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Abstract Fragile X-associated primary ovarian insufficiency (FXPOI) is among a
family of disorders caused by the expansion of a CGG repeat sequence located in
the 5" untranslated region of the X-linked gene FMRI. About 20 % of women who
carry a premutation have cessation of menses for at least 1 year prior to age 40, a
20-fold increased risk compared with the general population. Further, the frequency
of women with the premutation attending reproductive endocrinology clinics for
infertility is significantly increased compared with the carrier frequency expected in
the general population, ~3 % compared with 1/150-1/250. This makes FXPOI the
leading known inherited cause of idiopathic POI. Cross-sectional studies clearly
show the health burden related to the clinical outcomes associated with
FXPOI. Despite the significant reduction in reproductive life span and increased
frequency of estrogen deficiency-related medical conditions among women with the
premutation who are diagnosed with FXPOIL, little is known about the underlying
molecular etiology. In this chapter, we focus on describing the clinical manifesta-
tion of FXPOI, the risk factors that potentially lead to earlier onset and severity, and
the clinical management that can help ameliorate symptoms.
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Overview and Focus

Reproductive health is a strong predictor of overall health and well-being. One
marker of reproductive health in women is the age at natural menopause. The
median age of menopause is ~51 +1 years, with 1 % of women experiencing meno-
pause prematurely (Palacios et al. 2010). In the late 1990s and early 2000s, the
FMRI premutation was established as an important genetic cause of premature
ovarian failure (POF) (reviewed in Sherman 2000). At that time, the term POF was
defined as 12 months of secondary amenorrhea before age 40 and the majority of
studies were based on this phenotype. The clinical definition and the term used for
the observed ovarian dysfunction have changed. The term primary ovarian insuffi-
ciency (POI) is clinically defined as 4 months of oligo/amenorrhea before age 40
with two follicle stimulating hormone (FSH) levels in the menopausal range (as
defined by the measuring laboratory) 1 month apart (Nelson 2009). In the current
field of fragile X, FXPOI is used to encompass the spectrum of reproductive out-
comes that includes not only cessation of regular menses before age 40, but also
occult indicators of impaired ovarian function, which are manifest by a reduced
ovarian response to stimulation, but no alteration in menstrual cyclicity.

FXPOI significantly impacts a woman’s quality of life. The most immediate and
significant consequence of diminished ovarian function is reduced fertility (Allen
et al. 2007; Streuli et al. 2009; Wheeler et al. 2014). If we define POI here as cessa-
tion of menses for at least 1 year prior to age 40, POI occurs in ~20 % of women
with the premutation, about ~20 times higher than the general population (for
reviews, see De Caro et al. 2008; Sherman 2000; Sullivan et al. 2011). Taking all
women who carry the premutation, they go through menopause on average about 5
years earlier than those without the premutation (Murray 2000; Seltzer et al. 2012;
Sullivan et al. 2005). Since diminished ovarian reserve precedes POI by 10 or more
years, impaired fertility may be seen in women with the premutation before the
more typical decline in fertility observed after age 35.

The premutation occurs at a significantly higher frequency among women with
ovarian dysfunction (e.g., Barasoain et al. 2013; Karimov et al. 2011; Mallolas et al.
2001; Murray et al. 2014; Pu et al. 2014; Streuli et al. 2009; Tosh et al. 2014; Ye
et al. 2014). In a recent study of over 2000 women who experienced menopause
before the age of 46 years, the prevalence of the premutation was 2.0 % among
women with cessation of menses prior to age 40, 0.7% in those with cessation
between 40 and 45 years, and 0.4 % in controls. Combining women with cessation
of menses prior to age 46, the odds ratio for carrying the premutation was 2.4 (95 %
confidence interval=1.02-5.8; p=0.04). In studies that separated isolated and
familial cases of POI, about 3.2 and 11% of women carried the premutation
(reviewed in Sherman et al. 2007).

Notably, the state of early estrogen deficiency observed among women with POI
has significant clinical consequences, including an increased risk for low bone min-
eral density, earlier onset osteoporosis and bone fractures (Gallagher 2007),
impaired endothelial function (Kalantaridou et al. 2004), earlier onset of coronary
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heart disease (Atsma et al. 2006), and increased cardiovascular mortality and overall
mortality (e.g., Jacobsen et al. 2003; Mondul et al. 2005). In addition, women with
an earlier age at menopause are reported to have more anxiety, depression, somati-
zation, sensitivity, hostility, and psychological distress than women with normal
ovarian function (e.g., Van Der Stege et al. 2008). Hypoestrogenism has cognitive
consequences as well. Estrogen is a neuroprotective agent that plays an important
role in brain functioning, and changes in estrogen levels during aging are associated
with reduced cognitive function and an increased risk of Alzheimer disease (Janicki
and Schupf 2010).

Thus, women with FXPOI are at risk for these clinical disorders associated with
prolonged estrogen deficiency. But it is important to emphasize that they are also at
risk for other premutation-associated symptoms, most importantly neurodegenera-
tive symptoms associated with fragile X-associated tremor/ataxia syndrome
(FXTAS). As such, they may be more vulnerable to effects of early estrogen defi-
ciency. The clinical manifestation of FXTAS in general is discussed in Chaps. 1-4
and FXTAS and other premutation-associated disorders specifically in women are
reviewed in Chap. 12. At this point, a natural history study has not been conducted
to determine whether women with FXPOI are at a higher risk for FXTAS than those
without FXPOL.

Little is known about the mechanism that underlies FXPOI. Other repeat expan-
sion disorders, including FXTAS, complemented by model systems of these disor-
ders, have provided important insights into the possible etiology underlying
FXPOL. These are described in detail in Chap. 11. As noted, not all women with the
premutation experience POI—some have complete cessation of menses in their 20s
while others go through menopause at the typical age of 51 (reviewed in De Caro
et al. 2008). Why there is such extensive variation in the clinical outcomes of the
FMRI premutation is unknown. In this chapter, we will focus on the clinical mani-
festation of FXPOI, the risk factors that potentially lead to earlier onset and severity,
and the clinical management that can help ameliorate symptoms.

Primary Ovarian Insufficiency

A woman’s reproductive life is based on the complex orchestration of the
hypothalamic-pituitary-ovarian (HPO) axis. During early ovarian development,
oocytes are organized into functional units called follicles. Each follicle consists of
a single oocyte and associated granulosa cells. A woman’s maximum endowment of
oocytes (about six to seven million) occurs early in gestation, around 16-20 weeks
(Baker 1963; Houmard et al. 2001). Through a natural process of follicular atresia,
only about one to two million oocytes remain at birth and only 300,000-400,000
remain at menarche (Baker 1963; Block 1952). Thus, in the natural processes of
ovarian development and age-related decline in ovarian function, a woman’s pool of
oocytes starts to decline well before she achieves reproductive maturity.
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During a woman’s reproductive years, primordial follicles are recruited and
mature through a hormonally regulated process. The result of this process is a single
oocyte selected for monthly ovulation. Due to the monthly ovulation and continued
follicular atresia, the number of primordial follicles declines until about 1000
remain and the menopause ensues (Faddy 2000; Richardson et al. 1987). Age-related
changes in both the quantity and quality of oocytes/follicles are responsible for the
typical features of the age-related decline in ovarian function in women. These
include characteristic hormonal fluctuations (elevated gonadotropins and decreased
ovarian hormones), menstrual cycle changes (amenorrhea, oligomenorrhea, and
dysfunctional uterine bleeding), diminished fertility and higher rates of twinning,
aneuploidy and miscarriage.

The term “ovarian reserve” refers to a woman’s remaining fertility potential
attributable to her ovaries. However, this term is misleading and scientifically inac-
curate because the biological measures to assess “ovarian reserve” are all based on
ovarian response, not reserve. In this chapter, we will use “ovarian response” to
refer to the state of ovarian function. As described below, many measures of ovarian
response in women with FXPOI are consistent with significantly impaired ovarian
function. However, we emphasize that FXPOI is not equivalent to an early natural
menopause (Nelson et al. 2005). Menopause is defined as the permanent cessation
of menses, and with this, the end of fertility. Women sometimes conceive naturally
after getting the diagnosis of FXPOI.

As noted previously, POI is a more general term that is now used to encompass
diagnostic conditions including what in the past has been referred to as premature
menopause or POF, hypergonadotropic hypogonadism, and ovarian dysgenesis.
Overall, this term describes impaired ovarian function on a continuum, rather than
a specific endpoint (Welt 2008). The diagnosis and experience of POI is difficult as
it can be transient and progressive (Nelson 2009). By the age of 20 years, POI
affects about 1/10,000 women and 1/100 by the age of 40 years (Coulam et al. 1986;
Cramer and Xu 1996; Goswami and Conway 2005; Kim et al. 1997). These esti-
mates appear to differ by ethnic/racial group, indicating modifying factors (Luborsky
et al. 2003). Both genetic and environmental causes of POI are known and have
been extensively reviewed (e.g., Santoro, 2003; Cox and Liu 2014); however, the
cause of POI in most women remains unknown.

The diagnosis of POI depends on the clinical picture (at least 4 months of oligo/
amenorrhea) as well as the hormonal profile showing increased levels of
FSH. Women with POI often go many years before a correct diagnosis is made. In
fact, women with POI may have clinical symptoms wax and wane with periods of
regular menses and amenorrhea further masking the underlying dysfunction. Natural
menopause occurring after age 45 is often accompanied by hot flashes, night sweats,
sleep problems, mood changes, and vaginal dryness (National Institute of Health
2005). POI occurs earlier in life and can be associated with residual ovarian func-
tion including return of menses, ovulation, and possible pregnancy (Hubayter et al.
2010; Nelson et al. 1994; Van Kasteren and Schoemaker 1999). The full experience
of symptoms for natural age at menopause is becoming well recognized; however
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for women with POI, more work needs to be done. Studies suggest that the
unexpected and, sometimes intractable, infertility at a young age, along with early
and prolonged exposure to estrogen deficiency can be traumatic and can exacerbate
typical menopause-related symptoms. Indeed, Allshouse et al. (2015) have shown
that menopause symptoms in women with POI are not adequately captured by the
typical menopause symptom checklist. Their symptoms do not appear to diminish
over time in contrast to women going through natural age at menopause. For exam-
ple, in their sample, women with POI experienced depression prior to their diagno-
sis and hypothyroidism appeared to be more frequent compared with aged-norms.

Three potential mechanisms can underlie POI. These include: (1) a congenital
decrease in primordial follicles, (2) accelerated follicular atresia, and (3) impaired
ovarian follicle function. The various causes of POI are sometimes categorized as
genetic, autoimmune, metabolic dysfunction, infectious, and iatrogenic; however,
these groups clearly overlap as some are descriptive and some are etiologic based.
Irrespective, FXPOI is a leading cause of the genetic forms of POL.

FXPOI: Clinical Description

The primary FXPOI-related trait that has been measured among women who carry
the premutation is age at menopause, defined as cessation of menses for at least 1
year. As with all epidemiological studies of menopause, self-reported age at meno-
pause is problematic. Pinpointing an event that has a long transition period and is
somewhat ambiguous depending on symptoms is not easy. This is particularly true
for cross-sectional surveys that involve recall. Moreover, many women are pre-
scribed hormone medication as soon as cycle traits become variable or symptoms of
menopause occur. Some women on hormone treatment may have had the ability to
continue cycling naturally and some may not; hormone treatment masks this dis-
tinction. This, of course, complicates the ability to define a specific age at meno-
pause, but if measured using the same definition within or among studies, significant
patterns emerge among women who do and do not carry the premutation.

Increased Rate of POI Associated with the FMR1 Premutation

Schwartz et al. (1994) were the first to provide preliminary evidence for a
premutation-associated reproductive disorder after the FMRI mutation was identi-
fied. Subsequently, a collaborative, multisite study was conducted to specifically
confirm that women with the premutation, not the full mutation, were at risk for POI
(Allingham-Hawkins et al. 1999). Although definitions of premutation allele sizes
differed as well as the criteria for POI along with study protocols, the estimates of
prevalence of POI, here defined as cessation of menses for at least 1 year prior to
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age 40, among women who carry the premutation in subsequent studies all exceeded
the expected 1% in the general population (Allen et al. 2007; Coffey et al. 2008;
Hundscheid et al. 2003a; Machado-Ferreira et al. 2004; Mallolas et al. 2001; Murray
et al. 2000; Rodriguez-Revenga et al. 2009b; Sullivan et al. 2005; Uzielli et al.
1999a; Vianna-Morgante et al. 1999b; Wheeler et al. 2014). Based on a review of
studies that interviewed women with the premutation at age 40 and older, the best
estimate of the penetrance of POI was 15.5% (70/451) (95 % CI: 12.3-19.2 %) and
women without the premutation was 1.7 % (6/359) (95 % CI: 0.6-3.6 %). The esti-
mate of early menopause, or menopause prior to the age of 45 years, was 20.0 %
(47/235) (95% CI: 15.1-25.7 %) and 4.0% (6/149) (95 % CI: 1.5-8.6 %) among
women with and without the premutation, respectively (Sherman et al. 2007). In a
more recent study of 88 women with the premutation who reported experiencing
menopause and were mothers of children with FXS, 35 % reported POI but only
18 % had been medically diagnosed with FXPOI (Mailick et al. 2014).

Defining a POI phenotype during adolescence is difficult due to the high vari-
ability in menstrual cycle characteristics that occur naturally during this reproduc-
tive stage (Chiazze et al. 1968; Treloar et al. 1967; Vollman 1977), in addition to the
reduced ability to assess fertility. Combining data from two studies that obtained
self-reported cessation of menses for at least 1 year prior to age 40 (Allingham-
Hawkins et al. 1999; Uzielli et al. 1999b), 3 of 106 (~3 %) women with the premuta-
tion enrolled at ages 18-29 had already experienced POI. Combining data from two
additional studies (Murray et al. 2000; Vianna-Morgante et al. 1999a), 7 of 217
(~3 %) women with the premutation reported the onset of menopause at or before
age 29 and 3 of 217 (~1.4 %) reported menopause prior to age 18. These estimates
among women with the premutation suggest a significant increase in risk compared
with that in the general population, in which the incidence of menopause between
ages 15 and 29 is estimated to be only 1 in 1000 (Goswami and Conway 2005).

Decreased Age at Menopause

An important question is to ask whether only a subset of women with the premuta-
tion are affected with FXPOI (incomplete penetrance) or whether the age at meno-
pause distribution is decreased among all women with the premutation (variable
expressivity). Although these alternatives are not mutually exclusive, they may pro-
vide insights toward mechanism and treatment. Previous studies estimated the age
at menopause among women with the premutation using survival models. Sullivan
et al. (2005) incorporated hormone use into their age at menopause definitions as
follows: (1) age at her last menses irrespective of hormone use; (2) age at her last
menses, but if she had started hormone medication prior to that event, she was cen-
sored (or dropped from the analysis) at the age she started hormone medication; or
(3) age at last menses or age at the start of hormone medication. They found that the
mean age at menopause among all women with the premutation given the
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definitions above was 47.5+0.7, 47.7+0.8, and 46.6+0.7 and among women with-
out the premutation 52.2+0.6, 53.1+0.7, and 51.5+0.6, respectively. These results
show a consistent 5-year reduction in the age at menopause between women with
and without the premutation, irrespective of the definition. Murray et al. (2000)
found similar results using the more conservative definition of age at menopause,
censoring women when they began hormone medication (definition #2 as defined
above) and using survival analyses found similar results: 47.9 years (SE .. =0.9)
among women with the premutation compared with 53.0 (SE,.,,=0.8) in women
without the premutation. In a population-based sample of older adults in Wisconsin,
20 premutation carrier women had an average age at menopause (defined as last day
of menstrual period) of 48.1 years compared with 50.8 years among women without
the premutation (n=1893) (Seltzer et al. 2012). This smaller difference may be due
to the average repeat size identified among women with the premutation in this
screened sample (see below).

Allen et al. (2014) tested the hypothesis that there is a subset of women who are
at risk for ovarian dysfunction (i.e., incomplete penetrance). To do this, they simply
examined the age at menopause distribution among women with the premutation,
including and excluding those who reported cessation of menses for at least 1 year
prior to age 40. They used the first definition described above (i.e., age at her last
menses irrespective of hormone use). They considered this to provide a conservative
estimate, as hormone use during transition may mask menopause and thus, lead a
woman to report a later age at menopause. To test whether the differences in mean
menopause age between women with and without the premutation were statistically
significant, they estimated hazard ratios using a Cox proportional hazard model,
adjusting for age at interview, racial/ethnic group, body mass index, and ever having
smoked. For each premutation repeat group (55-79 repeats, 80-99 repeats and 100-
200 repeats), the hazard ratio was significantly increased, indicating a higher risk
for reaching menopause earlier among women with the premutation compared with
women without the premutation, irrespective of the inclusion or exclusion of women
who reported having FXPOI. This suggests that the majority of women with the
premutation, not just a subset, experience ovarian insufficiency earlier than those
without the premutation. This idea is supported by the results of Wheeler et al.
(2014) who compared women with the premutation who did or did not have a diag-
nosis of FXPOI using a self-reported survey. They found that about 20 % of women
without FXPOI also reported irregular or absent periods (18.4 %), early menopause
(21.4 %), and 12.6 % also had difficulty getting pregnant.

Altered Hormonal Profile Among Women with Menstrual Cycles

There are many biomarkers that are used to indirectly measure ovarian response.
These include the pituitary hormones (i.e., follicle stimulating hormone (FSH) and
luteinizing hormone (LH)) and the ovarian hormones (i.e., estradiol (E2),
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progesterone (P4), inhibin B, inhibin A, and anti-miillerian hormone (AMH)). FSH,
a gonadotropin hormone, is the most established measure of ovarian response.
AMH, also called miillerian-inhibiting substance (MIS), is a promising biomarker
as many studies have reported a strong association between AMH levels and sur-
rogate measures of ovarian response (including chronological age, antral follicle
counts, time to menopausal transition and response to IVF) (e.g., De Vet et al. 2002;
Fanchin et al. 2003; Seifer et al. 2002; Tremellen et al. 2005; Van Rooij et al. 2004).
Also, several studies have found AMH to be more sensitive than the other com-
monly used markers (FSH, inhibin B, E2) (e.g., Fanchin et al. 2003; Hazout et al.
2004).

The most comprehensive study of the hormonal profile of women with the pre-
mutation was conducted by Welt et al. (2004). They hypothesized that women with
the premutation with menstrual cycles would show hormonal changes characteristic
of early age-related decline in ovarian function. They identified 11 women who
carried the premutation who were still cycling, ages 24-41, and drew daily blood
samples across one menstrual cycle. LH, FSH, E2, P4, inhibin A, and inhibin B
levels were compared with levels in 22 age-matched, women without the premuta-
tion who were still cycling. They found that FSH was elevated across the follicular
and luteal phases in women with the premutation compared to controls. Inhibin B in
the follicular phase and inhibin A and progesterone in the luteal phase were all
decreased in women with the premutation compared to controls. There was no dif-
ference in E2 or LH between groups. Thus, despite regular ovulatory cycles, FSH
was increased in women with the premutation compared to controls and was accom-
panied by decreased inhibin B in the follicular phase and inhibin A and P4 in the
luteal phase. These data are consistent with the hypothesis that women with the
premutation show early age-related decline in ovarian function despite regular men-
strual cycles. This profile may result from decreased follicle number and/or func-
tion, as reflected by lower inhibin B, inhibin A, and P4 levels.

In addition to this comprehensive study of a small number of women who carry
the premutation, other studies have measured single serum FSH measurement taken
during the early follicular phase of the cycle (day 2-5) among large study samples.
This design is not ideal, as a woman’s hormone profile can fluctuate significantly
from month to month, particularly during the transition into menopause.
Nevertheless, it allows a relatively noninvasive assessment of ovarian response and
valid comparisons of means from large groups of women. Based on this design, the
mean level of FSH among women who carried the premutation and were still
cycling was significantly higher than that of noncarriers and of full mutation relative
controls (Hundscheid et al. 2001; Murray et al. 1999) (adjusting for age and familial
effects in the study of Murray et al. 1999 and adjusting for age, familial effects,
smoking behavior, and use of oral contraceptives in the study of Hundscheid et al.
2001). In the study of Sullivan et al. (2005), they found increased levels of FSH only
among women with the premutation aged 30-39 compared to women without the
premutation. They did not find this same increase among women with the premuta-
tion in the younger or older age groups. They suggested that the lack of a difference
among the older group (40-50 years) was due to a selection bias: those with POI
(i.e., those who were not cycling) were not included in the study.
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Rohr et al. (2008) measured both AMH and FSH in a cross-sectional study of
women between ages 18 and 50 years. They found that serum AMH was reduced
compared with women who do not carry the premutation, even at early ages (18-30
years). In contrast, elevated FSH indicative of early impaired ovarian response was
only evident in older women who carried the premutation (31-40 years). These data
suggested that AMH may be a better marker than FSH in identifying early stages of
impaired ovarian response.

In a larger sample of 240 women ascertained through families with FXS (n=127
women who carried the premutation and n=113 women without the premutation;
this sample includes that of Rohr et al. 2008), Spath et al. (2011a) found that women
who carried the premutation showed reduced levels of AMH compared to women
without the premutation at all ages. For all women, AMH was found to decrease by
10 % per year. The added effect of carrying a premutation decreased AMH levels by
54 %. They also modeled the decline in AMH levels and, using the subset of longi-
tudinal samples (n=41), found that it may be possible to create a standardized AMH
using carrier status and age to potentially serve as a predictor for FXPOL.

Altered Menstrual Traits

Alteration of menstrual cycle traits can be the first indicator of POI and can provide
insight into underlying pathology; thus, it is important to characterize these traits
among women with the premutation. With respect to age at menarche, girls with the
premutation appear to begin menses at the same time as girls without the premuta-
tion (Allen et al. 2007; Burgess et al. 1996; Hundscheid et al. 2003a). With respect
to menstrual cycle characteristics, Schwartz et al. (1994) were the first to provide
evidence that women with the premutation reported irregular menses more often
than those without the premutation. Welt et al. (2004) showed that the length of the
total cycle and of the follicular phase were significantly decreased in women with
the premutation compared to their controls, whereas luteal phase length was similar.
Subsequently, Allen et al. (2007) found that women with the premutation, and most
significantly those with 80-100 repeats premutation alleles, reported shorter, irregu-
lar length and skipped cycles more often than women without the premutation. They
found no difference in menstrual cycle bleeding length by carrier status. In the sur-
vey of Wheeler et al. (2014) women with FXPOI reported high rates of irregular or
absent periods, early menopause, and difficulty getting pregnant at the time of the
survey. The presence of these and of menstrual cycle symptoms were, of course,
dependent on the diagnosis at the time the survey was taken.

Pre-, Peri-, and Postpartum Experiences

Kallinen et al. (2000) studied singleton pregnancies of 63 women with the
FMRI expansions (55 with the premutation and 8 with the full mutation).
Overall, they found that the pregnancy outcomes were favorable. The only
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complication was that women who carried the mutation experienced more
bleeding late in pregnancy than did the reference group. In the study of Wheeler
et al. (2014), rates of preeclampsia or high blood pressure during at least one
pregnancy were found to be higher among women with the premutation com-
pared with the general population: about 16 % and 13 % of women with the
premutation, with and without a diagnosis of FXPOI, respectively, reported
these findings. Although rates did not differ among those with and without a
diagnosis of FXPOI, this clinically significant medical condition should be
explored further to determine the underlying cause of the increased rates.
Similar to Kallinen et al., no other experiences with pregnancy, birth, or labor
outcomes were different among women with the premutation compared with
that expected in the general population.

Rates of Miscarriages Not Increased

In addition to hormonal fluctuations and changes in menstrual cycle characteristics,
the age-related decline in ovarian function in women is associated with increased
pregnancy loss resulting from aneuploidy. This age-related increase in aneuploidy
results from an increased rate of chromosome nondisjunction in the ovary of older
women (for review, see Sherman et al. 2013). Among women with the premutation,
there is no evidence of an increased rate of miscarriages or aneuploidy (Allen et al.
2007; Hundscheid et al. 2003a; Murray et al. 2000).

Increased Rates of Twinning

Dizygotic twinning (DZ) is associated with advanced maternal age, ethnicity/
race, and genetic factors. The association with maternal age is thought to be due
to the elevated FSH levels and reduced ovarian feedback associated with dimin-
ished ovarian response, leading to an increased chance of multiple ovulations
(reviewed in Lambalk et al. 1998). There have been conflicting reports of increased
twinning among women who carry the premutation compared with women with-
out the premutation (Allen et al. 2007; Fryns 1986; Hundscheid et al. 2003b;
Murray et al. 2000; Sherman et al. 1996; Turner et al. 1994; Vianna-Morgante
1999). These variable results are probably due to the age and repeat-size charac-
teristics of the study samples. For example, Allen et al. (2007) found increased
twinning among only women with mid-range premutation repeat sizes who have
the highest risk for FXPOI (see below), not among low and high premutation
repeat groups.
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Infertility and Subfertility

Perhaps the most significant clinical manifestation of FXPOI is infertility or subfer-
tility early in reproductive life. The most comprehensive study to estimate the fre-
quency of fertility problems is that of Wheeler et al. (2014). They found that 46.6 %
of women with FXPOI (n=73) had difficulty getting pregnant, a significantly
increased rate over those women with a premutation without a diagnosis of FXPOI
(n=365). However, among those women without FXPOI, about 12.6 % reported
difficulty getting pregnant. They also asked about reproductive assistance before
and after they received a diagnosis of having a premutation. They found that all
women with a premutation reported an increased frequency for fertility assistance,
irrespective of their diagnosis of POI. Among women with and without a diagnosis
of FXPOI, 31.1 and 8.5 % used some form of reproductive assistance prior to know-
ing their carrier status. Fertility drugs (e.g., Clomid) were most commonly used
prior to carrier status diagnosis.

Early Symptoms of FXPOI

Few studies have assessed early symptoms of FXPOI. These are expected to be
similar to those experienced by women transitioning into menopause, such as hot
flashes (flushes), night sweats, irritability, poor concentration, depression, decreased
interest in sex, and vaginal dryness. These symptoms may be particularly difficult to
cope with for a young woman who is not anticipating such menopause-related
symptoms early in life. In a descriptive assessment of 88 women with the premuta-
tion who had a child with FXS, the majority of women reported having at least some
of these menopause-related symptoms (Mailick et al. 2014). The most common
symptom was hot flushes/flashes (30.7 % experiencing this symptom “a lot”). In
addition, night sweats (26.1 % experienced this symptom “a lot”), sleep disturbance
(22.7 %), and depression (19.3 %) were reported.

Wheeler et al. (2014) found that headaches, menstrual symptoms, and hot flashes
were reported by women with the premutation, irrespective of their diagnosis of
FXPOI. The frequency of reporting tended to decrease in the older age groups,
while joint pain, for example, tended to be reported at higher rates by older women.
There is some evidence that experiencing such symptoms or reporting of such
symptoms may be increased among women with increased stress. For example,
Smith et al. (2012) surveyed mothers of adolescents and adults with FXS (n=112),
mothers of adolescents and adults with autism spectrum disorders (ASD, n=96) and
compared them to a nationally representative sample of mothers with similarly aged
children without disabilities (n=230). They found that both groups of women with
children who had disabilities reported a significantly increased frequency of hot
flashes/flushes compared to controls.
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Other Associated Disorders

Women with the premutation are more likely to experience estrogen deficiency at an
earlier age than women in the general population. As such, the premutation becomes
a biomarker for a population of women who are at risk of early estrogen deficiency-
associated morbidity and mortality. Hundscheid et al. (2003a, b) were the first to
investigate medical conditions associated with estrogen deficiency among 152
women with the premutation and 112 controls (women with the full mutation or
women with a normal FMRI genotype), all ascertained from families with
FXS. They asked about the following medical conditions: hypertension, hypercho-
lesterolemia, cardiovascular disease, thrombosis, reduction of bone mineral density,
subfertility, uterus extirpation, rheumatoid arthritis, type 2 diabetes, hyperthyroid-
ism, hypothyroidism, and reproductive-associated cancers (breast, ovarian, endo-
metrial). The only statistically significant difference between groups was the
increase in bone loss among women with the premutation. Among the women with
the premutation who reported bone loss, all went through menopause before the age
of 44 years. Allen et al. (2007) also found an increase in self-reported osteoporosis,
but only among the highest risk group for FXPOI (those with 80-100 repeats).
Other health conditions specifically reported (autoimmune disorders, lupus, diabe-
tes, Graves disease, breast cancer, ovarian cancer, hysterectomy) were not increased
among women with the premutation. One limitation of both studies was that the
study population was relatively young for these later-onset complications.

Several studies compared health conditions among women with and without
indications of POI (e.g., irregular cycles) or a diagnosis of FXPOI. Among 325
women with the premutation, Hunter et al. (2010) found that women who were
experiencing irregular cycles at the time of their evaluation reported higher rates of
thyroid problems and depression/anxiety compared with those with no indication of
ovarian dysfunction. Kenna et al. (2013) studied a small sample of 46 mothers who
had at least one child with FXS. They found that women with the premutation had
an earlier mean age of menopause (mean age=45.6 years) and a high rate (76 %) of
lifetime depressive or anxiety history, with 43 % of the reporting a comorbid history
of both diagnoses. However, they found no evidence that their psychiatric history
was related to their ovarian dysfunction.

In the largest study to date, Wheeler et al. (2014) separated women by their diag-
nosis of FXPOI (n=75 with and 365 without FXPOI) and compared their self-
reported diagnostic history of seven medical conditions, some of which are
associated with estrogen deficiency: thyroid disease, hypertension, autoimmune
disease, heart disease, gastrointestinal (GI) issues, seizures, and diabetes. Although
they found high reporting rates, especially thyroid (24 and 19 % among those with
and without FXPOI) and GI problems (32 and 23 % among those with and without
FXPOI), there was no difference based on their FXPOI diagnosis. Increasing age
was a significant predictor of the frequency of most of these conditions. Winarni
et al. (2012) focused on the risk of immune-mediated disorders (IMDs) among
women with the premutation using a survey. Among women who were 40 years or
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more, there were increased rates of IMD among the 41 women with the premutation
with a diagnosis of FXPOI (66 %) compared with 147 women with the premutation
without FXPOI (46 %) and compared with 50 controls (34 %). Among women with
the premutation, the most commonly reported IMD was autoimmune thyroid disor-
der (24.4 %).

Wheeler et al. (2014) also asked about five psychological or educational (depres-
sion, anxiety, ADHD, learning disabilities, speech/language disorder) diagnoses.
As in Kenna et al. (2013), depression and anxiety were both reported at high rates:
about 40 % of women with and without FXPOI reported a history of these diagno-
ses, but the presence of these conditions was not associated with FXPOI. Lastly,
Wheeler et al. (2014) probed women about specific physical symptoms that have
been reported in the literature (see Chap. 13 for details). These included questions
on symptoms such as headache, fatigue, joint pain, and menstrual cycle problems
experienced over the previous 30 days. They found that fatigue was the most com-
mon daily symptom endorsed: 49 and 35 % of women with and without FXPOI
reported fatigue. Women with FXPOI were significantly more likely to report mus-
cle weakness, dizziness, and nausea compared with women who were not diag-
nosed with FXPOL.

Risk Factors of FXPOI

Not all women with the premutation experience FXPOI; some go through meno-
pause at ages similar to women without the premutation. Four factors have been
examined to try to explain the incomplete penetrance of POl among women with
the premutation: (1) CGG repeat length, (2) skewed X-chromosome inactivation
(XCI), (3) smoking, and (4) background genes. With respect to FMRI repeat length,
there is a strong nonlinear association of repeat size with severity of symptoms of
FXPOI. For example, women with mid-range premutation repeats (~80-100
repeats) have the highest risk for FXPOI. Women who carry both smaller or larger
premutation repeat alleles also have an increased risk of FXPOI compared to the
general population, but not to the same extent as women with the mid-range premu-
tation repeat length (Allen et al. 2007; Ennis et al. 2006; Mailick et al. 2014; Spath
etal. 2011b; Sullivan et al. 2005; Tejada et al. 2008). Women with mid-range repeats
have the lowest mean age at menopause compared to the other groups, an indication
of increased severity of FXPOI. Using survival analysis, the unadjusted mean age at
menopause for women without the premutation and for women in the three premu-
tation categories, low (55-79 repeats), mid (80-100 repeats) and high (100-200
repeats), were 52.3+0.5, 48.5+0.7, 44.9+0.6, and 47.5+ 1.2, respectively (Allen
et al. 2007). Similarly, symptoms of FXPOI were most frequently reported by
women with the mid-range premutation. Such women had an increased risk for
altered cycle traits (shortened cycle length, irregular cycles, and skipped cycles),
subfertility, and dizygotic twinning. This increase in symptoms is not unexpected
given the 7-year reduction in age at menopause among women with the mid-range
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premutation repeat length (Allen et al. 2007). These definitions of low, mid, and
high premutation alleles do not have specific biological meaning. Indeed, in an anal-
ysis that did not predefine repeat size groups, women with alleles between about 65
and 90 repeats had the highest risk for FXPOI (as defined by a hazard ratio and the
95 % confidence intervals exceeding 2) (Spath et al. 2011b). Clearly, more work is
needed to define the repeat size alleles that impose the highest risk and why.

As the FMRI mutations are located on the X chromosome, it is important to
consider skewed XCI is an important modifier of the risk for FXPOI. No study has
found evidence for skewed XCI based on samples from fresh blood among women
with the premutation (Bione et al. 2006; Mailick et al. 2014; Murray et al. 2000;
Rodriguez-Revenga et al. 2009a; Spath et al. 2010; Sullivan et al. 2005; Tejada et al.
2008). Assuming that XCI in blood can be used as a proxy for the correct target tis-
sue, one possible explanation for this observation is that the toxic effect of the pre-
mutation acts during a stage in development when both X chromosomes are active.

Lifestyle factors have been investigated as modifiable factors that may affect
natural age at menopause (e.g., Sapre and Thakur 2014; Schoenaker et al. 2014).
Smoking, an important modifiable risk factor, is known to reduce age at menopause.
With respect to women with the premutation, smoking was also found to reduce age
at menopause/FXPOI (Allen et al. 2007; Spath et al. 201 1b). Importantly, the effect
size of this modifiable factor appears to be similar in women with and without the
premutation.

The influence of genetic variants on the onset of natural menopause is now well
established (e.g., Chen et al. 2014; He et al. 2009; Shen et al. 2013; Stolk et al.
2012). Many of these variants are also found to influence age at menopause among
those with early menopause or POI (e.g., Perry et al. 2013; Qin et al. 2012). An
important question is whether these genetic variants also play a role in FXPOI (i.e.,
are such variants also important when in the presence of a single mutation of large
effect size on ovarian function?). There is both indirect and preliminary direct evi-
dence that background genes are important in defining the age of onset of meno-
pause/FXPOI in women with a premutation.

The indirect evidence comes from two studies. Hunter et al. (2008) used a
random-effects Cox proportional hazards model to analyze age at menopause on
680 women (carriers and noncarriers) drawn from 225 families with FXS and 321
women from 219 families drawn from the general population. They found a statisti-
cally significant residual additive genetic effect after adjustment for repeat length
and other covariates. The study of Spath et al. (2011b) took a different approach
using mean age at menopause of first-degree relatives with the same mutation status
as a predictor variable for age at menopause along with smoking and repeat length.
Their sample included data sets from the USA and from the Netherlands consisting
of 1068 women. They found that the mean age at menopause of first-degree rela-
tives was a statistically significant predictor of age at menopause, adjusting for
repeat size and smoking status, only for women without the premutation, not for
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women with a premutation. This may be due to the lower power to detect such back-
ground gene effects in the presence of the major gene effect of the premutation or to
the limited information in the definition of the predictor variable.

Direct evidence for the role of genes modifying the penetrance of FXPOI is
mounting. First, in a preliminary study, five common single nucleotide polymor-
phisms (SNPs) known to influence age at menopause and age at POI (Perry et al.
2013; Stolk et al. 2012) were examined among 72 women with the premutation and
known age at menopause (Allen et al. 2014). Because of the small sample size, only
one primary statistical test that combined the effect of all five SNPs was conducted.
They calculated “Total SNP Risk,” or the sum of the number of risk alleles among
the five SNPs, weighted by the effect size per allele. They used linear regression
with age at menopause as the outcome variable and repeat size and Total SNP Risk
as predictor variables. The Total SNP Risk was significantly associated with age at
menopause after adjusting for effect of the premutation repeat.

Others have taken a different approach to identify misregulated gene expression
among carriers of the premutation. Mateu-Huertas et al. (2014) used gene expres-
sion profiling among men with and without the premutation and identified one dif-
ferentially expressed gene, Early at Menopause 1 (EAPI), as a potential candidate
for modifying the severity of FXPOI. This gene is a component in the hypothalamic
control for the initiation of estrus in rodents and puberty and menstrual cycles in
nonhuman primates (Heger et al. 2007; Lomniczi et al. 2012). To follow this lead,
expression levels of EAPI were compared among the following women: 12 women
with a premutation and FXPOI, 13 women with a premutation without FXPOI,
eight women without the premutation, and four women with POI who did not have
a premutation. EAPI was significantly downregulated in women with a premutation
and FXPOI compared with those without FXPOI. In addition, EAPI was also sig-
nificantly downregulated in women with POI without a premutation compared with
controls. Thus, decreased FAP] levels may contribute to the ovarian dysfunction in
women with FXPOL.

Alvarez-Mora et al. (2015) used whole genome expression arrays to study six
women with the premutation and FXPOI and six premutation women without
FXPOI along with four women without the premutation or POI. Although they did
not find any gene with a significant differential gene expression, they noted path-
ways that showed significant alterations, primarily downregulation, of associated
genes in women with FXPOI. Gene annotation and gene-set enrichment methods of
the gene expression profiles suggested that FXPOI may be due to generalized dereg-
ulation of key signaling pathways involved in oocyte maturation.

As pointed out in both gene expression profiling studies, the limitation of this
approach is based on the use of blood instead of the target tissue involved in
FXPOI. Nonetheless, these studies provide clues that can complement results from
model systems to identify important pathways on which to concentrate efforts to
find therapeutic targets (see Chap. 11).


http://dx.doi.org/10.1007/978-3-319-33898-9_11

214 S.L. Sherman et al.
Management of FXPOI

FXPOI is one of the few conditions of POI for which a known risk factor exists,
namely carrying the FMRI premutation. This is a significant advantage, as there are
ways to help manage the potential consequences of the condition prior to onset of
symptoms. Layered onto this actionable situation is the complication of risk for
having a child with significant behavioral problems and intellectual disability, i.e.,
having a child with FXS. Without trying to minimize this complex situation, here
we will only outline management of FXPOI, acknowledging that the diagnosis of
carrying the premutation brings challenges to a woman that are far beyond this
scope of the following discussion.

Diagnosis

The difficulty for a woman getting the diagnosis of POI has been discussed thought-
fully and emphasizes the need to have health professionals spend the needed time
to deliver the information to a woman in an appropriate setting, as this news may
lead to shock, anxiety, depression, and the stigmatization of infertility (Sterling
and Nelson 2011). For women in this situation, the diagnosis of POI typically
comes first, followed by further work-up for the potential cause. The American
College of Obstetricians and Gynecologists recommends that all women present-
ing with POI should be tested for the premutation, regardless of their family his-
tory (ACOG 2010). Pre-test counseling for FXPOI to inform a woman about the
potential of a diagnosis of FXPOI and other associated risks could be helpful;
however, as only about 3 % of women with POI will be found to carry the premuta-
tion, sometimes pre-test counseling may increase anxiety.

For a woman who carries the premutation, her carrier status is most often identi-
fied through the presence of symptoms of FXS in her offspring or another family
member. At that time, she is seeking information about FXS and how to care for her
child. She is most often in the hands of a pediatrician, clinical geneticist, or genetic
counselor at this point. She may be seeking information about her risk for having a
child with FXS, but she is most likely not seeking information about POI. Clinicians
need to be aware that the discussion about the woman’s risk of FXPOI in this sce-
nario may not be heard (Espinel et al. in press). Thus, follow-up with a reproductive
endocrinologist or obstetrician/gynecologist is most likely necessary.

In either diagnostic situation, women will need significant health professional
and social support assistance (Sterling and Nelson 2011). Women with a premuta-
tion may perceive or experience stigmatization resulting from carrying a gene that
may lead to offspring with intellectual disability and possibly autism, to premutation-
associated disorders of FXPOI and FXTAS, and to the specific outcome of infertil-
ity. Comments from others that infertility is beneficial to one who has a risk for
passing the mutation for FXS are damaging. Stigma is associated with anxiety and
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depression (Davis et al. 2010; Slade et al. 2007). Health professionals can draw
from the rich literature on ways to help reduce perceived loss of social support and
low self-esteem that often come with stigmatization (Sterling and Nelson 2011).

Women with premutation or FXPOI may experience grief or loss or disruption of
their life plan when they receive their diagnosis. A woman’s pursuit for childbearing
and for children free from intellectual hardships is central to many. Sterling and
Nelson discuss possible ways to help navigate through this transition towards a new
life plan for women with a diagnosis of POI. These suggested ways to help build on
a woman’s inherent positive psychological resources to redefine life goals are
important and, again, must be considered in the context of both FXPOI and risk for
FXS in offspring.

Management Prior to Onset of Symptoms of FXPOI

For FXPOI, self-management can begin prior to onset of symptoms. As soon as a
woman is identified as carrying the premutation, she should become aware of pos-
sible medical concerns. As not all women with the premutation will experience
FXPOI, it is important to identify biomarkers that can be monitored to identify
those at high risk for a shortened reproductive life span and onset of estrogen defi-
ciency. After establishing supportive evidence, biomarkers such as cycle variability,
AMH, and FSH could be measured when a woman is first diagnosed as carrying the
premutation and monitored on a regular basis. As noted above, AMH may be a bet-
ter marker for early stages of POI compared with FSH. At this point, we know very
little about the occult stages of FXPOI in adolescents. Based on the fact that age at
menarche does not seem to be affected in FXPOI and that cycles can be highly vari-
able, as well as measures of AMH during adolescents in all women, perhaps moni-
toring should begin around age 18 years. Although the predictive value of these
biomarkers for FXPOI has not been studied longitudinally, they may be helpful in
identifying which women with the premutation are at higher risk for FXPOI and
may need more counseling from a reproductive endocrinologist about monitoring,
potential fertility preservation options, and hormone therapy if cycles become irreg-
ular. It is important to stress, however, that having diminished ovarian response as
evidenced by abnormally low AMH or abnormally high FSH does not necessarily
equate with infertility or impending secondary amenorrhea.

Management at Onset of Symptoms of FXPOI

POI leads to early estrogen deficiency. As such, hormone treatment is important to
the health of girls and young women experiencing FXPOI. Most experts agree that
estrogen and progestin replacement is indicated for women with POI and that
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replacement should continue until they reach the typical age at menopause (Board
of the International Menopause Society et al. 2007; Nelson 2009; Practice
Committee of the American Society for Reproductive Medicine 2004; Rebar 2009;
Welt 2008).

As noted above, loss of bone density is reported more often among women with
the premutation. This is a consequence of the early estrogen deficiency, although a
direct effect of the premutation on bone turnover has not been studied. A bone den-
sity study is indicated once a woman has confirmed FXPOI with associated oligo/
amenorrhea. To maintain wellness once symptoms of FXPOI occur (e.g., cycle vari-
ability, altered hormone profile), women with a premutation should be aware of
bone health maintenance, as outlined for perimenopausal women in the North
American Menopause Society (North American Menopause Society 2006). This
includes maintaining adequate vitamin D levels, supplementation of calcium intake,
and establishing a regular mixed exercise program of loading exercise and resis-
tance training. There is important new evidence from a controlled trial regarding
hormone replacement therapy (HRT) for women with POI. The study compared
bone mineral density over 3 years in a group of control women with normal ovarian
function and a group of women with POI taking a physiologic HRT (100 pg/day
estradiol patch, 10 mg per day oral medroxyprogesterone acetate for 12 days each
month). At study entry, women with POI had significantly lower bone mineral den-
sity compared to controls. By study end, bone mineral density had increased mark-
edly in women with POI to such a degree that it did not differ from bone density in
the control group. Thus, the study showed that not only could this regimen of HRT
reduce the rate at which women with POI lose bone mineral density, it could actu-
ally restore bone density to normal (Popat et al. 2014). This study sets the HRT
standard by which to compare any other HRT regimens in women with POI. Evidence
also suggests that this regimen promotes better bone health in women with POI than
using an oral contraceptive for HRT. The oral contraceptive suppresses bone forma-
tion markers in these women, whereas transdermal estradiol significantly increases
bone formation markers. Because of the uncertain effects of bisphosphonates on the
fetus and their long skeletal half-life, these agents are not recommended in women
who might conceive (Drake et al. 2008).

After recovering emotionally from being informed of the diagnosis of FXPOI,
there is much to consider with respect to family planning. One important issue is to
understand that some 5—10 % women with a diagnosis of POI can have spontaneous
ovarian function and can conceive without medical intervention. Thus, for women
who do not want to become pregnant, contraception must be considered. Because
the effectiveness of oral contraception has not been evaluated among women with
FXPOI, a barrier contraceptive method or intrauterine device should be
considered.

For each woman with the premutation and potentially with FXPOI, her decision
about family planning is highly personal. Options include making the decision not
to have offspring, trying to conceive naturally, adoption, foster parenting, and medi-
cal intervention. The latter can include in vitro fertilization along with preimplanta-
tion genetic screening or egg or embryo donation. Chapter 13 provides more detail
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about the various options with respect to family planning in the context of fragile
X-associated disorders. The important point to make is that each woman needs to
make her own choices on her own time schedule. Both social and medical support
should be available if she needs it.

Future Studies and Conclusions

The underlying etiology of FXPOI is still unknown. At this point, there are estab-
lished guidelines to help manage the symptoms of FXPOI, but it is important to
continue the search for the underlying etiology. FXPOI is one of three established
fragile X-associated disorders that are the consequence of the repeat expansion in
the 5’ untranslated region of the FMRI gene. As noted above, FXPOI is limited to
women who carry the premutation, not the full mutation. This suggests that reduc-
tion of FMRP, the protein that is not produced from full mutation alleles, is not the
primary cause of FXPOI. Instead, some characteristic of the premutation allele is
the culprit. There are important molecular consequences of the premutation: with
increasing repeat length, there is increasing FMRI mRNA levels and decreasing
FMREP levels (Allen et al. 2004; Garcia-Alegria et al. 2007; Kenneson et al. 2001;
Peprah et al. 2010; Tassone et al. 2007). Many have postulated that FMRI mRNA
toxicity may underlie FXPOI, as is the case for the other premutation-associated
disorder, FXTAS. Chapter 11 reviews the evidence for the proposed mechanisms
that may play a role in FXPOI. Two prevailing proposals include sequestration of
important binding proteins or production of novel proteins with different homopoly-
meric or heteropolymeric amino acid tracts. Both of these outcomes are known to
exist in FXTAS and are related to the unusual secondary structures that are formed
as a result of the large repeat track in the premutation mRNA. Chapter 11 also
describes the mouse models for FXPOI and shows evidence that, at least for these
models, the premutation allele does not affect the primordial follicle pool. They also
show that there is no specific block in follicular development or premature activa-
tion of follicles. Instead, data suggest that the problem may be related to abnormal
granulosa cell proliferation. The importance of understanding the mechanism can-
not be overstated. Once identified, possible interventions can be considered and
well as possible biomarkers that indicate risk for a shortened reproductive life span.

In parallel, natural history studies of women with the premutation, starting as
early as possible and continuing longitudinally, would be important to understand
how early occult symptoms of FXPOI begin and to determine the comorbid associa-
tions of the disorder. These studies would help identify how best to manage out-
comes of FXPOI in terms of timing and treatment regimes.
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