting GnRH-a treatment supports
this theory (23).

The GnRH receptors exist in GCs (24), and low AMH con-
centrations were reported in follicular fluid (FF) from women
treated with GnRH-a compared with controls (25). Thus, we
cannot exclude that part of the AMH response observed in
our study could be due to direct GnRH-a effect on the ovaries.

Although changes in circulating AMH during treatment
were nonsignificant in our relatively small sample size, the re-
covery of AMH after discontinuation of treatment is probably
due to a gradual increase of AMH during treatment and after
discontinuation. The AMH itself inhibits initiation of follicle
growth (26). It is possible that the initial decline followed by
a tendency of increasing AMH levels during gonadotropin
suppression is caused by more than one mechanism in the
regulation of ovarian folliculogenesis.

Our finding of relatively stable AMH levels during treat-
ment is consistent with a longitudinal study of AMH levels in

FIGURE 1

Longitudinal serum levels of antim€ullerian hormone (AMH) (in
picomoles per liter) in 15 girls with central precocious puberty or
early pubertal onset during long-acting GnRH agonist treatment.
Individual serum levels of AMH are marked with dots and
connected with thin gray lines. Median levels at baseline, at 3 and
12 months of treatment, and 6 months after discontinuation of
GnRH agonist are marked with fat black bars. Baseline to 3 months
of treatment: P¼.007 (Wilcoxon signed rank test); baseline to
12 months of treatment: P¼.007; baseline to 6 months after
discontinuation: P¼not significant, 3 to 12 months of treatment:
P¼not significant; 12 months of treatment to 6 months after
discontinuation: P¼not significant.
Hagen. AMH in girls during GnRH-a treatment. Fertil Steril 2012.
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women with endometriosis treated with long-acting GnRH-
a (27). In support of the recovery of AMH levels after end of
GnRH-a treatment, increasing levels of AMH after discontin-
uation of combined OC has been reported (28), and increasing
AMH level has been observed during gonadotropin treatment
in a patient with idiopathic hypogonadotropic hypogonadism
(29). In healthy girls, we observed increasing levels of AMH
before pubertal onset and subsequently declining levels after
pubertal onset (7). The distribution of follicles may be very
different in healthy girls experiencing a gradual increase of
FSH level at the onset of puberty (30) compared to the rapid
reintroduction of FSH after complete pituitary suppression
in the girls included in this study. This may explain why
AMH levels do not decrease as a response to restarting puber-
tal development after discontinuation of GnRH-a. However,
this remains speculative. As expected, larger ovarian follicles
reappear after discontinuation of GnRH-a in girls with CPP
(23), and we believe that the recovery of AMH indicates

a normalized redistribution of ovarian follicles after recovery
from gonadotropin suppression. As it was unlikely that tem-
porary pituitary suppression would affect the number of rest-
ing follicles, the recovery of AMH after discontinuation of
GnRH-a was anticipated. These findings support existing lit-
erature suggesting that temporary GnRH-a treatment of girls
with CPP does not affect future reproductive function (10, 11).
This study suggests that monitoring AMH levels during
GnRH-a treatment of girls with CPP does not add to the mea-
surement of gonadotropins and E2 as currently used.

We have previously reported that AMH levels in girls are
not associated with age at pubertal onset (7). Therefore, the
finding of baseline AMH levels in girls with precocious pu-
berty tending to be lower than age-matched controls but
not differing from levels in Tanner-matched controls was
not unexpected.

The negative correlation between AMH and FSH levels be-
fore treatment is in linewithpreviousfindings (7), indicating an

FIGURE 2

Longitudinal serum levels of (A) FSH (IU/L), (B) LH (IU/L), (C, D) peak FSH and LH response to rapid-acting GnRH agonist (GnRHa), (E) inhibin B (in
picograms per milliliter), (F) E2 (in picomoles per liter) in 15 girls with central precocious puberty or early pubertal onset during long-acting GnRH
agonist treatment. Individual serum levels aremarkedwith dots and connectedwith thin gray lines. Median levels at baseline, at 3 and 12months of
treatment, and 6 months after discontinuation of GnRH agonist are marked with fat black bars.
Hagen. AMH in girls during GnRH-a treatment. Fertil Steril 2012.
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individual pituitary-ovarian set-point. The absent AMH-FSH
correlation during suppression of gonadotropins supports the
notion that AMH levels are not directly regulated by FSHalone.

The study population is small but very homogeneous, and
the prospective study design including identical time-points
of withdrawal of blood samples during treatment adds to
the reliability of interpretation. All participating girls from
the original study were included in this study. Thus, we
believe that the initial decline of AMH level and the recovery
after discontinuation of treatment are accurate estimates of
the effect of GnRH-a on AMH in early maturing girls. The re-
covery most likely reflects a gradual increase of AMH level
during treatment and after discontinuation, although our
sample size is too small to effectively evaluate this.

In conclusion, circulating AMH declined significantly
after the first 3 months of long-acting GnRH-a treatment in
girls with central precocious puberty and early puberty. After
discontinuation of GnRH-a, AMH levels recovered to pre-
treatment levels. The partial suppression of AMH by GnRH-
a treatment is consistent with previous studies suggesting
partial gonadotropin-dependence of AMH.
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Objective: To evaluate whether circulating levels of antim€ullerian hormone (AMH) predict fecundability in young healthy women.
Design: Prospective cohort study.
Setting: General community.
Patient(s): A total of 186 couples who intended to discontinue contraception to become pregnant were followed until pregnancy or for
six menstrual cycles.
Intervention(s): None.
Main Outcome Measure(s): Fecundability was evaluated by the monthly probability of conceiving (i.e., fecundability ratio [FR]). In
addition, circulating levels of LH, FSH, T, and sex hormone-binding globulin (SHBG) were evaluated in 158 of 186 women.
Result(s): Fifty-nine percent of couples conceived during the study period. Compared to the reference group of women with medium
AMH (AMHquintiles 2–4), fecundability did not differ significantly inwomenwith lowAMH (AMHquintile 1) (FR 0.81; 95% confidence
interval [CI] 0.44–1.40). In contrast, womenwith highAMH (AMHquintile 5) had reduced fecundability (FR 0.62; 95%CI 0.39–0.99) after
adjustment for covariates (woman's age, body mass index [BMI], smoking, diseases affecting fecundability, and oligozoospermia). Ir-
regular menstrual cycles were more prevalent in women with high AMH compared with women with low or medium AMH levels,
and they had higher levels of LH (geometricmean: 8.4 vs. 5.3 IU/L) and LH:FSH ratio (2.4 vs. 1.8). After exclusion ofwomenwith irregular
cycles, women with high AMH still had reduced fecundability (FR 0.48; 95% CI 0.27–0.85) and elevated LH:FSH ratio (2.4 vs. 1.7).
Conclusion(s): Low AMH in healthy women in their mid-20s did not predict reduced
fecundability. Even after exclusion of women with irregular cycles, the probability of
conceiving was reduced in women with high AMH. (Fertil Steril� 2012;98:1602–8. �2012 by
American Society for Reproductive Medicine.)
Key Words: AMH, MIS, time to pregnancy, fecundity, fecundability, PCOS
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A ntim€ullerian hormone (AMH) is produced by granulosa
cells (GC) surrounding follicles that have undergone
recruitment from the primordial follicle pool but have

not been selected for dominance (preantral and early antral fol-
licles) (1, 2). In adult women, serum AMH concentration is
considered to be a predictor of the follicle reserve. High AMH
is associated with high antral follicle count (3), and with
a high number of resting primordial follicles (4).

After minor fluctuations during puberty (5), AMH levels
are stable through adolescence (6). Cross-sectional data
from multiple studies suggest that AMH peaks at an average
age of 25 years (7) before declining and becoming undetect-
able before menopause (8). The AMH level varies considerably
between individuals, as does the ovarian reserve (9, 10). In
healthy women in their mid-20s, AMH range from 4–58
pmol/L (6). Low AMH level is predictive of ovarian failure
in patients with Turner syndrome (6), and earlier age of men-
opause in healthy women (11–13). In contrast, women with
polycystic ovarian syndrome (PCOS) have elevated
concentrations of AMH (14, 15).

The main value of AMH in IVF treatment is to predict the
ovarian response (16), and in some but not all analyses AMH
level has been found to positively associated with the chance
of conception (17, 18). The main predictive value of AMH in
ovarian stimulation is therefore quantitative rather than
qualitative.

There are very limited data on its relation to natural con-
ception. Time to pregnancy (TTP) is a functional measure of
fecundability (19), and to our knowledge, only one study
has assessed whether circulating levels of AMH in women
are associated with fecundability evaluated by TTP. In that
study (n ¼ 100) of women in their late reproductive life
(30–42 years) reduced fecundability was found in women
with very low AMH levels (%0.7 ng/mL) (20).

In this prospective population-based cohort study of
healthy Danish couples with no prior knowledge of fecund-
ability, we hypothesized that low AMHmight predict reduced
fecundability. In addition, we anticipated that women with
high AMH levels, a group that would include women with
PCOS, would also have reduced fecundability.

MATERIALS AND METHODS
Sample Description

A total of 430 couples were recruited between 1992 and 1995
after a nationwide mailing of personal letters to 52,255 trade
union members (metal workers, office workers, nurses, and
day care workers) whowere 20–35 years old, lived with a part-
ner, and had no children. Couples with no previous reproduc-
tive experience who intended to discontinue contraception to
become pregnant were eligible for enrolment. The number of
eligible couples in the source population of 52,255 people is
unknown. However, assuming that 75% of pregnancies in
Denmark are planned, a participation rate of 16% was esti-
mated by using data from union, age, parity, and calendar-
specific birth rates obtained from the Danish civil registration
system. The couples were enrolled into the study when they
discontinued contraception and were followed for six men-
strual cycles or until a clinically recognized pregnancy was

achieved, if sooner. At enrolment both partners filled in
a questionnaire on demographic, medical, reproductive, occu-
pational, and lifestyle factors. The men provided a semen
sample and both partners, a blood sample. A detailed descrip-
tion of the study has previously been published (21, 22). From
the 430 couples enrolled, AMH concentrations were
determined in a subgroup of 186 women from one of the
two data collecting centers (Sealand) from whom blood
samples were available for analyses. None of the couples
were lost to follow-up. Due to limited volume of remaining
sera, analyses of LH, FSH, sex hormone-binding globulin
(SHBG), and T concentrations were possible in 158 of the
186 women included in this study. The glycated hemoglobin
A1C (HbA1C) levels, which have been reported previously
(23), were available in 135 women.

Outcome

To evaluate the fecundability ratio (FR) (i.e., the monthly
probability of conceiving) TTP was measured as the number
of cycles from cessation of birth control to pregnancy or for
a maximum of six cycles. Menstrual cycle log books were up-
dated daily during the period at risk. The method of cycle de-
termination has been described previously (21, 22).

In short, the first cycle of follow-up was defined as the cy-
cle in which birth control was discontinued if more than 10
days had elapsed from discontinuation to the next menstrual
bleeding. If not, then the next cycle was considered the first.
We obtained cycle-specific information about frequency of
sexual intercourse and defined a fertile window with at least
one act of sexual intercourse between day 11 and day 20 be-
fore the first day of the menstrual cycle, as no couples without
sexual intercourse in this window conceived. However, cycle-
specific information on sexual intercourse was missing in 192
cycles of 789 cycles, and we therefore did not include this in-
formation in the main analyses, but performed subanalyses
after exclusion of 22 cycles without sexual intercourse in
the fertile window.

Pregnancy was determined clinically by a physician, by
a urine pregnancy test, or by serum hCG measurement. Sub-
fecundability was defined as TTP more than six cycles.

Covariates

Age (in years) was categorized in three groups (19–24, 25–29,
and 30–35). Body weight (in kilograms) and body height (in
meters) was obtained and body mass index (BMI, kg/m2)
was calculated and categorized into three groups (<20, 20–
25, and >25). Smoking (never, ever, current), cycle length
(20–24, 25–34, and R35 days), and cycle regularity (regular,
i.e., ‘‘almost always regular cycles’’; irregular, i.e., ‘‘almost al-
ways irregular cycles’’; regular cycles while on the combined
contraceptive pill before enrolment) were determined by
questionnaire. Similarly, self-reported diseases related to fe-
cundability (women: salpingitis, ovarian cysts, gonorrhea,
perforated appendicitis, Crohn's disease, history of amenor-
rhea, hormonal disorder or hormonal treatment; men: epidid-
ymitis, adult parotitis, gonorrhea, testicular cancer,
varicocele, sperm cyst, and cryptorchidism) were categorized
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into a variable (present or not present) (21). Based on a fresh
semen sample obtained at enrolment, sperm concentration (in
million per milliliter) was determined and categorized into
normal or oligozoospermia (<20 million/mL).

Hormone Assays

Blood samples were collected randomly during the menstrual
cycle. All samples were withdrawn from an antecubital vein,
clotted, centrifuged, and serum was stored at �20�C until
hormone analyses were performed. Analyses were performed
after approximately 15 years of storage in the freezer at
�20�C. All samples were analyzed blind for study outcomes
in the same laboratory.

Serum AMH levels were determined using the Beckman
Coulter enzyme immunometric assay, generation I (Immuno-
tech, Beckman Coulter Ltd.) with a detection limit of 2.0
pmol/L. The intra-assay coefficients of variation (CVs) were
less than 7.8% and 5.4% at 13 and 123 pmol/L, respectively.

Our AMH results were compared to those of other studies
using another assay and other units. To compare levels mea-
sured on different assays, the following conversion was used:
AMH (Beckman Coulter) pmol/L ¼ AMH (Diagnostic Systems
Laboratories, Inc.) mg/L � 2.0 � 7.14 pmol/mg (24).

Serum FSH, LH, SHBG, and T were measured by time-
resolved immunofluorometric assays (Delfia; PerkinElmer—
Wallac Oy) with the following detection limits: FSH, 0.06
IU/L; LH, 0.05 IU/L; SHBG and T, 0.23 nmol/L. Intra-assay
and interassay CVs were FSH and LH, <5%; SHBG, <6%; T,
<12%. Hyperandrogenemia was defined as T >2.94 nmol/L
(25). Free androgen index was calculated as 100 � T (nmol/
L) / SHBG (nmol/L).

The percentage of HbA1C was determined in capillary
whole blood or venous whole blood using an immunoturbidi-
metric assay (DCA 2000 HbA1C System, Bayer). The validity
of this assay has previously been tested (26).

Statistical Analyses

To normalize the distribution, hormone levels were log10-
transformed. From back-transformed data, we report the geo-
metric mean � 1.96 SD.

To maintain group sizes large enough for statistical
power, data analyses was planned based on dividing the
women in AMH quintiles (5 groups) referring to the number
of participating women. The three middle AMH quintiles
(quintiles 2–4, n ¼ 113) were joined to serve as the reference
group to compare with women with low AMH (quintile 1, n¼
36) and high AMH (quintile 5, n ¼ 37).

Kaplan-Meier curves were drawn to illustrate the cumula-
tive proportion of women achieving pregnancy by AMH sub-
groups. The difference between curves was tested by log-rank
test. To determine whether variables with possible influence
on AMH levels were equally distributed between AMH sub-
groups, c2 test was used.

Difference in TTP between low, medium, and high AMH
subgroups was determined by the FR and analyzed using
discrete-time survival models (27, 28) with complementary
log-log link in STATA 11.1 (StataCorp). A priori, we decided

to include woman's age, BMI, reproductive organ diseases,
smoking, and oligozoospermia in the adjustedmodels, as these
have been reported to affect fecundability (22, 29), although
not strictly qualifying to be confounders within the present
data set. This information was available in 185 of 186
couples. Proportional hazards assumptions were tested using
the log-rank goodness of fit test based on Schoenfeld residuals
including all variables in the fully adjusted model. We also
took into consideration the issue on fertilewindowbyperform-
ing analysis excluding cycles without at least one intercourse
between day 11 and day 20 before the first day of the period
(30). Odds of subfecundability (waiting more than 6 months
to conceive) were analyzed using logistic regression.

Independent sample t-test was used to compare age, BMI,
and hormone levels (LH, FSH, LH:FSH ratio, SHBG, T, free an-
drogen index, and HbA1C) between AMH subgroups. Fisher's
exact test was used to determine whether the prevalence of di-
agnostic PCOS criteria (irregular menstrual cycles and hyper-
androgenemia) were different between AMH subgroups. For
all analyses, P< .05 was regarded as indicating statistical
significance.

Ethical Considerations

The study protocol was approved by the local ethics commit-
tee. All participants gave their informed written consent.

RESULTS
Women from whom serum AMH levels were measured (n ¼
186) did not differ from women without AMH assessment (n
¼ 244) in TTP, BMI, or prevalence of smokers. However, the
women included in this study were slightly older than the
women without AMH assessment (mean age, 26.6 years
[95% confidence interval {CI} 21.4–31.8 vs. 25.7 years
[95% CI 20.1–31.3]; P¼ .001). Pregnancy was achieved in
six cycles in 110 of the 186 couples (59%).

Serum AMH levels ranged from undetectable to 183
pmol/L. Fifteen women had AMH levels <10 pmol/L. The
AMH levels in quintile 1 (lowAMH) were<14 pmol/L; the ref-
erence group of quintiles 2–4 (medium AMH) ranged from
14–39 pmol/L; and women in quintile 5 (high AMH) had
AMH levels >39 pmol/L (Table 1). These groups comprised
36, 113, and 37 women, respectively.

Except for menstrual cycle regularity and cycle length,
baseline characteristics were not associated with AMH levels
(Table 1). Women with high AMH had more irregular men-
strual cycles and their cycles lasted longer than in women
with low and medium AMH (P< .001).

The cumulative proportions of women in the low, me-
dium, and high AMH groups achieving pregnancy during
the six cycles are illustrated in Figure 1. Compared with the
reference group of women with medium AMH levels, the un-
adjusted odds ratios of not becoming pregnant within the first
six cycles for those with low AMH and high AMH were 1.35
(95 % CI 0.63–2.89) and 1.60 (0.76–3.39), respectively
(Fig. 1 and Table 2). Compared with women with medium
AMH, the monthly probabilities of conceiving (FR) for those
with low and high AMH were 0.87 (95% CI 0.51–1.46) and
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0.67 (95% CI 0.42–1.08), respectively (Table 2, unadjusted
data in model 1).

In the low AMH group, the adjusted FR was not different
to the reference group, 0.81 (95% CI 0.44–1.40). Performing
the analysis while applying the same cutoff point as used in
the study by Steiner et al. (20) (AMH %0.7 ng/mL, corre-
sponding to 10 pmol/L by the assay system used herein)
and then comparing these women with the reference group
with medium AMH, resulted in a FR of 0.88 (95% CI 0.48–
1.61). The ratio did not change after adjusting for covariates.
In women with low AMH, FSH (4.3 vs. 3.0 IU/L; P¼ .027) and
SHBG (88 vs. 71 nmol/L; P¼ .031) were elevated compared
with the reference group of women with medium AMH
(Supplemental Figs. 1 and 2, available online).

After adjustment for covariates, women with high AMH
level had significantly reduced FR compared with the refer-
ence group with medium AMH (FR 0.62 [95% CI 0.39–0.99])
(Table 2, model 2). Excluding the cycles in which the couple

did not have intercourse between day 11 and day 20 before
menstrual bleeding (22 cycles) did not change the estimates
(FR 0.60 [95% CI 0.38–0.97]). To evaluate whether reduced fe-
cundability in the women with high AMH level were caused
by women with PCOS, we reanalyzed the data after exclusion
of women with irregular cycles (n ¼ 14). The reduced FR in
women with high AMH levels and regular cycles was main-
tained (unadjusted FR 0.55 [95% CI 0.30–0.98] and adjusted
FR 0.48 [95% CI 0.27–0.85]). The prevalence of irregular men-
strual cycles and hyperandrogenemia was higher in women
with high AMH (3 of 30) compared to women with medium
AMH (0 of 96), P¼ .012.

Women with high AMH levels had higher levels of LH
(geometric mean, 8.4 vs. 5.3 IU/L; P¼ .017) and LH:FSH ratio
(2.4 vs. 1.8; P¼ .016) than the reference group of women with
mediumAMH (Supplemental Fig. 1). There was a trend toward
elevated levels of T (2.0 vs. 1.7 nmol/L; P¼ .069) and free an-
drogen index (3.0 vs. 2.4; P¼ .102) in women with high AMH
compared to women with medium AMH (Supplemental
Fig. 2). Levels of HbA1C (4.8% vs. 4.8%; P¼ .585, data not
shown) and BMI (21.7 vs. 22.1 kg/m2; P¼ .481, data not
shown) were not different in women with high AMH levels
compared to the reference group of women with medium
AMH. After exclusion of women with irregular cycles, the
LH:FSH ratio remained elevated (2.4 vs. 1.7; P¼ .031) and
LH tended to be higher (7.8 vs. 5.2 IU/L; P¼ .065) in women
with high AMH levels.

The AMH levels were evenly scattered among the 19
women with high AMH achieving pregnancy (range, 40–98
pmol/L). Thus, it was not possible to establish a cutoff level
of AMH with a positive predictive value of subfecundability.

DISCUSSION
To our knowledge, this is the first prospective study evaluating
AMH as a marker of fecundability in healthy young women
with no prior knowledge of their fecundity. Although very
low AMH levels have been reported to be associated with re-
duced fecundability in one study, which included older women
(20), in the present study low AMH levels were not associated
with reduced fecundability. However, we had limited power in
the lowest AMH range, as few women had very low AMH
levels. Conversely, the probability of conceiving was reduced
approximately 40% in women with high AMH levels, and
this persisted after exclusion of women with irregular cycles.

In IVF settings, low AMH levels predict poor ovarian re-
sponse (17), and high levels predict ovarian hyper-response
syndrome (31). Very low AMH levels (%0.7 ng/mL, equal to
%10 pmol/L) have been associated with subfecundability in
healthy women aged 30–42 years (20), and we have previ-
ously found AMH <8 pmol/L to be a sensitive and specific
marker of premature ovarian failure (POF) in adolescents
with Turner syndrome (6). Thus, we expected low AMH levels
to be a predictor of prolonged time to pregnancy. However, in
the present study, women with low AMH (lowest quintile) and
very lowAMH (<10 pmol/L) did not have reduced fecundabil-
ity compared with the reference group of women with me-
dium AMH levels. This study does not have the power to
determine the effect of even lower AMH levels. It is difficult

TABLE 1

Baseline characteristics by subgroups of low, medium, and high
AMH levels.

AMH levels Low Medium High
P

value

No. 36 113 37
Median (pmol/L) 10 22 50
Range (pmol/L) 0–13 14–39 40–183
25th–75th percentile (pmol/L) 7–12 18–30 43–73
Female characteristics

Age groups (y)
19–24 17 30 30
25–29 75 61 62
30–35 8 9 8 .599

Smoking
Never 42 45 51
Ever 28 23 11
Current 30 32 38 .476

Diseases affecting fecundability
No 89 88 86
Yes 11 12 14 .952

BMI (kg/m2)
<20 19 19 22
20–25 56 62 61
>25 25 19 17 .901

Maternal smoking during
pregnancy
No 52 66 50
Yes 48 34 50 .137

Cycle regularity
Regular cycles 53 68 60
Irregular cycles 0 5 24
Regular on combination OC 47 27 16 < .001

Cycle length (d)
20–24 3 0 5
25–34 97 89 46
>35 0 11 49 < .001

Male characteristics
Diseases affecting fecundability

No 89 92 89
Yes 11 8 11 .786

Male oligozoospermia
No 92 86 92
Yes 8 14 8 .472

Note: AMH levels listed in percentages. Group differences tested by c2 test. AMH ¼ anti-
m€ullerian hormone; BMI ¼ body mass index; OC ¼ oral contraceptive.
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to compare the present study findings with that of Steiner
et al. (20) as their cohort of women were much older, it was
more heterogeneous (37% had previous pregnancies), and
male confounders were not evaluated. Corresponding to the
higher age, the prevalence of very low AMH (%0.7 ng/mL,
equal to %10 pmol/L) was higher in that study compared to
this one (18% vs. 11%). The present findings suggest that
AMH in the lowest part of the normal range (4–58 pmol/L)
(6) among young women is not a predictor of reduced fecun-
dablility. Therefore, assessment of circulating AMH as a clin-
ical marker of reduced fecundability and as a tool in
epidemiological studies of female fecundability must be inter-
preted with caution (32). Nevertheless, in clinical counseling
of individual reproductive capacity, low AMH level may be
associated with early age of menopause (11–13). Two
women with highly elevated FSH concentrations (and
regular menstrual cycles) were largely responsible for the
significantly higher FSH levels in women in the low AMH
group, indicating a low ovarian reserve and what has been
termed occult ovarian insufficiency (33). One achieved
pregnancy during follow up. In the IVF-related literature,
low AMH level is more useful as a marker of follicle quantity
than oocyte quality. This study demonstrates that in the con-
text of natural conception in young women, where only one

oocyte is involved, low AMH level also does not reflect oocyte
quality.

Steiner et al. (20) did not report whether women with the
highest AMH levels had reduced fecundability. We found that
apparently healthy women with the highest levels of AMH
had significantly reduced fecundability compared with
women with medium levels. Inclusion of women with a phe-
notype including part of the heterogeneous PCOS seems to be
the most likely explanation to our findings. The features of
PCOS include subfecundability, menstrual cycle irregularity,
insulin resistance, overweight, clinical and biochemical hy-
perandrogenism, elevated LH, and elevated LH:FSH ratio
(34). According to the Rotterdam criteria, PCOS is diagnosed
if two of the following three criteria are fulfilled: polycystic
ovarian morphology, clinical or biochemical hyperandrogen-
ism, and oligo-ovulation (35). Ovarian ultrasound was not
performed, and information on clinical signs of hirsutism
was not obtained as the questionnaire in this study was not
designed to address whether the women had PCOS. Retrospec-
tively, PCOS could therefore only be diagnosed with confi-
dence in three women with high AMH levels, irregular
menstrual cycles, and hyperandrogenemia, with another six
women of this group of 37 having irregular cycles. The hor-
mone profile in women with high AMH levels also showed

FIGURE 1

(A) Kaplan-Meier curves showing cumulative proportion of pregnancy by serum level of antim€ullerian hormone (AMH). Low AMH (quintile 1)
orange line, medium AMH (quintiles 2–4) black line, high AMH (quintile 5) red line. P value describes difference between curves (log-rank test);
P¼.289. (B) Antim€ullerian hormone level as a function of age in 186 participating women. Colors correspond to subgroups of AMH levels: low
(orange), medium (black), and high (red).
Hagen. Low AMH predicts normal fecundability. Fertil Steril 2012.
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features of PCOS compared with the reference group of
women with medium AMH (i.e., elevated LH, LH:FSH ratio,
and a trend toward hyperandrogenemia). To exclude women
with likely PCOS, the data were reanalyzed after excluding
those women with irregular cycles; reduced fecundability
was still apparent in the high AMH group. We acknowledge
that some of the womenwith regular cycles on combined con-
traceptive pill may have concealed irregular cycles and PCOS,
but their presence in the medium AMH group would tend to
underestimate the association with fecundability between
the medium and high AMH groups. Although having regular
cycles does not exclude the diagnosis of PCOS, the persistence
of reduced fecundability in the high AMH group after exclu-
sion of women with irregular cycles suggests that inclusion of
women with clearly diagnosable PCOS is not the sole reason
for the finding of reduced fecundability in the high AMH
group. These findings, therefore, identify a group of women
with regular cycles but high follicular activity (reflected in
their high AMH concentrations) who have a PCOS-like ovar-
ian phenotype and reduced fecundability. These women may
be similar to the group often termed ovulatory PCOS (36).
Limited data concerning fecundity in women with ovulatory
PCOS exist; however, reduced fecundability has been sug-
gested (37). The BMI and HbA1C levels indicate that the phe-
notype does not include obesity or elevated long-term glucose
levels in this study population of relatively lean women. In
support of our findings, the prevalence of nonobese Danish
women having polycystic ovaries (PCO) on ultrasound exam-
ination is high (38). Furthermore, Danish women with high
AMH levels have elevated circulating levels of T and longer
menstrual cycles compared with women with medium and
low AMH levels (39).

Antim€ullerian hormone has been proposed as a diagnostic
test in PCOS (40).Wewere not able to establish an AMH cutoff
level with a useful positive predictive value of subfecundabil-
ity; however, future larger studies may be able to do this.

This is a large prospective study based on the general pop-
ulation including information on lifestyle and menstrual
cycle characteristics. The participants in the study are likely
to be selected, but as women are unaware of their AMH levels
and fecundability, this is unlikely to have affected their

motivation to participate. Thus, we believe we have achieved
an accurate estimate of AMH as a predictor of fecundability in
healthy young women. However, couples with unplanned
pregnancies are excluded in this type of study, and those
women may have different AMH levels. The main limitation
of the study is limited statistical power, which does not allow
for analyses in subgroups.

Individual AMH levels are relatively unaffected by phase
of the menstrual cycle (24), and in peripubertal girls and ado-
lescents AMH levels show only minor fluctuations over time
(5). Thus, a randomly sampled AMH seems to be representa-
tive, whereas individual levels of other reproductive hormones
may be affected by the nonstandardized drawing of samples
during the menstrual cycle. However, the risk of measuring
peaking gonadotropins due to ovulation was decreased in
women with long and irregular menstrual cycles, indicating
that this was unlikely to be the cause of the higher LH concen-
trations and LH:FSH ratio in women with high AMH levels.

Given the long-term storage of serum samples (approxi-
mately15years) it is possible that integrityof the serumsamples
for hormone analysis is reduced. Unfortunately, to our knowl-
edge, there are no studies on the degradation of AMH in long-
term stored frozen serum samples. However, in our hands, AMH
has proven to be extremely stable during repeated freeze-thaw
cycles (6), and all samples were handled identically.

In the adjusted models, we included covariates previously
reported to affect fecundability. Women with subfecundabil-
ity due to few ovarian follicles (low AMH) or a PCOS-like phe-
notype (high AMH) would most likely present with menstrual
cycle irregularity. Therefore, we did not include this variable
in the standard adjustedmodel, as this is probably an interme-
diate factor between AMH and fecundability.

In conclusion, low serum AMH levels in young healthy
women do not seem to be a predictor of reduced fecundability.
This is consistent with high oocyte quality in these young
women, despite a reduced ovarian reserve. Conversely, the
probability of conceiving was reduced approximately 40%
in women with high AMH levels, and this persisted after ex-
clusion of womenwith irregular cycles. This may be caused by
an intermediate phenotype between healthy women and
those with PCOS.

TABLE 2

Odds of subfecundability and fecundability ratio for women with low and high AMH.

Pregnancies (n)/ Odds of subfecundability Fecundability ratio

subfecundity (%) (OR; 95% CI) (FR; 95% CI)

Model 1 (n ¼ 186)
Low 20 (44) 1.35 (0.63–2.89) 0.87 (0.51–1.46)
Medium 71 (37) 1 1
High 19 (49) 1.60 (0.76–3.39) 0.67 (0.42–1.08)

Model 2 (n ¼ 185)
Low 20 (44) 1.55 (0.69–3.47) 0.81 (0.44–1.40)
Medium 71 (37) 1 1
High 19 (49) 1.88 (0.83–4.25) 0.62 (0.39–0.99)

Note: Fecundability ratio<1 describes a poorer chance of attaining pregnancy. Women with medium AMH levels serve as the reference group. Model 1: unadjusted. Model 2: adjusted for female
age, BMI, smoking, diseases affecting fecundability, and oligozoospermia. BMI ¼ body mass index; CI ¼ confidence interval; Fecundability ratio¼monthly probability of conceiving; Odds of sub-
fecundability ¼ waiting >6 cycles to conceive; OR ¼ odds ratio.
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SUPPLEMENTAL FIGURE 1

(A) LH (IU/L), (B) FSH (IU/L), and (C) LH:FSH ratio in womenwith low antim€ullerian hormone (AMH) (quintile 1, n¼ 32), medium AMH (quintiles 2–4,
n ¼ 96), and high AMH (quintile 5, n ¼ 30). Left, hormone levels as a function of age. Orange triangles, low AMH levels; black triangles, medium
AMH levels; red triangles, high AMH levels; black lines, geometric mean� 1.96 SD, previously published (41). Right, boxplot of log10-transformed
hormone levels indicating median (fat line), 25th–75th percentile (box) and 2.5th–97.5th percentile (hinges). Arrow indicates a serum value below
the chosen scale of y-axis. P values indicate level of significance (independent sample t-tests, low vs. medium and medium vs. high, LH, FSH, and
LH:FSH ratio: P¼.409, P¼.017; P¼.027, P¼.328; P¼.114, P¼.016, respectively).
Hagen. Low AMH predicts normal fecundability. Fertil Steril 2012.
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SUPPLEMENTAL FIGURE 2

(A) T (nmol/L), (B) sex hormone-binding globulin (SHBG; nmol/L), and (C) free androgen index in women with low antim€ullerian hormone (AMH)
(quintile 1, n ¼ 32), medium AMH (quintiles 2–4, n ¼ 96), and high AMH (quintile 5, n ¼ 30). Left, hormone levels as a function of age. Orange
triangles, low AMH levels; black triangles, medium AMH levels; red triangles, high AMH levels. Right, boxplot of log10-transformed hormone levels
indicatingmedian (fat line), 25th–75th percentile (box), and 2.5th–97.5th percentile (hinges).Arrow indicates a serum value above the chosen scale
of y-axis. P values indicate level of significance (independent sample t-tests, low vs. medium, and medium vs. high, T, SHBG, and free androgen
index: P¼.230, P¼.069; P¼.031, P¼.558; P¼.013, P¼.102, respectively).
Hagen. Low AMH predicts normal fecundability. Fertil Steril 2012.
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study question: Do variants of the genes encoding follicle stimulating hormone (FSH) beta subunit (B) and FSH receptor (R) impact
circulating reproductive hormone levels and ovarian follicle maturation in healthy peripubertal girls?

summary answer: FSHB and FSHR genetic variants exert, alone or their combination, distinct effects on reproductive hormone levels as
well as ovarian follicle maturation in healthy peripubertal girls.

what is known already: FSHB and FSHR genetic variants impact reproductive hormone levels as well as associated pathologies in
women. While FSHR c. 2039A.G is known to alter gonadotrophin levels in women, FSHR c.-29G.A has not yet been shown to exert effect
and there are conflicting results concerning FSHB c.-211G.T.

study design, size, duration: This population-based study included 633 girls recruited as part of two cohorts, the COPENHAGEN
Puberty Study (2006–2014, a cross-sectional and ongoing longitudinal study) and the Copenhagen Mother–Child Cohort (1997–2002, including
transabdominal ultrasound (TAUS) of the ovaries in a subset of 91 peripubertal girls).

participants/materials, setting, methods: Clinical examinations, including pubertal breast stage (Tanner’s classification
B1–B5) were performed. Circulating levels of FSH, luteinizing hormone (LH), estradiol, anti-Mullerian hormone (AMH) and inhibin-B were
assessed by immunoassays. In a subset of the girls (n ¼ 91), ovarian volume and the number/size of antral follicles were assessed by TAUS.
Genotypes were determined by competitive PCR.

main results and the role of chance: FSHR c.2039A.G minor alleles were positively associated with serum FSH (b ¼ 0.08,
P ¼ 0.004), LH (b ¼ 0.06, P ¼ 0.012) and estradiol (b ¼ 0.06, P ¼ 0.017) (adjusted for Tanner stages). In a combined model, FSHR c.-29G.A
and FSHR c.2039A.G alleles were positively associated with FSH levels in early-pubertal girls (B2 + B3, n ¼ 327, r ¼ 0.1, P ¼ 0.02) and in young
adolescents (B4 + B5, n ¼ 149, r ¼ 0.2, P ¼ 0.01). Serum AMH and inhibin B levels were not significantly influenced by the single nucleotide
polymorphisms (SNPs). Single SNPs were not associated with follicles counts, however, a cumulative minor allele count (FSHB c.-211 G.T
and FSHR c.-29G.A) was negatively associated with the number of large follicles (≥5 mm) (n ¼ 91, P ¼ 0.04) (adjusted for Tanner stages).

limitations, reasons for caution: Since we studied girls and young adolescents during pubertal transition, our study may not be
fully comparable with previous studies on FSHB and FSHR variants in adult women. The group of young adolescents (Tanner B4 + B5) reflects the
endocrine situation in adult women best, however, the group is not large enough to contribute substantially to the conflicting results concerning
the influence of FSHB c.-211G.T in adult women. Furthermore, we have no information about the exact day of the menstrual cycle in the sub-
group of girls with menarche.

wider implications of the findings: The sex-specific interaction of FSHB and FSHR genetic variants and physiological as well as
pathological conditions is being increasingly elucidated. The variant triplet set might serve as diagnostic and pharmacogenetic marker. For the first
time, we show an additional effect of FSHR c.-29G.A on serum FSH levels in healthy girls. Moreover, morphological data suggest impaired
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FSH-induced maturation of ovarian follicles in minor allele carriers of FSHB c.-211G.T and FSHR c.-29G.A. This may explain previous findings
of delayed pubertal onset in these girls.
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Introduction
Follicle-stimulating hormone (FSH) is a key player in human reproduc-
tion, promotes granulosa cell proliferation and differentiation as well as
estradiol synthesis (Macklon and Fauser, 1998). Ovarian follicle matur-
ation, including initial recruitment from the primordial follicle pool and
cyclic follicle recruitment, development and selection, requires con-
certed actions of inhibiting and activating factors (Kerr et al., 2013).
From fetal life and through the reproductive lifespan, recruitment of
primordial follicles represents a continuous FSH-independent process
while subsequent follicle growth is FSH-sensitive (McGee and Hsueh,
2000). Patients with inactivating mutations of the FSH beta subunit
(FSHB) and the FSH receptor (FSHR) genes develop follicles up to
pre-antral stages, but further maturation is disrupted (Matthews et al.,
1993; Aittomaki et al., 1995; Kumar et al., 1997; Dierich et al., 1998).
As a consequence, they suffer from premature ovarian insufficiency
causing absent pubertal development and primary amenorrhoea
(Huhtaniemi and Themmen, 2005). Although extensive estradiol
production is limited to larger antral follicles surrounded by multiple
layers of granulosa cells (.8 mm diameter) (Andersen et al., 2010),
FSH-receptors along with pivotal steroidogenic enzymes (17bHSD1
and CYP19A1) are present even in small antral follicles. This suggests
FSH responsiveness and the capability to aromatize androgens to estro-
gens even in small antral follicles (Oktay et al., 1997; Kristensen et al.,
2015). The presence of small antral follicles in ovaries of girls prior to
puberty has previously been observed by transabdominal ultrasound
(TAUS) (Peters et al., 1978; Stanhope et al., 1985). Recently, magnetic
resonance imaging and high resolution TAUS have even revealed the
presence of medium/large antral follicles (5–9 mm) in all healthy pre-
pubertal girls (Hagen et al., 2014, 2015). Though, substantial progress
has been made during the last decades, follicular dynamics during child-
hood and young adolescence remains poorly understood.

Single nucleotide polymorphisms (SNPs) located within or in the close
vicinity of the genes encoding FSHB and FSHR have been shown to affect
FSH production (FSHB c.-211G.T, rs10835638) (Webster et al., 1995;
Hoogendoorn et al., 2003) and sensitivity/expression of its receptor
in vitro (FSHR c.2039A.G, rs6166 and FSHR c.-29G.A, rs1394205, re-
spectively) (Wunsch et al., 2005; Nakayama et al., 2006; Desai et al.,
2013; Casarini et al., 2014). In agreement with these findings, minor
allele carrier status of the receptor SNPs was associated with lower
ovarian response to ovarian stimulation (Desai et al., 2011, 2013;
Lledo et al., 2013). Furthermore, FSHR c.2039A.G was associated
with serum FSH concentrations in adult women (Greb et al., 2005),
whereas FSHR c.-29G.A did not seem to affect FSH levels (Wunsch
et al.,2005; Achrekar et al., 2009). The possible impact of FSHB
c.-211G.T on FSH levels in adult women are conflicting and based on

relatively small studies (La Marca et al., 2013; Schüring et al., 2013).
However, recent genome-wide association studies (GWAS) underline
the importance of the FSHB c.-211G.T variant and those in close
vicinity on female gonadotrophin levels, reproductive health and ageing
(Day et al., 2015a,b; Hayes et al., 2015).

Beside nutritional, environmental and socioeconomic factors, genetic
factors seem responsible for more than half of the phenotypic variation of
pubertal onset (Sørensen et al., 2013). We have recently observed that
FSHB c.-211G.T and FSHR c.-29G.A genotypes strongly affect the age
at pubertal onset in girls (Hagen et al., 2014, 2015). Furthermore, in a
pilot study of healthy peripubertal girls, we observed that FSHB
c.-211G.T and FSHR c. 2039A.G affect circulating levels of FSH and
AMH prior to pubertal onset (Hagen et al., 2013).

We here report association of circulating levels of FSH, luteinizing
hormone (LH), inhibin B, estradiol and AMH with FSHB/FSHR genotypes
depending on pubertal development in 633 healthy girls. Furthermore,
in a subset of the girls, we evaluated the association between their
FSHB and FSHR genotypes and ovarian follicle morphology assessed by
transabdominal ultrasound.

Materials and Methods

Healthy females
Participants were recruited as part of two population-based cohort studies
of healthy Danish children and adolescents: (i) the COPENHAGEN
Puberty Study and (ii) the Copenhagen Mother–Child Cohort. In subgroups
of the girls, we have previously described reproductive hormone levels
(Aksglaede et al., 2009; Hagen et al., 2012), genotypes (Hagen et al., 2014)
and ovarian morphology (Hagen et al., 2015) separately. Only in a pilot
study (n ¼ 78), we have reported associations of FSHR c. 2039A.G and
FSHB c.-211G.T with circulating FSH and AMH (Hagen et al., 2013). In
the present study, we have compiled all available data (633 girls) and for
the first time evaluated whether FSHR c. 2039A.G, FSHB c.-211G.T
and FSHR c.-29G.A are associated with reproductive hormone levels
(FSH, LH, AMH, inhibin B, estradiol) as well as ovarian morphology in a
large number of healthy peripubertal girls.

Detailed information about The COPENHAGEN Puberty Study has been
described previously (Aksglaede et al., 2009; Sorensen et al., 2010; Hagen
et al., 2012). It was a combined cross-sectional and ongoing longitudinal
study conducted at 10 schools in the Copenhagen area, 2006-014. All
pupils (3102 girls) were invited and 35% chose to participate, i.e. 1097 girls
aged 6–20 years. In the longitudinal part of the study, 108 girls and adoles-
cents from 2 of the included schools were examined twice a year. In the
present study, we included all girls (8–13 years) from the cross-sectional
part (n ¼ 440) (Hagen et al., 2014) and girls from the longitudinal part of
the COPENHAGEN Puberty study (n ¼ 75) (Hagen et al., 2013). A total
of 145 girls were excluded because no DNA was available, or one or both
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parents originated from a non-European country, or intracerebral or endo-
crine disease was present, or there was a lack of pubertal staging. To evaluate
associations between genotypes and ovarian morphology, we included a
nested cohort of The Copenhagen Mother–Child Cohort. Detailed informa-
tion about this study has been described previously (Chellakooty et al., 2003;
Hagen et al., 2015). Participants were Danish children born at three hospitals
in the Copenhagen area 1997–2002. The children were examined at several
time-points during infancy and childhood, and 1293 peripubertal children
(584 girls) agreed to participate in an ongoing longitudinal study with
annual examinations (participation rate 43%). The selection criterion for
the nested cohort was high attendance rate at previous examinations (≥5
previous examinations). Of 129 invited girls, 121 consented and underwent
an extended examination including TAUS of the ovaries. The number of girls
available with combined data of genotypes and reproductive hormone levels
as well as genotypes and the total number of ovarian follicles were 118 and
91, respectively. All girls were Caucasian Danes and no girls had a history
of endocrine, gynecological or cerebral illness.

Clinical examination
Clinical evaluations were performed by trained physicians and included
pubertal staging of breast development according to Tanner’s classification
(breast stage, B1–B5) evaluated by palpation (Marshall and Tanner, 1969).
Breast stage 2 (B2, ‘elevation of breast and papilla as a small mound, enlarge-
ment of areola diameter’) was considered to be a marker of puberty.

Genotyping
Peripheral blood (0.2 ml EDTA-preserved) was used for isolation of genomic
DNA using the QuickGene-810 Nucleic Acid Isolation System (Fujifilm, Life
Science Products, Tokyo, Japan) and quantified on a NanoDrop ND-1000
spectrophotometer (Saveen Werner, Limhamn, Sweden).

All SNPs were analysed using the KASPTM SNP genotyping assays, which
facilitate bi-allelic discrimination through competitive PCR and incorporation
of a fluorescent resonance energy transfer quencher cassette, either at LGC
Genomics (Hoddesdon, UK) or at the genetic laboratory at our department.
KASPTM genotyping assays were designed towards the following sequences:
FSHB c.-211G.T (rs10835638), TATCAAATTTAATTT[G/T]TACAAAA
TCATCAT; FSHR c.-29G.A (rs1394205), TCTCTGCAAATGCAG[A/G]
AAGAAATCAGGTGG; FSHR c.2039A.G (rs6166), ATGTAAGTGGAA
CCA[C/T]TGGTGACTCTGGGA. FSHB c.-211G.T, FSHR c.-29G.A,
FSHR c.2039A.G were available from 633 girls of Caucasian ancestry.

Reproductive hormone assays
All blood samples were drawn between 8:00 a.m. and 2:00 p.m. from an
antecubital vein, clotted and centrifuged; serum was stored at 2208C until
hormone analyses. All samples were analysed in the same laboratory with
blinding for age and pubertal stage.

Serum FSH and LH levels were measured by time-resolved immunofluoro-
metric assays (Delfia; PerkinElmer, Boston, MA, USA) with detection limits of
0.06 and 0.05, respectively. Intra- and inter-assay coefficients of variation
(CVs) were ,5%. Serum AMH levels were determined using the Beckman
Coulter enzyme immunometric assay generation I (IOT, Immunotech,
Beckman Coulter Ltd., Marseilles, France) with a detection limit of 2.0 pmol/l.
The intra-assay CVs were ,10.8 and 9.2% at 18 and 99 pmol/l, respectively.
Serum concentrations of inhibin B were measured using the Beckman Coulter
GenII assay with a detection limit of 3 pg/ml, and inter-assay CV ,11%.
Serum estradiol was measured by radioimmunoassay (Pantex, Santa Monica,
CA, USA), with a detection limit 18 pmol/l, and intra- and inter-assay CVs
were ,8 and 13%, respectively.

Ovarian morphology
Ovarian morphology was assessed by TAUS (Hagen et al., 2015). In short,
TAUS examinations were performed by a single experienced operator
using a Voluson E8 Ultrasound System (GE Healtcare Medical Systems,
Zipf, Austria) with a multi-frequency transabdominal probe (RM6C, 3–
8 MHz). Analyses were performed concomitantly by two experienced
operators.

Follicle numbers (≥1 mm) were evaluated by Tomographic Ultrasound
Imaging where a 3D model of the ovary was sliced (4 mm thickness) and
follicles were manually counted in subgroups (Deb et al., 2010): small
(1.0–4.4 mm), medium (4.5–9.4 mm) and large (≥9.5 mm) (3D TAUS).
We report the sum of follicles from both ovaries (n ¼ 91 girls).

Statistical analyses
Our study contains data from the longitudinal part of The COPENHAGEN
Puberty study (n ¼ 75). The raw dataset of each individual contains data col-
lected in several examinations as puberty progressed. To evaluate the effect
of SNPs on reproductive hormone levels, observations were grouped
according to Tanner stage for each individual. If multiple observations
within a specific Tanner subgroup were available, a mean value was calcu-
lated. This mean value was introduced into the model and used like the single-
occasion observations of the cross-sectional part of the COPENHAGEN
Puberty Study and the nested cohort of Copenhagen Mother–Child
Cohort when performing statistical analyses.

Separate effect of SNPs
To evaluate the effect of SNPs independent of pubertal development,
we performed multiple regression analyses including a SNP (FSHB
c.-211G.T, FSHR c.-29G.A and FSHR c.2039A.G, respectively WW
versus WM versus MM) and Tanner stages (B1–B5) as predictor variables.
The unique contribution of each genetic variant, the effect size (b), was
calculated. To evaluate whether the effect of the SNPs was present only in
certain stages of puberty, we divided the girls into Tanner subgroups and
performed simple linear regression analyses (SNP as predictor) for each
Tanner subgroup. With regard to the physiological development and
sufficient group sizes, we formed subgroups according to Tanner stages (B1/
prepubertal, B2 + B3/early-pubertal, B4 + B5/young adolescents). In case
of low minor allele frequency and failure to obtain normal distribution (LH
for FSHB c.-211G.T), the effect was evaluated by the Mann–Whitney U test.

Combined effect of SNPs
To evaluate the combined effect of genetic variation altering FSH action on
circulating serum FSH levels, we included only FSHR SNPs, expecting a
compensatory increase in FSH levels in girls with an increasing number of
minor alleles (due to reduced receptor sensitivity, FSHR c.-29A and FSHR
c.2039G (Simoni and Casarini, 2014)). To evaluate the combined effect of
genetic variations concerning the distribution of ovarian follicles, we included
(i) FSHB c.-211G.T and FSHR c.-29G.A, previously shown to affect age
at pubertal onset in girls (Hagen et al., 2014), and (ii) all three SNPs, expecting
reduced FSH action and hence attenuated follicle growth in girls with
increasing numbers of minor alleles. In analyses of Tanner subgroups,
normal variation was not obtained and Spearman’s rho was used to evaluate
whether genotypes were associated with follicle numbers.

In case of skewed distribution, we performed log-transformation of
hormone and morphological variables to obtain a normal distribution.
A P-value ≤0.05 was considered statistically significant.

Ethical considerations
The COPENHAGEN Puberty Study (ClinicalTrials.gov ID: NCT01411527)
and The Copenhagen Mother–Child Cohort were carried out in accordance
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with the protocols approved by the scientific ethical committee at The
Capital Region of Denmark (KF 01 284; V200.1996/90, KF 01 030/97/
KF 01276357/H-1-2009-074 and KF1328087, respectively) as well as
the Danish Data Protection Agency (2010-41-5042, 1997-1200-074/
2005-41-5545/2010-41-4757, 2006-41-7251, respectively). All children and
parents received written information, and informed consent was obtained
from all participants.

Results

FSHB/FSHR genotypes and reproductive
hormone levels
FSHR c.2039A.G minor alleles were positively associated with serum
FSH (b ¼ 0.08, P ¼ 0.004), LH (b ¼ 0.06, P ¼ 0.012) and estradiol
(b ¼ 0.06, P ¼ 0.017) (adjusted for Tanner stages, data not shown).
When evaluating each Tanner subgroup separately, the FSHR
c.2039A.G genotype was associated with circulating FSH levels in
girls after pubertal onset [B2 + B3: n ¼ 327, r ¼ 0.1, P ¼ 0.02 and
B4 + B5: n ¼ 149, r ¼ 0.2, P ¼ 0.01; D serum FSH (median, WW
versus MM) +36% (B2 + B3) and +15% (B4 + B5); Table I and Fig. 1
upper part]. FSHR c.-29G.A was not associated with serum FSH
levels when adjusted for Tanner stages and the effect of other SNPs
(b ¼ 0.01, P ¼ 0.64, data not shown). However, in a combined
model, FSHR c.-29G.A modulated the dominant effect of FSHR
c.2039A.G resulting in a significant positive association with serum
FSH levels in early-pubertal girls (B2 + B3, n ¼ 327, r ¼ 0.1, P ¼ 0.02)
and in young adolescents (B4 + B5, n ¼ 149, r ¼ 0.2, P ¼ 0.01, Fig. 1).
The effect size of the FSHR c.2039A.G in the latter subgroup was
about four times larger than the effect of FSHR c.-29G.A.

FSHB c.-211G.T did not affect FSH levels significantly, however, the
minor allele count was positively associated with serum LH (b ¼ 0.08,
P ¼ 0.0001) (adjusted for Tanner stages, data not shown). The associ-
ation was present in all Tanner subgroups: minor allele carriers had
significantly increased LH levels (GG versus GT/TT; B1, n ¼ 221,
P ¼ 0.02; B2 + B3, n ¼ 327, P ¼ 0.04; B4 + B5, n ¼ 149, P ¼ 0.02).
Furthermore, the LH/FSH ratio was positively associated with FSHB

c.-211G.T minor allele count (P ¼ 5 × 1026) (adjusted for Tanner
stages, data not shown) again in all subgroups (B1, n ¼ 221, P ¼ 0.006;
B2 + B3, n ¼ 327, P ¼ 0.009; B4 + 5, n ¼ 149, P ¼ 0.01).

AMH and inhibin B were not significantly influenced by the SNPs or
their combination (data not shown).

FSHB/FSHR genotypes and ovarian follicle
distribution
Single SNPs were not associated with follicle counts (data not shown),
but we observed a negative association between the cumulative minor
allele count (FSHB c.-211 G.T and FSHR c.-29G.A) and the number
of large follicles (≥5 mm) (n ¼ 91, P ¼ 0.04) as well as the ratio of
small to large follicles (1–4 versus ≥5 mm) (n ¼ 91, P ¼ 0.04) (adjusted
for Tanner stages, data not shown). When evaluating each Tanner sub-
group, the cumulative minor allele counts of the three variants FSHB
c.-211 G.T, FSHR c.2039A.G and FSHR c.-29G.A (0–4 counts)
were negatively associated with the number of large follicles (≥5 mm)
[Spearman’s rho (r) ¼ 20.8, P ¼ 0.005] (Supplementary data, Fig.
S1A) and positively associated with the ratio of small to large follicles
(1–4 versus ≥5 mm) [Spearman’s rho (r) ¼ 0.7, P ¼ 0.05] in prepuber-
tal girls (B1, n ¼ 11 girls) (Supplementary data, Fig. S1B). Neither variant
genotype nor their combinations were associated with follicle counts/
ratio in other Tanner groups. The inherent distribution of alleles in the
cumulative groups is shown in Supplementary data, Table SI and no
obvious trends in the distribution of alleles across genotypes or their zyg-
osity were observed.

Discussion
In the largest and most comprehensive study of FSHB and FSHR effects on
ovarian function in healthy girls, we observed for the first time that varia-
tions in the genes encoding the FSH receptor and FSHb subunit were
associated with circulating FSH and estradiol levels (FSHR
c.2039A.G) as well as LH levels (FSHR c.2039A.G and FSHB
c.-211G.T). Moreover, FSHR c.2039A.G and FSHR c.-29G.A
exerted a combined effect on circulating FSH levels in young adolescents.

................................................................ ....................................

.............................................................................................................................................................................................

Table 1 Serum FSH levels according to Tanner’s breast stages and FSHB/ FSHR genotypes.a

FSH [U/l] Additive model

n (WW|WM|MM)a WW WM MM Minor allele
effect

P-Value

B1 FSHB 2211G.T 146 68 7 1.4 (0.0–5.3) 1.4 (0.4–8.0) 1.7 (0.4–2.5) 0.2b 0.23
FSHR 229G.A 110 85 26 1.4 (0.3–6.6) 1.5 (0.1–8.0) 1.5 (0.0–4.9) 0.1c 0.55
FSHR 2039A.G 56 111 54 1.4 (0.0–4.0) 1.4 (0.4–8.0) 1.4 (0.4–6.6) 0.1c 0.54

B2 + B3 FSHB 2211G.T 226 97 4 3.0 (0.4–8.2) 3.5 (0.3–7.6) 3.5 (2.8–5.5) 0.1b 0.61
FSHR 229G.A 178 123 26 3.1 (0.3–8.2) 3.5 (0.3–6.9) 3.4 (0.5–6.0) 0.0c 0.99
FSHR 2039A.G 97 160 70 2.8 (0.4–7.2) 3.1 (0.5–7.7) 3.8 (0.3–8.2) 0.3c 0.02

B4 + B5 FSHB 2211G.T 93 53 3 4.9 (0.6–9.5) 5.0 (1.4–11.0) 4.9 (3.3–5.1) 0.1b 0.80
FSHR 229G.A 80 59 10 4.9 (0.6–9.5) 4.9 (1.4–11.0) 5.2 (1.4–8.4) 0.2c 0.51
FSHR 2039A.G 43 68 38 4.6 (0.6–7.4) 4.9 (1.4–9.5) 5.3 (1.4–11.0) 0.5c 0.01

Data presented as median (range).
aW: wild-type allele; M, minor allele (FSHB 2211 T, FSHR c.-29A, FSHR c.2039G); 75 girls from the longitudinal part of the COPENHAGEN Puberty Study contributed with one
observation from each Tanner subgroup.
bMinor allele effect: Mann–Whitney U (WW versus WM + MM).
cPearson’s rho (r).
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Morphological data indicated reduced maturation of follicles in minor
allele carriers of FSHR c.-29G.A and FSHB c.-211G.T. This may
represent the morphological parallel to the previously observed delay
of pubertal onset in girls with these genotypes (Hagen et al., 2014). In
the present study, the FSHR c.2039A.G genotype affected serum
FSH levels in girls. The positive effect on serum FSH levels emerged as
puberty progressed, with no effect in Tanner stage B1 and significant
associations in later stages (B2 + B3 and B4 + B5). The effect became in-
creasingly apparent towards young adolescents (B4 + B5 . B2 + B3),
suggesting maturation of feedback regulation along the hypothalamic–
pituitary–gonadal (HPG) axis as puberty progresses. Previous studies in
adult women showed elevated FSH levels in FSHR c.2039A.G minor
allele carriers (Perez Mayorga et al., 2000; Yao et al., 2011), supporting
the notion of modulated cell response by FSHR variants resulting in
compensatory higher FSH levels (Gromoll and Simoni, 2005).

Furthermore, comparable with previous studies in adult women
(Valkenburg et al., 2009; Boudjenah et al., 2012), we observed that LH
levels were also higher in FSHR c.2039A.G minor allele carriers. This
may be caused by increased GnRH-drive on the common gonadotrophin
alpha-subunit compensating for the reduced FSH receptor sensitivity
or alteration of the GnRH-pulse frequency/amplitude selectively
favouring LH.

Neither follicle growth nor hormone production from small ovarian
follicles (AMH) or medium/large follicles (inhibin B) were affected.
This indicates that the feedback mechanism fully compensates for the
reduced receptor sensitivity of the FSHR c.2039A.G minor allele. We
speculate that the slightly elevated estradiol levels in minor allele carriers

was caused by increased androgen production and aromatase activity
induced by elevated LH and FSH, respectively. Indeed, a recent study
evaluating follicular fluid hormone levels and granulosa cell gene expres-
sion patterns showed that large follicles (.6 mm) in women homozy-
gous for the FSHR c.2039A.G minor allele displayed higher LHR and
CYP19A1 mRNA levels as well as higher intrafollicular estradiol levels
(Borgbo et al., 2015).

When evaluated separately, we found no clear effect of FSHR
c.-29G.A; however, for the first time we demonstrated a combined
effect of the FSHR variants c.2039A.G and c.-29G.A on circulating
FSH levels. Again, the effect seemed to increase as puberty progressed,
and emerged in Tanner stage B2 + B3 and B4 + B5. Previously, a study
of 150 adult women failed to show a combined effect of both FSHR var-
iants (Desai et al., 2013). Furthermore, a recent GWAS study comprising
largely post-menopausal women could not find any association of serum
FSH levels with FSHR SNPs (Ruth et al., 2016). This may be caused by an
insufficient sample size in case of the first study or (as suggested by Simoni
and Casarini, 2014 in a recent review) by the advanced age of the
included patients increasing the risk of elevated FSH and attenuated
feedback regulation due to reduced ovarian reserve.

Our study shows an interesting incongruity concerning the effect of the
two FSHR SNPs: while FSHR c.-29G.A only slightly affected serum FSH
levels in young females, FSHR c.2039A.G appeared to be an important
genetic determinant of serum FSH levels in these girls. As end organ
resistance within the HPG axis is usually associated with increased pro-
duction of the respective hormone, one would expect a pronounced
effect of the intragenic variant on downstream outcomes, e.g. follicular

Figure 1 Serum FSH levels according to Tanner subgroups stratified by FSHR 2039A.G (upper part) as well as FSHR SNP combinations FSHR
2039A.G and FSHR 229G.A (lower part). Box and whisker plots: medians are marked by thick black lines; boxes contain 50% of the distribution, whis-
kers outline the range (nonoutliers); dots indicate values more than 1.5 times the interquartile range; asterisks indicate values more than three times the
interquartile range. Rhombuses indicate single values if less than five observations were available.
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growth, estradiol production or pubertal onset. However, in the same
study population as in the present study, FSHR c.-29G.A, but not
FSHR c.2039A.G postponed pubertal onset (defined by thelarche)
significantly and FSHR c.-29A was more prevalent in girls with delayed
puberty (Hagen et al., 2014). Another study revealed a substantial
impact of FSHR c.-29G.A, but not FSHR c.2039A.G, on FSH
consumption and ovarian response rate in adult women undergoing
controlled ovarian hyperstimulation (Desai et al., 2013). Furthermore,
in the present study in the subgroup that underwent TAUS examination
FSHR c.-29G.A, but not FSHR c.2039A.G exerted a moderate nega-
tive effect on follicle growth. The reason for the different effect of the
FSHR SNPs might lie within their distinct functional differences: FSHR
c.-29G.A attenuates FSHR mRNA transcript levels and thereby the
number of receptors present on the cell surface (Nakayama et al.,
2006; Desai et al., 2011), whereas FSHR c.2039A.G exerts a negative
effect on signalling kinetics to FSH stimulation (Nordhoff et al., 2011;
Casarini et al., 2014). We speculate that the negative impact of FSHR
c.2039A.G is fully compensated by increasing FSH levels, while the
negative impact FSHR c.-29G.A is not sufficiently compensated and
thus affects follicle growth and pubertal onset.

FSHB c.-211 G.T was strongly associated with serum LH, but not
FSH levels. Again, high LH levels might be caused by increased
GnRH-drive on the common gonadotrophin alpha-subunit compensat-
ing in this case for the reduced FSH net production or may represent
alteration of the GnRH-pulse frequency/amplitude selectively favouring
LH. An association between FSHB c.-211 G.T and LH has previously
been observed in adult women (Schüring et al., 2013). In further
support of our findings, a recent GWA study identified a variant in the
close vicinity of FSHB c.-211 G.T altering gonadotrophin levels (Ruth
et al., 2016).

Due to low minor allele frequency and hence insufficient group size,
we were not able to contribute substantially to the conflicting results in
adult women concerning the influence of FSHB c.-211 G.T on circulat-
ing FSH levels (La Marca et al., 2013; Schüring et al., 2013). However, with
regard to recent GWA studies pointing to a contributory role of this
genetic variant (or those in the vicinity) to the polycystic ovary syndrome
(PCOS) phenotype (Day et al., 2015a; Hayes et al., 2015; Ruth et al.,
2016), it is noteworthy that we observed the serum LH/FSH ratio, the
biochemical hallmark PCOS, to be positively associated with FSHB
c.-211 G.T. The association was primarily driven by increased LH
levels. Given the limitation that in case a girl had encountered menarche
no information was available about the exact dayof menstrual cyclewhen
the blood sample was drawn, these findings should be considered with
caution particularly in the group of young adolescents. However, notice-
ably, we found a significant association even in prepubertal girls, poten-
tially pointing to a LH/FSH crosstalk within the HGP axis even in the
presence of low activity of the HPG axis. Assuming a variant-mediated
reduced FSH receptor sensitivity (FSHR c.-29G.A) and reduced
FSHB net production (FSHB c.-211G.T), the observed negative asso-
ciations between minor allele counts (cumulated) and the number of
large ovarian follicles (as well as effects on the small to large follicle
ratio) suggest an attenuated FSH signalling reducing follicle growth. Al-
though puberty relies on central reactivation of the HPG axis at the
top level, i.e. hypothalamus, including gene products of KISS1, TAC3,
GNRH1 etc. (Perry et al., 2015), concerted action of all three integral
parts of the axis is critical for full activation of the axis. Thus, inactivating
mutations at each level severely impair pubertal onset and progression

(Huhtaniemi and Themmen, 2005; Abreu et al., 2013; Quaynor et al.,
2013). With regard to this, we speculate that the observed reduced
large follicle count and altered follicle size ratio affects estradiol
production during pubertal transition and hence the timing of thelarche.
This would represent the morphological parallel to our previous obser-
vations of postponed pubertal onset in girls with reduced FSH receptor
sensitivity (FSHR c.-29G.A) and FSH production (FSHB c.-211G.T)
(Hagen et al., 2014).

The hypothesis would be backed up by associations with products
from large follicles (estradiol and inhibin B). However, due to low con-
centrations and insensitive immunoassays, the majority of prepubertal
girls had estradiol and inhibin B levels below the detection limit of
the assays (Hagen et al., 2010). Thus, we cannot exclude a subtle but
biological relevant effect of the genotypes in prepubertal girls (Day
et al. 2015a,b; Hayes et al., 2015).

Circulating AMH in girls reflects the number of small and medium
antral follicles (Hagen et al., 2015). In a subpopulation of the present
study, we had previously observed low AMH levels in prepubertal
girls with high FSH production and high FSH receptor sensitivity (FSHB
c.-211GG + FSHR c.2039AA) (Hagen et al., 2013), and speculated
that the number of AMH producing follicles would be reduced due to
increased FSH-induced follicle growth. However, the absolute number
of small and medium follicles (the antral follicle count, AFC) was not asso-
ciated with the genotypes in the present study, neither when adjusted for
Tanner stages nor in Tanner subgroup analysis. This probably explains
the lack of associations with circulating AMH levels in this larger study
enabling more detailed analyses. With regard to the observations
in the group of young adolescents (Tanner B4 + B5), most likely to
resemble adult women, previous studies in adult women showed com-
parable findings (Mohiyiddeen et al., 2012; La Marca et al., 2013).

The majority of prepubertal girls in the present study were above
8 years. Therefore, effects of genetic variation in young prepubertal
girls cannot be evaluated in this study. Unfortunately, we have no infor-
mation about the exact day of menstrual cycle the blood samples were
drawn from the subgroup of girls with menarche. However, the risk
of samples being collected at the time of ovulation is equal across the
genotype groups.

In conclusion, FSHR c.2039A.G was associated with FSH, LH and
estradiol levels, and for the first time, we were able to show a combined
effect of two FSH receptor variants on serum FSH levels. Morphological
data suggest impaired FSH-induced maturation of follicles in minor allele
carriers of FSHB c.-211G.T and FSHR c.-29G.A. This may explain
previous findings of delayed pubertal onset in these girls.

Supplementary data
Supplementary data areavailable athttp://humrep.oxfordjournals.org/.
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Pubertal Onset in Girls is Strongly
Influenced by Genetic Variation Affecting
FSH Action
Casper P. Hagen, Kaspar Sørensen, Lise Aksglaede, Annette Mouritsen, Mikkel G. Mieritz,
Jeanette Tinggaard, Christine Wohlfart-Veje, Jørgen Holm Petersen, Katharina M. Main,
Ewa Rajpert-De Meyts, Kristian Almstrup & Anders Juul

Department of Growth and Reproduction, Rigshospitalet, Faculty of Health and Medical Sciences, University of Copenhagen,
Denmark.

Age at pubertal onset varies substantially in healthy girls. Although genetic factors are responsible for more
than half of the phenotypic variation, only a small part has been attributed to specific genetic
polymorphisms identified so far. Follicle-stimulating hormone (FSH) stimulates ovarian follicle maturation
and estradiol synthesis which is responsible for breast development. We assessed the effect of three
polymorphisms influencing FSH action on age at breast deveopment in a population-based cohort of 964
healthy girls. Girls homozygous for FSHR -29AA (reduced FSH receptor expression) entered puberty 7.4
(2.5–12.4) months later than carriers of the common variants FSHR -29GG1GA, p50.003. To our
knowledge, this is the strongest genetic effect on age at pubertal onset in girls published to date.

P
ubertal onset varies substantially among healthy girls and only part of the variation can be explained by
racial differences1. Timing of puberty has received considerable attention due to the associations with
numerous adverse conditions later in life, e.g. behavioural disorders, breast cancer, obesity, metabolic

syndrome, and cardiovascular disease2,3. Although genetic factors seem responsible for more than half of the
phenotypic variation, knowledge of specific regulators of pubertal onset is limited4. Abnormal pubertal timing can
be caused by rare mutations: e.g. MKRN3, ESR1, KISS1, KISS1R5–8 whereas common genetic variations in
candidate loci (KISS1, KISS1R, LIN28B, LIN28A) do not seem to be involved in idiopathic central precocious
puberty9. Additionally, large genome-wide association (GWA) studies have drawn attention to single nucleotide
polymorphisms (SNP) affecting pubertal timing10–13. Nevertheless, only approximately 15% of the variance in age
at menarche can be explained by genetic variations identified in GWA studies14.

The majority of clinical studies of pubertal timing are based on recall of age at menarche which is a late pubertal
event occuring in average three years after onset of breast development15. Growth of breast tissue is the first
clinical sign of the pubertal reactivation of the hypothalamic-pituitary-gonadal axis resulting in ovarian estradiol
production. Assessment of breast development is considered the golden standard when evaluating pubertal onset
and progression in girls16.

Follicle-stimulating hormone (FSH) is essential for female reproductive maturation. FSH induces ovarian
follicle growth and aromatase activity, hence, estradiol synthesis responsible for breast development17, and genetic
variants in FSHB and FSHR have been reported as modulators of FSH action18.

FSHB -211G.T is located in the promoter of the gene encoding the FSH beta subunit. Reduced FSH produc-
tion has been suggested in carriers of FSHB -211TT vs. GG19,20 due to altered affinity of the LHX3 transcription
factor binding element21.

FSHR 2039A.G is located in the coding region of the intracellular domain of the FSH receptor. Carriers of
FSHR 2039GG have slower intracellular cAMP production (assessed in human granulosa cells)22 and they need
more exogenous FSH for sufficient ovarian stimulation than FSHR 2039AA homozygotes23,24.

FSHR -29G.A is located in the promoter region of the gene encoding the FSH receptor. In in-vitro fertilisation
patients, the FSH dose had to be increased 83% in order to induce follicular growth in carriers of FSHR -29AA vs.
GG25. Despite increased exogenous FSH, the numbers of mature- and retrieved oocytes were reduced 40% and
34%, respectively. The impaired ovarian FSH response in women with FSHR -29AA was supported by DNA
topography and expression analyses, which indicated that the A allele was less accessible for binding of tran-
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scription factors compared with the G allele. In support, FSH recep-
tor expression at both mRNA and protein level was reduced in gran-
ulosa cells from carriers of FSHR -29AA vs. GG25,26.

Recently, we observed that FSHB -211G.T and FSHR 2039A.G
may influence age at pubertal onset in girls, but due to the relatively
small sample size of 78 girls, no firm conclusions could be drawn
from the study27. We have since genotyped a large cohort of 964
healthy Danish girls as well as female patients with idiopathic delayed
puberty, including evaluation of the FSHR -29G.A SNP.

We report how the three polymorphisms affect age at pubertal
onset evaluated by breast development, revealing a remarkably
strong effect of FSHR -29G.A.

Results
Healthy girls. At evaluation, the mean age of the entire study
population was 10.8 (9.6–12.1) years (1/2 1SD), and the mean
age at pubertal onset was 10.0 (9.9–10.2) years (95% CI).

The girls had the following allele distributions: FSHB -211G.T
(GG 650, GT 290, TT 22, minor allele frequency (MAF) 17%), FSHR
-29G.A (GG 512, GA 368, AA 74, MAF 27%), and FSHR 2039A.G
(AA 242, AG 504, GG 218, MAF 49%). Distributions were consistent
with Hardy-Weinberg equilibrium (Pearson’s x252.47, p50.116;
x250.48, p50.488; and x252.07, p50.151, respectively).

Age at pubertal onset according to the presence of genetic variants
of FSHR -29G.A, FSHB -211G.T, and FSHR 2039A.G is listed in
Table 1. We observed a strong effect of the SNP in the FSH receptor
promoter (FSHR -29G.A). Girls homozygous for the minor allele
(FSHR -29AA, n 5 74) entered puberty 7.4 (2.5–12.4) months later
than carriers of the more common variants FSHR -29GG1GA, 10.6
(10.2–11.0) vs. 10.0 (9.8–10.1), p50.003 (Figure 1A). BMI was not
affected by genotypes (Table 1), and adjusting for BMI did not alter
the effect of FSHR -29AA vs. GG1GA, p50.004 (data not shown).
The additive model indicated a co-dominant effect of the alleles in
which the heterozygotes exhibited intermediate levels; the age at
pubertal onset increased 2.4 (0.2–4.5) months per A allele,
p50.031 (Table 1).

Girls with the rare FSHB -211TT genotype (n522) seemed to
enter puberty later than carriers of FSHB -211GG and GT, but
the difference did not reach significant levels in any of the models.
Even after adjusting for FSHR -29G.A, there was no clear effect of

FSHB -211GG1GT vs TT, p50.129 (data not shown). FSHR
2039A.G did not seem to influence age at pubertal onset (Table 1).

In a combined model of FSHR -29G.A and FSHB -211G.T, age
at pubertal onset increased with increasing number of minor alleles
across the genotypes; i.e. 1.9 (0.2–3.6) months per minor allele,
p50.025 (Figure 1B).

We estimated that 2.2% and 2.9% of the variance in age at pubertal
onset could be explained by FSHR -29G.A alone and in combina-
tion with FSHB -211G.T, respectively.

Patients with delayed puberty. Age at breast development for the
patients with delayed puberty was 13.8 years (13.0–17.0). Puberty
was induced by exogenous estradiol in four patients at age 13.0, 13.1,
14.5, and 17.0 years. The remaining patients entered puberty
spontaneously. The SNPs causing later pubertal onset in healthy
girls (FSHR -29AA and FSHB -211TT) were significantly more
prevalent in patients with idiopathic delayed puberty compared
with healthy girls (5/18 patients 5 28% vs. 96/964 healthy girls 5
10%, p50.014). Distribution of genotypes are shown in Figure 2.

Discussion
This large population-based study of 964 healthy Danish girls
revealed that breast development (marking the onset of puberty)
occurred on average 7.4 months later in carriers of FSHR -29AA
genotype compared with the common genotype variants FSHR
-29GG1GA. Based on a combined model of FSHR -29G.A and
FSHB -211G.T, the age at pubertal onset increased with the number
of minor alleles across the genotypes. To our knowledge, a stronger
genetic influence on pubertal onset in girls has not previously been
reported.

Considerable effort has been invested in mapping genetic varia-
tions responsible for pubertal timing. From a recent large-scale meta-
analysis of 57 GWA studies including data from 182.416 women, 106
genomic loci associated with cellular development, body weight, and
hormone pathways were proposed to affect age at menarche14.
However, compared with our selective approach of assessing the
effect of biological relevant SNPs, the effect estimates in GWA stud-
ies were limited and the strongest association was responsible for
only a 1.3 months change in age at menarche per allele (LIN28B).
All of the suggested loci only explained 15% of the variance in age at
menarche. In this perspective, our finding of two SNPs explaining

Table 1 | Clinical parameters of the study population stratified by genotypes

Genotype Recessive model * Additive model ¤

FSHB -211G.T GG GT TT GG1GT vs. TT GG vs. GT vs. TT
n 650 290 22
Age (years) 10.8 (9.6–12.1) 10.8 (9.5–12.0) 11.1 (10.1–12.1) p 5 0.346 p 5 0.416
BMI (kg/m2) 17.3 (15.0–19.8) 17.3 (15.0–19.9) 17.6 (15.8–19.6) p 5 0.560 p 5 0.816
Age at pubertal onset 10.0 (9.8–10.1) 10.1 (9.8–10.3) 10.7 (10.5–10.9) p 5 0.246 p 5 0.437
FSHR -29G.A GG GA AA GG1GA vs. AA GG vs. GA vs. AA
n 512 368 74
Age (years) 10.8 (9.6–12.1) 10.8 (9.6–12.1) 10.8 (9.6–12.1) p 5 0.736 p 5 0.898
BMI (kg/m2) 17.2 (15.1–19.5) 17.5 (15.1–20.2) 17.2 (14.7–20.0) p 5 0.660 p 5 0.133
Age at pubertal onset (years) 10.0 (9.8–10.1) 10.0 (9.8–10.2) 10.6 (10.2–11.0) p 5 0.003 p 5 0.031
FSHR 2039A.G AA AG GG AA1AG vs. GG AA vs. AG vs. GG
n 242 504 218
Age (years) 10.8 (9.6–12.1) 10.8 (9.6–12.0) 10.9 (9.6–12.1) p 5 0.715 p 5 0.443
BMI (kg/m2) 17.4 (15.0–20.3) 17.2 (15.1–19.7) 17.3 (15.2–19.7) p 5 0.960 p 5 0.816
Age at pubertal onset 10.0 (9.7–10.2) 10.0 (9.9–10.2) 10.1 (9.8–10.3) p 5 0.527 p 5 0.579

Age: mean (1/2 SD), BMI: geometric mean (1/2 SD), Age at pubertal onset: mean (95% CI).
In the recessive model, strong effects are expected only in minor allele homozygotes. These are compared with pooled wild-type and heterozygotes (e.g. FSHR -29GG1GA vs. AA).
Differences in ages and BMI levels between genotypes were assessed with independent samples t-test.
Differences in ages at pubertal onset between genotypes were assessed with probit analysis (categorical variable).
The additive model assumes a codominant effect of alleles in which the heterozygotes should exhibit intermediate levels; regressions are calculated over, for example, FSHR -29GG vs. GA vs. AA.
Differences in ages and BMI levels between genotypes were evaluated with One-way ANOVA.
Differences in ages at pubertal onset between genotypes were assessed with probit analysis (continuous variable).

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 4 : 6412 | DOI: 10.1038/srep06412 2



2.9% of the variance in age at breast development is remarkable.
Although we compare how SNPs affect two different milestones of
pubertal development (breast development and menarche), estradiol
is essential for both events. Furthermore, genes associated with age at
menarche were also associated with age at breast development, e.g.
LIN28B10. Noteworthy, FSHR -29G.A and FSHB -211G.T were
not included in commercial genotyping platforms (e.g. Affymetrix
and Illumina) commonly used in GWA studies (http://ncbi.nlm.nih.
gov/SNP), which is probably why they have not been identified
previously. An indirect way to confirm the observed effect would
be to review GWA studies concerning the effect of other SNPs
inherited with FSHR -29G.A and FSHB -211G.T (tagSNPs).
However, no such tagSNPs exist (http://www.ensembl.org/Homo_
sapiens/Variation).

FSH is essential for female reproductive maturation28, and our
findings are therefore supported by a plausible biological mech-
anism. Female FSHB and FSHR knock-out mice and women with
loss-of-function mutations in these specific genes present with prim-
ary amenorrhea and sterility due to disrupted follicle maturation29–32.
In our study, the main effect on pubertal onset seemed to be driven by
genetic variation in the promoter of the gene encoding the FSH
receptor. FSHR -29G.A was first described by Wunsch and col-
leages who did not observe effect on promotor activity in in vitro
studies of nonhuman granulosa- and sertoli-cell lines33. However, in
vitro studies of human granulosa cell lines as well as cohort studies of
IVF patients suggested reduced FSH receptor expression in carriers

of FSHR -29AA vs. GG25,26. As in our study, intermediate effect was
found in heterozygotes (FSHR -29AG)25.

The effect of FSHB -211TT (reduced FSH production) seemed to
be even stronger than FSHR -29AA. Despite our fairly large sample
size, we acknowledge that the FSHB -211TT subgroup is small due to
the very low minor allele frequency, and the lack of statistical signifi-
cant effect of the FSHB -211TT (when evaluated separately) may
therefore be due to a type II error. The combined model suggests
that both the FSHR -29A allele and the FSHB -211T allele contribute
to postpone pubertal onset. Our finding of higher prevalence of
FSHR -29AA and FSHB -211TT in patients suffering from delayed
puberty compared with healthy girls supports that these genotypes
delay pubertal onset in girls.

FSHR -29AA was found to be more prevalent among young
women suffering from idiopathic premature ovarian insufficiency
compared with healthy controls34. None of the girls in the present
study carried the combination of FSHR -29AA and FSHB -211TT.
Thus, larger studies of adolescents and adult women are needed to
clarify if this combination of genotypes causes markedly delayed
puberty or even premature ovarian insufficiency.

The SNP in exon 10 of the gene encoding the FSH receptor (FSHR
2039A.G) did not affect pubertal onset either when evaluated sepa-
rately or in combination with other polymorphisms. We did not
include other polymorphisms in the FSH receptor or its promoter
due to very low minor allele frequencies33 or high degree of linkage
disequilibrium with FSHR 2039A.G24.

Figure 1 | Influence of FSHR -29G.A and FSHB -211G.T on age at pubertal onset in 964 healthy Danish girls. Left panel: The number of girls and

their mean age at pubertal onset according to FSHR -29G.A genotypes (A) and the combined genotypes of FSHR -29G.A and FSHB -211G.T (B).

In the combined model, we tested if there was an additive effect of the minor alleles across the genotypes (FSHR -29A and FSHB -211T). The fading

green/yellow/red bars indicate intermediate FSH production and FSH receptor expression, respectively, in the heterozygotes compared with the

wild-types and the minor allele homozygotes. The colours correspond to the subgroups of combined genotypes: 0 minor alleles: dark green; 1 minor allele:

light green; 2 minor alleles: orange; 3 minor alleles: red; No girls had 4 minor alleles (C). Right panel: Mean age at pubertal onset (95% CI) according to

FSHR -29G.A genotypes (A) and the combined genotypes of FSHR -29G.A and FSHB -211G.T (B). The combined model revealed additive effect of

the minor alleles across the genotypes (B). The outline of the figure is inspired by Tuttelmann et al.48.
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Upstream of the pituitary gland, reactivation of the hypothalamus
and its connecting neurones drives the onset of puberty through the
hypothalamic-pituitary-gonadal (HPG) axis. Hypothalamic GnRH
is controlled by multiple pathways; e.g. kisspeptin, neurokinin B, and
metabolites from adipose tissue8,35. Much focus has therefore been
placed upon childhood growth and adiposity in relation to pubertal
timing. BMI is a crude estimate of fat mass, and the effect of FSHR
-29G.A and FSHB -211G.T was not driven by differences in BMI
in the present study. Thus, our findings indicate that even after
central reactivation of the hypothalamus, down-stream processes
in the HPG axis influence the peripheral attainment of secondary
sexual characteristics.

Due to racial differences concerning age at pubertal onset and
distribution of genotypes33,36, we have only included Caucasian girls
in the final data analyses. The distribution of genotypes and the age at
pubertal onset indicate that the present study population is repres-
entative for healthy caucasian girls36–38. The HapMap project indi-
cates that FSHR -29A is more prevalent among Chinese (CHB, minor
allele frequency 51%) and Japanese (JPT, 47%), and less prevalent
among Sub-Saharan Africans (YRI, 24%) compared with Western
European (CEU, 30%) (http://hapmap.ncbi.nlm.nih.gov). The dis-
tribution fits well with the most recent longitudinal puberty study
from the USA. Asian girls entered puberty later and black girls
entered puberty at a younger age than white girls (remained after
adjusting for BMI)36. Part of the racial difference in age at pubertal
onset may be explained by different distributions of genotypes affect-
ing FSH action.

In caucasian girls, pubertal onset has been reduced approximately
one year during the past two decades15,36. This strong secular trend
cannot be driven by genetic changes alone but is more likely caused

by epigenetic changes, lifestyle factors, and/or environmental factors.
Our finding of a strong regulatory effect of FSHR -29G.A on age at
pubertal onset suggests that the pituitary-gonadal axis is a target for
these factors responsible for the observed secular trend.

In this thoroughly characterized population of healthy Danish
girls, pubertal onset was evaluated by the presence of palpable breast
tissue, which is a current golden standard. This is in contrast to the
majority of previous studies based on recollection of age at menarche.
Our selective approach of assessing the effect of variation in specific
genes affecting FSH-signaling (a biological pathway essential for
pubertal onset) minimises the risk of false positive associations.
We have not assessed the effect of other polymorphisms.

In conclusion, we demonstrate here for the first time that age at
pubertal onset in healthy girls is highly affected by genetic variation
in promoters affecting FSH action. Breast development occurred 7.4
months later in healthy girls with the FSHR -29AA genotype com-
pared with carriers of FSHR -29GG1GA. This is the strongest gen-
etic effect on age at pubertal onset in girls published to date.

Methods
Participants. Healthy girls. Participants were recruited as part of two population-
based cohort studies of healthy Danish children and adolescents; 1) The
COPENHAGEN Puberty Study, detailed information about the study has been
described previosuly15,39: a cross-sectional study conducted at ten schools in the
Copenhagen area, 2006–2008. All pupils were invited (3102 girls) of whom 35% chose
to participate, i.e. 1097 girls aged 6–20 years. 2) The Copenhagen Mother-Child
Cohort, detailed information about the study has been described previosuly40–42: a
longitudinal birth cohort following healthy Danish children. The children were
examined during infancy, at mid-childhood and again yearly (one to three times) in
2010–2012 (mean age 11.0 years, range 6.0–15.0).

In the present study-population, all girls (age 8–13 years) from the Copenhagen
Mother-Child Cohort (n5548) and the cross sectional part of the COPENHAGEN
Puberty Study (n5564) were included. No girls from our previously published study
of FSH polymorphisms in peripubertal girls (longitudinal part of the
COPENHAGEN Puberty Study) were included27. Of the 1112 girls, a total of 148 were
excluded from the present dataset because no DNA was available (n594), one or both
parents originated from a non-European country (n546), intracerebral or endocrine
disease (n53), or due to lack of pubertal staging (n55). The remaining 964 girls had
no history of gynecological disorders.

Patients with delayed puberty. All girls registered with a diagnosis of delayed
puberty (ICD-10: DE 30.0) at the Department of Growth and Reproduction,
Rigshospitalet, Denmark were evaluated (n5168). DNA was available in 41 girls.
Girls were excluded due to pubertal onset before age 13 years (n514) or due to known
cause of delayed puberty (e.g. Turner Syndrome and anorexia nervosa) (n59). The
remaining 18 girls with idiopathic delayed puberty were included in the study.

Clinical examination. Clinical evaluations were done by trained physicians and
included pubertal staging of breast development according to Tanner’s classification
evaluated by palpation43. Breast stage 2 or more was considered to be a marker of
pubertal onset. Height was measured to the nearest 0.1 cm by a wall-mounted
stadiometer (Holtain Ltd., Crymych, United Kingdom) and weight was measured to
the nearest 0.1 kg using calibrated digital electronic scales (Seca Delta, Germany and
Bisco model PERS 200, Denmark). Anthropometrics were available from 963 girls.

Genotyping. Peripheral blood (0.2 ml EDTA-preserved) was used for isolation of
genomic DNA using the QuickGene-810 Nucleic Acid Isolation System (Fujifilm,
Life Science Products, Tokyo, Japan) and quantified on a NanoDrop ND-1000
spectrophotometer (Saveen Werner, Limhamn, Sweden).

All SNPs were analysed at LGC Genomics (LGC Genomics, Hoddesdon, UK) using
their KASPTM SNP genotyping assays, which facilitates bi-allelic discrimination
through a competitive PCR and incorporation of a fluorescent resonance energy
transfer quencher cassette. KASPTM genotyping assays were designed by LGC
Genomics towards the following sequences: FSHB -211G.T (rs10835638),
TATCAAATTTAATTT[G/T]TACAAAATCATCAT; FSHR -29G.A (rs1394205),
TCTCTGCAAATGCAG[A/G]AAGAAATCAGGTGG; FSHR 2039A.G (rs6166),
ATGTAAGTGGAACCA[C/T]TGGTGACTCTGGGA. FSHR 2039A.G was geno-
typed in all 964 girls. In a few cases genotyping was impossible due to poor DNA
quality, i.e. FSHR -29G.A and FSHB -211G.T were genotyped in 954/964 and 962/
964 girls, respectively.

A subset of samples (COPENHAGEN Puberty Study, n5498) were re-genotyped
for FSHB -211G.T and FSHR 2039A.G using restriction fragment length poly-
morphism (RFLP) analysis, according to previously described methods44-46. In brief,
DNA served as PCR template. Primers: FSHB -211G.T (GGAGCCAGATCA-
TGAAATGTT and CGAAGTCCGATCGTAACCAG) and FSHR 2039A.G
(TTTGTGGTCATCTGTGGCTGC and CAAAGGCAAGGACTGAATTATCATT).
Fragments digested with TatI (Thermo Scientific, Erembodegem, Belgium) or BsrI

Figure 2 | Distribution of genotypes FSHB -211G.T (A) and FSHR

-29G.A (B) in Caucasian females (data from 1000 Genomes: www.

1000genomes.org), as well as healthy Danish girls and 18 patients with

delayed puberty from the present study population.
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(New England Biolabs, Herts, UK). Genotypes were called by banding patterns.
Samples with known genotypes were used as positive controls.

Discordance between the two methods were present in 6% (FSHB -211G.T) and
12% (FSHR 2039A.G), respectively. In most cases re-inspection of gels showed
ambiguous banding pattern in the RFLP analysis. A few remaining discordant cases
were re-analysed, confirming all results in accordance with the KASPTM genotyping.

Statistical analyses. To estimate the mean age (95% CI) at pubertal onset, we used
probit analyses taking left, right – and interval censored data into account (SAS: proc
lifereg). Probit analysis is a type of regression used with binomial response variables
(in this study: breast development, yes/no)47. Based on cross sectional data, the probit
analysis provides estimates of proportions of girls having entered puberty at different
ages. In this study, longitudinal data of girls entering puberty during follow up is
included in the probit analyses (interval censored data). In this way, all available
information concerning age at pubertal onset is included. If a given girl entered
puberty between two examinations during follow-up, we registered the last pre-
pubertal examination (Tanner Stage B1) and the first post-pubertal examination (TS
$ B2). The time between these examinations contains the true age at onset (interval-
censored data, n595). If a girl had not entered puberty at her last examination (or
only examination if she was only seen once), the current age at examination was
known to be a lower bound for the true age at pubertal onset (right censored data,
n5245). If a girl had entered puberty at her first examination, the age at examination
was known to be an upper bound for the true age at onset (left censored data, n5624).
We then included the genotypes in the model to estimate the related differences in
mean age at pubertal onset (95% CI).

Two genetic models were used to assess the effect of genotypes on age at pubertal
onset. In the recessive model, strong effects were expected only in the minor allele
homozygotes. These were compared with pooled wild-type and heterozygotes (e.g.
FSHR -29GG1GT vs. TT). The additive model assumed a co-dominant effect of
alleles in which the heterozygotes should exhibit intermediate effect; regressions were
calculated over, for example, FSHR -29GG vs. GA vs. AA (included as a continuous
variable).

Based on initial analyses, we evaluated the combined effect of FSHR -29G.A and
FSHB -211G.T. We tested if there was an additive effect of the minor alleles by
including the subgroups as a continuous variable.

To estimate how much of the overall variance in age at pubertal onset was
explained by the SNPs, we compared the results from two models. In the first model,
we estimated the variance in the age at pubertal onset in a probit analysis in which
genotypes were included as an explanatory variable. Secondly, we estimated the
variance in a probit analysis in which genotypes was not included as an explanatory
variable. The difference between the two variances is due to the SNPs included in the
model.

To assess if the effect of the genotypes was driven by differences in BMI, we
compared BMI levels between genotype sub-groups by independent samples t-test (2
groups) and One-way ANOVA (3 groups), and we adjusted the probit analysis for
BMI by including this as a continuous variable.

To assess if the prevalence of susceptible genotypes was higher in patients with
delayed puberty vs. healthy girls the x2 test was used.

P # 0.05 was considered statistically significant. Data were analysed separately by
two investigators (CPH and JHP).

Ethical considerations. The COPENHAGEN Puberty Study (ClinicalTrials.gov ID:
NCT01411527), The Copenhagen Mother-Child Cohort, and the genetic study of
girls with delayed puberty were carried out in accordance with the protocols approved
by the scientific ethical committee at The Capital Region of Denmark (KF 01 282214;
V200.1996/90, KF 01 030/97/KF 01276357/H-1-2009-074, and KF1328087,
respectively) as well as the Danish Data Protection Agency (2010-41-5042, 1997-
1200-074/2005-41-5545/2010-41-4757, 2006-41-7251, respectively). The study was
conducted in accordance with the second Helsinki Declaration. All children and
parents received written information, and informed consent was obtained from all
participants.
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Circulating MKRN3 Levels Decline Prior to Pubertal
Onset and Through Puberty: A Longitudinal Study of
Healthy Girls

Casper P. Hagen, Kaspar Sørensen, Mikkel G. Mieritz, Trine Holm Johannsen,
Kristian Almstrup, and Anders Juul

Department of Growth and Reproduction, EDMaRC, Rigshospitalet, University of Copenhagen, DK-2100
Copenhagen, Denmark

Context: Puberty is initiated by a complex interaction of suppressing and stimulating factors.
Genetic studies of familial central precocious puberty have suggested makorin ring finger protein
3 (MKRN3) as a major inhibitor of GnRH secretion during childhood. Furthermore, genetic variation
near MKRN3 (rs12148769) affects age at menarche in healthy girls.

Objective: The purpose of this study was to evaluate whether serum levels of MKRN3 declined
before pubertal onset in healthy girls.

Design: This was a population-based longitudinal study of healthy Danish girls and a cohort study
of early maturing girls.

Setting: The study was performed in the general community and in a tertiary referral center for
pediatric endocrinology.

Patients or Other Participants: Healthy girls (n � 38) aged 9.3 years (range, 5.9–11.3 years) at
baseline and followed for 6.0 years (2.7–7.6 years ) (2006–2014) with blood sampling every 6
months and early maturing girls (n � 13) with breast development ay �8.3 years of age were
included.

Main Outcome Measures: Serum levels of MKRN3 were measured in 354 samples (median, 9 per
girl; range, 2–14 per girl), and genotyping of variants near MKRN3 (rs12148769 and rs12439354)
was performed.

Results: MKRN3 concentrations declined preceding pubertal onset; the geometric mean (95%
confidence interval) 3 years before pubertal onset vs the last visit before pubertal onset was 304
pg/mL (264–350 pg/mL) vs 257 pg/mL (243–273 pg/mL), corresponding to a reduction of 15%
(1–27%) (P � .033). In prepubertal girls, circulating MKRN3 correlated negatively with gonado-
tropin levels: for FSH, r � �0.262 (P � .015) and for LH, r � �0.226 (P � .037). After adjustment,
MKRN3 levels were lower in early maturing girls than in age-matched prepubertal girls: 171 pg/mL
(�25–333 pg/mL) vs 262 pg/mL (94–624 pg/mL) (P � .051). Genetic variants near MKRN3 did not
correlate with serum levels of MKRN3.

Conclusions: Declining levels of circulating MKRN3 preceded pubertal onset. The negative correlation
between MKRN3 and gonadotropins further supports MKRN3 as a major regulator of hypothalamic
GnRH secretion during childhood. Undetectable or low MKRN3 levels were observed in a subgroup of
patients with early onset of puberty. (J Clin Endocrinol Metab 100: 1920–1926, 2015)
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Puberty is initiated by reactivation of the hypothalamic
GnRH pulse generator. The transient activation of

the hypothalamic-pituitary-gonadal (HPG) axis during
infancy is followed by a quiescent period in childhood (1).
Withdrawal of hypothalamic inhibition reactivates GnRH se-
cretion, which initiates puberty (2). Despite intensive re-
search, little is known about the specific factors respon-
sible for childhood inhibition of hypothalamic activity
essential for timing of pubertal onset (3).

Much attention was therefore focused on the study con-
ducted by Abreu et al (4) describing mutations in the gene
encoding makorin ring finger protein 3 (MKRN3) in 5 of
15 families with central precocious puberty (CPP). This
was the first report of a deleterious mutation associated
with CPP, suggesting MKRN3 as a major inhibitor of hy-
pothalamic GnRH secretion during childhood. In sup-
port, the authors reported declining mRNA expression of
hypothalamic Mkrn3 preceding pubertal onset in mice of
both sexes. Several reports of MKRN3 mutations in fa-
milial CPP have been published since then (5–8).

MKRN3 is an intronless gene located on chromosome
15q11.2 in the Prader-Willi syndrome critical region. The
maternal allele is imprinted (silenced), and mutations are
therefore paternally inherited (9). The precise mechanism
of MKRN3 remains to be elucidated; however, the zinc
finger structure indicates properties such as transcrip-
tional modification of DNA or RNA and/or posttransla-
tional modification of proteins (10). Recent genome-wide
associations studies have found that the paternal allele of
a specific single nucleotide polymorphism (SNP) found
in an intergenic region near MKRN3 and MAGEL2
(rs12148769, G�A) affects age at menarche in healthy
girls (11).

To our knowledge, the serum levels of MKRN3 have
never been reported in animal models or humans. We mea-
sured circulating levels of MKRN3 in healthy girls fol-
lowed longitudinally through puberty as well as in early
maturing girls. Our findings confirmed the main hypoth-
esis of declining MKRN3 levels preceding pubertal onset.

Subjects and Methods

Healthy girls
The COPENHAGEN Puberty Study is a combined cross-sec-

tional and ongoing longitudinal population-based cohort study
of healthy Danish children and adolescents. The primary pur-
pose for conducting the study was to establish the time of pu-
bertal onset in a contemporary cohort of Danish children (12,
13). Predefined secondary outcomes were to establish normative
data for anthropometry and hormone levels during childhood
and adolescence. All pupils (n � 6203) at 10 randomly selected
schools in the Copenhagen area were invited to participate in the
cross-sectional study (2006–2008). All schools were situated in

areas of Copenhagen traditionally representing the social middle
class. The overall participation rate was 30%, ranging from 19%
to 40%. All participants at 2 schools with high participation
rates were invited to continue in the ongoing longitudinal fol-
low-up study.

Blood samples were drawn, and a thorough clinical exami-
nation was performed, including staging of breast development
by palpation (B1–B5) according to the Tanner classification (14).
Pubertal onset was defined as having Tanner breast stage 2 (B2)
or more, as described previously in detail (12). The age of pu-
bertal onset was approximated using the date exactly between
the 2 visits at which the girl advanced from B1 to B2 (or more).

From a total of 108 girls participating in the longitudinal part
of the COPENHAGEN Puberty Study, girls were excluded from
the present dataset for the following reasons: blood samples were
only drawn before or after pubertal onset (n � 43), the age at
pubertal onset was not well defined (examinations with Tanner
breast stage B2 were followed by examinations with B1) (n �
10), one or both parents originated from a non-European coun-
try (n � 16), and previous cytostatic treatment (n � 1). The
remaining 38 healthy Caucasian girls with available blood sam-
ples before and after age at pubertal onset were included in the
present study. The girls had no history of gynecological or ce-
rebral diseases. They were followed for an average of 6.0 years
(range, 2.7–7.6 years). Median (range) age at baseline was 9.3
years (5.9–11.3 years). Serum concentrations of MKRN3 were
measured in a total of 354 samples (individual samples per girl:
median, 9; range, 2–14). FSH and LH levels were measured in
240 samples from 38 girls (86 samples from 35 prepubertal girls).
Data on gonadotropins have been published previously (15).

Early maturing girls
MKRN3 was measured in early maturing girls participating

in a prospective clinical study. A detailed description of the pa-
tients is available in the original publication (16). In short, pa-
tients referred with an onset of breast development before the age
of 9 years were recruited consecutively from our outpatient clinic
at the Department of Growth and Reproduction, Copenhagen
University Hospital, from May 2008 to September 2009. All
patients presented with breast budding as the first sign of puberty
and all were premenarcheal. Centrally activated puberty was
defined as a peak LH level of �5 IU/L in response to the rapid-
acting GnRH agonist (0.1 mg of Relefact LHRH; Sanofi-Aven-
tis) (17). CPP was diagnosed if breast development started before
age 8 years. Two girls with breast development at 8.3 years were
characterized as having early puberty. Brain magnetic resonance
imaging was nonpathological.

We measured MKRN3 in baseline samples (before initiation
of leuprolide acetate treatment) from 13 of 15 girls (samples from
2 girls were not available). The median (range) age at pubertal
onset was 7.6 years (7.2–8.3 years). The age at the baseline
examination was 8.4 years (7.5–9.2 years). The bone age at base-
line was 9.6 (7.7–10.8).

Reproductive hormone assays
All blood samples were drawn between 8:00 AM and 1:00 PM

from an antecubital vein, clotted, and centrifuged, and serum
was stored at �20°C until hormone analyses were performed.
Blood samples were analyzed after a maximum of 8 years of
storage in the freezer at �20°C. All samples were analyzed in the
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same laboratory blinded for the technician for age and pubertal
stage.

Serum MKRN3 concentrations were determined using the
commercially available human makorin ring finger protein 3
ELISA (MyBioSource) with a detection limit of 25 pg/mL. Intra-
and interassay coefficients of variation (CVs) listed by the man-
ufacturer were �8% and �10%, respectively. In our hands, the
intra-assay CVs (SD/mean) were 5.4% at 201 pg/mL and 5.1%
at 410 pg/mL, respectively, and the interassay CV was 9.7% at
288 pg/mL. All samples from a given girl were analyzed on the
same plate.

On the plate including early maturing girls, the control was
16% higher than the average of controls on the remaining plates.
In an additional analysis, we adjusted all results with a plate-
specific correction factor: mean of controls (reference plate)/
mean of controls (adjusted plate).

Serum levels of FSH and LH were measured by time-resolved
immunofluorometric assays (Delfia) with detection limits of
0.06 and 0.05 IU/L, respectively. Intra- and interassay CVs were
�5%. LH levels below the detection limit were assigned the value
of 0.025 IU/L (0.5 times the detection limit).

Genotyping
Peripheral blood (0.2 mL of EDTA preserved) was used for

isolation of genomic DNA using the QuickGene-810 Nucleic
Acid Isolation System (Fujifilm, Life Science Products) and quan-
tified on a NanoDrop ND-1000 spectrophotometer (Saveen
Werner). Purified DNA was available for 34 healthy girls with
prepubertal MKRN3 measurements as well as 12 early maturing
girls (DNA was limited in 1 patient, allowing analysis of only 1
SNP).

The SNPs were analyzed using KASP SNP genotyping assays
(LGC Genomics), which facilitate biallelic discrimination
through a competitive PCR and incorporation of a fluorescent
resonance energy transfer quencher cassette. KASP genotyping
assays were designed by LGC Genomics toward the following
sequences: rs12148769, TTATGCATTGTCAA[R]CTTCAAA-
GCCACATAA; and rs12439354, TAGTTTATTTTTCTCA
[R]GATGYACTGCCCAG. rs12148769 is well known from as-
sociation studies of menarche (11), whereas rs12439354 was
found from the potentially functional SNP search engine (18) to
potentially affect a peroxisome proliferator-activated receptor
�/retinoid X receptor � binding site in the promoter of MKRN3.
A standard touch-down PCR program, as advised by the man-
ufacturers, was used was used to discriminate alleles.

Statistical analyses
To evaluate the individual fluctuation of MKRN3, we de-

picted individual levels according to time from pubertal onset.
The girls were divided in tertiles based on means of prepubertal
MKRN3. In addition, we assessed the intraindividual CVs.

To further evaluate the progress of MKRN3 levels as a func-
tion of time from pubertal onset, we used a variance component
model allowing each girl to have her own general MKRN3 level
(15). The time from B2 (numeric variable) was grouped into a
categorized variable, ie, �3 years: samples ��2.5 years from B2;
�2.5 � �2 years � �1.5; �1.5 � �1 year � �0.5; �0.5 � �0.5
year � 0; 0 � 0.5 year � 0.5); 0.5 � 1 year � 1.5; 1.5 � 2 years �
2.5; 2.5 � 3 years � 3.5; 3.5 � 4 years � 4.5; 4.5 � 5 years �
5.5; 5.5 � 6 years � 6.5. In case of multiple MKRN3 values per

girl in a given time interval, the mean MKRN3 concentration was
used. To compensate for a skewed distribution of MKRN3, we
transformed MKRN3 values with the natural logarithm before
analysis.

To assess the correlations between (1) MKRN3 and gonad-
otropin levels in samples from prepubertal girls and (2) prepu-
bertal MKRN3 (mean of individual prepubertal values) and age
at pubertal onset, the Spearman correlation was used. The as-
sociation between prepubertal MKRN3 levels and pubertal on-
set was further explored by comparing age at pubertal onset in
girls from different MKRN3 tertiles using the Mann-Whitney U
test.

To evaluate whether MKRN3 levels were affected in patients
with CPP and early maturing girls (n � 13), we compared the
MKRN3 levels with those of aged-matched prepubertal girls
(n � 21) using the Mann-Whitney U test. If more samples were
available from each girl, we used the mean of individual mea-
surements. In an additional analysis, we adjusted all samples
with a plate-specific correction factor.

To evaluate whether MKRN3 SNPs affected the circulating
levels of MKRN3, we used the Mann-Whitney U test (2 groups)
or the Kruskall-Wallis test (3 groups).

Ethical considerations
The Copenhagen Puberty Study (ClinicalTrials.gov identifier

NCT01411527) and the study of early maturing girls were
approved by the local ethics committee (KF 01 282214,
V200.1996/90, KF 01 282214, and KF 11 2006-2033) and the
Danish Data Protection Agency (2010-41-5042). All partici-
pants and their parents gave informed consent.

Results

Circulating MKRN3 varied substantially between indi-
viduals; the median (range) of all samples was 244 pg/mL
(�25–653 pg/mL). Each girl seemed to maintain her rel-
ative MKRN3 level (Figure 1); the median (range) of intra-
individual CVs was 16.6% (6.3–33.4%).

MKRN3 levels declined preceding pubertal onset; the
geometric mean (95% confidence interval) 3 years before
pubertal onset vs the last visit before pubertal onset was
304 pg/mL (264–350 pg/mL) vs 257 pg/mL (243–273 pg/
mL), respectively, corresponding to a reduction in
MKRN3 of 15% (1–27%), P � .033 (Figure 2). The
MKRN3 levels declined continuously as puberty pro-
gressed (Figure 2).

When 1 sample per girl (mean of individual values) was
included, the prepubertal MKRN3 levels (n � 35) did not
correlate with circulating FSH (r � �0.257, P � .137) or
LH (r � �0.261, P � .129). When all available samples
from prepubertal girls (n � 86 from 35 girls) were in-
cluded, the circulating MKRN3 concentrations correlated
negatively with the gonadotropin levels (ie, for FSH, r �

�0.262, P � .015 and for LH, r � �0.226, P � .037)
(Figure 3).
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There were no linear correlations between prepubertal
MKRN3 concentrations (mean of individual prepubertal
values) and age at pubertal onset (r � 0.069, P � .692;
data not shown). Age at pubertal onset according to ter-
tiles of prepubertal MKRN3 indicated a nonlinear asso-
ciation.Girlswith thehighestprepubertalMKRN3(tertile

1) entered puberty later than girls
with medium MKRN3 (tertile 2); the
median age at pubertal onset was
10.7 years (range, 9.2–12.1 years) vs
9.7 years (8.8–11.7 years) (P �
.019). There was no difference in age
at pubertal onset between girls with
medium and low prepubertal
MKRN3 (tertile 2 vs tertile 3): 9.7
years (8.8–11.7 years) vs 10.6 years
(9.2–12.6 years) (P � .106; not
shown).

In a crude analysis, MKRN3 lev-
els were comparable between pa-
tients with CPP and early maturing
girls compared with age-matched
prepubertal girls: 203 pg/mL (�25–
395 pg/mL) vs 255 pg/mL (101–620
pg/mL) (P � .257; Figure 1). After
adjustment of all samples with plate-
specific correction factors, MKRN3
levels were lower in early maturing

girls: 171 pg/mL (�25–333 pg/mL) vs 262 pg/mL (94–
624 pg/mL) (P � .051; not shown).

Importantly, 4 of 13 early maturing girls (31%) had
MKRN3 levels around or below the fifth percentile of that
for age-matched healthy prepubertal girls. One patient
with pubertal onset at age 7.4 years had undetectable con-

centrations of MKRN3 in serum
(Figure 1).

MKRN3 SNPs
The girls had the following allele dis-

tributions (healthy girls � early matur-
ing girls): for MKRN3 (rs12148769,
G�A): GG, 23�10; GA, 10�1; AA,
1�0; and minor allele frequency,
14%; for MKRN3 (rs12439354,
A�G): AA, 26�7; AG, 8�4; GG,
0�1; and minor allele frequency,
15%. Distributions were consistent
with Hardy-Weinberg equilibrium
(Pearson �2 � 0.006, P � .941; and
�2 � 0.005, P � .941, respectively).

In healthy girls, neither of the
SNPs was associated with serum lev-
els of MKRN3 (individual mean of
prepubertal MKRN3): for MKRN3
(rs12148769, G�A): GG (n � 23),
267 pg/mL (84–471 pg/mL) vs GA
(n � 10), 267 pg/mL (91–581 pg/
mL) vs AA (n � 1), 561 pg/mL (P �

Figure 1. Serum levels of MKRN3 according to time to pubertal onset (age of breast
development) in 38 healthy Danish girls. Each line represents consecutive measurements from
the same girl. Tertiles of prepubertal MKRN3 concentrations are marked with blue (highest
tertile), black (medium tertile), and red (lowest tertile). The gray dots on the right indicate serum
levels of MKRN3 in early maturing girls. The black reference lines indicate the median (fifth to
95th percentile) of age-matched prepubertal girls.

Figure 2. Component variant model of serum concentrations of MKRN3 according to time to
pubertal onset based on all longitudinal data. Black lines indicate geometric means (95%
confidence intervals). The number of girls contributing with measurements to the different time
points is listed above the x-axis. P values correspond to analyses comparing reference levels (the
last prepubertal examination) with levels at different time points. MKRN3 declined from 3 years
before pubertal onset to the last prepubertal examination (P � .033).
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.280; Kruskall-Wallis); for MKRN3 (rs12439354,
A�G): AA (n � 26), 268 pg/mL (91–581 pg/mL) vs AG
(n � 8), 265 pg/mL (84 –381 pg/mL) (P � .655; Mann-
Whitney U).

No associations between MKRN3 genotypes and se-
rum levels were found in early maturing girls: for MKRN3
(rs12148769, G�A): GG (n � 10), 182 pg/mL (�25–395
pg/mL) vs GA (n � 1), 355 pg/mL (P � .343); for MKRN3
(rs12439354, A�G): AA (n � 7), 196 pg/mL (�25–388
pg/mL) vs AG (n � 4), 195 pg/mL (48–395 pg/mL) vs GG
(n � 1), 344 pg/mL (P � .760).

Discussion

This is the first study describing circulating MKRN3 in
serum. The decline of MKRN3 preceding puberty as well
as the negative correlation with gonadotropins supports
MKRN3 as a major inhibitor of hypothalamic GnRH se-
cretion during childhood. Furthermore, undetectable or
low levels of MKRN3 were observed in a subgroup of
patients with idiopathic CPP.

Puberty is initiated by reactivation of the HPG axis.
Genetic analyses of patients with delayed puberty and hy-
pogonadotropic hypogonadism have revealed several ac-
tivators essential for hypothalamic GnRH secretion, eg,
kisspeptin and neurokinin B (19–22). Although excitatory
input is essential, withdrawal of hypothalamic inhibition
seems to be a prerequisite for hypothalamic reactivation

initiating pubertal onset (3). The
study of MKRN3 mutations in fa-
milial CPP of Abreu et al (4) was the
first to suggest MKRN3 as a major
inhibitor of hypothalamic activity
during childhood. Our findings of
decreasing levels of circulating
MKRN3 are in line with the decrease
in hypothalamic Mkrn3 expression
(mRNA) preceding pubertal onset in
mice (4). However, the profile of the
expression levels indicated a more
abrupt termination of MKRN3 than
the gradual decline in serum levels,
which we observed in the present
study. Supporting inhibitionofGnRH
secretion, serum levels of MKRN3
were negatively correlated with circu-
lating FSH and LH levels in samples
from prepubertal girls. Although the
specific mechanism of MKRN3 re-
mains to be elucidated, the zinc finger
structure and presumed ubiquitin li-
gase properties indicate that MKRN3

regulates cellular processes such as posttranslational modi-
fication of proteins or epigenetic regulation of transcription
(10). Our findings therefore support the assumption put for-
ward by Ojeda and Lomniczi (2) that MKRN3 inhibits
downstream activators of hypothalamic GnRH secretion,
such as KISS1.

The substantial interindividual variations in circulating
MKRN3 indicate that there is no common threshold for
circulating MKRN3 to initiate puberty. Despite declining
MKRN3, each girl maintained her relative level. This find-
ing may suggest the existence of an individual set point at
which the relative decline in serum levels of MKRN3 is
important for the withdrawal of hypothalamic inhibition.
Genetic variations in MKRN3 reported to affect age at
menarche (11) did not seem to be associated with the se-
rum levels of MKRN3 either in healthy girls or in early
maturing girls. However, the number of girls in this study
is not large enough to draw a firm conclusion on the effect
of the 2 MKRN3 SNPs, and we do not have information
about which of the alleles were paternally inherited. In
particular, we lack power in the group of girls being ho-
mozygous for the minor alleles, and we are not able to
evaluate combinations of the 2 SNPs. The girl with CPP
and undetectable MKRN3 was homozygous for the major
alleles in both SNPs; however, this does not exclude other
deleterious mutations in her MKRN3 gene.

We did not observe a linear correlation between pre-
pubertal MKRN3 concentrations and age at pubertal on-

Figure 3. A and B, Longitudinal serum levels of FSH (A) and LH (B) in healthy girls according to
time to pubertal onset. The y-axes are log10 transformed. The girls were grouped according to
mean prepubertal MKRN3 concentrations: blue lines, girls with the highest tertile of MKRN3; red
lines, girls with the medium tertile of MKRN3; black lines, girls with the lowest tertile of MKRN3.
C and D, Univariate correlations between circulating MKRN3 and FSH (C) and LH (D) in 86
samples from 35 prepubertal girls.
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set in healthy girls, but we cannot exclude the possibility
that MKRN3 affects the timing of puberty. First of all, we
observed that girls with the highest tertile of prepubertal
MKRN3 entered puberty later than the girls with medium
MKRN3. Second, in adjusted analyses, MKRN3 levels
were lower in early maturing girls than in age-matched
prepubertal girls, and, interestingly, a girl with very early
onset of puberty (7.4 years) had undetectable concentra-
tions of MKRN3 in serum. Thus, low levels of circulating
MKRN3 may cause CPP in a subgroup of patients.

The substantial interindividual variation in MKRN3
concentrations as well as the complex interpretation of
associations between MKRN3 concentrations and age at
pubertal onset emphasize the fact that multiple regulators
of puberty exist (eg, genetic, epigenetic, metabolic, and
environmental). This is also reflected by the high number
and the great diversion of genetic polymorphisms affecting
the timing of pubertal onset, eg, genes encoding mi-
croRNA-binding proteins (LIN28B) (23) and genes af-
fecting FSH signaling (FSHB and FSHR) (24).

The continuous decline of MKRN3 before and after the
time of breast development suggests that the withdrawal
of hypothalamic inhibition is a graduate transition lasting
for years. The graduate increase in gonadotropins through
pubertal development may reflect this process, indicating
that the release of the brake initiating pubertal onset is a
slow transition and not a sudden termination. This is sup-
ported by gradually increasing circulating levels of estra-
diol, increasing uterus volume and a high prevalence of
mature ovarian follicles in girls before pubertal onset
(25–28).

The healthy girls in the present study represent the
background population of Danish girls. Pubertal onset
was evaluated by the gold standard, which includes phys-
ical examination of breast development, and the frequent
examinations enabled us to determine the age at pubertal
onset with high accuracy. Circulating MKRN3 levels have
not been reported previously, and therefore external val-
idation of the specificity of the assay is not available. How-
ever, according to the manufacturer, the assay is specific
for human MKRN3 without any cross-reactions. The iso-
lated phenotype of premature pubertal onset in patients
with deleterious MKRN3 mutations supports the role of
MKRN3 being at the hypothalamic level.

In conclusion, declining levels of circulating MKRN3
preceded pubertal onset and concentrations decreased fur-
ther as puberty progressed. The negative correlation be-
tween MKRN3 and gonadotropins in prepubertal girls
further supports MKRN3 as a major regulator of HPG
activity during childhood. In a subgroup of patients with
CPP, MKRN3 was low or undetectable. This may imply a
causal relationship.
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