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Chapter 1 | Introduction

Prader-Willi syndrome (PWS) is a severe disorder with a high mortality. This is mainly due
to an unlimited appetite that frequently leads to stomach rupture, choking, and morbid
obesity. Apart from hyperphagia, features of PWS include low muscle mass, hypotonia,
intellectual disability, behavioral challenges, typical facial features, and hypothalamic
dysfunction. Hypothalamic dysfunction leads to hyperphagia, abnormal temperature
regulation, inadequate pain registration, and pituitary hormone deficiencies (1-4).

Prader-Willi syndrome (PWS) was first described in 1956 by Andrea Prader, Alexis Lab-
hart, and Heinrich Willi (5). It is a rare genetic disorder, affecting approximately one in
16.000-21.000 live births (6, 7). Nowadays, PWS is diagnosed by genetic testing. How-
ever, before genetic testing was available, PWS was diagnosed based only on clinical
diagnostic criteria, first formulated by Holm et al. (4) and later updated by Cassidy et al.
(8), see Figure 1.

. o Minor criteria
Major criteria

1. Decreased fetal movements and

1. Neonatal/infantile infantile lethargy

hypotonia and poor suck
2. Typical behavioral challenges
2. Feeding problems and

failure to thrive as infant 3. Sleep apnea

. . . Short stature for family by 15 years
3. Weight gain at 1-6 years;

obesity; hyperphagia

. Hypopigmentation compared to family

4. Characteristic dysmorphic

facial features . Narrow hands, straight ulnar border

5. Small genitalia; pubertal . Esotropia, myopia

4
5
6. Small hand and feet for height
7
8

delay and insufficiency 9

. Thick, viscous saliva

6. Developmental delay /
intellectual disability

10. Speech articulation defects

11. Skin picking

Figure 1. Diagnostic criteria Prader-Willi syndrome

Criteria modified from Holm et al. (4) and Cassidy et al. (8). Major criteria give one point, while minor criteria give half a
point. For children under 3 years old, at least four major criteria should be present with a score of five or more points in to-
tal. For patients 3 years old or older, at least five major criteria should be present, with a total score of at least eight. Picture
from Zorgatlas Groeihormoon, Esculaap Media by, 2017.

In addition to the diagnostic criteria for PWS, Holm et al. (4) also described supportive
findings for PWS. Supportive findings are a high pain threshold, decreased vomiting,
temperature instability in infancy or altered temperature sensitivity in older children
and adults, scoliosis and/or kyphosis, early adrenarche, osteoporosis, unusual skill with
jigsaw puzzles, and hypotonia with normal laboratory neuromuscular studies.

Mortality is high in PWS: 3% of children and adults die every year. In adults above 30
years old, this is even 7% (9). Half of patients with PWS die before the age of 29 (10). The



most common causes of mortality are respiratory failure (31%), cardiac disease (16%),
gastro-intestinal disease (10%), infections (9%), obesity (7%), pulmonary embolism (7%),
choking (6%), and accidents (6%) (10). To decrease this high mortality among adults,
medical treatment for adults with PWS needs to be optimized. This thesis focuses on
identifying health problems in adults with PWS and providing clinical recommendations
for the optimization of treatment in these patients. With these recommendations, we
aim to avoid unnecessary complications, underdiagnosis, undertreatment and early
mortality.

GENETIC BACKGROUND OF PRADER-WILLI SYNDROME

PWS is caused by the lack of expression of a cluster of paternally expressed genes on
chromosome 15q11.2-13, also called the PWS critical region. As a result of imprinting,
this PWS critical region is methylated on the maternal allele. Therefore, the genes on the
PWS critical region can only be expressed from the paternal allele. Absence of expres-
sion from this paternal allele causes PWS. This is most commonly caused by a paternal
deletion of chromosome 15q11.2-13 (70-75%) or the presence of two maternal copies
of chromosome 15 in absence of a paternal copy, which is called a maternal uniparental
disomy 15 (mUPD, 25-30%). Less frequent causes include imprinting center defects (ICD,
1-3%) and paternal chromosomal translocations (<0.1%) (11, 12). The two most com-
mon paternal deletions are type 1 and the slightly smaller type 2 deletions. However,
as genetic tests become more detailed, more different sizes of deletions are reported.

Chromosome 15q11.2-13 consists of the proximal and distal non-imprinted regions,
which are expressed from the maternal and paternal chromosome; the PWS critical
region, which is only expressed from the paternal allele; and the Angelman syndrome
(AS) region, which is only expressed from the maternal allele. Imprinting of chromo-
some 15q11.2-13 is regulated by a bipartite imprinting center (IC). The location of this
IC defined as the smaller regions of overlap (SRO) found in patients with ICD (13-18).
It consists of the Angelman syndrome-SRO (AS-SRO) and the PWS-SRO. The AS-SRO
silences paternally expressed genes on the maternal allele. The PWS-SRO activates
paternally expressed genes on the paternal allele (19-21). The PWS-SRO partly overlaps
with exon 1 of SNURF-SNRPN (22, 23). While paternal deletions and mUPD causes PWS,
maternal deletions and paternal uniparental disomy of chromosome 15q11.2-13 results
in Angelman syndrome, a syndrome with limited phenotypic overlap with PWS.

The PWS critical region encompasses several genes, including MKRN3, MAGEL2, NDN,
NPAP1, SNURF-SNRPN, and numerous non-coding RNAs (ncRNAs) including small
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nucleolar RNAs (snoRNAs) (12), see Figure 2. The exact function of most of the genes in
the PWS critical region and their exact relation to the PWS phenotype remains unclear.
Several case reports describe microdeletions or translocations resulting in lack of ex-
pression of SNORD116, which resulted in many PWS features (24-37). This suggests that
SNORD116 is a strong contributor to the PWS phenotype (38). The absence of SNORD116
might explain part of the hypothalamic dysfunction in PWS. Although the exact mecha-
nism is unknown, the absence of SNORD116 may be related to deficiency of nescient
helix-loop-helix 2 (NHLH2) and prohormone convertase 1 (PC1), which is associated
with hypothalamic dysfunction (39-41). However, although SNORD116 deletions seem
to cause most of the major features of PWS, they may be less severe (32).

Type 1 deletion

Type 2 deletion

mUPD, ICD
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Figure 2. Overview chromosome 15q11.2-13

Abbreviations: Angelman syndrome (AS), breakpoint (BP), centromere (Cen), imprinting center (IC), Prader-Willi syndrome
(PWS), telomere (Tel). Figure adapted from Cheon et al. (12) Horizontal arrows indicate regions of chromosome 15q11.2-
q13 affected by the different genotypes of PWS. Solid horizontal arrows indicate diminished or loss of expression, dotted
arrows indicate increased expression.

SNURF-SNRPN is another important gene on the PWS critical region. SNURF-SNRPN
transcription is necessary for the production of downstream non-coding RNAs (ncRNAs)
like SNORD116 (42, 43). It also encodes two proteins: SNURF, a protein with unknown
function, and SNRPN, which is also called SmN (44). SNRPN is predominantly expressed
in neurons and is involved in mRNA splicing (45-47). In mice, SNRPN influences neurite
outgrowth, neuron migration and distribution of dendritic spines (48). While other genes
may also contribute to the PWS phenotype, their contribution seems less important.

PWS can be confirmed by different genetic tests. First, a methylation sensitive PCR can
be used to assess methylation anomalies of the SNRPN gene (49). In case of hypomethyl-
ation, the diagnosis PWS is confirmed. To find out whether the underlying genetic defect
is a deletion, fluorescent in situ hybridization (FISH) with a probe for SNRPN or multiplex
ligation-dependent probe amplification (MLPA) can be performed. However, nowadays
a methylation specific MLPA is often used which can assess the methylation status and
the presence of a deletion of chromosome 15q11.2-13.When deletion is absent, the DNA
of the parents is investigated to distinguish between an mUPD or ICD. For this purpose,
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a set of highly polymorphic chromosome 15q markers can be used, but nowadays the
use of SNP arrays is more common. These tests can confirm the presence of an mUPD.
When an mUPD is not present, it is often assumed that the underlying genetic defect is
an ICD (50).

When these genetic tests are negative in a patient with PWS features, this is called
Prader-Willi-like syndrome (PWLS) (12). Many alterations on various chromosomes have
been described in relation to PWLS (12, 51, 52). Cases with PWLS may provide insight
into the complex genotype-phenotype relationship of PWS. This might eventually facili-
tate the development of new treatments in the future.

HYPERPHAGIA

Hyperphagia, one of the major features of PWS, may present as an intense and persistent
sensation of hunger. However, caregivers also report food preoccupations, food-related
behaviors, an extreme drive to consume food and a lack of normal satiety (53). Individu-
als with PWS can eat up to three times the normal caloric intake per meal. They may also
hoard food and eat frozen or contaminated food or inedible items (54, 55).

The degree of hyperphagia can change over time. Neonates with PWS may display a
lack of interest in food, feeding difficulties, and failure to thrive. Around five to fifteen
months, these resolve and usually the infant’s growth seems to normalize. Between the
age of two and four years, most children with PWS start to show a significant increase in
weight, which is later accompanied by an increased appetite and increased interest in
food. Around the age of eight, many children with PWS display clear hyperphagia, food
seeking behaviors and lack of satiety. This may lead to severe obesity in young children.
Hyperphagia remains present in adults with PWS, but may decrease over time (8).

When uncontrolled, hyperphagia may lead to gastric rupture, choking, and obesity (10,
56). To avoid the short- and long-term complications of hyperphagia, constant supervi-
sion is needed to restrict access to food and food intake of individuals with PWS (55).
Several methods have been used to quantify the amount of hyperphagia in individuals
with PWS. The most commonly used method is the Hyperphagia Questionnaire, a 13-
item questionnaire that can be filled out by parents or caregivers of individuals with
PWS (57).

The pathophysiological mechanism leading to hyperphagia in individuals with PWS is
not fully understood. Hyperphagia in adults with PWS is believed to result from hypo-
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thalamic dysfunction, resulting in decreased satiety (8). Several functional brain studies
have indicated that hypothalamic control of satiety is disrupted in patients with PWS,
with dysfunction of the reward circuitry regions and impairment in inhibitory control re-
gions (58). Besides hypothalamic dysfunction, several hormones that are involved in the
regulation of food intake are also altered in patients with PWS. First, compared to obese
and lean controls, patients with PWS have increased acylated ghrelin (AG) levels, while
unacylated ghrelin (UAG) levels are relatively low, leading to a high AG/UAG ratio (58-60).
As AG has an appetite-stimulating effect, which seems to be counteracted by UAG, this
high AG/UAG ratio can result in an increased appetite in patients with PWS (61). Second,
pancreatic polypeptide (PP) and peptide YY (PYY), both anorexigenic hormones, may be
reduced in patients with PWS. However, contradictory results on PYY levels have been
reported (58). Third, adiponectin levels are increased in patients with PWS compared to
obese controls (62). Adiponectin is an anti-inflammatory agent and plays a role in the
regulation of insulin sensitivity (63). Patients with PWS are less likely to develop insulin
resistance compared to BMI-matched controls, which might be related to increased
adiponectin levels (58, 62, 64). Lastly, leptin, an important regulator of appetite and fat
storage, does not seem to be altered in PWS (compared to BMI-matched controls) (65,
66). Thus, hyperphagia in patients with PWS seems to be a complex interplay between
the hypothalamus and several hormones that are involved in the regulation of satiety.

BEHAVIORAL CHALLENGES AND PSYCHIATRIC ILLNESS

Besides the food-seeking behavior, patients with PWS may have other neurobehavioral
challenges, such as difficulties with social interaction, rigidity, anxiety, obsessive-com-
pulsive behaviors, skin picking, and temper outbursts (55, 67, 68). Because of the social
cognitive challenges in patients with PWS, 12-41% of patients with PWS also fulfil the
criteria for autism spectrum disorder (ASD) (69, 70). ASD is more frequent in patients
with an mUPD compared to patients with a deletion (69, 70). Individuals with PWS are
also at risk for other psychiatric illnesses like (depressive) psychosis, bipolar disorder,
and anxiety disorder (55, 71, 72). mUPD is associated with a higher risk of psychiatric
illness in general, in particular psychosis and bipolar disorder (71, 73).

Due to this high prevalence of behavioral challenges and psychiatric iliness, individuals
with PWS are frequently prescribed psychotropic medication like antipsychotics, anti-
depressants, and benzodiazepines (74). Psychotropic medication can cause adverse
effects and may increase the risk of other health problems, like weight gain, high blood
pressure, hypothyroidism, and hyperprolactinemia (75).
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HYPOTHALAMIC DYSFUNCTION AND PITUITARY
HORMONE DEFICIENCIES

PWS is characterized by hypothalamic dysfunction, which may lead to hyperphagia,
abnormal temperature regulation, inadequate pain registration and pituitary hormone
deficiencies (1-4).

The hypothalamus is connected to the pituitary gland by the infundibular stalk. The
pituitary gland is located behind the nasal bridge in the sella turcica. The hypothala-
mus releases stimulating and inhibiting hormones that are transported to the anterior
pituitary gland through the hypothalamic-hypophyseal portal veins. In response, the
anterior pituitary can produce several hormones, with different target organs, see Fig-
ure 3. In contrast, the posterior pituitary is an extension of hypothalamic neurons. The
posterior pituitary does not produce hormones, but stores and secretes hormones that
are produced in hypothalamic neurons.

Hypothalamus

3 7,

Anterior Posterior
pituitary pituitary

———/

Fsi

>l |
f B

Thyroid Glucocorticoids
hormone

/
TENN

l
v 8

:
m Progesterone

Figure 3. Pituitary hormones produced by the anterior and posterior pituitary

Abbreviations: adrenocorticotropic hormone (ACTH), follicle-stimulating hormone (FSH), growth hormone (GH), lutein-
izing hormone (LH), prolactin (PRL), thyroid-stimulating hormone (THS). Figure adapted from Feldt-Rasmussen et al. (76).
Created with BioRender.com.
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Here we will discuss hormones secreted by the anterior and posterior pituitary gland
and how these hormones may be affected in patients with PWS. For details of the differ-
ent axes, see Appendix.

Hypothalamic-pituitary-somatotropic axis

Growth hormone (GH) is important for growth and metabolism. The effects of GH are
partly mediated by insulin-like growth factor-1 (IGF-1), which is produced in the liver
in response to GH. During childhood, the most important symptoms of GH deficiency
are decreased height velocity and short stature (77). However, even after final height
has been reached, GH is still important. GH deficiency can cause decreased lean body
mass, increased fat mass, decreased bone mineral density (BMD) and an increased risk
of cardiovascular disease (78).

Patients with PWS display several symptoms of GH deficiency, such as small hands
and feet, short stature, low muscle strength and unfavorable body composition (79).
In adults with PWS, the reported prevalence of GH deficiency ranges from 0-38% (80,
81). However, there are no adequate tests to confirm the diagnosis of GH deficiency in
patients with PWS (80, 82, 83). Therefore, the prevalence of GH deficiency in patients
with PWS might be underestimated. IGF-1 bioactivity and bioavailability may be de-
creased in patients with PWS, further complicating the diagnosis GH deficiency in these
patients (84, 85). However, regardless of the presence of GH deficiency, GH treatment is
beneficial for patients with PWS. During childhood, GH treatment improves cognitive
functioning, psychomotor development, LDL-cholesterol values and body composition
(86-94). These improvements in body composition are maintained during long-term
GH treatment (95, 96). Additionally, initiation of GH treatment during adulthood also
improves body composition (97).

Hypothalamic-pituitary-gonadal axis in men

In males, the hypothalamic-pituitary-gonadal axis is important for testosterone produc-
tion and fertility. A deficient hypothalamic-pituitary-gonadal axis is called hypogonad-
ism. In patients with primary hypogonadism, low testosterone levels are the result of
testicular failure. Primary hypogonadism is characterized by elevated gonadotropin lev-
els. Central hypogonadism is caused by deficient production of pituitary hormones (LH
and FSH, secondary hypogonadism) or hypothalamic GnRH (tertiary hypogonadism).
Hypogonadism in men can cause infertility, absence of secondary sex characteristics,
fatigue, depression, increased fat mass, decreased muscle mass and strength, decreased
sexual quality of life, osteoporosis (98-101) and cardiovascular disease (99, 102).
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Hypogonadism is common in males with PWS, with a reported prevalence between
57 and 100% (103-115). It can be the result of hypothalamic dysfunction or primary
gonadal failure (111, 112, 116), or a combination of both (111, 117, 118). Males with
PWS of all ages can be affected by hypogonadism. Early in life, boys with PWS may have
a small penis, hypoplastic scrotum, and cryptorchidism (119). Later, puberty is usually
delayed and/or incomplete (120-122). In adulthood, men with PWS often have low levels
of testosterone (103, 110, 113, 114, 123-125).

Hypothalamic-pituitary-gonadal axis in women

Impaired function of the hypothalamic-pituitary-ovarian axis (female hypogonadism)
usually results in an absent or irregular menstrual cycle. Patients with central hypo-
gonadism have inappropriately low LH and FSH levels due to a dysfunction of either
the pituitary gland or the hypothalamus. Primary hypogonadism is caused by ovarian
dysfunction and results in elevated gonadotropin levels. There are many causes of hypo-
gonadism. One well-known cause is extreme obesity. Extreme obesity leads to increased
estrogen production in adipose tissue, decreased SHBG levels and elevation of leptin,
which causes disturbed GnRH pulsatility (126, 127). Other causes of hypogonadism
include endocrinopathies like hyperprolactinemia and primary hypothyroidism (127).
Female hypogonadism may have negative effects on quality of life, muscle strength,
bone mineral density, and cardiovascular health (98, 102, 128-131).

In females with PWS, the prevalence of hypogonadism is 54-100% (103-110, 114, 132).
While hypogonadism is most often central in origin, primary hypogonadism may also
occur (107, 109, 133, 134). Signs of hypogonadism may already be present early in life
(121). While breast development usually starts at a normal age, its progression is often
delayed (132, 133, 135). Additionally, menarche may not occur. When menarche occurs,
itis often delayed and followed by oligomenorrhea or secondary amenorrhea (108, 134).

Hypothalamic-pituitary-thyroid axis

Thyroid hormone is an important regulator of basal metabolic rate and is important for
bone maintenance and brain development and function. Disturbance of the HPT axis
can result in hypo- or hyperthyroidism. Symptoms of hypothyroidism include fatigue,
cold intolerance, weight gain, constipation, change in voice, mood impairment, muscle
weakness, and dry skin (136). Hypothyroidism also has unfavorable cardiovascular ef-
fects, leading to accelerated atherosclerosis and coronary artery disease (137). Hypothy-
roidism can be central, with TSH levels being inappropriately low for low T4, or primary,
with increased TSH. In subclinical hypothyroidism, TSH is increased while T4 is within
the reference range. Symptoms of hyperthyroidism include fatigue, heat intolerance,
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weight loss, diarrhea, weakness, tachycardia, and emotional lability (138). In patients
with subclinical hyperthyroidism, TSH is low while TH is within the reference range.

Previous research indicates that the prevalence of hypothyroidism is increased in
patients with PWS and that hypothyroidism in PWS is often central in origin. However,
there are contradictory results regarding the exact prevalence (119, 139). Hypothyroid-
ism in patients with PWS might aggravate already prevalent symptoms like fatigue and
exercise intolerance (1, 4, 140, 141), which eventually leads to an increase in BMI and
cardiovascular risk (53, 136, 142).

Hypothalamic-pituitary-adrenal axis

Disturbance of the HPA axis leads to adrenal insufficiency, which can be primary (adre-
nal), secondary (pituitary) or tertiary (hypothalamic) in origin. Symptoms include fatigue,
muscle weakness, loss of appetite, nausea, postural dizziness and weight loss (143). A
life-threatening complication of adrenal insufficiency is an acute adrenal crisis, which
can occur if patients with adrenal insufficiency are exposed to physical or psychological
stress without receiving hydrocortisone stress doses. Early symptoms of adrenal crisis
include fatigue, vomiting, abdominal pain and confusion. Eventually, adrenal crisis may
result in hypotension, loss of consciousness, shock or coma (144). Adrenal insufficiency
can be treated with hydrocortisone.

In individuals with PWS, symptoms of adrenal insufficiency may be hard to recognize. For
example, weight loss can be seen as the result of lifestyle interventions, as many patients
are on a diet. Moreover, fatigue and muscle weakness are prevalent in patients with
PWS, regardless of adrenal function (145). A previous study in children with PWS found
a high prevalence (60%) of central adrenal insufficiency (CAl) (146). In some countries,
this has led to standard prescription of corticosteroid stress doses to children and adults
with PWS. However, frequent use of corticosteroid stress doses can have side-effects like
weight gain, hypertension, osteoporosis, myopathy and type 2 diabetes mellitus (DM2)
(147). Therefore, it is crucial to prevent unnecessary prescription of hydrocortisone. As
other studies found much lower prevalences (148-155), the exact prevalence of CAl in
patients with PWS is unknown. Especially data on adults with PWS are scarce.

Prolactin

During pregnancy, prolactin is secreted to induce lactation. Additionally, prolactin also
has metabolic and immunological effects and is important for mammary development
and parental behavior. (156, 157). High prolactin levels can cause galactorrhea, gyneco-
mastia, hypogonadism, infertility, metabolic abnormalities and increased cardiovascular
risk (158-160).
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Patients with PWS are atincreased risk to develop hyperprolactinemia due to the frequent
use of psychotropic medications. As described previously, psychotropic medication may
be prescribed because of psychiatric illness or behavioral problems (74). However, no
systematic assessment of hyperprolactinemia has been performed in patients with PWS.

Antidiuretic hormone

Antidiuretic hormone (ADH), also called vasopressin, is essential for osmotic balance,
blood pressure regulation, sodium homeostasis and kidney function. Additionally,
ADH has been associated with social functioning, as ADH levels in cerebrospinal fluid
are lower in patients with autism (161, 162). Administration of intranasal ADH improves
social function in children with autism (163).

Data on the occurrence of disturbances in ADH in patients with PWS is scarce. However,
patients with PWS might be at increased risk for disturbances of the regulation of ADH
due to hypothalamic dysfunction and frequent use of psychotropic medications that are
associated with SIADH (8, 74, 164). Both studies in mouse models of PWS and patients
with PWS suggest that ADH signaling is disrupted, which may contribute to the social
impairments seen in patients with PWS. Administration of intranasal ADH improves so-
cial function in PWS animal models, but this has not been tested in clinical studies (165).

Oxytocin

Oxytocin is involved in lactation and uterus contractions. However, as its nickname ‘the
cuddle hormone’ suggests, oxytocin also plays an important role in social behavior and
anxiety (166, 167). Many studies have investigated the effect of the administration of
oxytocin on social outcomes. As oxytocin is unable to pass the blood-brain barrier (BBB)
in significant amounts, intranasal administration is often used to bypass the BBB. Al-
though oxytocin seemed a promising new therapy for autism spectrum disorder (ASD),
studies found contradictory results and meta-analyses failed to demonstrate an effect of
oxytocin on anxiety, repetitive behavior or social functioning (168, 169).

Both clinical and animal studies indicate abnormal oxytocin signaling in PWS (165).
Administration of intranasal oxytocin was associated with improvements in hyperpha-
gia and obsessive-compulsive behavior in some studies, while other studies could not
confirm these results (165, 170).
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CARDIOVASCULAR DISEASE

In PWS, there is a complex interaction between endocrine, non-endocrine, and psy-
chosocial problems, leading to obesity and eventually cardiovascular (CV) disease (79).
Hormone deficiencies like growth hormone deficiency, hypothyroidism, and hypogo-
nadism lead to a decreased muscle mass and function and a decreased basal metabolic
rate (BMR) (79, 103, 171-182). Hypotonia and other musculoskeletal problems (183-187)
can cause poor exercise tolerance. The combination of low BMR, poor exercise tolerance
and hyperphagia (188-190) can results in unfavorable body composition and a high
prevalence of obesity (176, 191-193). In turn, this often leads to the development of
cardiovascular (CV) risk factors like hypertension, hypercholesterolemia, and DM2 (10,
16, 79, 114, 194-199). Because of this complex interplay, individuals with PWS have an
increased prevalence of CV disease, already occurring early in life (123, 197, 200, 201).
Apart from this indirect relation between hormone disruptions and cardiovascular
problems, dysregulation of hormones might also have a more direct effect on the devel-
opment of CV disease. Some of these effects are protective. For example, compared to
BMI-matched controls, patients with PWS develop less insulin resistance, which might
be related to increased adiponectin levels (58, 62, 64). Additionally, patients with PWS
display hyperghrelinemia with a high AG/UAG ratio, which is associated with weight
gain and glucose intolerance (202, 203), but also seems to have protective CV effects
(204-206).

MALIGNANCIES

Given the high prevalence of obesity in PWS and the association between obesity and
cancer (207), one would expect an increased risk of malignancies in patients with PWS.
Previous studies on malignancies in PWS showed that the prevalence of malignancies
is slightly increased, especially the prevalence of leukemia (208, 209). Additionally, mul-
tiple case reports of patients with PWS and different types of malignancies have been
reported (210-219). Apart from obesity, the genes on chromosome 15q11.2-13 might
influence the risk of malignancies in patients with PWS. In one patient with PWS with
testicular seminoma, loss of methylation of the PWS-IC was found, which suggests in-
volvement of genes in the PWS critical region (217). Additionally, in vitro studies, animal
studies, and clinical studies suggest that expression of multiple genes on chromosome
15911.2-q13 might be altered in malignant cells (220-226). However, the exact relation
between the PWS genotypes and malignancies remains unclear.
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MULTIDISCIPLINARY AND TRANSITIONAL CARE

Due to the complexity of the syndrome, children and adults with PWS benefit from
multidisciplinary (MD) care. Ideally, the MD team should consist of at least a (pediatric)
endocrinologist, a dietitian, a physiotherapist, a behavioral expert or psychologist, and
a physician for intellectual disabilities (ID physician) or psychiatrist. If needed, other
specialists, such as an orthopedic surgeon and a cardiologist should be consulted.

The transition from pediatric to adult care is a particularly vulnerable period (227). To
avoid psychological stress and dropout, careful coordination of care is warranted during
the transition phase. Ideally, transitional care should include shared visits with both the
pediatric and the adult endocrinologist, followed by alternating visits at the pediatric
and adult department until the final transfer to adult endocrinology. In the Netherlands,
transitional care and MD care for adults with PWS has only been available since 2015. In
many other countries, specialized care for adults with PWS is still unavailable.

UNDERDIAGNOSIS

In adults with PWS, undiagnosed and untreated health problems are common. This un-
derdiagnosis and undertreatment in adults with PWS is due to several factors. First, due
to intellectual disability and the PWS-specific behavioral phenotype, patients are often
unable to express their complaints. Therefore, the presentation of health problems may
be atypical. Second, patients with PWS tend to have a high pain threshold, a disturbed
temperature regulation and a high vomiting threshold (1-4). Therefore, health problems
associated with pain, fever, and nausea may be especially hard to detect. Third, the inter-
play between psychological and somatic problems in PWS is complex. This makes it hard
for physicians to recognize the symptoms of individual health problems. Fourth, PWS
is a rare disorder (228). Therefore, many physicians are unfamiliar with the syndrome
and its comorbidities. Therefore, physicians are not alert to syndrome-specific problems,
which may lead to doctors’ delay. Fifth, many health problems associated with PWS
cause symptoms that are also associated with the syndrome itself, like change in weight
and leg edema (8). This can lead to underdiagnosis, as physicians may think that a symp-
tom is ‘just part of the syndrome’ and therefore does not require additional diagnostics.
Therefore, treatment of patients with PWS requires syndrome-specific knowledge to
distinguish symptoms of the syndrome from symptoms of an underlying, treatable
health problem. Combined, these factors may lead to both patients’and doctors’ delay.
Missing PWS-associated comorbidities often causes medical complications, leading to
hospital admission, long stays on intensive care units and even death. Timely recogni-
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tion can reduce the financial and personal burden of PWS-associated health problems
(229). Therefore, practical guidelines for the screening and treatment of health problems
in adults with PWS are urgently needed.

GAP IN KNOWLEDGE

Until a few years ago, most research into PWS had focused on children with PWS, while
research on adults with PWS was extremely scarce. Due to this knowledge gap, clinical
recommendations for adults with PWS were lacking. Therefore, adults with PWS were
treated according to the pediatric guidelines. However, treatment regiments for children
are often unsuitable for adults. In addition, problems that occur during childhood might
be less prevalent among adults, leading to overdiagnostics and overtreatment (for
example, standard prescription of corticosteroid stress doses). Conversely, health prob-
lems that develop during adulthood, like cardiovascular disease and other age-related
health problems, often remained undiagnosed. To address this problem, Sinnema et al.
(195) was the first to describe health problems in a large cohort of adults with PWS.
However, the results of this study were based on interviews and not on a systematic
health screening. This was done later, by Laurier et al. (198) and Coupaye et al. (114)
who performed a systematic health screening in French adults with PWS. However,
recommendations for the treatment of adults with PWS were still unavailable, leading to
suboptimal treatment.

INTERNATIONAL COLLABORATIONS

As the incidence of PWS is one in 16.000-21.000 live births (6, 7), it is classified as a rare
disease. Scientific research in patients with rare diseases is often limited by an insuf-
ficient number of patients, limiting the statistical power of clinical studies. To increase
these numbers, international collaborations are essential. To that aim, an international
collaboration was started between adult endocrinologists, who are experts in the field
PWS: the International Network for Research, Management & Education on adults with
PWS (INfoRMEd-PWS). Within this network, adult endocrinologists from seven countries
work together to improve research and patient care around adults with PWS. Many
of the studies described in this thesis, were carried out in close collaboration with
INfoRMEd-PWS.
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Figure 4. Logo of the International Network for Research, Management & Education on adults with PWS.

OUTLINE OF THIS THESIS

With this thesis, we fill the gap in knowledge about health problems occurring in
adults with PWS. We provide clinical recommendations to avoid underdiagnosis and
undertreatment. We also provide new insight into the genotype-phenotype relation in
patients with PWS.

In Chapter 2, we give an overview of the health problems occurring in adults with PWS
and we show how systematic health screening reveals yet undiagnosed comorbidities.

In Chapter 3, we investigate the effect of multidisciplinary pediatric care and childhood
growth hormone treatment on health problems in adulthood.

In Chapter 4, we focus on hypogonadism in men with PWS. Based on our cohort study, a
literature review and an expert panel discussion, we provide practical recommendations
for the treatment of hypogonadism in this specific patient population.

In Chapter 5, we describe the pitfalls in the treatment of hypogonadism in women with

PWS. To avoid underdiagnosis and undertreatment, we provide clinical recommenda-
tions based on our cohort study, literature review and expert panel.
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In Chapter 6, we study thyroid disorders in adults with PWS and the relation between
thyroid function and other treatments, i.e. GH treatment and psychotropic medication.
We provide recommendations for the screening of thyroid disorders to avoid long-term
negative consequences.

In Chapter 7, we investigate the prevalence of central adrenal insufficiency in a large, in-
ternational cohort of adults with PWS. We provide clinical recommendations to prevent
overtreatment with corticosteroids in the future.

In Chapter 8, we report the prevalence and causes of hyperprolactinemia in adults with
PWS. We show the importance of prolactin measurement, especially in patients that
use antipsychotics, to avoid long-term negative effects of undiagnosed and untreated
hyperprolactinemia.

In Chapter 9, we analyze the occurrence and causes of hyponatremia in patients with
PWS. We provide practical recommendations to avoid unnecessary morbidity and mor-
tality due to undiagnosed and untreated hyponatremia.

In Chapter 10, we investigate bone health in a large international cohort of adults with
PWS. We report on the high prevalence of osteoporosis, osteopenia, fractures, and sco-
liosis and provide clinical recommendations to avoid long-term complications.

In Chapter 11, we describe four adults with PWS with severe cardiovascular disease and
compare these patients to our cohort of adults with PWS without cardiovascular disease.
We highlight the diagnostic pitfalls regarding the prevention, detection, and treatment
of cardiovascular disease in this patient population.

In Chapter 12, we describe the occurrence of malignancies in an international cohort of
children and adults with PWS. As malignancies were significantly related to genotype,
we also provide a literature review on the relation between the genes on chromosome
15911.2-13 and malignancies.

In Chapter 13, we shed a new light on the genetics of PWS by presenting a patient with
a unique genetic variant. Based on this patient, a literature review and functional analy-
sis of the genetic variant, we provide an in-depth discussion of the relation between the
genes on the PWS region and the clinical features of PWS.

In Chapter 14, we discuss the results of the studies presented and provide an overview
of the clinical recommendations.

22



REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Angulo MA, Butler MG, Cataletto ME. Prader-Willi syndrome: a review of clinical, genetic, and
endocrine findings. J Endocrinol Invest. 2015;38(12):1249-63.

Cassidy SB. Prader-Willi syndrome. J Med Genet. 1997;34(11):917-23.

Goldstone AP, Holland AJ, Hauffa BP, Hokken-Koelega AC, Tauber M, speakers contributors at
the Second Expert Meeting of the Comprehensive Care of Patients with PWS. Recommenda-
tions for the diagnosis and management of Prader-Willi syndrome. J Clin Endocrinol Metab.
2008;93(11):4183-97.

Holm VA, Cassidy SB, Butler MG, Hanchett JM, Greenswag LR, Whitman BY, et al. Prader-Willi
syndrome: consensus diagnostic criteria. Pediatrics. 1993;91(2):398-402.

Prader A, A. L, H. W. Ein Syndrom von Adipositas, Kleinwuchs, Kryptorchismus und Oligophrenie
nach myatonieartigem Zustand im Neugeborenenalter. Schweizerische Medizinische Wochen-
schrift. 1956;86:1260-1.

Lionti T, Reid SM, White SM, Rowell MM. A population-based profile of 160 Australians with
Prader-Willi syndrome: trends in diagnosis, birth prevalence and birth characteristics. Am J Med
Genet A. 2015;167A(2):371-8.

Bar C, Diene G, Molinas C, Bieth E, Casper C, Tauber M. Early diagnosis and care is achieved but
should be improved in infants with Prader-Willi syndrome. Orphanet J Rare Dis. 2017;12(1):118.
Cassidy SB, Schwartz S, Miller JL, Driscoll DJ. Prader-Willi syndrome. Genet Med. 2012;14(1):10-26.
Whittington JE, Holland AJ, Webb T, Butler J, Clarke D, Boer H. Population prevalence and esti-
mated birth incidence and mortality rate for people with Prader-Willi syndrome in one UK Health
Region. J Med Genet. 2001;38(11):792-8.

Butler MG, Manzardo AM, Heinemann J, Loker C, Loker J. Causes of death in Prader-Willi syndrome:
Prader-Willi Syndrome Association (USA) 40-year mortality survey. Genet Med. 2017;19(6):635-42.
Buiting K, Cassidy SB, Driscoll DJ, Gillessen-Kaesbach G, Kanber D, Tauber M, et al. Clinical utility
gene card for: Prader-Willi Syndrome. Eur J Hum Genet. 2014;22(9).

Cheon CK. Genetics of Prader-Willi syndrome and Prader-Will-Like syndrome. Ann Pediatr Endo-
crinol Metab. 2016;21(3):126-35.

Dittrich B, Buiting K, Korn B, Rickard S, Buxton J, Saitoh S, et al. Imprint switching on human chro-
mosome 15 may involve alternative transcripts of the SNRPN gene. Nat Genet. 1996;14(2):163-70.
Farber C, Dittrich B, Buiting K, Horsthemke B. The chromosome 15 imprinting centre (IC) region has
undergone multiple duplication events and contains an upstream exon of SNRPN that is deleted
in all Angelman syndrome patients with an IC microdeletion. Hum Mol Genet. 1999;8(2):337-43.
Buiting K, Saitoh S, Gross S, Dittrich B, Schwartz S, Nicholls RD, et al. Inherited microdeletions in
the Angelman and Prader-Willi syndromes define an imprinting centre on human chromosome
15. NAT GENET. 1995;9(4):395-400.

Blaydes SM, Elmore M, Yang T, Brannan Cl. Analysis of murine Snrpn and human SNRPN gene
imprinting in transgenic mice. Mamm Genome. 1999;10(6):549-55.

Horsthemke B, Buiting K. Imprinting defects on human chromosome 15. Cytogenet Genome Res.
2006;113(1-4):292-9.

OhtaT, Gray TA, Rogan PK, Buiting K, Gabriel JM, Saitoh S, et al. Imprinting-mutation mechanisms
in Prader-Willi syndrome. Am J Hum Genet. 1999;64(2):397-413.

Rabinovitz S, Kaufman Y, Ludwig G, Razin A, Shemer R. Mechanisms of activation of the paternally
expressed genes by the Prader-Willi imprinting center in the Prader-Willi/Angelman syndromes
domains. Proc Natl Acad Sci U S A. 2012;109(19):7403-8.

23



Chapter 1 | Introduction

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

24

Perk J, Makedonski K, Lande L, Cedar H, Razin A, Shemer R. The imprinting mechanism of the
Prader-Willi/Angelman regional control center. Embo J. 2002;21(21):5807-14.

Horsthemke B, Wagstaff J. Mechanisms of imprinting of the Prader-Willi/Angelman region. Am J
Med Genet A. 2008;146A(16):2041-52.

Sutcliffe JS, Nakao M, Christian S, Orstavik KH, Tommerup N, Ledbetter DH, et al. Deletions of
a differentially methylated CpG island at the SNRPN gene define a putative imprinting control
region. NAT GENET. 1994,8(1):52-8.

Nicholls RD, Saitoh S, Horsthemke B. Imprinting in Prader-Willi and Angelman syndromes. Trends
Genet. 1998;14(5):194-200.

Tan Q, Potter KJ, Burnett LC, Orsso CE, Inman M, Ryman DC, et al. Prader-Willi-like phenotype
caused by an atypical 15g11.2 microdeletion. Genes. 2020;11(2).

Sahoo T, Del Gaudio D, German JR, Shinawi M, Peters SU, Person RE, et al. Prader-Willi phenotype
caused by paternal deficiency for the HBII-85 C/D box small nucleolar RNA cluster. Nat Genet.
2008;40(6):719-21.

de Smith AJ, Purmann C, Walters RG, Ellis RJ, Holder SE, Van Haelst MM, et al. A deletion of the
HBII-85 class of small nucleolar RNAs (snoRNAs) is associated with hyperphagia, obesity and
hypogonadism. Hum Mol Genet. 2009;18(17):3257-65.

Duker AL, Ballif BC, Bawle EV, Person RE, Mahadevan S, Alliman S, et al. Paternally inherited mi-
crodeletion at 15911.2 confirms a significant role for the SNORD116 C/D box snoRNA cluster in
Prader-Willi syndrome. Eur J Hum Genet. 2010;18(11):1196-201.

Bieth E, Eddiry S, Gaston V, Lorenzini F, Buffet A, Conte Auriol F, et al. Highly restricted deletion of
the SNORD116 region is implicated in Prader-Willi syndrome. Eur J Hum Genet. 2015;23(2):252-5.
Hassan M, Butler MG. Prader-Willi syndrome and atypical submicroscopic 15q11-q13 deletions
with or without imprinting defects. Eur J Med Genet. 2016;59(11):584-9.

Fontana P, Grasso M, Acquaviva F, Gennaro E, Galli ML, Falco M, et al. SNORD116 deletions cause
Prader-Willi syndrome with a mild phenotype and macrocephaly. Clin Genet. 2017;92(4):440-3.
Lei M, Mitsuhashi S, Miyake N, Ohta T, Liang D, Wu L, et al. Translocation breakpoint disrupting
the host SNHG14 gene but not coding genes or snoRNAs in typical Prader-Willi syndrome. J Hum
Genet. 2019;64(7):647-52.

Schile B, Albalwi M, Northrop E, Francis DI, Rowell M, Slater HR, et al. Molecular breakpoint
cloning and gene expression studies of a novel translocation t(4;15)(q27;q11.2) associated with
Prader-Willi syndrome. BMC Med Genet. 2005;6.

Schulze A, Hansen C, Skakkebaek NE, Brondum-Nielsen K, Ledbeter DH, Tommerup N. Exclusion
of SNRPN as a major determinant of Prader-Willi syndrome by a translocation breakpoint. Nat
Genet. 1996;12(4):452-4.

SunY, Nicholls RD, Butler MG, Saitoh S, Hainline BE, Palmer CG. Breakage in the SNRPN locus in a
balanced 46,XY,t(15;19) Prader-Willi syndrome patient. HUM MOL GENET. 1996;5(4):517-24.
Conroy JM, Grebe TA, Becker LA, Tsuchiya K, Nicholls RD, Buiting K, et al. Balanced translocation
46,XY,t(2;15)(q37.2;q11.2) associated with atypical Prader-Willi syndrome. AM J HUM GENET.
1997,61(2):388-94.

Wirth J, Back E, Huttenhofer A, Nothwang HG, Lich C, Gro3 S, et al. A translocation breakpoint
cluster disrupts the newly defined 3’ end of the SNURF-SNRPN transcription unit on chromosome
15. Hum Mol Genet. 2001;10(3):201-10.

Kuslich CD, Kobori JA, Mohapatra G, Gregorio-King C, Donlon TA. Prader-Willi syndrome is caused
by disruption of the SNRPN gene. Am J Hum Genet. 1999;64(1):70-6.



38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Shen M EE, Wu J, Khanna A, Josiah S, Rederstorff M, et al. . Direct cloning of double-stranded RNAs
from RNase protection analysis reveals processing patterns of C/D box snoRNAs and provides evi-
dence for widespread antisense transcript expression. Nucleic Acids Res 2011 Dec;39(22):9720-
9730.

Burnett LC, LeDuc CA, Sulsona CR, Paull D, Rausch R, Eddiry S, et al. Deficiency in prohormone
convertase PC1 impairs prohormone processing in Prader-Willi syndrome. J Clin Invest.
2017;127(1):293-305.

Stijnen P, Ramos-Molina B, O'Rahilly S, Creemers JWM. PCSK1 Mutations and Human Endocri-
nopathies: From Obesity to Gastrointestinal Disorders. Endocrine Reviews. 2016;37(4):347-71.
Seidah NG. The proprotein convertases, 20 years later. Proprotein Convertases. 2011:23-57.
Runte M, Huttenhofer A, Gross S, Kiefmann M, Horsthemke B, Buiting K. The IC-SNURF-SNRPN
transcript serves as a host for multiple small nucleolar RNA species and as an antisense RNA for
UBE3A. Hum Mol Genet. 2001;10(23):2687-700.

Gallagher RG, Pils B, Albalwi M, Francke U. Evidence for the role of PWCR1/HBII-85 C/D box small
nucleolar RNAs in Prader-Willi syndrome. Am J Hum Genet. 2002;71(3):669-78.

Gray TA, Saitoh S, Nicholls RD. An imprinted, mammalian bicistronic transcript encodes two
independent proteins. Proc Natl Acad Sci U S A. 1999;96(10):5616-21.

Glenn CC, Saitoh S, Jong MT, Filbrandt MM, Surti U, Driscoll DJ, et al. Gene structure, DNA methyla-
tion, and imprinted expression of the human SNRPN gene. Am J Hum Genet. 1996;58(2):335-46.
Schmauss C, Brines ML, Lerner MR. The gene encoding the small nuclear ribonucleoprotein-
associated protein N is expressed at high levels in neurons. J Biol Chem. 1992;267(12):8521-9.
Ozcelik T, Leff S, Robinson W, Donlon T, Lalande M, Sanjines E, et al. Small nuclear ribonucleopro-
tein polypeptide N (SNRPN), an expressed gene in the Prader-Willi syndrome critical region. Nat
Genet. 1992;2(4):265-9.

LiH, Zhao P, Xu Q, Shan S, Hu C, Qiu Z, et al. The autism-related gene SNRPN regulates cortical and
spine development via controlling nuclear receptor Nr4a1. Sci Rep. 2016;6:29878.

Zeschnigk M, Lich C, Buiting K, Doerfler W, Horsthemke B. A single-tube PCR test for the diagnosis
of Angelman and Prader-Willi syndrome based on allelic methylation differences at the SNRPN
locus. Eur J Hum Genet. 1997;5(2):94-8.

Beygo J, Buiting K, Ramsden SC, Ellis R, Clayton-Smith J, Kanber D. Update of the EMQN/ACGS
best practice guidelines for molecular analysis of Prader-Willi and Angelman syndromes. Eur J
Hum Genet. 2019;27(9):1326-40.

Rocha CF, Paiva CL. Prader-Willi-like phenotypes: a systematic review of their chromosomal
abnormalities. Genet Mol Res. 2014;13(1):2290-8.

Desch L, Marle N, Mosca-Boidron AL, Faivre L, Eliade M, Payet M, et al. 6q16.3923.3 duplication
associated with Prader-Willi-like syndrome. Mol Cytogenet. 2015;8:42.

Akici N, Onal ZE, GurbuzT, Sag C, Kilinc S. Atherogenic Indices in the Assessment of Cardiovascular
Disease Risk in Children with Obesity and Subclinical Hypothyroidism. Acta Endocrinol (Buchar).
2020;16(3):334-8.

Dykens EM. Contaminated and unusual food combinations: what do people with Prader-Willi
syndrome choose? Ment Retard. 2000;38(2):163-71.

Schwartz L, Caixas A, Dimitropoulos A, Dykens E, Duis J, Einfeld S, et al. Behavioral features in
Prader-Willi syndrome (PWS): consensus paper from the International PWS Clinical Trial Consor-
tium. J Neurodev Disord. 2021;13(1):25.

Wharton RH, Wang T, Graeme-Cook F, Briggs S, Cole RE. Acute idiopathic gastric dilation with
gastric necrosis in individuals with Prader-Willi syndrome. Am J Med Genet. 1997;73(4):437-41.

25



Chapter 1 | Introduction

57.

58.

59.

60.

61.

62.

63.
64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

26

Dykens EM, Maxwell MA, Pantino E, Kossler R, Roof E. Assessment of hyperphagia in Prader-Willi
syndrome. Obesity (Silver Spring). 2007;15(7):1816-26.

Muscogiuri G, Barrea L, Faggiano F, Maiorino M, Parrillo M, Pugliese G, et al. Obesity in Prader-
Willi syndrome: physiopathological mechanisms, nutritional and pharmacological approaches. J
Endocrinol Invest. 2021;44(10):2057-70.

Kuppens RJ, Diene G, Bakker NE, Molinas C, Faye S, Nicolino M, et al. Elevated ratio of acyl-
ated to unacylated ghrelin in children and young adults with Prader-Willi syndrome. Endocrine.
2015;50(3):633-42.

Tauber M, Conte Auriol F, Moulin P, Molinas C, Delagnes V, Salles JP. Hyperghrelinemia is a com-
mon feature of Prader-Willi syndrome and pituitary stalk interruption: a pathophysiological
hypothesis. Horm Res. 2004;62(1):49-54.

Gortan Cappellari G, Barazzoni R. Ghrelin forms in the modulation of energy balance and metabo-
lism. Eat Weight Disord. 2019;24(6):997-1013.

Bittel DC, Butler MG. Prader-Willi syndrome: clinical genetics, cytogenetics and molecular biol-
ogy. Expert Rev Mol Med. 2005;7(14):1-20.

Fang H, Judd RL. Adiponectin Regulation and Function. Compr Physiol. 2018;8(3):1031-63.
Goldstone AP, Thomas EL, Brynes AE, Castroman G, Edwards R, Ghatei MA, et al. Elevated Fast-
ing Plasma Ghrelin in Prader-Willi Syndrome Adults Is Not Solely Explained by Their Reduced
Visceral Adiposity and Insulin Resistance. The Journal of Clinical Endocrinology & Metabolism.
2004;89(4):1718-26.

Lacroix D, Moutel S, Coupaye M, Huvenne H, Faucher P, Pelloux V, et al. Metabolic and Adipose Tis-
sue Signatures in Adults With Prader-Willi Syndrome: A Model of Extreme Adiposity. J Clin Endocr
Metab. 2015;100(3):850-9.

Goldstone AP, Brynes AE, Thomas EL, Bell JD, Frost G, Holland A, et al. Resting metabolic rate,
plasma leptin concentrations, leptin receptor expression, and adipose tissue measured by
whole-body magnetic resonance imaging in women with Prader-Willi syndrome. Am J Clin Nutr.
2002;75(3):468-75.

Bull LE, Oliver C, Woodcock KA. Skin Picking in People with Prader-Willi Syndrome: Phenomenol-
ogy and Management. J Autism Dev Disord. 2021;51(1):286-97.

Downs J, Blackmore AM, Chen W, Nixon GM, Choong CS. Strengths and challenging behaviors in
children and adolescents with Prader-Willi syndrome: Two sides to the coin. American Journal of
Medical Genetics Part A. 2022;188(5):1488-96.

Dykens EM, Roof E, Hunt-Hawkins H, Dankner N, Lee EB, Shivers CM, et al. Diagnoses and charac-
teristics of autism spectrum disorders in children with Prader-Willi syndrome. J Neurodev Disord.
2017;9:18.

Veltman MW, Thompson RJ, Roberts SE, Thomas NS, Whittington J, Bolton PF. Prader-Willi
syndrome--a study comparing deletion and uniparental disomy cases with reference to autism
spectrum disorders. Eur Child Adolesc Psychiatry. 2004;13(1):42-50.

Yang L, Zhan GD, Ding JJ, Wang HJ, Ma D, Huang GY, et al. Psychiatric illness and intellectual
disability in the Prader-Willi syndrome with different molecular defects--a meta analysis. PLoS
One. 2013;8(8):e72640.

Whittington J, Holland A. A review of psychiatric conceptions of mental and behavioural disor-
ders in Prader-Willi syndrome. Neurosci Biobehav Rev. 2018;95:396-405.

Rosenberg AGW, Wellink CM, Tellez Garcia JM, Pellikaan K, Van Abswoude DH, Davidse K, et al.
Health Problems in Adults with Prader-Willi Syndrome of Different Genetic Subtypes: Cohort
Study, Meta-Analysis and Review of the Literature. J Clin Med. 2022;11(14).



74.

75.

76.

77.

78.

79.
80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Bonnot O, Cohen D, Thuilleaux D, Consoli A, Cabal S, Tauber M. Psychotropic treatments in Prader-
Willi syndrome: a critical review of published literature. Eur J Pediatr. 2016;175(1):9-18.

Bou Khalil R, Richa S. Thyroid adverse effects of psychotropic drugs: a review. Clin Neuropharma-
col. 2011;34(6):248-55.

Feldt-Rasmussen U, Effraimidis G, Klose M. The hypothalamus-pituitary-thyroid (HPT)-axis and its
role in physiology and pathophysiology of other hypothalamus-pituitary functions. Molecular
and Cellular Endocrinology. 2021;525:111173.

Chinoy A, Murray PG. Diagnosis of growth hormone deficiency in the paediatric and transitional
age. Best Practice & Research Clinical Endocrinology & Metabolism. 2016;30(6):737-47.

Molitch ME, Clemmons DR, Malozowski S, Merriam GR, Shalet SM, Vance ML, et al. Evaluation and
treatment of adult growth hormone deficiency: an Endocrine Society Clinical Practice Guideline.
J Clin Endocrinol Metab. 2006;91(5):1621-34.

Cassidy SB, Schwartz S, Miller JL, Driscoll DJ. Prader-Willi syndrome. Gen Med. 2012;14(1):10-26.
Donze SH, Damen L, van Alfen-van der Velden J, Bocca G, Finken MJJ, Hoorweg-Nijman GJG, et
al. Prevalence of growth hormone (GH) deficiency in previously GH-treated young adults with
Prader-Willi syndrome. Clin Endocrinol (Oxf). 2019;91(1):118-23.

Grugni G, Marzullo P. Diagnosis and treatment of GH deficiency in Prader-Willi syndrome. Best
Pract Res Clin Endocrinol Metab. 2016;30(6):785-94.

Hoybye C, Tauber M, Angulo MA, Eiholzer U, Driscoll DJ, Cassidy SB, et al. Letter regarding “Preva-
lence of growth hormone deficiency in previously GH-treated young adults with Prader-Willi
syndrome” by Donze et al. Clin Endocrinol. 2019;91(4):578-9.

Donze SH, Hokken-Koelega ACS. Reply to Commentary on ‘Prevalence of growth hormone (GH)
deficiency in previously GH treated young adults with Prader-Willi syndrome’ Clin Endocrinol
(Oxf).2019;91(4):579-80.

Bakker NE, van Doorn J, Renes JS, Donker GH, Hokken-Koelega AC. IGF-1 Levels, Complex Forma-
tion, and IGF Bioactivity in Growth Hormone-Treated Children With Prader-Willi Syndrome. J Clin
Endocrinol Metab. 2015;100(8):3041-9.

Damen L, Elizabeth MSM, Donze SH, van den Berg SAA, de Graaff LCG, Hokken-Koelega ACS. Free
Insulin-like Growth Factor (IGF)-I in Children with PWS. J Clin Med. 2022;11(5).

Yang X. Growth hormone treatment for Prader-Willi syndrome: A review. Neuropeptides.
2020;83:102084.

Coupaye M, Lorenzini F, Lloret-Linares C, Molinas C, Pinto G, Diene G, et al. Growth hormone
therapy for children and adolescents with prader-willi syndrome is associated with improved
body composition and metabolic status in adulthood. J Clin Endocrinol Metab. 2013;98(2):E328-
E35.

Passone CGB, Franco RR, Ito SS, Trindade E, Polak M, Damiani D, et al. Growth hormone treatment
in Prader-Willi syndrome patients: systematic review and meta-analysis. BMJ Paediatr Open.
2020;4(1):000630.

Dykens EM, Roof E, Hunt-Hawkins H. Cognitive and adaptive advantages of growth hormone
treatment in children with Prader-Willi syndrome. J Child Psychol Psychiatry. 2017;58(1):64-74.
Wolfgram PM, Carrel AL, Allen DB. Long-term effects of recombinant human growth hormone
therapy in children with Prader-Willi syndrome. Curr Opin Pediatr. 2013;25(4):509-14.

Donze SH, Damen L, Mahabier EF, Hokken-Koelega ACS. Improved Mental and Motor Develop-
ment During 3 Years of GH Treatment in Very Young Children With Prader-Willi Syndrome. J Clin
Endocrinol Metab. 2018;103(10):3714-9.

27



Chapter 1 | Introduction

92.

93.

94.

95.

96.

97.

98.
99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

28

Donze SH, Damen L, Mahabier EF, Hokken-Koelega ACS. Cognitive functioning in children
with Prader-Willi syndrome during 8 years of growth hormone treatment. Eur J Endocrinol.
2020;182(4):405-11.

Deal CL, Tony M, Hoybye C, Allen DB, Tauber M, Christiansen JS, et al. Growth hormone research
society workshop summary: Consensus guidelines for recombinant human growth hormone
therapy in Prader-Willi syndrome. J Clin Endocrinol Metab. 2013;98(6):E1072-E87.

De Lind Van Wijngaarden RFA, Siemensma EPC, Festen DAM, Otten BJ, Van Mil EGAH, Rotteveel
J, et al. Efficacy and safety of long-term continuous growth hormone treatment in children with
Prader-Willi syndrome. J Clin Endocrinol Metab. 2009;94(11):4205-15.

Bakker NE, Kuppens RJ, Siemensma EP, Tummers-de Lind van Wijngaarden RF, Festen DA,
Bindels-de Heus GC, et al. Eight years of growth hormone treatment in children with Prader-Willi
syndrome: maintaining the positive effects. J Clin Endocrinol Metab. 2013;98(10):4013-22.
Bakker NE, Kuppens RJ, Siemensma EP, Tummers-de Lind van Wijngaarden RF, Festen DA, Bindels-
de Heus GC, et al. Bone mineral density in children and adolescents with Prader-Willi syndrome:
a longitudinal study during puberty and 9 years of growth hormone treatment. J Clin Endocrinol
Metab. 2015;100(4):1609-18.

Rosenberg AGW, Passone CGB, Pellikaan K, Damiani D, van der Lely AJ, Polak M, et al. Growth
Hormone Treatment for Adults With Prader-Willi Syndrome: A Meta-Analysis. J Clin Endocrinol
Metab. 2021;106(10):3068-91.

Richard-Eaglin A. Male and Female Hypogonadism. Nurs Clin North Am. 2018;53(3):395-405.
Kloner RA, Carson C, 3rd, Dobs A, Kopecky S, Mohler ER, 3rd. Testosterone and Cardiovascular
Disease. J Am Coll Cardiol. 2016;67(5):545-57.

Molina-Vega M, Muiioz-Garach A, Damas-Fuentes M, Fernandez-Garcia JC, Tinahones FJ. Second-
ary male hypogonadism: A prevalent but overlooked comorbidity of obesity. Asian J Androl.
2018;20(6):531-8.

Kumar P, Kumar N, Thakur DS, Patidar A. Male hypogonadism: Symptoms and treatment. J Adv
Pharm Technol Res. 2010;1(3):297-301.

Boese AC, Kim SC, Yin KJ, Lee JP, Hamblin MH. Sex differences in vascular physiology and patho-
physiology: estrogen and androgen signaling in health and disease. Am J Physiol Heart Circ
Physiol. 2017;313(3):H524-H45.

Partsch CJ, Lammer C, Gillessen-Kaesbach G, Pankau R. Adult patients with Prader-Willi syndrome:
clinical characteristics, life circumstances and growth hormone secretion. Growth Horm IGF Res.
2000;10 Suppl B(SUPPL. B):S81-5.

Whittington J, Holland A, Webb T, Butler J, Clarke D, Boer H. Relationship between clinical and
genetic diagnosis of Prader-Willi syndrome. J Med Genet. 2002;39(12):926-32.

Grugni G, Morabito F, Crino A. Gonadal function and its disorders in simple obesity and in Prader-
Willi syndrome. Eiholzer U, I'Allemad D, Zipf W (eds): Prader-Willi Syndrome as a Model for Obesity
Karger, Switzerland,. 2003:140-55.

Hoybye C, Thorén M, Bohm B. Cognitive, emotional, physical and social effects of growth hor-
mone treatment in adults with Prader-Willi syndrome. J Intellect Disabil Res. 2005;49(4):245-52.
Miller JL, Goldstone AP, Couch JA, Shuster J, He G, Driscoll DJ, et al. Pituitary abnormalities in
Prader-Willi syndrome and early onset morbid obesity. Am J Med Genet A. 2008;146A(5):570-7.
Brandau DT, Theodoro M, Garg U, Butler MG. Follicle stimulating and leutinizing hormones,
estradiol and testosterone in Prader-Willi syndrome. Am J Med Genet A. 2008;146A(5):665-9.



109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124,

Sode-Carlsen R, Farholt S, Rabben KF, Bollerslev J, Schreiner T, Jurik AG, et al. Body composition,
endocrine and metabolic profiles in adults with Prader-Willi syndrome. Growth Horm IGF Res.
2010;20(3):179-84.

van Nieuwpoort IC, Sinnema M, Castelijns JA, Twisk JW, Curfs LM, Drent ML. The GH/IGF-I
axis and pituitary function and size in adults with Prader-Willi syndrome. Horm Res Paediatr.
2011;75(6):403-11.

Radicioni AF, Di Giorgio G, Grugni G, Cuttini M, Losacco V, Anzuini A, et al. Multiple forms of
hypogonadism of central, peripheral or combined origin in males with Prader-Willi syndrome.
Clin Endocrinol (Oxf). 2012;76(1):72-7.

Kido Y, Sakazume S, Abe Y, Oto Y, Itabashi H, Shiraishi M, et al. Testosterone replacement therapy
to improve secondary sexual characteristics and body composition without adverse behavioral
problems in adult male patients with Prader-Willi syndrome: an observational study. Am J Med
Genet A. 2013;161A(9):2167-73.

Hirsch HJ, Eldar-Geva T, Bennaroch F, Pollak Y, Gross-Tsur V. Sexual dichotomy of gonadal func-
tion in Prader-Willi syndrome from early infancy through the fourth decade. Hum Reprod.
2015;30(11):2587-96.

Coupaye M, Tauber M, Cuisset L, Laurier V, Bieth E, Lacorte JM, et al. Effect of Genotype and Previ-
ous GH Treatment on Adiposity in Adults With Prader-Willi Syndrome. J Clin Endocrinol Metab.
2016;101(12):4895-903.

Matsuyama S, Matsui F, Matsuoka K, lijima M, Takeuchi M, Ida S, et al. Gonadal function and testic-
ular histology in males with Prader-Willi syndrome. Endocrinol Diabetes Metab. 2019;2(1):e00049.
Heksch R, Kamboj M, Anglin K, Obrynba K. Review of Prader-Willi syndrome: The endocrine ap-
proach. Transl Pediatr. 2017;6(4):274-85.

Eiholzer U, I'Allemand D, Rousson V, Schlumpf M, Gasser T, Girard J, et al. Hypothalamic and
gonadal components of hypogonadism in boys with Prader-Labhart- Willi syndrome. J Clin
Endocrinol Metab. 2006;91(3):892-8.

Hirsch HJ, Eldar-Geva T, Benarroch F, Rubinstein O, Gross-Tsur V. Primary testicular dysfunction is a
major contributor to abnormal pubertal development in males with Prader-Willi syndrome. J Clin
Endocrinol Metab. 2009;94(7):2262-8.

Muscogiuri G, Formoso G, Pugliese G, Ruggeri RM, Scarano E, Colao A, et al. Prader- Willi syn-
drome: An uptodate on endocrine and metabolic complications. Rev Endocr Metab Disord.
2019;20(2):239-50.

Linnemann K, Schroder C, Mix M, Kruger G, Fusch C. Prader-Labhart-Willi syndrome with central
precocious puberty and empty sella syndrome. Acta Paediatr. 1999;88(11):1295-7.

Crino A, Schiaffini R, Ciampalini P, Spera S, Beccaria L, Benzi F, et al. Hypogonadism and pubertal
development in Prader-Willi syndrome. Eur J Pediatr. 2003;162(5):327-33.

Siemensma EP, de Lind van Wijngaarden RF, Otten BJ, de Jong FH, Hokken-Koelega AC. Pubarche
and serum dehydroepiandrosterone sulphate levels in children with Prader-Willi syndrome. Clin
Endocrinol (Oxf). 2011;75(1):83-9.

Laurance BM, Brito A, Wilkinson J. Prader-Willi Syndrome after age 15 years. Arch Dis Child.
1981;56(3):181-6.

Marzullo P, Marcassa C, Campini R, Eleuteri E, Minocci A, Priano L, et al. The impact of growth
hormone/insulin-like growth factor-I axis and nocturnal breathing disorders on cardiovascular
features of adult patients with Prader-Willi syndrome. J Clin Endocrinol Metab. 2005;90(10):5639-
46.

29



Chapter 1 | Introduction

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.
137.
138.
139.

140.

141.

142.

143.

144,

145.

30

Hoybye C, Hilding A, Jacobsson H, Thoren M. Metabolic profile and body composition in adults
with Prader-Willi syndrome and severe obesity. J Clin Endocrinol Metab. 2002;87(8):3590-7.
Silvestris E, de Pergola G, Rosania R, Loverro G. Obesity as disruptor of the female fertility. Reprod
Biol Endocrinol. 2018;16(1):22.

Mikhael S, Punjala-Patel A, Gavrilova-Jordan L. Hypothalamic-Pituitary-Ovarian Axis Disorders
Impacting Female Fertility. Biomedicines. 2019;7(1).

Dzemaili S, Tiemensma J, Quinton R, Pitteloud N, Morin D, Dwyer AA. Beyond hormone replace-
ment: quality of life in women with congenital hypogonadotropic hypogonadism. Endocr Con-
nect. 2017;6(6):404-12.

Spangenburg EE, Geiger PC, Leinwand LA, Lowe DA. Regulation of physiological and metabolic
function of muscle by female sex steroids. Med Sci Sports Exerc. 2012;44(9):1653-62.

Tsiligiannis S, Panay N, Stevenson JC. Premature Ovarian Insufficiency and Long-Term Health
Consequences. Curr Vasc Pharmacol. 2019;17(6):604-9.

Knowlton AA, Lee AR. Estrogen and the cardiovascular system. Pharmacol Ther. 2012;135(1):54-
70.

Hirsch HJ, Eldar-Geva T, Bennaroch F, Pollak Y, Gross-Tsur V. Sexual dichotomy of gonadal func-
tion in Prader-Willi syndrome from early infancy through the fourth decade. Hum Reprod.
2015;30(11):2587-96.

Noordam C, Hoybye C, Eiholzer U. Prader-Willi Syndrome and Hypogonadism: A Review Article.
Int J Mol Sci. 2021;22(5):2705.

Eldar-Geva T, Hirsch HJ, Rabinowitz R, Benarroch F, Rubinstein O, Gross-Tsur V. Primary ovarian
dysfunction contributes to the hypogonadism in women with Prader-Willi Syndrome. Horm Res.
2009;72(3):153-9.

Siemensma EP, van Alfen-van der Velden AA, Otten BJ, Laven JS, Hokken-Koelega AC. Ovarian
function and reproductive hormone levels in girls with Prader-Willi syndrome: a longitudinal
study. J Clin Endocrinol Metab. 2012;97(9):E1766-73.

Chaker L, Bianco AC, Jonklaas J, Peeters RP. Hypothyroidism. Lancet. 2017;390(10101):1550-62.
Klein I, Danzi S. Thyroid Disease and the Heart. Curr Probl Cardiol. 2016;41(2):65-92.

McDermott MT. Hyperthyroidism. Ann Intern Med. 2020;172(7):ITC49-ITC64.

Mackay J, McCallum Z, Ambler GR, Vora K, Nixon G, Bergman P, et al. Requirements for improving
health and well-being of children with Prader-Willi syndrome and their families. J Paediatr Child
Health. 2019;55(9):1029-37.

Swaab DF. Prader-Willi syndrome and the hypothalamus. Acta Paediatr Suppl. 1997;423:50-4.
Burman P, Ritzen EM, Lindgren AC. Endocrine dysfunction in Prader-Willi syndrome: a review with
special reference to GH. Endocr Rev. 2001;22(6):787-99.

De Geronimo V, Cannarella R, La Vignera S. Thyroid Function and Obesity: From Mechanisms to
the Benefits of Levothyroxine in Obese Patient. Endocr Metab Immune Disord Drug Targets. 2021.
Bancos I, Hahner S, Tomlinson J, Arlt W. Diagnosis and management of adrenal insufficiency. The
Lancet Diabetes & Endocrinology. 2015;3(3):216-26.

HusebyeES, Pearce SH, Krone NP, Kdmpe O. Adrenalinsufficiency. The Lancet.2021;397(10274):613-
29.

Sinnema M, Maaskant MA, van Schrojenstein Lantman-de Valk HM, Boer H, Curfs LM, Schrander-
Stumpel CT. The use of medical care and the prevalence of serious illness in an adult Prader-Willi
syndrome cohort. Eur J Med Genet. 2013;56(8):397-403.



146.

147.

148.

149.

150.

151.

152.

153.

154,

155.

156.

157.

158.
159.

160.

161.

162.

163.

de Lind van Wijngaarden RF, Otten BJ, Festen DA, Joosten KF, de Jong FH, Sweep FC, et al. High
prevalence of central adrenal insufficiency in patients with Prader-Willi syndrome. J Clin Endocri-
nol Metab. 2008;93(5):1649-54.

Peppa M, Krania M, Raptis SA. Hypertension and other morbidities with Cushing’s syndrome as-
sociated with corticosteroids: a review. Integr Blood Press Control. 2011;4:7-16.

Corrias A, Grugni G, Crind A, Di Candia S, Chiabotto P, Cogliardi A, et al. Assessment of central
adrenal insufficiency in children and adolescents with Prader-Willi syndrome. Clin Endocrinol
(Oxf). 2012;76(6):843-50.

Oto Y, Matsubara K, Ayabe T, Shiraishi M, Murakami N, Ihara H, et al. Delayed peak response
of cortisol to insulin tolerance test in patients with Prader-Willi syndrome. Am J Med Genet A.
2018;176(6):1369-74.

Obrynba KS, Hoffman RP, Repaske DR, Anglin K, Kamboj MK. No central adrenal insufficiency
found in patients with Prader-Willi syndrome with an overnight metyrapone test. J Pediatr Endo-
crinol Metab. 2018;31(7):809-14.

Farholt S, Sode-Carlsen R, Christiansen JS, @stergaard JR, Hoybye C. Normal cortisol response to
high-dose synacthen and insulin tolerance test in children and adults with Prader-Willi syndrome.
J Clin Endocrinol Metab. 2011;96(1):E173-80.

Nyunt O, Cotterill AM, Archbold SM, Wu JY, Leong GM, Verge CF, et al. Normal cortisol response
on low-dose synacthen (1 microg) test in children with Prader Willi syndrome. J Clin Endocrinol
Metab. 2010;95(12):E464-7.

Beauloye V, Dhondt K, Buysse W, Nyakasane A, Zech F, De Schepper J, et al. Evaluation of the
hypothalamic-pituitary-adrenal axis and its relationship with central respiratory dysfunction in
children with Prader-Willi syndrome. Orphanet J Rare Dis. 2015;10:106.

Connell NA, Paterson WF, Wallace AM, Donaldson MD. Adrenal function and mortality in children
and adolescents with Prader-Willi syndrome attending a single centre from 1991-2009. Clin
Endocrinol (Oxf). 2010;73(5):686-8.

Grugni G, Beccaria L, Corrias A, Crino A, Cappa M, De Medici C, et al. Central adrenal insufficiency
in young adults with Prader-Willi syndrome. Clin Endocrinol (Oxf). 2013;79(3):371-8.

Torre DL, Falorni A. Pharmacological causes of hyperprolactinemia. Ther Clin Risk Manag.
2007;3(5):929-51.

Freeman ME, Kanyicska B, Lerant A, Nagy G. Prolactin: structure, function, and regulation of secre-
tion. Physiol Rev. 2000;80(4):1523-631.

Klibanski A. Clinical practice. Prolactinomas. N Engl J Med. 2010;362(13):1219-26.

Krogh J, Selmer C, Torp-Pedersen C, Gislason GH, Kistorp C. Hyperprolactinemia and the Associa-
tion with All-Cause Mortality and Cardiovascular Mortality. Horm Metab Res. 2017;49(6):411-7.
Pala NA, Laway BA, Misgar RA, Dar RA. Metabolic abnormalities in patients with prolactinoma:
response to treatment with cabergoline. Diabetol Metab Syndr. 2015;7:99.

Oztan O, Garner JP, Partap S, Sherr EH, Hardan AY, Farmer C, et al. Cerebrospinal fluid vasopressin
and symptom severity in children with autism. Ann Neurol. 2018;84(4):611-5.

Oztan O, Garner JP, Constantino JN, Parker KJ. Neonatal CSF vasopressin concentration pre-
dicts later medical record diagnoses of autism spectrum disorder. Proc Natl Acad Sci U S A.
2020;117(19):10609-13.

Parker KJ, Oztan O, Libove RA, Mohsin N, Karhson DS, Sumiyoshi RD, et al. A randomized placebo-
controlled pilot trial shows that intranasal vasopressin improves social deficits in children with
autism. Sci Transl Med. 2019;11(491).

31



Chapter 1 | Introduction

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

32

Peri A, Pirozzi N, Parenti G, Festuccia F, Mené P. Hyponatremia and the syndrome of inappropriate
secretion of antidiuretic hormone (SIADH). J Endocrinol Invest. 2010;33(9):671-82.

Oztan O, Zyga O, Stafford DEJ, Parker KJ. Linking oxytocin and arginine vasopressin signaling
abnormalities to social behavior impairments in Prader-Willi syndrome. Neurosci Biobehav Rev.
2022;142:104870.

Leng G, Caquineau C, Sabatier N. Regulation of Oxytocin Secretion. Vitamins & Hormones. 71:
Academic Press; 2005. p. 27-58.

Jones C, Barrera |, Brothers S, Ring R, Wahlestedt C. Oxytocin and social functioning. Dialogues
Clin Neurosci. 2017;19(2):193-201.

Kiani Z, Farkhondeh T, Aramjoo H, Aschner M, Beydokhti H, Esmaeili A, et al. Oxytocin effect in
adult patients with autism: An updated systematic review and meta-analysis of randomized
controlled trials. CNS Neurol Disord Drug Targets. 2022.

Ooi YP, Weng SJ, Kossowsky J, Gerger H, Sung M. Oxytocin and Autism Spectrum Disorders: A
Systematic Review and Meta-Analysis of Randomized Controlled Trials. Pharmacopsychiatry.
2017;50(1):5-13.

Althammer F, Muscatelli F, Grinevich V, Schaaf CP. Oxytocin-based therapies for treatment of
Prader-Willi and Schaaf-Yang syndromes: evidence, disappointments, and future research strate-
gies. Transl Psychiatry. 2022;12(1):318.

Cobo G, Gallar P, Di Gioia C, Garcia Lacalle C, Camacho R, Rodriguez |, et al. Hypogonadism associ-
ated with muscle atrophy, physical inactivity and ESA hyporesponsiveness in men undergoing
haemodialysis. Nefrologia. 2017;37(1):54-60.

Speakman JR, Selman C. Physical activity and resting metabolic rate. Proc Nutr Soc. 2003;62(3):621-
34.

Zheng X, Cheng Q, Long J, Wang Y, Gong L, Wei Q, et al. Prevalence of low lean mass in patients
with adult growth hormone deficiency with or without low-dose growth hormone therapy. Clin
Endocrinol (Oxf). 2019;90(6):834-41.

Kraemer WJ, Ratamess NA, Hymer WC, Nindl BC, Fragala MS. Growth Hormone(s), Testosterone,
Insulin-Like Growth Factors, and Cortisol: Roles and Integration for Cellular Development and
Growth With Exercise. Front Endocrinol (Lausanne). 2020;11:33.

Tzankoff SP, Norris AH. Effect of muscle mass decrease on age-related BMR changes. J Appl Physiol
Respir Environ Exerc Physiol. 1977;43(6):1001-6.

Bekx MT, Carrel AL, Shriver TC, Li Z, Allen DB. Decreased energy expenditure is caused by abnor-
mal body composition in infants with Prader-Willi Syndrome. J Pediatr. 2003;143(3):372-6.
Schoeller DA, Levitsky LL, Bandini LG, Dietz WW, Walczak A. Energy expenditure and body compo-
sition in Prader-Willi syndrome. Metabolism. 1988;37(2):115-20.

Yavuz S, Salgado Nunez Del Prado S, Celi FS. Thyroid Hormone Action and Energy Expenditure. J
Endocr Soc. 2019;3(7):1345-56.

Salvatore D, Simonides WS, Dentice M, Zavacki AM, Larsen PR. Thyroid hormones and skeletal
muscle--new insights and potential implications. Nat Rev Endocrinol. 2014;10(4):206-14.

Nowak A, Boesch L, Andres E, Battegay E, Hornemann T, Schmid C, et al. Effect of vitamin D3 on
self-perceived fatigue: A double-blind randomized placebo-controlled trial. Medicine (Baltimore).
2016;95(52):e5353.

BeckmannY, Ture S, Duman SU. Vitamin D deficiency and its association with fatigue and quality
of life in multiple sclerosis patients. EPMA J. 2020;11(1):65-72.

Galesanu C, Mocanu V. Vitamin D Deficiency and the Clinical Consequences. Rev Med Chir Soc
Med Nat lasi. 2015;119(2):310-8.



183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194,

195.

196.

197.

198.

199.

200.

201.

202.

Pamukoff DN, Holmes SC, Shumski EJ, Garcia SA, Rubin DA. Plantar Flexor Function in Adults with
and without Prader-Willi Syndrome. Med Sci Sports Exerc. 2020;52(10):2189-97.

Hirsch HJ, Gross-TsurV, Sabag Y, Nice S, Genstil L, Benarroch F, et al. Myokine levels after resistance
exercise in young adults with Prader-Willi syndrome (PWS). Am J Med Genet A. 2020;182(1):115-
21.

Theodoro MF, Talebizadeh Z, Butler MG. Body composition and fatness patterns in Prader-Willi
syndrome: comparison with simple obesity. Obesity (Silver Spring). 2006;14(10):1685-90.

Reus L, Zwarts M, van Vlimmeren LA, Willemsen MA, Otten BJ, Nijhuis-van der Sanden MW. Motor
problems in Prader-Willi syndrome: a systematic review on body composition and neuromuscular
functioning. Neurosci Biobehav Rev. 2011;35(3):956-69.

de Lind van Wijngaarden RF, de Klerk LW, Festen DA, Hokken-Koelega AC. Scoliosis in Prader-Willi
syndrome: prevalence, effects of age, gender, body mass index, lean body mass and genotype.
Arch Dis Child. 2008;93(12):1012-6.

Stevenson DA, Heinemann J, Angulo M, Butler MG, Loker J, Rupe N, et al. Gastric rupture and
necrosis in Prader-Willi syndrome. J Pediatr Gastroenterol Nutr. 2007;45(2):272-4.

Khan MJ, Gerasimidis K, Edwards CA, Shaikh MG. Mechanisms of obesity in Prader-Willi syndrome.
Pediatr Obes. 2018;13(1):3-13.

Miller JL, Lynn CH, Driscoll DC, Goldstone AP, Gold JA, Kimonis V, et al. Nutritional phases in
Prader-Willi syndrome. Am J Med Genet A. 2011;155A(5):1040-9.

Butler MG, Theodoro MF, Bittel DC, Donnelly JE. Energy expenditure and physical activity in
Prader-Willi syndrome: comparison with obese subjects. Am J Med Genet A. 2007;143A(5):449-59.
Lloret-Linares C, Faucher P, Coupaye M, Alili R, Green A, Basdevant A, et al. Comparison of body
composition, basal metabolic rate and metabolic outcomes of adults with Prader Willi syndrome
or lesional hypothalamic disease, with primary obesity. Int J Obes (Lond). 2013;37(9):1198-203.
Lazzer S, Grugni G, Tringali G, Sartorio A. Prediction of basal metabolic rate in patients with
Prader-Willi syndrome. Eur J Clin Nutr. 2016;70(4):494-8.

Lionti T, Reid SM, Rowell MM. Prader-Willi syndrome in Victoria: mortality and causes of death. J
Paediatr Child Health. 2012;48(6):506-11.

Sinnema M, Maaskant MA, van Schrojenstein Lantman-de Valk HM, van Nieuwpoort IC, Drent ML,
Curfs LM, et al. Physical health problems in adults with Prader-Willi syndrome. Am J Med Genet A.
2011;155A(9):2112-24.

Grugni G, Crino A, Bedogni G, Cappa M, Sartorio A, Corrias A, et al. Metabolic syndrome in adult
patients with Prader-Willi syndrome. Nutr Metab Cardiovasc Dis. 2013;23(11):1134-40.

Proffitt J, Osann K, McManus B, Kimonis VE, Heinemann J, Butler MG, et al. Contributing factors of
mortality in Prader-Willi syndrome. Am J Med Genet A. 2019;179(2):196-205.

Laurier V, Lapeyrade A, Copet P, Demeer G, Silvie M, Bieth E, et al. Medical, psychological and so-
cial features in a large cohort of adults with Prader-Willi syndrome: experience from a dedicated
centre in France. J Intellect Disabil Res. 2015;59(5):411-21.

Ghergan A, Coupaye M, Leu-Semenescu S, Attali V, Oppert JM, Arnulf |, et al. Prevalence and
Phenotype of Sleep Disorders in 60 Adults With Prader-Willi Syndrome. Sleep. 2017;40(12).

Bras DR, Semedo P, Picarra BC, Fernandes R. Prader-Willi syndrome: A nest for premature coronary
artery disease? BMJ Case Rep. 2018;2018.

Lamb AS, Johnson WM. Premature coronary artery atherosclerosis in a patient with Prader-willi
syndrome. AM J MED GENET. 1987;28(4):873-80.

Muller TD, Nogueiras R, Andermann ML, Andrews ZB, Anker SD, Argente J, et al. Ghrelin. Mol
Metab. 2015;4(6):437-60.

33



Chapter 1 | Introduction

203.

204.

205.

206.

207.

208.

209.

210.

211,
212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

34

Mani BK, Shankar K, Zigman JM. Ghrelin’s Relationship to Blood Glucose. Endocrinology.
2019;160(5):1247-61.

Khatib MN, Simkhada P, Gode D. Cardioprotective effects of ghrelin in heart failure: from gut to
heart. Heart Views. 2014;15(3):74-6.

Yano Y, Nakazato M, Toshinai K, Inokuchi T, Matsuda S, Hidaka T, et al. Circulating des-acyl
ghrelin improves cardiovascular risk prediction in older hypertensive patients. Am J Hypertens.
2014;27(5):727-33.

Mao Y, Tokudome T, Kishimoto I. Ghrelin as a treatment for cardiovascular diseases. Hypertension.
2014;64(3):450-4.

Kazan M, Karalti I. The Association between Obesity and Cancer. Endocrinology & Metabolic
Syndrome. 2015;4(4).

Patja K, Sund R, Kaski M, Pukkala E. Cancer incidence among persons with Prader-Willi syndrome
in Finland. Int J Disabil Hum De. 2008;7(1):69-72.

Davies HD, Leusink GL, McConnell A, Deyell M, Cassidy SB, Fick GH, et al. Myeloid leukemia in
Prader-Willi syndrome. J Pediatr. 2003;142(2):174-8.

Kato M, Mugishima H, Chin M, Urakami T, Harada K. Acute lymphoblastic leukemia in a patient
with Prader-Willi syndrome under growth hormone therapy. Pediatr Int. 2005;47(3):336-7.

Hall BD. Leukaemia and the Prader-Willi syndrome. LANCET. 1985;1(8419):46.

Hashizume K, Nakajo T, Kawarasaki H, Iwanaka T, KanamoriY, Tanaka K, et al. Prader-Willi syndrome
with del(15)(q11,913) associated with hepatoblastoma. Acta Paediatr Jpn. 1991;33(6):718-22.
Panagopoulou P, Sattar S, Aquilina K, Jan W, Jacques T, Slater O. Challenges in the Diagnosis of
Medulloblastoma Recurrence at an Unusual Site in a Patient with Prader-Willi Syndrome. J Pediatr
Hematol Oncol. 2019.

Nenekidis |, Stathopoulos GT, Anagnostakou V, Kokkori A, Dedeilias P, Kokotsakis J, et al. Atypical
pulmonary carcinoid tumour in a 28-year-old nonsmoker with Prader-Willi syndrome. Eur Respir
J.2011;38(5):1230-3.

Coppes MJ, Sohl H, Teshima IE, Mutirangura A, Ledbetter DH, Weksberg R. Wilms tumor in a
patient with Prader-Willi syndrome. J PEDIATR. 1993;122(5 1):730-3.

Jaffray B, Moore L, Dickson AP. Prader-Willi syndrome and intratubular germ cell neoplasia. Med
Pediatr Oncol. 1999;32(1):73-4.

Eldar-GevaT, Gross-TsurV, Hirsch HJ, Altarescu G, Segal R, Zeligson S, et al. Incomplete methylation
of a germ cell tumor (Seminoma) in a Prader-Willi male. Mol Genet Genomic Med. 2018;6(5):811-
8.

Robinson AC, Jones WG. Prader Willi syndrome and testicular tumour. Clin Oncol (R Coll Radiol).
1990;2(2):117.

Coppes MJ, Rose S, Cassidy S, McConnell A, Deyell M, Davies D. The risk of testicular cancer in
males with Prader-Willi syndrome (PWS) registered with the US PWS Association. Pediatr Res.
1999;45(4):122a-a.

Chen X, Qin L, Li P, Mo W. Cyfip1 is downregulated in acute lymphoblastic leukemia and may be a
potential biomarker in acute lymphoblastic leukemia. Tumor Biol. 2016;37(7):9285-8.

Liu X, Xu KM, Wang J, Wang YF, Fu L, Ke XY. CYFIP1 is a potential tumor suppressor in human
diffuse large B-cell lymphoma. International Journal of Clinical and Experimental Pathology.
2017;10(6):6405-14.

Silva JM, Ezhkova E, Silva J, Heart S, Castillo M, Campos Y, et al. Cyfip1 Is a Putative Invasion Sup-
pressor in Epithelial Cancers. Cell. 2009;137(6):1047-61.



223.

224.

225.

226.

227.

228.
229.

Chang IW, Wang YH, Wu WJ, Liang PI, Li WM, Yeh BW, et al. Necdin overexpression predicts poor
prognosis in patients with urothelial carcinomas of the upper urinary tract and urinary bladder. J
Cancer. 2016;7(3):304-13.

Barrow TM, Barault L, Ellsworth RE, Harris HR, Binder AM, Valente AL, et al. Aberrant methylation
of imprinted genes is associated with negative hormone receptor status in invasive breast cancer.
Int J Cancer. 2015;137(3):537-47.

Devaney JM, Wang S, Furbert-Harris P, Apprey V, Ittmann M, Wang BD, et al. Genome-wide differ-
entially methylated genes in prostate cancer tissues from African-American and Caucasian men.
Epigenetics. 2015;10(4):319-28.

Wang QL, Chen X, Zhang MH, Shen QH, Qin ZM. Identification of hub genes and pathways
associated with retinoblastoma based on co-expression network analysis. Genet Mol Res.
2015;14(4):16151-61.

Poitou C, Holland A, Hoybye C, de Graaff LCG, Bottius S, Otterlei B, et al. The transition from
pediatric to adult care in individuals with Prader-Willi syndrome. Endocr Connect. 2023;12(1).
Cassidy SB. Prader-Willi syndrome. J MED GENET. 1997;34(11):917-23.

Chevreul K, Berg Brigham K, Clement MC, Poitou C, Tauber M, Members of the B-RDRNIitOA. Eco-
nomic burden and health-related quality of life associated with Prader-Willi syndrome in France.
J Intellect Disabil Res. 2016;60(9):879-90.

35



Chapter 1 | Introduction

APPENDIXTO CHAPTER 1

Regulation of pituitary hormones
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Figure 1. Hypothalamic-pituitary-somatotropic axis

Created with BioRender.com. Abbreviations: growth hormone (GH), growth hormone-releasing hormone (GHRH), insulin-
like growth factor-1 (IGF-1).

The hypothalamic-pituitary-somatotropic axis is a complex axis. GHRH, produced by the hypothalamus, causes the release
of GH from the pituitary gland. GH itself has many target organs, but its main action is stimulation of the liver to produce
IGF-1.1GF-1 also has many target organs, including bone, adipose tissue, and muscle. IGF-1 provides negative feedback to
the pituitary gland and hypothalamus. In addition to GHRH, ghrelin also stimulates the secretion of GH, while somatostatin
is an important inhibitor of GH secretion (1, 2).
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Figure 2. Hypothalamic-pituitary-gonadal axis in men

Created with BioRender.com. Abbreviations: follicle-stimulating hormone (FSH), gonadotropin-releasing hormone (GnRH),
luteinizing hormone (LH).

The hypothalamus produces GnRH in a pulsatile manner, which stimulates the production of gonadotropins, LH and FSH,
in the anterior pituitary. FSH stimulates testicular Sertoli cells, playing an important role in spermatogenesis. Sertoli cells
produce inhibins, which suppress FSH secretion (3, 4). LH stimulates Leydig cells to produce testosterone. Testosterone
is strongly bound to sex hormone-binding globulin (SHBG), the levels of which can be altered by several conditions like
obesity (5). Testosterone can also be bound by albumin. The free (unbound) testosterone, in turn, inhibits the release of
GnRH and LH.
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Figure 3. Hypothalamic-pituitary-gonadal axis in women

Created with BioRender.com. Abbreviations: follicle-stimulating hormone (FSH), gonadotropin-releasing hormone (GnRH),
luteinizing hormone (LH).

GnRH is released in a pulsatile manner, which stimulates the production of LH and FSH. LH stimulates the ovarian theca
cells to produce androgens and progestins, while FSH stimulates ovarian granulosa cells to convert androgens to estro-
gens and produce inhibins and activins. Activins cause a positive feedback to the pituitary gland, while inhibins provide
negative feedback (4). Low levels of estrogens and progestins provide negative feedback to the pituitary gland and the
hypothalamus, while high levels of estrogens causes positive feedback, resulting in a LH surge that induces ovulation (6).

38



Anterior
pituitary

Figure 4. Hypothalamic-pituitary-thyroid axis

Created with BioRender.com. Abbreviations: thyroxine (T4), triiodothyronine (T3), thyrotropin-releasing hormone (TRH),
thyroid-stimulating hormone (TSH).

TRH is released by the hypothalamus. TRH stimulates the synthesis and release of TSH in the anterior pituitary. TSH stimu-
lates the production of THs in the thyroid gland, which, in turn, provide negative feedback on the hypothalamus and the
pituitary gland. For clinical practice, the most important thyroid hormones are T4 and T3. As most T4 and T3 is bound to
plasma proteins like thyroxine binding globulin, free T4 (fT4) and free T3 (fT3) are often measured.
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Figure 5. Hypothalamic-pituitary-adrenal axis

Created with BioRender.com. Abbreviations: adrenocorticotropic hormone (ACTH), corticotropin-releasing factor (CRF).
The hypothalamic-pituitary-adrenal axis regulates the glucocorticoid production (7).

The hypothalamus produces CRF, which is released in response to stress and stimulates the release of ACTH by the pituitary
gland. ACTH stimulates the production of glucocorticoids like cortisol in the adrenal cortex, which provide a negative
feedback on the hypothalamus and pituitary gland (7, 8). This axis is subject to a circadian rhythm, with cortisol levels be-
ing the highest just after waking (9).

=
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Created with BioRender.com. Abbreviations: dopamine (DA), prolactin (PRL), thyrotropin-releasing hormone (TRH).

The hypothalamus produces dopamine, which inhibit the release of prolactin by lactotroph cells in the anterior pituitary.
The hypothalamus also produces TRH, which stimulates prolactin production. Prolactin stimulates the release of dopa-
mine from the hypothalamus, thus providing negative feedback (10, 11). Disturbance in the dopamine inhibition results in
hyperprolactinemia (10, 11). Several conditions and drugs influence dopamine secretion, including many antipsychotics
and some antidepressants (12). Hyperprolactinemia might also be the related to stress-induced changes in dopamine and
serotonin secretion (13).
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Figure 7. Antidiuretic hormone

Created with BioRender.com. Abbreviations: antidiuretic hormone (ADH).

ADH is produced in the hypothalamus and travels down the axons to the posterior pituitary gland, where it is secreted into
the circulation. Osmoreceptors in the hypothalamus measure plasma osmolality. When plasma osmolality is increased,
ADH is released. ADH can also be released in response to hypovolemia, as measured by baroreceptors in the left atrium,
carotid artery and aortic arch. ADH increases water reabsorption in the late distal tubule and the collecting duct of the
kidney. This leads to an increase in plasma volume and blood pressure. ADH also increases peripheral vascular resistance
through vasoconstriction, leading to a further increase in blood pressure (14).
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Figure 8. Oxytocin

Created with BioRender.com. Oxytocin is produced in the hypothalamus and released in the posterior pituitary. Oxyto-
cin stimulates uterine contractions during labor and stimulates the release of milk from the mammary gland. It also has
important behavioral effects. For example, oxytocin is involved in sexual arousal, prosocial behavior, empathy, and the
mother-infant bond (15-17).
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Chapter 2 | Missed diagnoses and health problems in adults with PWS

ABSTRACT

Context

Prader-Willi syndrome (PWS) is a complex hypothalamic disorder, combining hyper-
phagia, hypotonia, intellectual disability, and pituitary hormone deficiencies. Annual
mortality of patients with PWS is high (3%). In half of the patients, the cause of death
is obesity related and/or of cardiopulmonary origin. Health problems leading to this
increased mortality often remain undetected due to the complexity and rareness of the
syndrome.

Objective

To assess the prevalence of health problems in adults with PWS retrospectively.

Patients, Design, and Setting

We systematically screened 115 PWS adults for undiagnosed health problems. All pa-
tients visited the multidisciplinary outpatient clinic for rare endocrine syndromes at the
Erasmus University Medical Center, Rotterdam, Netherlands. We collected the results of
medical questionnaires, interviews, physical examinations, biochemical measurements,
polygraphy, polysomnography, and radiology.

Main outcome measures

Presence or absence of endocrine and nonendocrine comorbidities in relation to living
situation, body mass index, genotype, and demographic factors.

Results

Seventy patients (61%) had undiagnosed health problems, while 1 in every 4 patients
had multiple undiagnosed health problems simultaneously. All males and 93% of
females had hypogonadism, 74% had scoliosis, 18% had hypertension, 19% had hy-
percholesterolemia, 17% had type 2 diabetes mellitus, and 17% had hypothyroidism.
Unfavorable lifestyles were common: 22% exercised too little (according to PWS criteria)
and 37% did not see a dietitian.

Conclusions

Systematic screening revealed many undiagnosed health problems in PWS adults. Based
on patient characteristics, we provide an algorithm for diagnostics and treatment, with
the aim to prevent early complications and reduce mortality in this vulnerable patient

group.
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INTRODUCTION

Prader-Willi syndrome (PWS) is a rare genetic, neuroendocrine condition caused by the
absence of a normal paternal contribution to the 15g11-13 region. It is most commonly
caused by a paternal deletion (65-75%) or a maternal uniparental disomy 15 (mUPD,
20-30%). In the minority of cases, PWS is caused by an imprinting center defect (ICD,
1-3%) or a paternal chromosomal translocation (0.1%) (1, 2). The syndrome is character-
ized by hypotonia, behavioral challenges, typical dysmorphic features, and hypotha-
lamic dysfunction resulting in hyperphagia, pituitary hormone deficiencies, abnormal
temperature regulation, and inadequate pain registration (3-6).

Annual mortality in adults with PWS is high (3%) (7, 8) compared with 1.3% annual
mortality in non-PWS adults with an intellectual disability (9). More than half of these
deaths are caused by cardiopulmonary pathology (8, 10) and another 7% of deaths are
directly related to obesity (8). Seventy-eight percent of deaths in patients with PWS are
unexpected (11).

Multiple factors contribute to the increased risk of cardiopulmonary pathology in pa-
tients with PWS. Based on our clinical experience with more than a hundred PWS adults,
we hypothesize that there is a complex interaction between obesity and behavioral,
endocrine, and cardiovascular (CV) risk factors that contribute to the high prevalence of
cardiopulmonary disease in patients with PWS, as shown in Figure 1.

Obesity in patients with PWS is caused by hyperphagia (leading to a high energy in-
take) combined with a low energy expenditure (12, 13). This low energy expenditure is
caused by low muscle mass, which is part of the syndrome. Untreated pituitary hormone
deficiencies like hypogonadism, hypothyroidism, and growth hormone deficiency can
affect muscle mass and function, causing a further decrease in basal metabolic rate (12,
14-21).

The total energy expenditure in adults with PWS is 20% lower than in age-matched obese
adults (22). This difference in energy expenditure should be compensated by either a
strict diet or by exercising for at least 1 hour a day (23). However, exercise tolerance
may be low, due to hypotonia, pituitary hormone deficiencies, and (severe) vitamin D
deficiency (14, 24-29). Moreover, the typical behavioral phenotype and musculoskeletal
problems like scoliosis, hypotonia, and leg edema impair physical activity in adults with
PWS. This results in a vicious circle of muscle weakness, exercise intolerance, and a fur-
ther decrease in physical activity. The subsequent sedentary lifestyle can induce CV risk
factors like hypertension, hypercholesterolemia, and type 2 diabetes mellitus (DM2) (30).
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Other CV risk factors often present in PWS are obesity hypoventilation syndrome and
sleep apnea, which can be central sleep apnea, obstructive sleep apnea, or both. Central
sleep apnea, obstructive sleep apnea, and obesity hypoventilation syndrome can lead to
pulmonary hypertension (31, 32), DM2 (33), and a further increase in obesity (34) and CV
risk (35-38). Lastly, the cognitive phenotype of PWS (often higher verbal comprehension
skills compared with performal/reasoning skills, which can easily lead to overestima-
tion) and autism-related behavioral challenges could induce stress. Stress can induce
hypertension, another important CV risk factor (39). Moreover, psychosis is prevalent in
patients with PWS, often requiring psychiatric drugs. As many psychiatric drugs have CV
side effects, this can lead to a further increase in CV risk (40).

The complex interplay between somatic and psychological factors requires a syndrome-
specific approach to health problems. However, as PWS is a rare disorder (5), most physi-
cians are unfamiliar with the syndrome and its associated comorbidities. Furthermore,
the PWS-specific behavioral phenotype (high pain threshold and the inability to express
complaints) often leads to underdiagnosis and undertreatment. Combined doctors'’
and patients’ delay can lead to medical complications and hospital admission. Timely
recognition of comorbidities can reduce medical complications and associated personal
and financial burdens (41).

Previous authors have reported health problems in adults with PWS (11, 42-60). How-
ever, most of them did not perform a systematic screening and only reported health
problems that had already been diagnosed. As underdiagnosis is a serious problem in
this patient population, the prevalences reported in these studies are most likely under-
estimated. Data from systematic health screenings in adults with PWS are scarce (44, 45,
47,48, 58) and little is known about the relation between patient characteristics (living
situation, presence or absence of obesity, genotype, and demographic factors) and
health problems. As a consequence, there is no consensus about periodical screening.

In our reference center, we routinely perform a systematic health screening in all adults
with PWS in order to detect comorbidities at an early stage. In this article, we report
the prevalence of the physical health problems detected by our screening. Based on
their associations with the aforementioned patient characteristics, we provide practical
advice for medical screening.
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METHODS

This study was approved by the Medical Ethics Committee of the Erasmus University
Medical Center. In this retrospective study, we reviewed the medical files of all adults
who visited the multidisciplinary outpatient clinic of the PWS reference center in the
Erasmus University Medical Center, Rotterdam, Netherlands, between January 2015
and April 2020 and who underwent a routine systematic health screening. All patients
that visited our outpatient clinic were already diagnosed with PWS, often years before
visiting our outpatient clinic and/or during childhood. Before the launch of our multi-
disciplinary outpatient clinicin 2015, many Dutch adults with PWS were treated by their
general practitioner or physician for people with intellectual disabilities (ID physician).

Our systematic screening consists of a structured interview, a complete physical exami-
nation, a medical questionnaire, a review of the medical records, biochemical measure-
ments and, if indicated and feasible, additional tests such as dual energy X-ray absorp-
tiometry (DEXA), polygraphy (PG), and polysomnography (PSG). We report the hidden
health problems that were present but undetected and/or untreated until the moment
of screening. Conditions that developed during later follow-up visits were not taken into
account. Forty-two patients in the cohort that we describe were also mentioned in a
previous study by Sinnema et al (43), who gave an overview of 102 adults with PWS and
the health problems that had already been diagnosed (without systematic screening).

Genetic diagnosis

We performed genetic testing or collected previous genetic test results from other Dutch
academic hospitals to confirm the PWS diagnosis and to determine the genetic subtype.

Medical questionnaire

As part of regular patient care, primary caregivers filled out a medical questionnaire be-
fore visiting the outpatient clinic. This questionnaire included questions on the patient’s
medical history, medication, family history, symptoms of disease, physical complaints,
behavioral challenges, and social aspects such as school, relationships, and living situa-
tion. The symptoms of disease, physical complaints, and behavioral challenges are rated
on a 5-point Likert scale (1 = rarely or never, 2 = not often and/or not severe, 3 = quite
often and/or quite severe, 4 = often and/or severe, 5 = very often and/or very severe). A
score of 3 or higher was considered clinically relevant and was further explored during
the visit. Mutism is defined as the absence of speech.
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Biochemical analysis

During the visit, blood samples were taken for general medical screening, including
the evaluation of fat metabolism (low density lipoprotein [LDL]-cholesterol), glucose
metabolism (nonfasting glucose, hemoglobin A1c), thyroid function (free T4), gonadal
function (random luteinizing hormone [LH], follicle-stimulating hormone, estradiol or
testosterone, sex hormone binding globulin), liver enzymes (aspartate transaminase,
alanine transaminase, alkaline phosphatase, gamma glutamyl transpeptidase, total
bilirubin, lactate dehydrogenase), kidney function (urea, creatinine, estimated glomeru-
lar filtration rate [eGFR]), the hematopoietic system (hemoglobin, hematocrit, mean
corpuscular volume, leukocytes, thrombocytes and, in case of microcytic anemia, fer-
ritin), and vitamin D status (25-hydroxyvitamin D). The eGFR is estimated by the Chronic
Kidney Disease Epidemiology Collaboration (CKD-EPI) formula.

Cutoff levels

A hypercholesterolemia diagnosis was confirmed if the patient had a nonfasting LDL-
cholesterol above 4.0 mmol/L. Type 2 diabetes mellitus was defined as a repeated fast-
ing glucose above 6.7 mmol/L (or nonfasting glucose above 11.0 nmol/L). Hemoglobin
Alc was used to assess long-term glycemic control. As hypothyroidism in PWS can be
both primary and central (61), hypothyroidism was defined as a free T4 below 11 pmol/L,
regardless of thyroid stimulating hormone. Hypogonadism in males was defined as a
morning testosterone level below 10.0 nmol/L or a random testosterone level below
10.0 nmol/L combined with clear clinical features of hypogonadism (sparse body hair,
micropenis, and the absence of spontaneous morning erections). Hypogonadism in
females was defined as absent, scarce, or irregular menses. The diagnosis of hypogonad-
ism was based on both laboratory values and clinical parameters because of the effect
of adipose tissue aromatase activity on estradiol and testosterone levels (62), and the
fact that hypogonadism in PWS can be both primary and central (63). Due to intellectual
disability in most patients, gynecological evaluation was not routinely performed. When
females used oral contraceptives or estrogen replacement therapy before screening, we
asked for the presence of the menstrual cycle before the start of estrogen replacement
therapy.

Severe vitamin D deficiency was defined as a 25-hydroxyvitamin D level below 20 nmol/L
and a mild vitamin D deficiency was defined as a 25-hydroxyvitamin D level below 50
nmol/L. When patients used cholesterol-lowering medications, oral antidiabetics, insu-
lin, levothyroxine, or testosterone replacement therapy before the start of the screening,
we requested pretreatment laboratory values to verify the diagnosis.
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Additional tests

We screened for hypertension by measuring blood pressure. If the patient’s blood
pressure was above 140/90 mmHg, the measurement was repeated, and if it was still el-
evated, a 30-minute blood pressure measurement was performed. If the patient already
used antihypertensive drugs, we requested pretreatment blood pressure values.

If risk factors for osteoporosis were present (untreated hypogonadism, family history of
osteoporosis, previous fractures, untreated vitamin D deficiency, and/or corticosteroid
treatment), we performed a DEXA scan to screen for osteoporosis or osteopenia. Os-
teoporosis was defined as a T-score (comparison of a person’s bone density with that of
a healthy 30-year-old of the same sex) below -2.5, osteopenia was defined as a T-score
between -1.0 and -2.5.

If there was a clinical suspicion of scoliosis (based on a gibbus deformity during physical
examination), we performed an X-ray of the spine if (1) the patient was not previously
diagnosed with scoliosis, (2) the patient suffered from back pain, or (3) the caregivers
reported new or progressive postural abnormalities. Radiologically confirmed scoliosis
was defined as a Cobb angle of 10° or more, as measured on a spinal X-ray.

The indication for sleep studies was based on the presence of clinical signs of sleep
apnea: severe snoring, witnessed apneas, daytime sleepiness, morning headaches,
hypertension, or waking up with shortness of breath, headaches, or panic. If indicated
and feasible, we performed PG (ie, the continuous recording of nasal airflow, thoracic
and abdominal movements, heart rate, and oxygen saturation during 1 night) or a PSG
(ie, PG measurements and electroencephalography, electro-oculography, and electro-
myography). Also, before the start of growth hormone (GH) treatment, we performed
a PSG to exclude sleep apnea, as untreated sleep apnea is an absolute contraindication
for GH treatment.

Data analysis

Statistical analysis was performed using R version 3.6.3. Descriptive statistics for con-
tinuous variables are reported as median and interquartile range (IQR). For dichotomous
variables, we display the number of people and the percentage of total people, n (%). We
used a chi-squared test to compare the prevalence of health problems between differ-
ent groups based on patient characteristics: genotype, living situation, and gender. To
investigate the relationship between body mass index (BMI), age, patient characteristics,
and the prevalence of health problems, we used the Wilcoxon rank sum test. For the
relationship between BMI, age, and living situation, we used the Kruskal-Wallis test.
A chi-squared test for trend was used to compare the number of undiagnosed health

54



problems between subgroups. To investigate the relationship between age and BMI, the
Kendall rank correlation test was used. To investigate the effect of BMI and age on health
problems and the number of undiagnosed health problems corrected for age and BMI
respectively, logistic and ordinal regression models were used and a likelihood ratio test
was performed.

Literature review

We reviewed the literature for studies that report physical health problems in patients
with PWS. Inclusion criteria were original research articles and observational studies that
reported the prevalence of physical health problems in a cohort of patients with PWS
of 15 years of age or older. Exclusion criteria were clinical trials, basic or translational
research, case reports, case series that included less than 10 adults with PWS, articles
that were not available online, articles that were not available in English, and mixed
pediatric—adult articles that did not report separate prevalences for patients with PWS
of 15 years of age or older. The full search strategy used is available upon request.

RESULTS

We included 115 (56 male and 59 female) patients. Median age was 29 years (IQR 21-40)
and median BMI 29 kg/m? (IQR 26-35). Baseline characteristics are shown in Table 1.
The exact age at diagnosis was known for 72 patients, of which 59 patients were diag-
nosed during childhood. Of 115 patients, 42 underwent transition after years of medical
supervision at the pediatric multidisciplinary outpatient clinic. All patients referred by
the pediatrician had a personal care plan. Of the remaining 73 patients, 17 patients had
been followed by an endocrinologist elsewhere during the year before the screening. A
total of 46 patients had been followed by an ID physician and 14 had never visited an
adult endocrinologist or ID physician before.

We refer to the repository (64) for the following supplementary data: baseline charac-
teristics and health problems by living situation and genotype; health problems by BMI,
age, and gender; information about lifestyle, behavior, and physical complaints; details
of biochemical analysis (liver panel, kidney function, hematopoiesis, and electrolyte
values); and data about sleep apnea, bone mineral density, and vitamin D deficiency.
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Table 1. Baseline characteristics of 115 adults with Prader-Willi syndrome

Total
n=115
Age in years, median [IQR] 29[21 -40]
BMI in kg/m? median [IQR] 29 [26 - 35]
Male gender, n (%) 56 (49%)
Genetic subtype
Deletion, n (%) 64 (56%)
mUPD, n (%)* 41 (36%)
ICD, n (%) 3(3%)
Unknown, n (%) 7 (6%)
Growth hormone treatment
Only during childhood, n (%) 10 (9%)
Only during adulthood, n (%) 3 (3%)
Both, n (%) 40 (35%)
Never, n (%) 62 (54%)
Current growth hormone treatment, n (%) 41 (36%)
Use of hydrocortisone
Daily, n (%) 4 (4%)
During physical or psychological stress, n (%) 47 (41%)
Use of estrogen replacement therapy or oral contraceptives, n (%) 34/59 females (58%)
Use of levothyroxine, n (%) 17 (15%)
Living situation
With family, n (%) 28 (24%)
In a specialized PWS group home, n (%) 23 (20%)
In a non-specialized group home, n (%) 61 (53%)
Assisted living, n (%) 3(3%)
Scholar level
Secondary vocational education, n (%) 6 (5%)
Pre-vocational secondary education, n (%) 3 (3%)
Special education, n (%) 82 (71%)
No education, n (%) 4 (4%)
Unknown, n (%) 20 (17%)
Mutism, n (%) 3 (3%)
Relationship status
In a relationship with sexual intercourse, n (%) 8 (7%)
In a relationship without sexual intercourse, n (%) 18 (16%)
Not in a relationship, n (%) 76 (66%)
Unknown, n (%) 13 (11%)

Abbreviations: body mass index (BMI), imprinting center defect (ICD), interquartile range (IQR), maternal uniparental diso-
my (mUPD), Prader-Willi syndrome (PWS).? In 11 patients with an mUPD, the parents were not available for genetic testing.

Therefore, mUPD is the most likely genotype, but an ICD could not be ruled out in these patients.

Health problems detected by screening

The results of our systematic health screening are shown in Table 2 and Figure 2. We
found undetected health problems in 61% of adults with PWS. One-fourth had more
than one undetected simultaneous health problem. The most common undetected
health problem was hypogonadism, which had gone unnoticed in 52% of males and
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33% of females. Other undiagnosed health problems were scoliosis (20%), hypercho-
lesterolemia (6%), DM2 (5%), hypertension (3%), and hypothyroidism (2%). Forty-five
patients underwent DEXA scans as part of medical screening. This revealed 3 new cases
of osteoporosis and 8 cases of osteopenia, on top of the 9 patients already known with
osteoporosis and the 22 patients with osteopenia. Two males and one female (all older
than 30 years of age during the screening) had osteoporosis despite previous treatment
for hypogonadism. Both males had received testosterone replacement therapy for more
than 15 years before screening. For the female, the exact duration of estrogen replace-
ment therapy was unknown. Nine patients were known to have sleep apnea before the
screening. Nineteen patients underwent PG or PSG, of which 11 patients were diagnosed

with sleep apnea.

Table 2. Health problems in 115 adults with PWS before and after systematic screening

Total
n=115
Before Detected After
Screening by screening screening Missing

Hypogonadism

Male (n =56) 26 (48%) +52% 54 (100%) 2

Female (n =59) 26 (60%) +33% 40 (93%) 16°
Scoliosis 61 (54%) +20% 83 (74%)" 3
Hypercholesterolemia 14 (13%) +6% 22 (19%) 2
Type 2 diabetes mellitus 13 (12%) +5% 19 (17%) 2
Hypertension 17 (15%)° +3% 20 (18%) 3¢
Hypothyroidism 17 (15%) +2% 19 (17%) 0
Vitamin D deficiency 26 (38%) +40% 54 (78%) 46°

Severe vitamin D deficiency 8(13%) 55
Total undiagnosed health problems
At least one 70(61%)
At least two 28(24%)
Three or more 10 (9%)

Data are presented as n (% of total). In bold are the number and % of health problems detected by our systematic screen-
ing. Abbreviation: Prader-Willi syndrome (PWS) ° (Caregivers of) 16 female patients did not recall whether they had had a
normal menstrual cycle before the start of oral contraceptives or before reaching menopausal age. ° Twenty-eight patients
had clear scoliosis at physical examination, but X-ray was not performed due to practical/behavioral issues, and 55 cases
were radiologically confirmed. © Four patients received antihypertensive medication before screening, but the indication
was unknown. ¢ Blood pressure was high in 2 patients, but the measurement was not repeated due to practical/behavioral
issues. ¢ In 2 patients vitamin D was not measured and 44 patients used vitamin D supplementation before the screening,
but it was unknown whether they had low vitamin D values before the start of vitamin D supplementation.

Comparison of health problems between groups

Living situation
Twenty-three patients lived in a specialized PWS group home (PWS home), 61 in a
nonspecialized group home (non-PWS home), 28 with family, and 3 in an assisted living
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Figure 2. Health problems detected by systematic health screening in 115 adults with PWS. Abbreviation: Prader-Willi
syndrome (PWS). Legend: black bars indicate the percentage of health problems already diagnosed before the screening;
gray bars indicate the percentage of health problems that were revealed by screening.

facility. Patients living in non-PWS homes were significantly older (median age 36 years,
IQR 28-50) than those living in PWS homes (median age 26 years, IQR 21-32) or with
family (median age 19 years, IQR 19-22). Body mass index and prevalence of hyperten-
sion were significantly higher in patients living in non-PWS homes (see Table 3).

Patients in PWS homes exercised more than those living with family or in non-PWS
homes. Patients in PWS homes all exercised at least 30 minutes a day versus 75% and
70% of those living with family or in non-PWS homes, respectively. A dietitian was
involved in the care of 87% of patients living in PWS homes, 74% of those living in a
non-PWS home, and 29% of those living with family.

Genotype

When comparing health problems between the 2 largest genotypic subgroups (64 pa-
tients with a deletion and 41 with mUPD), scoliosis was more frequent in patients with a
deletion than in patients with an mUPD (81% vs 59%, P = 0.02). Other variables were not
remarkably different between the genotypes (see Table 3).
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Body mass index

Body mass index increased with age (P = 0.02). Patients with a higher BMI had a higher
total number of undiagnosed health problems (P < 0.001) and more hypercholesterol-
emia (P = 0.01) (see Table 4). This remained significant after correction for age.

Age

Older patients had a higher prevalence of DM2 (P < 0.001), hypertension (P < 0.001),
and hypercholesterolemia (P < 0.002), and a higher total number of undiagnosed health
problems (P = 0.001) (see Table 4). This remained significant after correction for BMI.

Gender
Body mass index was significantly higher in females than in males (P = 0.02). Hypothy-
roidism was more prevalent in females than in males (24% vs 9%, P = 0.03) (see Table 4).

Age and BMI

Thirteen patients had BMI < 25 kg/m” and age < 25 years. None of these patients had
DM2, 1 patient had hypertension, and 2 had hypercholesterolemia (of which 1 case was
undiagnosed before screening).

Fatigue and daytime sleepiness

Fatigue and daytime sleepiness were common. One-third of the patients (40/115) had
clinically relevant daytime sleepiness (score of 3 or higher on a 5-point Likert scale).
All of these 40 patients had either untreated vitamin D deficiency, untreated male
hypogonadism (Table 5), or another treatable cause such as sleep apnea, narcolepsia,
nycturia, or use of drugs that can cause sleepiness (antiepileptic drugs, antipsychotics,
benzodiazepines, tricyclic antidepressants, or antihistamines). Daytime sleepiness was
present in 62% of the patients with untreated vitamin D deficiency versus 36% of the
patients with normal vitamin D levels (P = 0.02). It was also related to the severity of
the deficieny: daytime sleepiness was present in 80% of patients with untreated severe
vitamin D defiency, 57% of patients with untreated mild vitamin D defiency, and 36% of
patients with normal vitamin D levels.

Biochemical analysis

Liver panel was normal in most patients. However, 19 patients had alkaline phosphatase
levels above the upper limit of normal. The vast majority of them had potential underly-
ing causes such as vitamin D deficiency (63%) and/or obesity (58%). Normocytic anemia
was common in males, but not in females. There were no cases of micro- or macrocytic
anemia. Of the 17 males with anemia, 13 (76%) had untreated hypogonadism. Creatinine
levels were generally low: 35 males (63%) and 28 females (47%) had creatinine levels
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below the lower limit of normal, and this was independent of BMI and age. Of all males,
95% had creatinine levels between 46 and 93 pmol/L and eGFR levels between 93 and
149 ml/min/1.73 m? Of all females, 95% had creatinine levels between 37 and 76 umol/L
and eGFR levels between 98 and 140 ml/min/1.73 m?.

Table 5. Fatigue and daytime sleepiness and potential underlying causes

Difficulty
sleeping P-value Nycturia P-value Snoring P-value
- + - + - +
N 84 9 66 28 64 32
Fatigue 18 (22%) 4 (44%) 0.1 12(18%) 11(41%) 0.03 11(18%) 12(41%) 0.02

Daytime sleepiness 32(38%) 8(89%) 0.003 23(35%) 17(61%) 0.02 18(29%) 22(71%) <0.001

Male Untreated Vit D
hypogonadism P-value Hypothyroidism P-value deficiency P-value
T ut® - + - +
N 24 31 96 19 85 28
Fatigue 4(19%) 7 (28%) 0.5 18(23%) 5(31%) 0.5 15(22%) 8(32%) 0.3

Daytime sleepiness 7(33%) 17(65%) 0.03 35(44%) 6(35%) 0.5 25(36%) 16(62%) 0.02

Abbreviations: treated (T), untreated (UT), vitamin D (Vit D). Physical complaints were scored on a 5-point Likert scale. A
score of 3 or higher was seen as clinically relevant ('+'), a score below 3 was seen as not clinically relevant (*-').” Treated with
testosterone replacement therapy. ° Untreated hypogonadism.

Literature review

We found 21 publications reporting one or more of the following health problems in
PWS: hypogonadism, hypothyroidism, DM2, hypertension, hypercholesterolemia, sco-
liosis, vitamin D deficiency, sleep apnea, or osteoporosis/osteopenia. Outcomes of these
studies are summarized in Tables 6 and 7. None of the papers reported the prevalence
of vitamin D deficiency in PWS.

Algorithm for diagnostics and treatment

Based on our analysis of patients data and the literature review, we defined diagnostic
and therapeutic recommendations, presented in the algorithm in Figure 3.

62



S 1Pased]

(VN 9%L€)

esduawWy

>%9S ,6C :BuIAI ,4000L ‘W ¥€6 >7/%C/%6 L/%CY 78-0 0 JO s93elS paun - 6¢0C (L1) (61L02) "|e 3@ 13yjoid
G 19590 Ul UBIP3
97 :953q0 (VN %9) .m_
VN -uou ul ueipay 419'W Ly %¢/-/%ST/%89 €78l 3d Pue 4w Aley 801 (6t) (€L0T) ‘|2 33 1ubnip o
w
%EL [43 1€S W6y -/%E/%EY/%YS 99-81 4N pue| SpuepsYIsN 9yl ol (€p) (11L0T) | 32 ewdUUIS M
=
(VN %¥S) 335 ejep 3
VN VN A €T ET -/-/%01/%ty 8-Gl Yiesy a1e1s eljensny 0¢ (Z¥) (9002) | 32 uoswoy m
%EL S€ 497 'WzE VN or-8l HN pue | wopbury pauun - 8g (€5) (z00T) "|e 33 493ng W
LF /T Y
:dS F ueaw @
n
%8¢ 4 49'W L -/-/%S 1/%S8 VN-8L N Aley €l (0S) (5002) "1 32 o]|nziep m
WN o 4TL'WL VN ve-8l EERR Auewszn 6l (9%) (0007) ‘e 39 yorred =
Q
eouWy
VN 43 4LLL'WSLL VN ¥9-91 0 jJosalels payun  ze (zS) (£861) Bemsuaain
VN VN dLL'WEL VN Lr-GL VN wopbury pauun (1S) (L861) |2 33 >ueIne
(%) (;w/63) 1 g uea Xag (uonesojsuery <(s1eak) uon3|j0d Anuno> N apIMY
jJuswean /adl/adnw / abues aby -ejeq
HD uonajap) adfiousan
snoinald

sa1pn1s snoiaaid AQ passasse s3110Y0 JO SO1ISIISIDIdRIRYD JUBlied 9 d|qel

63



Chapter 2 | Missed diagnoses and health problems in adults with PWS

"POPN|IX3 DISM JUSWIRIL} HD JUSLIND YUM SIudlied , JYB1am 1s31ea16 1e [9A3] NG ,“umouxun a1e duoje dnoib Jnpe 3y3 10§ SaN[eA 3Y) Se S)npe pue uaip|iyd jo
11040D 3|0yMm 3y} UO paseq san|eA Jo sabejusdiad, ‘uoneindod [e3o01 ay3 ur ybisy pue ybem uesw uo paseq uopewixoiddy , ‘pariodai si (19pjo o sieak g1) dnoib ynpe ay3 1oy abuel abe pue
N 2y ‘pawioysad sem siskjeue dnoibgns e uaypn , *(SS) Buiuaaids onewslsAs ‘(D) salieuuonsanb ‘(3d) uoneuiwexa |edisAyd ‘(uonajap) uonajap [eusaled ‘(gdnw) Awosip [eluaiediun jeussiew
‘(4IN1) SpJ0221 [BDIPAW “(IA]) S9|eW (dD]) 12949p J21udd Bunuudw ‘() smalAIRul ‘(HD) suowioy yamolb ‘(4) sajewsy ‘(JNg) Xapul ssew Apoq :suoieInaIqqy "pPloq ale §0°0> sanjeA-d ‘sisoubelp yoea
9pPNPX3 0 12919p 01 J9pJo Ul Bunsal [euonippe Jo/pue sisAjeue A1ojeioqe| ‘D ‘Id ‘| 01 129(gns aie syusned [je ydIym uj SSWodIN0 |[e Jo sisAjeue d1jew)sAs e se pauyap si Buluaaids d11ewlsAs

(VN %9)
%9 [4% 465N 9S -/%E/%9€/%9S /-8l SS9l YW spuepsyleN 9yl  Sil (0207) ‘|2 33 ueeyijj3d
(VN %8S)
%LT 6€ 4¥€ ‘W9t ~-/%T/%8C/%S9 ¥S-9l SS sdueld 09 (09) (£107) 1233 uebIdYD
(VN %2)
%S 1L L 498N 65 >/-1%TE/%99 05-8L SS3ye HIN Aley Sl (6S) (9L07) ‘le3d lunuy  J
°
13 2
%9€ ‘ddnw /Ly :uold|eg 48€ N S€E =/-/%9€/%¥9 8591 SS J19ye N ouely €L (St) (9L02) ‘|e 12 9hedno) £
=3
(VN %S1) m.
% [44 498N 89 %C/%TC/%91/%99 ¥S-91L SS 19l N aduely Sl (rP) (SLOT) "1 30 Jaune] m
(89) 3
(81L02) ‘|e 3@ 300dmna3IN UepA R A’
1
2%LT 8¢ ‘UeIpaN 11L'WY /-/%L/%E6 €761 SS spuepaydN YL  SL (8%) (LLOZ) *|e 19 300dmn3lN uep w
[]
VN VN VN SYN/VN/VYN/%6L LS9l SS 1y U ueder e (£S) (6002) °|& 3@ eANWEY RN m
%0 9€ 401 -/%01/%0%/%0S e-SL SS |oels] oL (95) (6007) ‘|2 32 eAdD-1ep3 @
%0 9€ 416'WoOL VN LE-LL SS uspamsg 6l (L) (00T) ‘1@ 32 2AqhoH
VN 0€ 4S'W6 VN 6€-91 SS wopbumy pauun -yl (SS) (¥661) |2 32 spieydiy
(VN %€S) edLRWY
>%8 8¢ 48'W<£ /-I-1%LY L¥-8L SSJI9Ye YN josareispanun Gl (PS) (€661) *|2 32 Z319H
(%) (;w/63) NG ues iy X3S (uonesojsuery o(saeak) uond’|j0d Anuno) N apIy
jJuswyeasy /adi/adnw / abues aby -ejeq
HD uonalep) adfyousn

SNOIASId

(panurpuod) sa1pnys snolaaid AQ passasse s30YOD JO SONSSHISIdRIBYD JUSlied *9 3|qeL



Table 7. Health problems assessed by previous studies
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% § & ¢ £ $ s s
g 3 % & 3 g s Z
s % § o 98 o 3 8
s & 2 ¢ 3 % s =
Article T 2 T @& a o I T
Laurance et al. (1981) (51) - 17% - 58% - 92% F (MC) -
Greenswag (1987) (52) 17% 19% - - £50% - 94% F (MC)
Partsch et al. (2000) (46) 16% 16% 37% 58% 37% - 100% M/100% -
F (MC)
Marzullo et al. (2005) (50) 23% 8% - - - - 100% F (MC) -
Butler et al. (2002) (53) 13% 24% - - 34% 2% - -
Thomson et al. (2006) (42) - 13% - - 37% 3% 58%F, 100%F -
(MQO)
Sinnema et al. (2011) (43) 9% 17% - 10% 56% 16% 91% F (MC) 9%
Grughni et al. (2013) (49) 48% 21% - - - - - 5%
Proffitt et al. (2019) (11) - T%° - 45%° 33%° 9%"° - 9%"
Hertz et al. (1993) (54) - - - 7% - - - -
Richards et al. (1994) (55) - 29%° - 86% - - - -
Hoybye et al. (2002) (47) 21% 5% ¢ - - Osteoporosis: 21% 63% (LM) 0%
Osteopenia: 58%
Eldar-Geva et al. (2009) (56) - 10%° - - - - 40% F (LM), -
100% F (MC)
Nakamura et al. (2009) (57) - - - - 44% - - -
Van Nieuwpoort et al. (2011) - 7% - - - Osteoporosis: 13% 100% M /82% 13%
(48) & Van Nieuwpoort et al. Osteopenia: 40% F (MC)
(2018) (58)
Laurier et al. (2015) (44) 25% 25% ¢ 35% 75% - - 26%
Coupaye et al. (2016) (45) 16% 19% 10% - 78% - 96% (LM + RT) 26%
Fintini et al. (2016) (59) - 21% - - - - -
Ghergan et al. (2017) (60) 22%° 25%° © 23% - - - 25%°
Pellikaan et al. (2020) 18% 17% 19% 17%- 74% Osteoporosis: 10% - 44%° 100% M /93% 17%

93%°

Osteopenia:

26% - 60%° F(MC)

Abbreviations: females (F); laboratory measurements, diagnosis of hypogonadism was based on LH, FSH and/or estro-
gen (LM); males (M); menstrual cycle, diagnosis of hypogonadism was based on amenorrhea or oligomenorrhea (MC);
replacement therapy, diagnosis of hypogonadism was based on use of estrogen (RT). * 58% hypogonadism in females
was reported, however the method of evaluation was not described. ® Percentages or values based on the whole cohort of
children and adults as the values for the adult group alone are unknown. “Reported, but to our knowledge not based on
systematic screening. @ Total cholesterol was less than 5 mmol/liter in 16 of 19 patients and 7 patients had LDL cholesterol
above 3 mmol/liter, but the highest level found was 4.2 mmol/liter. *Hyperlipidemia in 10% (hypercholesterolemia was not
described).  Dyslipidemia in 54% (hypercholesterolemia was not described).? As poly(somno)graphy and DEXA scans are
not always indicated or feasible, we had many missing values for sleep apnea and osteoporosis. As the missing values were
not random, we were only able to provide ranges for the prevalence of sleep apnea and osteoporosis.
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New patients & yearly controls
Interview
Physical examination
Biochemical measurements

v

Vitamin D / calcium

v

Start hormone replacement
therapy

v

Perform poly(somno)graphy

v

Perform neuropsychological
assessment?

v

Perform DEXA

v

Perform spine X ray

Perform cardiac evaluation?

v

Perform yearly screening
Fasting glucose
LDL-cholesterol
Blood pressure

v

Exclude central adrenal
insufficiency by ITT or MTP?

Figure 3. Algorithm for diagnostics and treatment in adults with PWS. Abbreviations: body mass index (BMI), dual energy
X-ray absorptiometry (DEXA), follicle-stimulating hormone (FSH), free thyroxin (FT4), hemoglobin Alc (HbA1c), insulin
tolerance test (ITT), low density lipoprotein (LDL), luteinizing hormone (LH), metyrapone test (MTP), sex hormone binding
globulin (SHBG). * Recommendation based on expert opinion and literature review (65-67). ® Based on data published

previously (68).
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if

If creatinine > 93 pmol/L (males), > 76 umol/L (females) or eGFR > 93
ml/min/1.73m? (males), eGFR > 98 ml/min/1.73m? (females): perform
nephrologic analysis

Start vitamin D supplementation if vitamin D level < 50 nmol/L
Add calcium supplementation if dairy intake < 3 units per day
Start vitamin D + calcium in case of known osteopenia/osteoporosis

Males
= Sparse body hair or
Underdeveloped genitals or
Daytime sleepiness and
testosterone < 10 nmol/L

Females
Amenorrhea or
oligomenorrhea (do not
rely on estradiol levels)

Daytime sleepiness or
Reported apneas or

BMI > 25 kg/m? or
Hypertension or

Plan to start GH treatment

High blood pressure or
Temper tantrums or
Fatigue / daytime sleepiness

Hypogonadism or
Fractures or
Corticosteroid use

= If Cobb angle > 10 degrees and:

Gibbus . ; ;
deformity at Asymptomatic 9 refer to physiotherapist to
hysical prevent progression
zxaymination - Symptomatic (pain, dyspnea, reduced
mobility) - refer to orthopedic surgeon
Nycturia or

Pitting edema (do not rely on NT-proBNP if BMI > 25 kg/m?) (65-67) or
Shortness of breath or
Poor exercise tolerance

BMI > 25 kg/m? or
Age > 25 year or
GH therapy or
Corticosteroid use

Apathy or

Fainting or

Observed hypotension during acute infections / stressful events or
Other clinical signs of adrenal insufficiency



DISCUSSION

We found a large number of undetected health problems among adults with PWS
during our systematic health screening. To our knowledge, we are the first to translate
this into an evidence-based algorithm for screening and treatment of adults with PWS.
We hypothesize that the high prevalence of undiagnosed health problems is the result
of most physicians’ unfamiliarity with the syndrome, in combination with the complex
PWS-specific behavioral phenotype.

Previous studies

Previous studies have reported prevalences of health problems in adults with PWS.
However, most studies (11, 42, 43, 46, 49-53) did not perform a systematic screening.
Of the 4 studies that performed a systematic health screening (44, 45, 47, 48, 58), only
2 (Laurier et al (44) and Coupaye et al (45)) included a substantial number of (over 20)
patients. Six studies (54-57, 59, 60) performed a systematic screening, but focused on
only 1 health problem of interest. Compared to the systematic screening described by
Laurier et al (44) and Coupaye et al (45), we found a lower prevalence of DM2, scoliosis,
and hypothyroidism. The difference in the prevalence of DM2 could be partly explained
by the large difference in BMI, which was much lower in our cohort than in the French
cohorts (Table 7). Moreover, the patients in our cohort had more often been treated
with GH during childhood. Although GH treatment may have a short-term negative
effect on glucose homeostasis due to increased insulin resistance, GH treatment also
improves body composition and exercise tolerance, which has positive effects on glu-
cose metabolism in the long term (69-71).

Prader-Willi syndrome homes and non-PWS homes

Patients in specialized PWS homes had a lower BMI and a lower frequency of hyperten-
sion than patients living in non-PWS homes. This could probably be largely explained
by the age difference between the groups. Another contributing factor could be that
patients in a specialized PWS home are subject to strict supervision from trained person-
nel. In PWS homes, food is kept out of sight and food storages are locked. According to
caregivers, this greatly reduces the stress and conflicts caused by food-seeking behavior.
We hypothesize it might even prevent stress-related hypertension. The fact that all
patients living in PWS homes received portion-controlled meals (as determined by a di-
etitian) and often exercised under supervision probably explained part of the difference
in the BMI between patients living in PWS homes and those living in non-PWS homes.
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Fatigue and daytime sleepiness

Fatigue and daytime sleepiness were very common problems among adults with PWS.
According to caregivers, these complaints often prevented them from taking part in
day trips and physical activities. Daytime sleepiness is usually attributed to a lack of
hypothalamic arousal and is regarded as a problem that is inherent to the syndrome.
However, when we looked in more detail, all patients with clinically relevant fatigue or
daytime sleepiness had treatable underlying problems such as sleep apnea, narcolepsia,
nycturia, vitamin D deficiency, untreated male hypogonadism, or use of drugs that can
cause sleepiness. Although we could not perform a randomized controlled trial to as-
sess whether treating these underlying problems resolved the complaints, our clinical
experience is that the majority of the patients reported less fatigue after treatment of
the underlying cause. Also, caregivers reported that these patients were more actively
participating in daily activities. This indicates that daytime sleepiness is not necessar-
ily just “part of the syndrome”, but could be the symptom of an underlying, treatable
problem. Treating the underlying cause is important to reduce daytime sleepiness and
increase physical activity.

Vitamin D deficiency and hypogonadism

Both vitamin D deficiency and hypogonadism are frequently present in adults with PWS.
Low levels of vitamin D and testosterone are often attributed to obesity, as vitamin D
is fat-soluble and testosterone production can be diminished by increased estradiol
levels due to adipose tissue aromatase activity. However, lean male patients also had
hypogonadism and vitamin D defiency. Although there is no consensus on the clini-
cal effects of vitamin D (25, 72-74), we found a clear relation between (the severity of)
vitamin D deficiency and daytime sleepiness. Although the cause of daytime sleepiness
in this complex patient population is likely to be multifactorial, we believe that prescrib-
ing vitamin D may be beneficial for all PWS adults with vitamin D deficiency. The high
prevalence of osteoporosis and osteopenia in adults with PWS combined with the fact
that vitamin D knows little side effects (75) are additional arguments for treatment.
Therefore, we recommend prescribing vitamin D supplementation in all adults with PWS
with a vitamin D level below 50 ng/mL.

Creatinine levels

Creatinine levels were low in the majority of patients, regardless of sex and BMI. This
indicates that normal creatinine levels in patients with PWS are lower than in healthy
controls, which is explained by their low muscle mass (13). Therefore, in PWS patients,
presence of high-normal creatinine levels might actually indicate impaired renal func-
tion. We recommend to adjust the reference values with —-24% for males and -18%
for females. In our hospital, the PWS-specific reference range for creatinine is 46 to 93
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pmol/L (compared with 65-115 pmol/L for non-PWS adult males) and 37 to 76 umol/L
for females (compared with 55-90 umol/L for non-PWS adult females). For the same
reasons, we propose using PWS-specific reference values for eGFR of >98 ml/min/1.73
m? for PWS adult males and >93 ml/min/1.73 m” for PWS adult females.

Adrenal insufficiency

This is rare in adults with PWS (68). However, in cases of clinical signs of hypocortisolism,
we recommend assessing the hypothalamic-pituitary-adrenal axis using the metyrapone
test or, in the absence of contraindications, the insulin tolerance test (see Figure 3).

Strengths and limitations

Like every study, our study has strengths and limitations. The strengths of our study are
the large sample size (considering the fact that PWS is a rare syndrome), its focus on
adults, and the fact that we investigated health problems in relation to living situation,
BMI, genotype, and demographic factors, thus making our study a powerful source of
new information. Limitations may include selection bias (due to selective referral to
our specialized facility) and survival bias. Moreover, we have many missing values for
osteoporosis and sleep apnea. These additional tests were not always performed be-
cause they were either not indicated or impossible to perform due to behavioral issues.
Therefore, these results should be interpreted with caution.

CONCLUSION

We found undetected health problems in 61% of adults with PWS. On top of this,
one-third of the patients had clinically relevant fatigue or daytime sleepiness which, ac-
cording to caregivers, prevented them from taking part in physical activities. Although
daytime sleepiness is usually considered just “part of the syndrome”, all of these patients
turned out to have treatable causes such as sleep apnea, narcolepsia, nycturia, vitamin
D deficiency, untreated male hypogonadism, or use of drugs that can cause sleepiness.
Therefore, fatigue and daytime sleepiness should be considered not just“part of the syn-
drome’, but the symptom of an underlying health problem. We recommend exploring
and treating these underlying causes in order to optimize physical activity and prevent
obesity-related cardiopulmonary problems. We provide an algorithm for diagnostics
and treatment, taking into account PWS-specific pitfalls like falsely low creatinine levels
and false-normal cardiac markers. Use of the algorithm will optimize the mental and
physical health of adults with PWS. This will improve exercise tolerance and reduce the
personal and financial burden of cardiopulmonary complications in this vulnerable
patient group.
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Chapter 2 | Missed diagnoses and health problems in adults with PWS

SUPPLEMENTARY DATA

Table S1a. Baseline characteristics by living situation

PWS home® Non-PWShome®  Family®
n=23 n=61 n=28
Age in years, median [IQR] 26[21-32] 36 [28 - 50] 19[19-22]
BMl in kg/mz, median [IQR] 27 [22-30] 30[27 - 40] 28 [26 - 36]
Male gender, n (%) 9 (39%) 30 (49%) 15 (54%)
Genetic subtype
Deletion, n (%) 16 (70%) 27 (44%) 18 (64%)
mUPD, n (%)* 6 (26%) 28 (46%) 7 (25%)
ICD, n (%) 0 (0%) 1 (2%) 2 (7%)
Unknown, n (%) 1 (4%) 5 (8%) 1 (4%)
Growth hormone treatment
Only during childhood, n (%) 0 (0%) 6 (10%) 3(11%)
Only during adulthood, n (%) 3(13%) 0 (0%) 0 (0%)
Both, n (%) 12 (52%) 9 (15%) 19 (68%)
Never, n (%) 8 (35%) 46 (75%) 6 (22%)
Current growth hormone treatment, n (%) 14 (61%) 8 (13%) 19 (68%)
Use of hydrocortisone
Daily, n (%) 0 (0%) 2 (3%) 2 (7%)
During physical or psychological stress, n (%) 16 (70%) 13 (21%) 17 (61%)
Scholar level
Secondary vocational education, n (%) 0 (0%) 0 (0%) 4 (14%)
Pre-vocational secondary education, n (%) 1 (4%) 0 (0%) 2 (7%)
Special education, n (%) 16 (70%) 46 (75%) 19 (68%)
No education, n (%) 1 (4%) 3 (5%) 0 (0%)
Unknown, n (%) 5 (22%) 12 (20%) 3(11%)
Mutism, n (%) 0 (0%) 3 (5%) 0 (0%)
Relationship status
In a relationship with sexual intercourse, n (%) 0 (0%) 5 (8%) 2 (7%)
In a relationship without sexual intercourse, n (%) 5(22%) 7 (12%) 5(18%)
Not in a relationship, n (%) 14 (61%) 40 (66%) 21 (75%)
Unknown, n (%) 4(17%) 9 (15%) 0(0%)

Abbreviations: body mass index (BMI), interquartile range (IQR). ? Patients living in a specialized Prader-Willi syndrome
home. ®Patients living in a non-specialized group home. “Patients living with family. ¢ In 11 patients with an mUPD, the par-
ents were not available for genetic testing. Therefore, an ICD could not be ruled out with total certainty in these patients.
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Table S1b. Baseline characteristics by genotype

Deletion mUPD? Other
n==64 n=41 n=10
Age in years, median [IQR] 28[21-36] 32[21-49] 26[22-48]
BMI in kg/m?, median [IQR] 31[26-38] 29[25-34] 27[24-28]
Male gender, n (%) 28 (44%) 20 (49%) 8(80%)
Growth hormone treatment
Only during childhood, n (%) 7 (11%) 1(2%) 2 (20%)
Only during adulthood, n (%) 3(5%) 0 (0%) 0 (0%)
Both, n (%) 20 (31%) 16 (39%) 4 (40%)
Never, n (%) 34 (53%) 24 (59%) 4 (40%)
Current growth hormone treatment, n (%) 22 (34%) 15 (37%) 4 (40%)
Use of hydrocortisone
Daily, n (%) 3 (5%) 1 (2%) 0 (0%)
During physical or psychological stress, n (%) 24 (38%) 18 (44%) 5 (50%)
Living situation
With family, n (%) 18 (28%) 7 (17%) 3(30%)
In a specialized Prader-Willi group home, n (%) 16 (25%) 6 (15%) 1(10%)
In a non-specialized group home, n (%) 27 (42%) 28 (68%) 6 (60%)
Assisted living, n (%) 3 (5%) 0 (0%) 0 (0%)
Scholar level
Secondary vocational education, n (%) 6 (9%) 0 (0%) 0 (0%)
Pre-vocational secondary education, n (%) 1 (2%) 1 (2%) 1(10%)
Special education, n (%) 46 (72%) 31 (76%) 5 (50%)
No education, n (%) 0 (0%) 4 (10%) 0 (0%)
Unknown, n (%) 11 (17%) 5(12%) 4 (40%)
Mutism, n (%) 0(0%) 2 (5%) 1(10%)
Relationship status
In a relationship with sexual intercourse, n (%) 6 (9%) 2 (5%) 0 (0%)
In a relationship without sexual intercourse, n (%) 15 (23%) 2 (5%) 1(10%)
Not in a relationship, n (%) 41 (64%) 30(73%) 5 (50%)
Unknown, n (%) 1(2%) 7 (17%) 4 (40%)

Abbreviations: body mass index (BMI), imprinting center defect (ICD), interquartile range (IQR), maternal uniparental di-
somy (mMUPD).?In 11 patients with an mUPD, the parents were not available for genetic testing. Therefore, an ICD could not

be ruled out with total certainty in these patients.
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Table S2b. Health problems after our systematic screening by genotype

Deletion Missing mUPD Missing P-value
n =64 n=41

Hypogonadism

Male (n =48) 27 (100%) 1 19 (100%) 1 NA

Female (n=57)* 25 (93%) 9 14 (93%) 6 0.9
Hypothyroidism 11 (17%) 0 7 (17%) 0 0.99
Type 2 diabetes mellitus 8(13%) 0 10 (24%) 2 0.1
Hypertension 9 (15%) 0 8(20%) 2 0.5
Hypercholesterolemia 11 (17%) 1 8 (20%) 1 0.7
Scoliosis 51 (81%) 2 23 (59%) 1 0.02
Vitamin D deficiency 33 (80%) 16 19 (76%) 23

Data are presented as n (%). Abbreviations: maternal uniparental disomy (mUPD). * (Caregivers of) 15 female patients
did not recall whether they had had a normal menstrual cycle before the start of oral contraceptives or before reaching

menopausal age.

Table S2c. Health problems after our systematic screening by BMI

BMI<25 Missing BMI25-30 Missing BMI>30 Missing P-value
kg/m? kg/m? kg/m?
n=24 n=43 n=48
Hypogonadism
Male (n =56) 11 (100%) 1 27 (100%) 1 16 (100%) 0 NA
Female (n =59)* 6 (100%) 6 12 (92%) 2 22 (92%) 8 0.9
Hypothyroidism 5(21%) 0 7 (16%) 0 7 (15%) 0 0.5
Type 2 diabetes mellitus 2 (8%) 0 7 (17%) 1 10 (21%) 1 0.2
Hypertension 3(13%) 0 6 (15%) 2 11 (23%) 1 0.4
Hypercholesterolemia 4(17%) 0 4 (10%) 1 14 (30%) 1 0.01
Scoliosis 12 (79%) 0 30 (71%) 1 34 (74%) 2 0.3
Vitamin D deficiency 12 (75%) 8 20 (77%) 17 22 (81%) 21

Data are presented as n (%). Abbreviations: body mass index (BMI). ? (Caregivers of) 16 female patients did not recall
whether they had had a normal menstrual cycle before the start of oral contraceptives or before reaching menopausal age.

Table S2d. Health problems after our systematic screening by age

Age<25 Missing Age25-30 Missing Age>30 Missing P-value
year year year
n=43 n=21 n=>51
Hypogonadism
Male (n=59) 20 (100%) 0 7 (100%) 1 27 (100%) 1 NA
Female (n =56)" 18 (100%) 5 9 (90%) 3 13 (87%) 8 0.2
Hypothyroidism 10 (23%) 0 5 (24%) 0 4 (8%) 0 0.2
Type 2 diabetes mellitus 2 (5%) 0 2 (10%) 0 15 (31%) 2 <0.001
Hypertension 3 (7%) 1 1(5%) 2 16 (31%) 0 <0.001
Hypercholesterolemia 3 (7%) 0 2 (10%) 0 17 (35%) 2 0.002
Scoliosis 30 (70%) 0 19 (90%) 0 34(71%) 3 0.9
Vitamin D deficiency 27 (69%) 4 10 (91%) 10 17 (89%) 32

Data are presented as n (%). ® (Caregivers of) 16 female patients did not recall whether they had had a normal menstrual
cycle before the start of oral contraceptives or before reaching menopausal age.
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Table S2e. Health problems after our systematic screening by gender

Male Missing Female Missing P-value
n=>56 n=>59
Hypothyroidism 5 (9%) 0 14 (24%) 0 0.03
Type 2 diabetes mellitus 13 (24%) 1 6 (10%) 1 0.06
Hypertension 9 (17%) 2 11 (19%) 1 0.8
Hypercholesterolemia 10 (18%) 1 12 (21%) 1 0.7
Scoliosis 42 (76%) 1 41 (72%) 2 0.6
Vitamin D deficiency 25 (83%) 26 29 (74%) 20
Data are presented as n (%).
Table S3. Lifestyle and behaviour
Missing Total PWS home® N:::;::\!S Family*
n=115 n=23 n=61 n=28
Physical exercise <30 minutes a day 0 25(22%) 0(0%) 18(30%) 7 (25%)
No dietitian 0 42(37%)  3(13%) 16 (26%) 20 (71%)
Increasing weight 0  44(38%) 5 (22%) 15(25%) 15 (54%)
:::::T:I::iarding living, work, daytime activities 24 41(45%)  5(22%) 25(52%) 11 (39%)
Difficulties dealing with behavioural problems 26 42 (47%) 4 (17%) 28 (46%) 9 (32%)

Data are presented as n (%). * Patients living in a specialized Prader-Willi syndrome group home. ® Patients living in a non-

specialized group home. © Patients living with family.
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Table S4. Total physical complaints

Missing nT:1;a1I5
Skin picking 21 53 (56%)
Food seeking behaviour 23 42 (46%)
Daytime sleepiness 19 41 (43%)
Temper tantrums 20 40 (42%)
Leg edema 20 32 (34%)
Snoring 19 32 (33%)
Foot complaints 20 30 (32%)
Nycturia 21 28 (30%)
Fatigue 22 23 (25%)
Feeling cold 22 22 (24%)
Constipation 18 21 (22%)
Thirst 26 19 (21%)
Visual complaints 23 18 (20%)
Stomach ache 20 15 (16%)
Diarrhea 19 15 (16%)
Backache 22 15 (16%)
Pyrosis / ructus 22 13 (14%)
Pica (eating nonfood items) 23 10 (11%)
Sexual problems 22 9 (10%)
Difficulty sleeping 22 9 (10%)
Urinary incontinence 20 9 (9%)
Fecal incontinence 21 6 (6%)
Chestpain 24 4 (4%)
Bone fractures 19 3(3%)
Orthopnea 25 3 (3%)
Vomiting 20 0 (0%)

Complaints are scored as present when the caregivers indicated a score of 3 or higher on a 5-point Likertscale. Data are
presented as n (%).
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Table S5. Liver panel, kidney function, hematopoiesis and electrolyte values of 115 adults with PWS

Patients Patients
Reference below LLN, above ULN,
N range Median [IQR] Min-max n (%) n (%)
Male 54 <35 21[18-25] 11-82 2 (4%)
ASAT (U/L NA®
(L) Female 55 <31 20[17 - 25] 11-52 4 (7%)
— — 0,
ALAT (U/L) Male 54 <45 21[16-28] 10-149 NA® 5 (9%)
Female 56 <34 20[15-23] 9-76 5 (9%)
Male 52 <115 86 [65-107] 17-180 8 (15%)
ALP (U/L NA®
i Female 52 <98 77 [60 - 96] 25-211 11 (21%)
Male 54 <55 18[15-27] 9-165 2 (4%)
GGT (U/L NA®
(L) Female 53 <38 19[13-31] 9-85 9(17%)
N Male 48 <17 50[40-80] 3.0-25 2 (4%)
Total bil I/L NA®
otalbilirubin (umol/l) - "o\ 4 7 40[35-60] 3.0-18 1(2%)
Male 50 <248 200[170-223] 118-270 4 (8%)
LDH (U/L NA®
(L) Female 50 <247 178166 -213] 132-299 5 (10%)
Urea (mmol/L) 107 25-75 44[3.7-50] 18-106 2 (2%) 3(3%)
Creatinine (umol/L) Male 56 65-115 61[51-72] 40-109 35 (63%) 0 (0%)
s Female 59 55-90 56 [49 - 65] 31-89 28 (47%) 0 (0%)
Hemoglobin (mmol/L) Male 55 86-10.5 89[84-94] 7.3-10.1 17 (31%) 0 (0%)
9 Female 53 7.5-95 82[(80-90] 68-97  1(2%) 1(2%)
MCV (fL) 111 80-100 90 [87 - 92] 78 -101 1 (1%) 1 (1%)
Sodium (mmol/L) 111 136-145 140[138-142] 130-145 8 (7%) 0 (0%)
Potassium (mmol/L) 111 35-51 4.3[4.1-4.5] 34-54 1(1%) 2 (2%)
Calcium (mmol/L) 107 2.20-265 24[23-25] 1.2-40 3(3%) 2 (2%)
Albumin (g/L) 105 35-50 45[42 - 48] 30-53 3(3%) 5 (5%)

Abbreviations: upper limit of normal (ULN), lower limit opf normal (LLN), alanine transaminase (ALAT), alkaline phospha-
tase (ALP), aspartate transaminase (ASAT), gamma glutamyl transpeptidase (GGT), interquartile range (IQR), lactate dehy-
drogenase (LDH), mean corpuscular volume (MCV). *Unknown, because LLN not defined.

Total population

N=115
OSA/CSA before screening No OSA/CSA before screening
N=9 N=106
Snoring/daytime sleepiness No snoring/daytime sleepiness Snoring / daytime sleepiness
N=56 N=42 unknown and no PG/PSG

VoV Vv VY

OSA/CSA No OSA/CSA No PG/PSG OSA/CSA No OSA/CSA No PG/PSG
N=9 N=6 N=41 N=2 N=2 N=38

Figure S1. Sleep apnea: clinical data and poly(somno)graphy results

Abbreviations: CSA (central sleep apnea), PG (polygraphy), PSG (polysomnography), OSA (obstructive sleep apnea).
Legends: Grey arrows and squares represent patients in which polygraphy was not performed. Double lined arrows and
squares represent patients that were diagnosed with sleep apnea. Bold arrows and squares represent patients in which
sleep apnea was excluded.
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Total population

N=115
Osteoporosis before screening N=9 No osteoporosis / osteopenia before screening
Osteopenia before screening N=22 N=84
Osteoporosis N=3 Normal BMD No DEXA
Osteopenia N=8 N=34 N=39

Figure S2. Osteopenia and osteoporosis

Abbreviations: BMD (bone mineral density), DEXA (dual energy X-ray absorptiometry).

Legends: The grey arrow and square represent patients in which DEXA was not performed. Double lined arrows and
squares represent patients that were diagnosed with osteoporosis or osteopenia. The bold arrow and square represent
patients in which osteoporosis and osteopenia were excluded.

Total population
N=115

Vitamin D treatment before screening No vitamin D treatment before screening Vitamin D values unknown
N=70 N=43 N=2
Unknown Vitamin D deficiency Vitamin D deficiency No vitamin D deficiency
N=44 N=26 N=28 N=15
Mild: 14 Severe: 5
Severe: 3 Mild: 23
Unknown: 9

Figure S3. Vitamin D deficiency

Legends: The grey arrow and square represent patients that received vitamin D supplementation before screening for
unknown reasons. Double tined arrows and squares represent patients that were diagnosed with vitamin D deficiency. The
bold arrow and square represent patients in which vitamin D deficiency was excluded.
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Chapter 3 | Multidisciplinary care and GH treatment in PWS

ABSTRACT

Prader-Willi syndrome (PWS) is a complex hypothalamic disorder. Features of PWS in-
clude hyperphagia, hypotonia, intellectual disability and pituitary hormone deficiencies.
The combination of growth hormone treatment and multidisciplinary care (GHMDc)
has greatly improved the health of children with PWS. Little is known about the effects
of childhood GHMDc on health outcomes in adulthood. We retrospectively collected
clinical data of 109 adults with PWS. Thirty-nine had received GHMDc during childhood
and adolescence (GHMDc+ group) and sixty-three had never received growth hormone
treatment (GHt) nor multidisciplinary care (GHMDc- group). Our systematic screening
revealed fewer undetected health problems in the GHMDc+ group (10%) than in the
GHMDc- group (84%). All health problems revealed in the GHMDc+ group had devel-
oped between the last visit to the paediatric and the first visit to the adult clinic and/
or did not require treatment. Mean BMI and the prevalence of diabetes mellitus type
2 were significantly lower in the GHMDc+ group compared to the GHMDc- group. As
all patients who received GHt were treated in a multidisciplinary setting, it is unknown
which effects are the result of GHt and which are the result of multidisciplinary care.
However, our data clearly show that the combination of both has beneficial effects.
Therefore, we recommend to continue GHMDc after patients with PWS have reached
adult age.
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INTRODUCTION

Prader-Willi syndrome (PWS) is a genetic, neuroendocrine condition caused by the loss
of expression of a cluster of maternally imprinted genes on chromosome 15q11-13.This
loss can be caused by a paternal deletion (65-75%), a maternal uniparental disomy 15
(mUPD, 20-30%), an imprinting centre defect (ICD, 1-3%) or a paternal chromosomal
translocation (0.1%)(1-3). The prevalence of PWS is 1:10.000 — 1:30.000 (3). Newborns
with PWS usually have severe hypotonia and poor suck resulting in feeding difficulties,
which later in infancy switches to excessive eating. Motor and language development
is usually delayed and most patients develop a complex behavioural phenotype during
childhood or later in life. Moreover, children and adults with PWS have hypothalamic
dysfunction resulting in hyperphagia, pituitary hormone deficiencies, abnormal tem-
perature regulation and inadequate pain registration (3-7).

Mortality in both children and adults with PWS is high. A study of reported deaths be-
tween 1973 and 2015 showed that 25% had died before reaching the age of twenty, 50%
before the age of 29, 75% before the age of 42 and 99% before the age of 60 (8). In most
patients, death is the result of a complex interaction between somatic and psychosocial
factors (3,9), like hyperphagia (10-12), musculoskeletal problems (13-17), low basal
metabolic rate (BMR)(18-21), behavioural challenges (22,23), biochemical anomalies
(3,19,24-34), and cardiovascular risk factors (obesity, hypertension, hypercholesterol-
emia and type 2 diabetes mellitus (DM2)) (3,8,9,35-42).

Many of these risk factors can be improved by growth hormone (GH) treatment. For
many years, GH treatment in children with PWS has been approved in European coun-
tries, the USA and several other countries worldwide. GH treatment during childhood
improves psychomotor development, cognitive functioning, body composition and
LDL-cholesterol values (43-51), with few adverse events. The positive effects on body
composition are maintained during long-term GH treatment (52,53).

GH treatment for children with PWS is often provided in a multidisciplinary (MD) setting
and usually involves a paediatric endocrinologist, dietitian, physiotherapist and a behav-
ioural expert. For adults, MD care is unavailable in many countries. In the Netherlands,
adult MD care has only been available since 2015.

The Dutch Centre of reference for Prader-Willi syndrome is treating over 300 patients
with PWS, of whom 140 adults. To evaluate the combined effect of GH treatment and MD
care (GHMDc), we report the prevalence of physical health problems in three groups:
adults with PWS who have received GHMDc from childhood to adulthood (GHMDc+
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group); those who never received GHMDc (GHMDc- group) and those who have tem-
porarily received GHMDc during childhood, but GHMDc was discontinued before adult-
hood (GHMDc= group).

MATERIALS AND METHODS

Ethical review and approval were waived by the Medical Ethics Committee of the Eras-
mus University Medical Centre. This study was performed at the Centre for Adults with
Complex Rare Genetic Syndromes (CRGS) at the Erasmus University Medical Centre, Rot-
terdam, the Netherlands. We retrospectively reviewed the medical files of all adults who
visited the MD outpatient clinic of our centre between January 2015 and January 2021
and who underwent our systematic health screening as part of their regular patient care.
As described previously (see (9)), systematic screening consists of a structured interview,
an extensive physical examination, a medical questionnaire, a review of the medical re-
cords, and biochemical measurements. This systematic screening was largely performed
during the first visit to the outpatient clinic for CRGS. However, when parameters could
not be assessed during the first visit, data from the next available date was used.

As GH treatment was part of MD childhood care, we investigated the combined effect
of GH treatment and MD care and were not able to assess the independent effect of GH
treatment or MD care.

The GHMDc+ group is defined as the patients who 1) were treated at our reference cen-
tre during childhood and adulthood 2) received MD care and GH treatment both during
childhood and adolescence, 3) received specialized transitional care before transferring
from the paediatric to the adult endocrinology department and 4) still received GH
treatment and MD care at the time of this study. The GHMDc- group had never received
MD care nor GH treatment before visiting our outpatient clinic for adults with CRGS,
neither during childhood nor during adolescence. The patients in the GHMDc+ group
temporarily received both GH treatment and MD care at our reference centre during
childhood but discontinued GHMDc before transition to adult care. They spontane-
ously visited the adult endocrinology department several years later, after which the
systematic health screening was performed and MD care was resumed at the outpatient
clinic for adults with CRGS. Therefore, patients in the GHMDc= group did not receive GH
treatment or MD care between their last appointment at the paediatric endocrinology
department and their first appointment at the adult endocrinology department of our
reference centre.
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MD care during childhood included treatment by a paediatric endocrinologist, a di-
etitian, a physiotherapist, a nurse practitioner, a physician for people with intellectual
disabilities (ID physician), and, if indicated, a psychologist. Transitional care included
a shared visit with both the paediatric and the adult endocrinologist, followed by al-
ternating visits at the paediatric and adult department until the final transfer to adult
endocrinology.

One patient was excluded as he had received GHMDc at our reference centre both dur-
ing childhood and adolescence, but discontinued GH treatment at his own initiative
when he reached adulthood. Another patient was excluded because he had received
GHMDc during childhood but received GH treatment in another hospital without MD
care before transferring to the adult endocrinology department of our reference centre.
Eleven patients were excluded because they had received GH treatment during child-
hood and/or adolescence, but did not receive MD care at our reference centre during
childhood.

Newly diagnosed (i.e., undetected/undiagnosed) health problems were defined as
health problems that had not been diagnosed before referral to our outpatient clinic,
but were diagnosed during the systematic health screening at our MD outpatient clinic
for adults with complex rare genetic syndromes.

As part of regular patient care, primary caregivers were asked to fill out a medical ques-
tionnaire. In this questionnaire, subjective complaints scored on a 5-point Likert scale (1
= rarely or never, 2 = not often and/or not severe, 3 = quite often and/or quite severe,
4 = often and/or severe, 5 = very often and/or very severe). A score of 3 or higher was
considered clinically relevant.

Data analysis

Statistical analysis was performed using R version 3.6.3. Descriptive statistics for
continuous variables are reported as the median and interquartile range [IQR]. Di-
chotomous variables are displayed as count and percentage, n (%). As the GHMDc+
only contained seven patients, this group was not included in the statistical analysis. We
used a chi-squared test to compare living situation, the prevalence of health problems
and subjective complaints between the GHMDc+ and GHMDc- group. To investigate the
relationship between the GHMDc+ and the GHMDc- group and BMI and age, we used
the Wilcoxon rank sum test. A chi-squared test for trend was used to compare the num-
ber of undiagnosed health problems between the GHMDc+ and the GHMDc- group. To
investigate the effect of GHMDc on health problems and subjective complaints, number
of newly diagnosed health problems and BMI corrected for age logistic, ordinal, and
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linear regression models were used and a likelihood ratio test was performed. As this
was an exploratory analysis, no correction for multiple testing was performed.

RESULTS

We included 109 (53 male / 56 female) patients who fulfilled the criteria for one of the
GHMDc groups. Median age was 28 years [IQR 20 — 41] (range 18 — 72 years) and median
BMI 29 kg/m? [IQR 26 - 36].

Thirty-nine patients had received GHMDc during childhood and adolescence and still
received GHMDc at the time of the study (GHMDc+ group). Sixty-three patients had
never received GHMDc (GHMDc- group). Seven had temporarily received GHMDc but
did not receive GHMDc anymore at time of the study (GHMDc+ group). The median age
of the patients in the GHMDc+ group was 20 years [IQR 19-24], compared to 38 years
[IQR 31-51] in the GHMDc- group.

Before referral to our reference centre, 15 adults in the GHMDc- and GHMDc+ were
treated (only) by a general practitioner, 37 were (only) treated by an ID physician, 8
(only) by an adult endocrinologist and 8 by an ID physician and an adult endocrinologist.
All patients in the GHMDc+ group received MD childhood care at our reference centre
before referral to the MD outpatient clinic for adults, see Table 1.

The prevalence of different health problems is reported in Table 2. In the GHMDc+
group, the BMI and the prevalence of DM2 were significantly lower than in the GHMDc-
group, also after correction for age. Median BMI of the GHMDc# group was comparable
to the GHMDc- group, while DM2 was rare (n = 1, 14%). Systematic screening revealed
more undetected health problems in the GHMDc- group (84%) than in the GHMDc+
group (10%). Health problems that were most often newly diagnosed in the GHMDc-
group were hypogonadism (for males defined as a serum testosterone concentration
<10 nmol/L combined with clinical signs of hypogonadism and for females defined
as an absent or irregular menstrual cycle) and vitamin D deficiency (serum vitamin D
concentration < 50 nmol/L), followed by scoliosis. In the GHMDc+ group newly diag-
nosed health problems were hypercholesterolemia (n = 1), hypothyroidism (n = 1) and
hypogonadism (n = 2). However, all newly diagnosed health problems in the GHMDc+
group had developed between the last visit to the paediatric department and the first
visit to the adult outpatient clinic and/or did not require treatment.
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Table 1. Baseline characteristics of 109 adults with Prader-Willi syndrome according to GHMDc group.
GHMDc+* GHMDc-® GHMDc+®  Total

n=39 n=63 n=7 n=109
Age in years, median [IQR] 20[19-24] 38[31-51] 24[22-26] 28[20-41]
BMl in kg/mz, median [IQR] 26 [22-29] 32[27-42] 341[27-37] 29[26-36]
Obesity (BMI >30 kg/m?), n (%) 6 (15%) 36 (57%) 4 (57%) 46 (42%)
Overweight (BMI 25-30 kg/m?), n (%) 17 (44%) 19 (30%) 3 (43%) 39 (36%)
Lean (BMI 19-25 kg/m?), n (%) 16 (41%) 8(13%) 0 (0%) 24 (22%)
Male gender, n (%) 18 (46%)  33(52%) 2 (29%) 53 (49%)
Age at diagnosis in years, median [IQR]* 0[0-2] 9[3-20] 0[0-0] 410-13]
Genetic subtype
Deletion, n (%) 20 (51%) 33 (52%) 4 (57%) 57 (52%)
mUPD, n (%)° 13(33%)  25(40%) 1 (14%) 39 (36%)
ICD, n (%) 2 (5%) 0 (0%) 1(14%) 3 (3%)
Unknown, n (%) 4 (10%) 5 (8%) 1(14%) 10 (9%)
Growth hormone treatment
Only during childhood, n (%) 0 (0%) 0 (0%) 7 (100%) 7 (6%)
Only during adulthood, n (%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Both, n (%) 39 (100%) 0 (0%) 0 (0%) 39 (36%)
Never, n (%) 0 (0%) 63 (100%)  0(0%) 63 (58%)
Current growth hormone treatment, n (%) 39 (100%) 0 (0%) 0 (0%) 39 (36%)
Care before referral
Multidisciplinary childhood care, n (%) 39 (100%) 0 (0%) 0 (0%) 39 (36%)
Endocrinologist only, n (%) 0 (0%) 8(13%) 0 (0%) 8 (7%)
ID-physician only, n (%) 0 (0%) 34 (54%) 3 (43%) 37 (34%)
Endocrinologist and ID-physician, n (%) 0 (0%) 5 (8%) 3 (43%) 8 (7%)
General practitioner only, n (%) 0 (0%) 14 (22%) 1 (14%) 15 (14%)
Unknown, n (%) 0 (0%) 2 (3%) 0 (0%) 2 (2%)
Use of hydrocortisone
Daily, n (%) 0 (0%) 2 (3%) 0 (0%) 2 (2%)
During physical or psychological stress, n (%) 34 (87%)"  8(13%) 2 (29%) 44 (40%)
Living situation
With family, n (%) 19 (49%) 6 (10%)° 4 (57%) 29 (27%)
In a specialized PWS group home, n (%) 13 (33%) 8(13%) 0 (0%) 21 (19%)
In a non-specialized facility, n (%) 7(18%)  49(78%)  3(43%) 59 (54%)
Scholar level
Secondary vocational education, n (%) 2 (5%) 2 (3%) 0 (0%) 4 (4%)
Pre-vocational secondary education, n (%) 3(8%) 0(0%) 0 (0%) 3(3%)
Special education, n (%) 31(79%) 40 (64%) 5(71%) 76 (70%)
No education, n (%) 1(3%) 4 (6%) 0 (0%) 5 (5%)
Unknown, n (%) 2 (5%) 17 (27%) 2 (29%) 21 (19%)
Mutism, n (%) 0 (0%) 3(5%) 0 (0%) 3(3%)
Relationship status
In a relationship with sexual intercourse, n (%) 2 (5%) 5 (8%) 0 (0%) 7 (6%)
In a relationship without sexual intercourse, n (%) 5(13%) 9 (14%) 1(14%) 15 (14%)
Not in a relationship, n (%) 28 (72%) 40 (64%) 4 (57%) 72 (66%)
Unknown, n (%) 4 (10%) 9 (14%) 2 (28%) 15 (14%)

Abbreviations: body mass index (BMI), imprinting centre defect (ICD), physician specialized in intellectual disabilities (ID-
physician), interquartile range (IQR), maternal uniparental disomy (mUPD), Prader-Willi syndrome (PWS).
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?The GHMDc+ group is defined as the patients who received growth hormone treatment and multidisciplinary care both
during childhood and adolescence and received transitional care. ° The GHMDc- group had not received growth hormone
treatment or multidisciplinary care during childhood or adolescence. The GHMDc# group had received growth hormone
treatment and multidisciplinary care during childhood, but not continuously until transfer.  Only known for 66 patients. ©
In 13 patients with an mUPD, the parents were not available for genetic testing. Therefore, mUPD is the most likely geno-
type, but an ICD could not be ruled out in these patients. ' Many patients in the GHMDc+ group received hydrocortisone
during physical or psychological stress as part of regular childhood care, according to the guidelines for the treatment of
children with PWS. ¢ P-value for living situation in the GHMDc+ compared to the GHMDc- group is < 0.001.

Subjective complaints according to GHMDc group are shown in Table 3. Skin picking,
food seeking behaviour, daytime sleepiness, temper tantrums, leg edema, snoring,
foot complaints, nocturia, fatigue, constipation, thirst, visual complaints, diarrhoea,
backache, heartburn / belching, pica (eating non-food items), sexual problems and dif-
ficulty sleeping were more often reported by patients in the GHMDc- group. The sexual
problem that was most often reported was an increased libido (often in males receiving
testosterone replacement therapy), leading, for example, to masturbation in public or
unwanted sexual behaviours towards other patients in the same group home. Feeling
cold and stomach aches were more prevalent in the GHMDc+ group. After correction for
age, only the differences in prevalence of nocturia (26% in the GHMDc+ group vs 31%
in the GHMDc- group, P = 0.04) and snoring (13% in the GHMDc+ group vs 44% in the
GHMDc- group, P = 0.01) were significant. When the P-value was corrected for age and
BMI, snoring was no longer significant (P = 0.2).

Characteristics of the patients in the GHMDc+ group are shown in Table 4. Six patients
discontinued care at the paediatric endocrinology department because they had to
be transferred to a different physician after GH treatment was discontinued, as the MD
outpatient clinic for adults with PWS did not exist at the time. One patient discontinued
care due to personal circumstances. Five of the seven patients showed an increase in
BMI during their time without GHMDc, all of at least 5 kg/m? One patient developed
hypothyroidism, one DM2 and one hypercholesterolemia.
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Table 2. Health problems according to GHMDc group.

P-value
GHMDc+*  GHMDc-° corr.for  GHMDc+*

Missing n=39 n=63 P-value age® n=7
Age in years, median [IQR] 0 20[19-24] 38[31-51] <0.001 NA 24 [22-26]
BMI in kg/m?, median [IQR] 0 26[22-29] 32[27-42] <0.001 <0.001 34[27-37]
Newly diagnosed health problems®
At least one 4(10%)" 53(84%) <0.001  <0.001 5(71%)
At least two 0 (0%) 26 (41%) 3 (43%)
Three or more 0 (0%) 9 (14%) 0 (0%)
Hypogonadism
Male (n=53) 1 17 (94%) 32 (100%) 0.2 0.1 2 (100%)
Of whom treated 14 (82%) 6(19%) 1(50%)
Female (n = 56) 13 15 (94%) 21 (91%) 0.8 0.5 4 (100%)
Of whom treated 14 (93%) 5(24%) 1(25%)
Hypothyroidism 0 8(21%) 7 (11%) 0.2 0.1 1(14%)
Ofwhom treated 7(88%)"  7(100%) 0(0%)
Diabetes mellitus type 2 3 0 (0%) 16 (27%) <0.001 0.005 1(14%)
Of whom treated NA 12(75%) 0(0%)
Hypertension 3 2 (5%) 17 (27%)  0.005 0.8 1(20%)
Of whom treated 1(50%)’ 13(76%) 1(100%)
Hypercholesterolemia 2 3 (8%) 18 (30%) 0.01 0.2 1(14%)
Of whom treated 0(0%) 11(61%) 0(0%)
Scoliosis 4 28 (72%)  42(71%) 0.9 0.2 7 (100%)
Vitamin D deficiency 42 25(71%) 24 (92%) NA" NA" 5 (83%)

Abbreviations: body mass index (BMI), interquartile range (IQR). Data are presented as n (%), unless otherwise specified.
“Of whom treated” refers to how many patients were treated before undergoing our systematic health screening. Only
P-values for GHMDc+ vs GHMDc- are calculated. * The GHMDc+ group is defined as the patients who received growth
hormone treatment and multidisciplinary care both during childhood and adolescence and received transitional care.
®The GHMDc- group had not received growth hormone treatment or multidisciplinary care during childhood or adoles-
cence. © P-value corrected for age using regression models. “The GHMDc# group had received growth hormone treatment
and multidisciplinary care during childhood, but not continuously until transfer. © Newly diagnosed health problems are:
hypogonadism, hypothyroidism, type 2 diabetes mellitus, hypertension, hypercholesterolemia, scoliosis and vitamin D
deficiency. Newly diagnosed health problems were health problems that had not been diagnosed before referral to our
outpatient clinic, but were diagnosed during the systematic health screening at our multidisciplinary outpatient clinic for
adults with complex rare genetic syndromes. ' One patient had newly diagnosed hypercholesterolemia, which had devel-
oped between the last visit to the paediatric endocrinologist (where LDL-cholesterol was normal) and the first visit to the
adult endocrinologist. One patient had newly diagnosed hypothyroidism with a fluctuating free thyroxin level, which was
not treated as discussed with the patient. Two patients had newly diagnosed hypogonadism, of whom one had developed
hypogonadism between the last visit to the paediatric endocrinologist (where testosterone was normal) and the first visit
to the adult endocrinologist and the other one could not be treated due to severe behavioural problems. ? (Caregivers of)
13 female patients did not recall whether they had had a normal menstrual cycle before the start of oral contraceptives or
before reaching menopausal age. " One patient with hypothyroidism with a fluctuating free thyroxin level, which was not
treated as discussed with the patient. ' One patient had untreated moderate hypertension, which was being monitored.
ITreatment not indicated based on the Dutch cardiovascular risk guidelines. * In 2 patients vitamin D was not measured
and 40 patients used vitamin D supplementation before the screening, but it was unknown whether they had low vitamin
D values before the start of vitamin D supplementation. - A P-value could not be calculated due to selective missing values.
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Table 3. Subjective complaints.

Observations GHMDc+* Observations GHMDC-" P-value P-value c<c)rr.
n=39 n=63 forage
Skin picking 31 15 (48%) 49 32(65%) 0.1 0.5
Food seeking behaviour 30 9 (30%) 49 27 (55%)  0.03 0.5
Daytime sleepiness 31 9 (29%) 51 29(57%)  0.01 0.3
Temper tantrums 30 10 (33%) 51 25 (49%) 0.2 0.9
Leg edema 30 3 (10%) 51 25(49%) <0.001 0.2
Snoring 31 4(13%) 52 23 (44%) 0.003 0.01¢
Foot complaints 31 8 (26%) 50 19 (38%) 0.3 0.7
Nocturia 31 8 (26%) 49 15 (31%) 0.6 0.04
Fatigue 30 6 (20%) 49 14 (29%) 0.4 0.5
Feeling cold 29 11 (38%) 50 6(12%)  0.007 NA®
Constipation 32 4 (13%) 51 13 (26%) 0.2 NA®
Thirst 30 6 (20%) 47 12 (26%) 0.6 NA®
Visual complaints 30 5(17%) 48 10 (21%) 0.6 NA®
Stomach ache 32 5(16%) 49 6 (12%) 0.7 NA®
Diarrhoea 32 2 (6%) 50 9 (18%) 0.1 NA®
Backache 30 3 (10%) 49 9 (18%) 0.3 NA®
Heartburn / belching 30 2 (7%) 51 11 (22%) 0.1 NA®
Pica (eating non-food items) 30 1 (3%) 48 7 (15%) 0.1 NA®
Sexual problems 31 1(3%) 48 6 (13%) 0.2 NA®
Difficulty sleeping 29 1 (3%) 50 7 (14%) 0.1 NA®

Data are presented as n (%). Complaints are scored as present when the caregivers indicated a score of 3 or higher on a
5-point Likertscale. *The GHMDc+ group is defined as the patients who received growth hormone treatment and mul-
tidisciplinary care both during childhood and adolescence and received transitional care. ® The GHMDc- group had not
received growth hormone treatment or multidisciplinary care during childhood or adolescence. © P-value corrected for
age using logistic regression models.  Post hoc analysis: P-value after correction for age and BMI was 0.2.¢P-value was not
calculated as there were too few patients with the outcome to fit the model.

Table 4. Characteristics GHMDc= group.

GHMDc+ group (n=7)

Male / female

2/5

Total duration of growth hormone

treatment, median [IQR]

4.7 [2.7-8.0]

Last visit paediatric

First visit adult

endocrinologist endocrinologist
Age in years, median [IQR] 15[14-18] 24 [22-26]
BMlin kg/m’, median [IQR] 28 [27-33] 34[27-36]
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DISCUSSION

We compared health problems in PWS adults who received GH treatment and multi-
disciplinary care (GHMDc+) versus those who did not (GHMDc-) and found that health
outcomes differed significantly between the two groups.

In our exploratory analysis, GHMDc was associated with a lower prevalence of obesity
and DM2. Whereas obesity was a major problem in the GHMDc- group (median BMI 32
kg/m?), the GHMDc+ group had a median BMI of 26 kg/m* However, as the GHMDc+
group still received GH treatment and MD care to date, it is unknown whether the ben-
eficial effects were due to the childhood GHMDc, the ongoing GHMDc, or both. As many
health problems become more prevalent with age, it is important to note that the mean
age of the GHMDc+ group was lower than the GHMDc- group. This can be explained
by the fact that the patients in the GHMDc+ group were, by definition, referred directly
by a paediatrician during adolescence or early adulthood. Another explanation is that
patients were excluded from the GHMDc- group if they had received GH treatment
during childhood, which is now standard care for all children with PWS, thus excluding
most adolescents. After correction for age, the relationship between GHMDc and BMI
and DM2 was still significant, while the relationship between GHMDc and other health
problems was not. Both obesity and DM2 are important cardiovascular risk factors. As
half of deaths in PWS are of cardiopulmonary origin (8,54), it is crucial to reduce obesity
and DM2 in this vulnerable patient group.

Apart from obesity and DM2, the prevalence of undiagnosed health problems was also
higher in the GHMDc- group (84%) and in the GHMDc# group (71%) compared to the
GHMDc+ group (10%). This suggests that GHMDc prevents obesity and DM2 in patients
with PWS and results in early detection of health problems that would otherwise re-
main undiagnosed. The fact that the results for the GHMDc* group were similar to the
GHMDc- group suggests that the positive effects of GHMDc are only sustained when
continued into adulthood. However, this result may be biased as patients with worse
health outcomes are probably more likely to seek care from or be referred to our refer-
ence centre during adulthood. Additionally, the small size of the GHMDcz group (seven
patients) prevents us from drawing any firm conclusions.

Although not significant, the prevalence of hypothyroidism found by our systematic
health screening was higher in the GHMDc+ group than in the GHMDc- group. This
could be the result of more frequent thyroid hormone measurements during childhood,
as part of standard health watch. Additionally, GH treatment can unmask central hy-
pothyroidism in adults with hypopituitarism (55), although this has not been shown in
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children with PWS (56). In the GHMDc+ group, hypothyroidism was often mild, without
clinical signs.

When we look at the GHMDc=+ group in more detail, we see that five of the seven patients
in the GHMDc# group showed an increase in BMI of at least 5 kg/m? in their time without
GHMDc. This resulted in more obesity (n = 4, 57%), compared to the GHMDc+ group
(n = 6, 15%). Additionally, one patient developed hypothyroidism, one DM2 and one
hypercholesterolemia, all accompanied by an increase in BML. It is well known that DM2
and hypercholesterolemia are related to BMI (57-59), but also thyroid function can be
affected by BMI. Obesity is associated with a higher serum thyroid stimulating hormone
(TSH) concentration and a lower serum free thyroxine (free T4) concentration (60,61). On
the other hand, thyroid dysfunction can increase BMI when patients are not accurately
treated (61).

Our exploratory analysis for subjective complaints according to GHMDc group showed
that adults in the GHMDc+ group reported fewer nocturia and snoring after correction
for age. As BMl is an important cause of snoring (62,63), we performed a post hoc analy-
sis. After adjusting the relationship between snoring and GHMDc group for age and
BMI, this relationship was no longer significant. This indicates that the lower prevalence
of snoring in the GHMDc+ group is mostly caused by the lower BMI. Unfortunately, we
had insufficient data to report on the prevalence of sleep apnea (as assed by polysom-
nography) in this population. Future research is needed to investigate the relationship
between GHMDc and sleep apnea. Nocturia is an important symptom of heart failure
and other heart diseases (64), making this an indicator of cardiovascular health. How-
ever, more objective assessments of cardiovascular health (e.g. echocardiography) are
needed before drawing any firm conclusions. It should be noted that not all patients
filled in the questionnaire and that some patients skipped questions for unknown rea-
sons, which could have influenced the results.

There are several aspects of GHMDc that could explain the differences between the
GHMDc+ and GHMDc- groups.

The GHMDc+ group received GH treatment

The GHMDc+ group received GH treatment while the GHMDc- group, by definition, did
not. GH status and GH treatment have been the subject of extensive research over the last
decades. Individuals with PWS display signs and symptoms of GH deficiency, like short
stature, small for height hands and feet, increased body fat and low muscle strength and
muscle mass (3). Although the reported prevalence of GH deficiency in adults with PWS
ranges from 0-38% (65,66), these percentages are only a rough estimate as there are no
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adequate tests to confirm the diagnosis of GH deficiency in patients with PWS (65,67,68).
The GHRH-arginine test does not detect GH deficiency of hypothalamic origin, as the
underlying GHRH deficiency is reversed due to the administration of GHRH (69). The
insulin tolerance test (ITT) is able to detect GH deficiency of hypothalamic origin (70),
but is often contra-indicated in PWS due to the presence of epilepsy or cardiovascular
disease. In addition, placing two indwelling intravenous catheters needed for the ITT is
often technically impossible due to disturbed vascularisation and / or obesity (71,72).
Furthermore, hypoglycaemia can be dangerous in patients with intellectual disabilities
as they could be unable to accurately express their symptoms. However, recently, a more
easy-to-perform test e.g. the glucagon test proved encouraging for the detection of GH
deficiency in adults with PWS, although this test is also not infallible (73).

In children with PWS, GH treatment is known to improve physical health and cognition
and might also improve quality of life (Qol) (45,51,52,74-78), independent of the GH
status (50,68). GH treatment has become standard of care in PWS children, regardless of
the presence or absence of GH deficiency (50).

In adults with PWS, GH treatment improves body composition (by increasing lean body
mass and decreasing fat mass) and muscle strength, and decreases the prevalence of
cardiovascular risk factors, even without proven GH deficiency. Furthermore, positive
effects on endurance, several aspects of cognition, and quality of life have been re-
ported (79-89). Despite these beneficial effects, GH treatment is often not reimbursed
by healthcare insurance for adults with PWS as GH deficiency cannot be confirmed.
However, in the Netherlands, adults that received GH treatment during childhood, can
continue GH treatment into adulthood.

The GHMDc+ group received structured transitional care

The transition from paediatric to adult care is a vulnerable, yet important process.
Structured transitional care is important to decrease drop-out (90). Paepegaey et al in-
vestigated the effect of transitional care in adults with PWS and found that the presence
of structured transitional care resulted in a lower BMI (91). This is in accordance with our
study. However, Paepegaey et al did not find a significant effect on type 2 diabetes mel-
litus (DM2). In our centre, transitional care includes a shared visit to both the paediatric
and the adult endocrinologist, followed by alternating visits at the paediatric and adult
department until the final transfer to adult endocrinology.

The GHMDc+ group was treated in a centre of expertise

Due to the rarity of the syndrome, care for patients with PWS should preferably be pro-
vided by dedicated physicians with PWS expertise. In our GHMDc- group, most patients
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were treated by generalists, i.e. ID physicians or general practitioners. Generalists, by
definition, have a broad knowledge of common disorders. Although ID physicians are
specialized in syndromes, they usually lack the knowledge of internal health problems
and are seldom familiar with the diagnostic and therapeutic pitfalls in the screening and
treatment of internal and endocrine problems intrinsic to these rare disorders. The high
number of undiagnosed and/or untreated health problems revealed by our systematic
screening is probably due to referring general practitioners’ unfamiliarity with the inter-
nal and endocrine health problems occurring in this syndrome.

The GHMDc+ group was treated in an MD setting during childhood

Due to the complexity of the syndrome, care for both children and adults with PWS
should preferably be provided by an MD team. Ideally, the MD team consists of a (paedi-
atric) endocrinologist to treat the pituitary hormone deficiencies, a dietitian to provide
and guide a diet that compensates for low basal metabolic rate (BMR), a physiotherapist
to address musculoskeletal problems and increase muscle mass to optimize BMR and
an ID physician, or, if an ID physician is not available, a behavioural therapist to address
behavioural issues. Ideally, a clinical neuropsychologist should also be involved, to as-
sess cognitive, adaptive and behavioural functioning from a developmental, brain and
behavioural perspective. Patients with PWS often have high verbal comprehension
abilities compared to their perceptual reasoning abilities (49,92,93). Therefore, their ca-
pacities are often overestimated by caregivers. This can lead to too many responsibilities,
which may cause stress, challenging behaviour and physical problems like hypertension
and fatigue. Informing caregivers about the actual capacities of the PWS individual can
prevent this overestimation and the associated stress-related somatic and behavioural
issues.

The GHMDc+ group underwent systematic health screening
Underdiagnosis is a common problem in patients with PWS, due to the high pain
threshold, PWS-specific behavioural phenotype and/or intellectual disability (7). Health
problems can easily be missed when they are not actively screened for. Therefore,
regular patient care should include a systematic health watch, including screening for
endocrine deficiencies and cardiovascular risk factors.

Strengths and limitations

Like every study, our study has strengths and limitations. Strengths of our study are that
we had a (for rare disorders) large sample size and that we provide a thorough explor-
atory analysis of the differences between the GHMDc+ and GHMDc- group. However,
the GHMDc+ group was small. As GH treatment was part of MD childhood care, we were
only able to investigate the combined effect of GH treatment and MD care and could
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not assess the independent effect of GH treatment or MD care. Another limitation is
the limited overlap in age between the GHMDc+ and the GHMDc- group. Therefore, the
results of our multivariable analysis should be interpreted with caution.

CONCLUSIONS

We demonstrated that the combination of growth hormone treatment and multidis-
ciplinary care has beneficial effects in patients with PWS. Therefore, we recommend to
continue GHMDc in patients with PWS who have reached adulthood. Unfortunately, this
may not always be possible as growth hormone treatment is not available for all adults
with PWS. Based on our data on the combined effect of growth hormone treatment
and multidisciplinary care, supported by previously reported beneficial effects of GH
treatment alone in both children and adults (43-53,68,74-89), we support the pledge by
Hoybye et al for general approval of growth hormone treatment in adults with PWS (94).
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Chapter 4 | Male hypogonadism in adults with PWS

ABSTRACT

Prader-Willi syndrome (PWS) is a complex genetic syndrome characterized by hyperpha-
gia, intellectual disability, hypotonia and hypothalamic dysfunction. Adults with PWS
often have hormone deficiencies, hypogonadism being the most common. Untreated
male hypogonadism can aggravate PWS-related health issues including muscle weak-
ness, obesity, osteoporosis, and fatigue. Therefore, timely diagnosis and treatment of
male hypogonadism is important. In this article, we share our experience with hypogo-
nadism and its treatment in adult males with PWS and present a review of the literature.
In order to report the prevalence and type of hypogonadism, treatment regimen and
behavioral issues, we retrospectively collected data on medical interviews, physical
examinations, biochemical measurements and testosterone replacement therapy (TRT)
in 57 Dutch men with PWS. Fifty-six (98%) of the patients had either primary, central or
combined hypogonadism. Untreated hypogonadism was associated with higher body
mass index and lower hemoglobin concentrations. TRT was complicated by behavioral
challenges in one third of the patients. Undertreatment was common and normal serum
testosterone levels were achieved in only 30% of the patients. Based on the Dutch cohort
data, review of the literature and an international expert panel discussion, we provide a
practical algorithm for TRT in adult males with PWS in order to prevent undertreatment
and related adverse health outcomes.
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INTRODUCTION

Prader-Willi syndrome (PWS) is a rare genetic syndrome caused by the absence of expres-
sion of a cluster of paternally expressed genes on chromosome 15q11.2-q13, also called
the ‘PWS region’. PWS can be caused by paternal deletion of (part of) the PWS region
(60-75%), maternal uniparental disomy 15 (mUPD, 20-35%), imprinting center defect
(ICD, 1-4%) or paternal chromosomal translocation (0.1%) (1,2). Due to hypothalamic
dysfunction, patients with PWS often have hormone deficiencies, hyperphagia, sleep
disorders, abnormal temperature regulation and high pain threshold. PWS also has a
characteristic neurobehavioral phenotype, including mild to moderate intellectual dis-
ability, autism-like features, obsessive compulsions, skin picking, and temper tantrums
(3-7).

The most common hormone deficiency in PWS is hypogonadism. The reported
prevalence of hypogonadism in adult males with PWS ranges from 57 to 100% (8-20).
Although hypogonadism in PWS can be the result of hypothalamic dysfunction, recent
studies show that hypogonadism in PWS can also be the result of primary gonadal
failure (16,17,21), or a combination of hypothalamic and gonadal dysfunction (16,22,23).

Hypogonadism can affect males with PWS at all ages. At birth and during infancy, boys
with PWS can display cryptorchidism, scrotal hypoplasia and short penile length (24).
Later in life, small penile length in combination with large suprapubic fat may lead to
voiding difficulties in young, obese adults with PWS (24). Puberty is usually incomplete
and delayed, although precocious adrenarche and, rarely, precocious puberty can also
occur (25-27). Primary testicular dysfunction is a major contributor to abnormal pubertal
development in males with PWS (23). In adulthood, individuals with PWS often have low
levels of sex steroids (8,15,18,19,28-30). Males with PWS are believed to be infertile and
no cases of paternity have been reported in the literature (21,24).

Male hypogonadism is associated with fatigue, depression, decreased muscle strength
and mass, increased fat mass, decreased sexual quality of life, and an increased risk of
osteoporosis (31-33) and cardiovascular disease (32,34). As many of these factors are
already prevalent in PWS (7), it is important to detect hypogonadism and start testoster-
one replacement therapy (TRT) at an early stage. However, TRT is a delicate matter as it
may be complicated by challenging behavior (26,35).

In the current article, we share our experience with hypogonadism and its treatment in
a Dutch cohort of adult males with PWS. We report the prevalence and type of hypogo-
nadism, treatment regimen and behavioral issues encountered in adult males with PWS.
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Based on our findings, a thorough review of the literature and the clinical expertise of an
international expert panel discussion, we provide a practical algorithm for the treatment
of hypogonadism in adult males with PWS.

MATERIALS AND METHODS

Ethical review and approval were waived for this study by the Medical Ethics Committee
of the Erasmus University Medical Center.

In this retrospective study, we included adult males who visited the multidisciplinary
outpatient clinic of our PWS reference center in the Erasmus University Medical Center,
Rotterdam, the Netherlands, between January 2015 and December 2020 and under-
went our routine systematic health screening. As described previously (see (36)), this
screening consists of a structured interview, a complete physical examination, a medical
questionnaire, a review of the medical file, biochemical measurements and, if indicated
and feasible, additional tests.

As part of regular patient care, primary caregivers were asked to fill out a medical
questionnaire. In this questionnaire, subjective complaints (daytime sleepiness, fatigue,
sexual complaints and temper tantrums) were scored on a 5-point Likert scale (1 = rarely
or never, 2 = not often and/or not severe, 3 = quite often and/or quite severe, 4 = often
and/or severe, 5 = very often and/or very severe). A score of 3 or higher was considered
clinically relevant.

During the visit, blood samples were taken for general medical screening, including
evaluation of gonadal function (luteinizing hormone (LH), follicle-stimulating hormone
(FSH), total testosterone and sex hormone binding globulin (SHBG)) and the hematopoi-
etic system (hemoglobin and hematocrit).

Before 1 February 2018, testosterone concentrations were measured using the Perki-
nElmer CHS™ MSMS Steroids Kit and an ultra-performance liquid chromatography
- tandem mass spectrometer (UPLC-MS/MS) (reference range 10.0-30.0 nmol/L). After
that date, testosterone concentrations were measured using an in-house assay and a
UPLC-MS/MS (reference range 10.0-30.0 nmol/L). Before 1 February 2019, LH and FSH
concentrations were measured using the Siemens Immulite 2000XPi (reference range
1.5-8.0 IU/L for LH and 2.0-7.0 IU/L for FSH). After that date, LH and FSH concentrations
were measured using the Fujirebio Lumipulse G1200 (reference range 1.0-5.5 IU/L for
LH and 0.8-5.1 IU/L for FSH). Before 15 June 2020 SHBG, concentrations were measured
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using the Siemens Immulite 2000XPi (reference range 10-70 nmol/L). After that date,
SHBG concentrations were measured using the IDS-ISYS (reference range 10-70 nmol/L).
Hemoglobin and hematocrit were measured using the Sysmex XN1000 analyzer (refer-
ence ranges 8.6-10.5 mmol/L and 0.4-0.5 L/L, respectively). LH and FSH measurements
changed methods during the study with a different calibration, testosterone and SHBG
measurements also changed methods, but they were calibrated similarly, as checked by
external quality assessment schemes.

The visits to our outpatient clinic are always in the afternoon. In one visit, the patients
are seen by the multidisciplinary team, after which blood is collected for general health
screening. Although testosterone is preferably measured in the morning (37), in our
clinic this was not feasible. Hypogonadism was defined as an afternoon total testos-
terone value below 10.0 nmol/L (2.88 ng/mL) with normal SHBG and sparse facial hair.
Only if hypogonadism was not clearly present from clinical features (prepubertal status,
underdeveloped genitals and/or absent virilization), a separate morning testosterone
analysis was done to confirm hypogonadism. Pubic hair Tanner stage is often relatively
advanced in PWS men due to normal or increased production of adrenal androgens,
however this does not represent testicular development or gonadal hormone secretion
and therefore pubic hair was not considered in the diagnosis of hypogonadism (27).
Due to hyperphagia, it was not feasible to obtain fasting testosterone measurements.
If patients already used TRT before the first visit to our outpatient clinic, this was also
considered as indicating presence of hypogonadism. Only LH, FSH and testosterone
values from before the start of TRT were included.

When TRT was initiated at our outpatient clinic, a daily dose of 10 mg transdermal tes-
tosterone gel was administered, which was increased by 10 mg every 4 weeks until se-
rum testosterone concentrations within the normal range were reached. When adverse
effects occurred, the TRT dose was not further increased or was decreased, depending
on the severity of the adverse effects. After TRT was started, SHBG measurements were
not routinely repeated.

We defined short-acting injections as injections that have to be administered every 1-6
weeks, and long-acting injections as injections that have to be administered every 12
weeks.

Hypothalamic dysfunction of the LH/testosterone axis was defined as a low or normal LH
concentration with a low testosterone concentration, while testicular dysfunction was
defined as a high LH concentration with a low testosterone concentration. Hypothalamic
dysfunction of the FSH/inhibin B axis was defined as a low or normal FSH concentration,
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while testicular dysfunction was defined as a high FSH concentration. Inhibin B was not
measured, but based on previous research, we would expect that inhibin B levels would
be low in most males (16,18).

Patients that were treated by the pediatric endocrinologist at our reference center dur-
ing childhood, received transitional care during transition to the multidisciplinary out-
patient clinic for adults with PWS. Transitional care included a shared visit with both the
pediatric and the adult endocrinologist, followed by alternating visits at the pediatric
and adult department until the final transfer to adult endocrinology.

Literature search

In collaboration with the Erasmus MC Medical Library, we performed a literature search
on 24 September 2020 and last updated the search on 3 June 2021. We searched the fol-
lowing databases: Embase, Medline (Ovid), Web of Science Core Collection and Cochrane
Central Register of Controlled Trials. We reviewed the literature for articles reporting
the prevalence of hypogonadism and laboratory measurements (e.g. testosterone, LH,
FSH, SHBG, inhibin B) in males with PWS. Search terms included ‘Prader-Willi Syndrome,
‘gonadal disease) ‘hypogonadism; ‘puberty’, and relevant laboratory measurements. For
the full search strategy, see Table S1. We excluded conference abstracts, non-original
research articles, articles that were not available in English, and articles that included
less than ten adults (males and females) with PWS. When articles reported on adults and
children and the prevalence of hypogonadism or laboratory values were not available for
adults only, we contacted the authors to retrieve information for the adults separately.
When articles reported on overlapping populations, the article with the most patients
or, when the number of patients was similar, the most recent article was included.
Although this search strategy resulted in articles on hypogonadism in both males and
females with PWS, only the articles that provide information on hypogonadism in males
are reported here.

Expert opinion

An international panel of PWS experts was asked to fill out a survey on their experience
with the treatment of hypogonadism in adult males with PWS. Clinical recommendations
have been made based on this survey, the results of the cohort study and the literature
review. None of the experts had a financial interest in any of the modalities of TRT.

Data analysis

Statistical analysis was performed using R version 3.6.3 (https://cran.r-project.org/, ac-
cessed on 16 September 2021). Descriptive statistics for continuous variables are reported
as median (interquartile range (IQR)). For dichotomous variables we display the number
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and the percentage of people, n (%). For the comparison of untreated male hypogonad-
ism compared to no hypogonadism or treated hypogonadism, we used the Wilcoxon
rank sum test for continuous variables and a chi-squared test for dichotomous variables.
To correct for age, we used linear and logistic regression models, respectively, with a
likelihood ratio test. To compare testosterone or SHBG concentrations between geno-
types and between patients who used and did not use growth hormone (GH) treatment,
we used a Wilcoxon rank sum test. To correct for age, we used a linear regression model
with a likelihood ratio test. To investigate the relationship between testosterone or SHBG
concentrations, and body mass index (BMI) and age, the Kendall rank correlation test was
used. To explore the relationship between testosterone or SHBG concentrations, and BMI
corrected to age, a linear regression model and a likelihood ratio test were used. For all
analysis involving FSH and LH measurements, a linear regression model with a likelihood
ratio test was used and a variable indicating whether the measurement was performed
before or after 01-02-2019 (when the method was changed with a different calibration)
was included in the model. As this was an exploratory analysis, no correction for multiple
testing was performed. P-values <0.05 were considered statistically significant.

RESULTS

Baseline characteristics

Baseline characteristics are shown in Table 1. We included 57 adult males with a median
age of 29 years (IQR 20 - 40) (range 18 - 72 years). Only one patient was more than 60
years old and 21 patients were younger than 25 years old. One patient was excluded
from the analysis. We did not screen for hypogonadism in this individual as TRT was
unfeasible due to serious behavioral challenges that were already present before the
first visit to our outpatient clinic.

Hypogonadism

Hypogonadism was present in 56 of 57 males (98%). In 28 males (49%), hypogonadism
had been previously diagnosed and 24 males were already receiving TRT. Our screening
revealed hypogonadism in another 28 patients (49%). Most frequent modes of testos-
terone administration at the first visit to our center were transdermal gel (n = 12, 50%)
and intramuscular injections (n = 10, 42%). Nine males used short-acting intramuscular
injections (Sustanon®) and one used long-acting intramuscular injections (testosterone
undecanoate, Nebido®). For practical and / or behavioral reasons (see also discussion
section), 8 patients switched from oral TRT (n = 2) or intramuscular injections (n = 6) to
transdermal testosterone gel after their first visit (Table 2). The current and highest dose
of transdermal testosterone gel of each patient is shown in Figure 1(a,b).
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Table 1. Baseline characteristics of 57 adult males with Prader-Willi syndrome.

Males with PWS

n=57
Age in years, median (IQR) 29 (20 - 40)
BMI in kg/m? median (IQR) 27 (26 -32)
Overweight (BMI 25 - 30 kg/m?), n (%) 29 (51%)
Obesity (BMI > 30 kg/m?), n (%) 17 (30%)
Genetic subtype
Deletion 29 (51%)
mUPD* 20 (35%)
ICD 2 (4%)
Unknown 6 (11%)
Growth hormone treatment
Only during childhood 4 (7%)
Only during adulthood 1(2%)
Both 20 (35%)
Never 32 (56%)
Current growth hormone treatment 19 (33%)
Living situation
With family 16 (28%)
In a specialized PWS group home 8 (14%)
In a non-specialized facility 32 (56%)
Other” 1 (2%)
Education level
Secondary vocational education 2 (4%)
Pre-vocational secondary education 2 (4%)
Special education 43 (75%)
No education 1(2%)
Unknown 9 (16%)
Relationship status
In a relationship with sexual intercourse 2 (4%)
In a relationship without sexual intercourse 0(18%)
Not in a relationship 37 (65%)
Unknown 8(14%)
Cryptorchidism 6 (63%)
Of which underwent orchidopexy, n (% of cryptorchidism) 4 (94%)
Of which underwent orchidectomy, n (% of cryptorchidism) 2 (6%)
No cryptorchidism 5 (9%)
Cryptorchidism unknown 16 (28%)
Small penile length
Yes 22 (39%)
No 1(19%)
Unknown 24 (42%)

Abbreviations: body mass index (BMI), paternal deletion (deletion), imprinting center defect (ICD), interquartile range
(IQR), maternal uniparental disomy (mUPD), Prader-Willi syndrome (PWS). Data are presented as n (%), unless otherwise
specified. Baseline characteristics were collected during the first visit to the multidisciplinary outpatient clinic of our PWS
reference center.® In 9 patients with suspected mUPD, the parents were not available for genetic testing. Therefore, mMUPD
is the most likely genotype, but an ICD could not be ruled out in these patients. ®

care.
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Table 2. Hypogonadism in male adults with PWS.

Males with PWS

n=>57
Hypogonadism before screening, n (%) 28 (49%)
Of which treated, n (% of hypogonadal) 24 (86%)
Type of testosterone replacement therapy before screening
Gel, n (% of treated) 12 (50%)
Injections, n (% of treated) 10 (42%)
Short-acting, n (% of treated) 9 (38%)
Long-acting, n (% of treated) 1 (4%)
Oral, n (% of treated) 2 (8%)
Newly diagnosed hypogonadism, n (%) 8 (49%)
Hypogonadism after screening, n (%) (98%)
Of which currently treated, n (% of hypogonadal) 2 (75%)
Current type of testosterone replacement therapy
Gel, n (% of treated) 37 (88%)
Injections, n (% of treated) 3 (7%)
Short-acting, n (% of treated) 3 (7%)
Long-acting, n (% of treated) 0 (0%)
Oral, n (% of treated) 2 (5%)
Decrease in testosterone dose due to challenging behavior
Yes, n (%) 18 (32%)
Of which had increased testosterone concentrations, n (% of yes) * 1 (6%)
Of which had normal testosterone concentrations, n (% of yes) * 2 (11%)
Of which had inadequate testosterone concentrations, n (% of yes) * 15 (83%)
Of which reported a decrease in challenging behavior after decrease 1(61%)
testosterone dose, n (% of yes)
No, n (%) 31 (54%)
Unknown, n (%) 8 (14%)
Problems with compliance to testosterone replacement therapy
Yes, n (%) 6 (11%)
High suspicion of non-compliance, n (%) 5 (9%)
No problems with compliance reported, n (%) 36 (63%)
Never used testosterone replacement therapy, n (%) 10 (18%)
Enlarged breasts
Yes, n (%) 8 (14%)
Gynaecomastia, n (% of enlarged breasts) 1(13%)
Lipomastia, n (% of enlarged breasts) 2 (25%)
Unknown, n (% of enlarged breasts) 5(63%)
No or not assessed, n (%) 49 (86%)

Sex hormone-binding globulin (SHBG) measurements were not repeated after the start of testosterone replacement ther-
apy, but were normal before start of testosterone replacement therapy. * Testosterone concentrations measured before

the decrease in testosterone dose.
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Figure 1. Testosterone dose in 37 males with PWS using testosterone gel. Data is given as n (%). (a) The testosterone doses
each patient received during the last visit to the outpatient clinic. When patients died or were transferred to another hos-
pital, the last known dose was given; (b) The highest dose of testosterone gel ever received while visiting our outpatient
clinic for each patient. To make both graphs comparable only patients who currently still use testosterone gel are depicted

in panel b (in 5 patients testosterone replacement therapy was discontinued completely).
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Figure 2 shows serum testosterone concentrations according to the current testoster-
one dose in 22 males. This figure shows that while higher testosterone doses lead to
higher serum testosterone concentrations, low testosterone concentrations can also be
seen in patients using higher doses of testosterone gel. Serum testosterone levels in
the normal range were reached in 17 (30%) patients. Of the 70% not reaching normal
range testosterone levels, 9 patients never started TRT at all (Figure 3(a)), due to fear of
adverse events (n = 4), increased age (n = 2), or loss to follow-up (n = 3) (Figure 3(b)). In
27 males, TRT dose could not be increased, either due to challenging behavior (n = 18)
or for unknown reasons (n = 9). Three (5%) patients had inadequate testosterone doses

because they were still gradually increasing testosterone dose at the time of publication
of this manuscript.
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10 20 30 40 50 60

Testosterone dose (mg)

Figure 2. Serum testosterone concentrations according to testosterone dose for patients using testosterone gel. Labora-
tory measurements were only available for 22 males. Testosterone gel was administered by the patient in the morning.
Testosterone measurements before 11:00 AM are depicted in black, between 11:00 AM and 3:00 PM in orange and after
3:00 PM in red. Only two brands were used; Androgel® is depicted with circles and Tostran® with triangles. When two points

overlapped, one of the points was moved 1 mg to the right and this point was depicted an open circle or triangle instead
of closed.

In 18 patients testosterone dose had to be decreased due to challenging behavior, of
whom the majority (83%) had serum testosterone concentrations below the reference
range. Seventeen of them used transdermal gel (10 mg daily, n = 3; 20 mg daily, n=2; 30
mg daily, n = 2; 40 mg daily, n = 2; 50 mg daily, n=5; 60 mg daily, n = 2; and 69 mg daily,
n = 1) and one used short-acting testosterone injections (200 mg every 4 weeks). In 11
(61%) behavior improved after testosterone dose reduction.

In 5 patients TRT was stopped completely, because even 10 mg transdermal testosterone
gel was followed by unacceptable behavioral challenges (n = 4) or depressive symptoms

(n=1).
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(a)

Adequate serum testosterone concentration, 17 (30%)
Challenging behavior, 18 (32%)
Never started TRT, 9 (16%)

B TRT dose was still being increased, 3 (5%)

[l Unknown, 9 (16%)

(b)

Fear of adverse events, 4 (44%)
Increased age, 2 (22%)
M Loss to follow-up, 3 (33%)

Figure 3. Reasons for not increasing the testosterone doses and reasons for not initiating testosterone replacement thera-
py. Abbreviations: testosterone replacement therapy (TRT). Data is given as n (%). (a) The reasons for not further increasing
testosterone doses in adult males with PWS and hypogonadism (n = 56). (b) The reasons for never initiating TRT in adult
males with PWS and hypogonadism (n = 9).

Problems with compliance were fairly common, with non-compliance confirmed in 6
patients (11%) and suspected in 5 (9%).

Eight males, of whom two used short-acting testosterone injections and six with
untreated hypogonadism before screening, had enlarged breasts, either due to gynae-
comastia or lipomastia. In the two patients using TRT it was unknown whether breast
enlargement was related to TRT. Six patients with enlarged breasts had obesity and two
were overweight. In the other 49 males, the medical records did not mention gynaeco-
mastia or lipomastia. Estradiol levels were not available.

Effect of untreated hypogonadism

We compared males with and without untreated hypogonadism at the first visit to
our outpatient clinic. After correction for age, we found a significant difference in BMI
(median (IQR): 29 kg/m”* (27 - 38) in males with untreated hypogonadism and 26 kg/m’
(23 = 37) in males with treated or no hypogonadism, P = 0.001). Three patients (12%)
with treated or no hypogonadism had obesity, compared to 14 (44%) patients with
untreated hypogonadism. Hemoglobin was significantly lower in males with untreated
hypogonadism (median 8.2 nmol/L (IQR 8.0 — 9.0)) than in males with treated or no
hypogonadism (median 9.3 nmol/L (IQR 8.6 — 9.7), P = 0.03). Although not significant,
anemia was less prevalent in patients with treated or no hypogonadism (n = 4, 17%),
compared to patients with untreated hypogonadism (n = 11, 34%). After correction for
age, subjective complaints did not differ between the males with untreated hypogonad-
ism and the males with treated or no hypogonadism (Table 3).
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Chapter 4 | Male hypogonadism in adults with PWS

We investigated the relationship between testosterone, BMI and age (Figures 4 and
5) because in the normal population these parameters affect serum testosterone
concentrations. Testosterone concentrations measured before 11:00 AM seemed to be
negatively associated with BMI and age, but this association was not significant (P = 0.4
and P = 0.3, respectively). For the relationships between laboratory values (testosterone,
LH, FSH and SHBG) and genotype, GH treatment, BMI, and age, see Tables S2 and S3.
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Figure 4. Relationship between serum testosterone concentrations and BMI for males who were not receiving testos-
terone replacement therapy. P-value for the relationship between BMI and serum testosterone concentration measured
before 11:00 AM was 0.4 (0.1 after correction for age), Kendall's Tau was -0.19. P-value for the relationship between BMI and
serum testosterone concentration measured after 11:00 AM was 0.9 (1.0 after correction for age), Kendall’s Tau was 0.03.
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Figure 5. Relationship between serum testosterone concentrations and age for males who were not receiving testos-
terone replacement therapy. P-value for the relationship between age and serum testosterone concentration measured
before 11:00 AM was 0.3, Kendall's Tau was -0.23. P-value for the relationship between age and serum testosterone concen-
tration measured after 11:00 AM was 0.2, Kendall’s Tau was -0.27.
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Types of hypogonadism

Pre-TRT LH and FSH levels were available in 33 males. Seven patients had central hy-
pogonadism (21%), seven had primary hypogonadism (21%), but the majority had a
combination of hypothalamic and testicular dysfunction (n= 18, 55%), Table 4.

Table 4. LH and FSH values in males with PWS.

FSH / Inhibin B axis

Hypothalamic Hypothalamic or no Testicular
dysfunction dysfunction * dysfunction
(low FSH) (normal FSH) (high FSH)
N N NP

Hypothalamic dysfunction

‘ é
(low/normal LH with low T)

2O 1 (3%) 6 (18%) 18 (55%)
I
2’

No dysfunction
(normal LH with normal T)

.‘2' 4 0(0%) 0(0%) 1(3%)

Testicular dysfunction
(high LH with low T)

0 (0%) 0 (0%) 7 (21%)
‘ é

Abbreviations: follicle stimulating hormone (FSH), luteinizing hormone (LH), testosterone (T). Laboratory measurements
of LH, FSH and testosterone were available for 33 adult males. In the other 24 males no laboratory measurements were
available or only laboratory measurements during testosterone replacement therapy were available. This figure has been
designed using resources from Flaticon.com (from freepik and smashicons), accessed 1 June 2021.? As no inhibin B mea-
surements were available, we did not know whether patients with normal FSH had normal function of the FSH/inhibin B
axis or hypothalamic FSH / inhibin B axis dysfunction with inappropriately low FSH for the low inhibin B values. Based on
previous research, we assumed that inhibin B levels were low in most adult males with PWS (16,18).

LH / Testosterone axis

Literature review

We found 13 articles that described hypogonadism in adult males with PWS and fulfilled
the inclusion criteria (Tables 5 and 6). Most articles defined hypogonadism as a low
serum testosterone concentration. The prevalence of hypogonadism ranged from 57%
to 100%, with 6 of 10 articles reporting a prevalence of > 90%. Central hypogonadism
was the most common form of hypogonadism, while primary and mixed forms of hypo-
gonadism were also reported. Multiple articles reported laboratory measurements and
showed that testosterone and inhibin B values were below the reference range in most

patients.
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Chapter 4 | Male hypogonadism in adults with PWS

Screen for hypogonadism:
- Measure testosterone and SHBG?
- Check for signs and symptoms of hypogonadism
- Sparse body hair
- Underdeveloped genitals
- Absence of morning erections
- Fatigue / depressive symptoms

- Anemia
R ¢ in for h di Normal testosterone Low testosterone
epeia screening for hypogonadism l«—  (adjusted for SHBG)? (adjusted for SHBG)®
yearly Normal body hair Sparse body hair
Start treatment with TRT

- Check for drug interactions

- Check for contraindications (e.g. heart failure and
sleep apnea)

- Inform patient about possible clinical effects and give
sexual education

- Choose mode of administration (see Table 10)

- Start with a low dose of TRT

'
Increase TRT dose
- Gradually increase TRT dose every 3-9 months,
depending on mode of administration
- Monitor clinical effects of TRT:
- Increased libido
- Erections
- Increase of body hair
- Check for adverse effects of TRT:
- Challenging behavior
- Hypersexuality
- lrritability
- Erythrocytosis (hematocrit > 54%
- Measure PSA in males > 40 years old
- For testosterone enanthate: measure liver
transaminases
- Check compliance

Increase TRT dose until serum $ $
testosterone levels are within the normal |[¢&— No adverse effects Adverse effects
range l

)b

Return to the last dose where adverse effects were
absent / acceptable and accept serum testosterone
levels below the normal range

Figure 6. Recommendations for hypogonadism in adult males with PWS. Abbreviations: sex hormone binding globulin
(SHBG), testosterone replacement therapy (TRT). * Instead of total testosterone and SHBG, free testosterone can also be
measured to diagnose hypogonadism in males with PWS. ° Based on the Endocrine Society Clinical Practice Guideline for
testosterone therapy in men with hypogonadism (38).
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Expert panel and clinical recommendations

Eleven experts (C.P, M.C,, APG., CH, TPM, G.G, An.C, As.C,, HJ.H,, JLM. and L.C.G.dG)
shared their experience with the treatment of hypogonadism in adult males with PWS
(Tables 7-9). The most frequently used types of TRT were transdermal gel and short-
acting injections. Starting dose and dose increase for each modality varied between
experts. Additionally, one expert stated that he routinely measured estradiol concentra-
tions in adult males with PWS, while three experts stated that they measured estradiol
only in males with gynaecomastia. The other seven experts never measured estradiol in
males. The advantages and disadvantages of injections and transdermal gel reported
by the experts, supplemented with advantages and disadvantages mentioned in the
Endocrine Society Clinical Practice Guideline for testosterone therapy in men with
hypogonadism (38), are summarized in Table 10. Based on this cohort study, a review
of the literature and the expert panel discussion, we have made recommendations for
the screening and treatment of hypogonadism in adult males with PWS (Table 10 and
Figure 6).

DISCUSSION

Hypogonadism is present in nearly all adult males with PWS (98%). Although untreated
hypogonadism was associated with obesity and decreased serum hemoglobin con-
centrations, adequate treatment leading to normal serum testosterone levels was only
achieved in about one third of the patients.

Type of hypogonadism

Although PWS is characterized by its hypothalamic dysfunction, hypogonadism in PWS
can also be of testicular origin. MKRN3, NDN, and SNORD116, genes that are located in
the PWS critical region, have been associated with GnRH secretion and hypothalamic
dysfunction leading to hypogonadism (39). Testicular dysfunction in men with PWS
could be related to abnormal histology of the tubules and absence of spermatogonia
(20,40,41). C150rf2, another gene in the PWS critical region, is expressed in the testes
and might play a role in spermatogenesis and therefore in the disturbance of the FSH /
inhibin B axis (35,42).

The maturation of Leydig and Sertoli cells in PWS occurs independently (16). Therefore,
the LH/testosterone and FSH / inhibin B axes can be affected separately, either at the
central or primary level. This leads to three forms of hypogonadism in PWS: central
(low/normal LH with low testosterone and low / normal FSH with low inhibin B), pri-
mary (elevated LH with low testosterone and elevated FSH with low inhibin B), and a
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combination of hypothalamic and testicular dysfunction. We found a high prevalence
of this mixed form of hypogonadism (55%). Central (21%) and primary hypogonadism
(21%) were equally common. As previous reports show that most adult males with PWS
have low inhibin B values (16,18), we assume that this is also true for our population. In
that case, FSH levels in our patients might be in the normal range due to hypothalamic
dysfunction of the FSH/inhibin B axis, with normal FSH levels being inadequately low for
low inhibin B levels. However, as inhibin B measurements are not routinely measured
as part of our standard patient care, we cannot draw any firm conclusions about the
presence of hypothalamic dysfunction of the FSH / inhibin B axis.

Undertreatment

In one third of the patients, normal serum testosterone levels could not be achieved due
to challenging behavior. Although this challenging behavior seemed related to the start
of TRT or an increase in testosterone dose, it was not possible to exclude placebo effect
or other factors that might aggravate challenging behavior. Eighteen patients required
testosterone dose reduction due to the development of challenging behavior. In only
11 (61%) of these patients did a reduction in TRT dose reduce the challenging behaviors,
suggesting that TRT may not necessarily be the cause of the increase in challenging
behaviors.

Remarkably, low testosterone concentrations were still seen in patients with higher
prescribed testosterone doses. This might be due to non-compliance or variability in
biochemical measurements. Additionally, although SHBG concentrations were normal
initially, they may have decreased over time.

Importance of treatment of hypogonadism

Untreated hypogonadism can aggravate PWS-related health issues including osteoporo-
sis, decreased muscle mass and increased fat mass, fatigue, and impaired cardiovascular
health.

Osteoporosis

TRT increases bone mineral density in hypogonadal males without (43) and with PWS
(17,44). Therefore, it is important to treat hypogonadism to avoid osteoporosis and
subsequent fractures.

Muscle and fat

Higher testosterone concentrations are associated with decreased fat mass and
increased fat-free mass, muscle volume, and muscle strength (43,45). A significant
decrease in body fat percentage and increase in lean body mass in males with PWS has
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been demonstrated after two years of TRT (17). Patients with PWS already have a de-
creased muscle mass and an increased fat mass, related to impaired exercise tolerance,
hyperphagia and impaired GH secretion (36,46). This abnormal body composition leads
to a vicious cycle of low muscle mass, poor exercise tolerance and little physical activity,
which further decreases muscle mass. Treatment of hypogonadism in males with PWS is
important to increase exercise tolerance and improve muscle mass and strength to help
break the vicious cycle.

After correction for age, we found that males with untreated hypogonadism had a sig-
nificantly higher BMI compared to males who did not have hypogonadism or received
TRT. However, patients receiving TRT are probably more likely to receive other interven-
tions that may influence body weight, such as GH replacement, physiotherapy or dietary
treatment.

Fatigue

Treatment of non-PWS male hypogonadism can have beneficial effects on vitality and
quality of life, and reduce fatigue and depressive symptoms (43,47-49), although studies
have reported mixed results (50).

The relation between hypogonadism and fatigue may be partly explained by anemia. In
the general population, treatment of male hypogonadism increases hemoglobin levels
and reduces anemia (43,45). In our population, males with untreated hypogonadism
had significantly lower hemoglobin levels than those without untreated hypogonadism.

At baseline, we did not find a significant difference in subjective complaints of fatigue
and daytime sleepiness between males with and without untreated hypogonadism. We
did not systematically assess the psychological effects after the start of TRT. However, in
our clinical experience, we did see improvements in mood and vitality in many males
after the start of TRT. Further research is needed to longitudinally assess the effect of TRT
on fatigue and quality of life in adult males with PWS.

Cardiovascular health

Cardiovascular (CV) risk factors, including obesity, hypertension, type 2 diabetes mel-
litus, sleep apnea and hypercholesterolemia are prevalent in adults with PWS (36), lead-
ing to a high risk of CV disease and CV mortality at a young age (51,52). Hypogonadism
has been associated with poor CV outcomes (53,54) and TRT may improve CV health,
although contradictory data have been reported and more research is needed (53,54).

135



Chapter 4 | Male hypogonadism in adults with PWS

TRT warnings and precautions

TRT can cause behavioral challenges, irritability, and aggressive behavior (35). However,
Kido et al. (17) found no difference in the Modifier Overt Aggression Scale (MOAS) after
two years of TRT in males with PWS and did not observe challenging behaviors caused
by TRT. In our population, we did see behavioral challenges during TRT. In 18 (32%)
males, the testosterone dose was decreased because of behavioral challenges, leading
to inadequate serum testosterone concentrations. These differences between our study
and Kido et al. (17) can partly be explained by the fact that, as opposed to Kido et al.,
we did not exclude patients based on behavioral problems at baseline, and that Kido
et al. used a different form of TRT, namely monthly intramuscular injections of 125 mg
testosterone enanthate, which is half of the conventional dose. However, short-acting
testosterone injection regimes (2-4 weekly) might be expected to increase the risk of
behavioral problems as a result of supra-physiological testosterone concentrations
shortly after injection compared to the most frequently used modality in our popula-
tion, testosterone gel (38).

As TRT can induce libido and sexual activity in patients who are used to lifelong hypogo-
nadism, it is important to inform the patients and their caregivers about these possibly
confusing new feelings. A clear ‘code of conduct’ should be discussed with regard to
sexual activity before starting TRT, in order to prevent inappropriate sexual behavior.
It is important to ask about sexuality, sexual function, libido and erections to identify
problems and to evaluate the effect of TRT. When discussing sexuality, it is important to
use direct and very simple language.

A majority of the physicians of the expert panel discussion reported that normal testos-
terone values could be reached without causing behavioral problems in their population
of adults with PWS. This could be related to the use of testosterone injections instead
of transdermal gel or a slower increase in testosterone dose. Additionally, in the Dutch
cohort a neuropsychologist was involved in the multidisciplinary care for adults with
PWS, which could have led to greater identification of behavioral issues resulting from
TRT. Further research is needed to accurately assess the differences in behavioral chal-
lenges between all treatment regimens and centers.

Recommendations

Based on the combined clinical experience of all co-authors, we propose clinical recom-
mendations for the treatment of hypogonadism in adult males with PWS for TRT, see
Table 10 and Figure 6. We wish to highlight issues that are especially relevant when
treating hypogonadism in males with PWS. For the non-PWS specific aspects of TRT,
we recommend referring to the general guidelines for the treatment of hypogonadism
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in men for topics not discussed here (38). As clinical practice differed greatly among
experts, we provide ranges for the possible starting dose and dose increase of TRT.

Interpretation of hormone levels

Whenever possible, testosterone concentrations should be measured in the morning.
When a low total testosterone concentration is found, we recommend measurement of
SHBG levels before starting TRT. SHBG levels can be low due to obesity, which is often
present in patients with PWS (55). During follow-up, SHBG measurement may need to
be repeated if obesity or insulin resistance develop or worsen (38). Alternatively, free
testosterone levels can be measured instead of total testosterone and SHBG.

Sleep apnea

Sleep apnea is common in PWS (8,56,57) and TRT can worsen symptoms of obstruc-
tive sleep apnea (57). Therefore, we recommend screening for obstructive sleep apnea
before starting TRT, and if present to treat this condition. After the start of TRT, polysom-
nography should be performed if clinical signs of sleep apnea develop.

Drug interactions

As several drugs interact with TRT, we recommend checking for possible drug interac-
tions before starting TRT. As use of psychotropic and anti-epileptic drugs is common
in adults with PWS, it is especially important to check for interactions with drugs like
selective serotonin reuptake inhibitors, anti-epileptic medication and psychostimulants
like modafinil (58-63). As these drugs may influence serum testosterone concentrations,
adjustment of the dose of TRT might be needed. TRT can also interact with growth
hormone (GH) treatment. As TRT can increase insulin-like growth factor 1 (IGF-1) con-
centrations (45,64,65), it is important to evaluate and, if necessary, adjust the GH dose
after initiation of TRT.

Cardiac failure

As the use of androgens might induce fluid retention (38,66) and cardiac problems are
common in patients with PWS (57), we recommend excluding or appropriately manag-
ing heart failure before starting TRT. As patients with PWS are often unable to accurately
express their cardiac symptoms due to intellectual disability and a high pain threshold
(7), and leg edema is not a reliable marker of heart failure in patients with PWS (67),
heart disease in adults with PWS can easily remain undiagnosed. Therefore, we recom-
mend arranging an echocardiogram, checking serum N-terminal pro b-type natriuretic
peptide (NT-proBNP) concentrations and/or consulting a cardiologist prior to the com-
mencement of TRT in case of pitting edema or exercise-related shortness of breath. It
should be noted that NT-proBNP can be false-negative in patients with obesity (68).
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Challenging behavior

To avoid the development or worsening of aggression, hypersexuality and temper tan-
trums, we recommend starting with a low dose of TRT and gradually increasing the dose
every 3-6 months for testosterone gel and short-acting injections and every 3-9 months
for long-acting injections. If increasing the dose is impossible due to altered (sexual)
behavior, we recommend returning to the last dose where behavior was still acceptable.

Mode of administration

Among the clinicians participating in the international expert panel, many different
treatment regimens were used. Due to the need for gradual increase and the possibility
for rapid dose reduction in case of behavioral challenges, our general recommendation
is to use transdermal gel instead of injections when initiating TRT (69,70). However, once
established on a final transdermal TRT dose with satisfactory behavioral profile, it may
be possible to switch to intramuscular injections. We advise against using oral testoster-
one preparations because of the risk of liver damage and increased intestinal conversion
to dihydrotestosterone, preventing aromatisation to estrogen and thus hindering bone
protection (38,71-73).

Erythrocytosis

As long-term treatment with testosterone might generate erythrocytosis, we recom-
mend to measure hemoglobin and hematocrit regularly during TRT, similar to the
recommendations for TRT in non-PWS males (38). When erythrocytosis occurs, TRT
should be withheld until hematocrit has returned to the normal range. Then, TRT can be
resumed at a lower dose (38).

Prostate and liver

We recommend measurement of prostate specific antigen (PSA) in men who are over
40 years old, as the long-term effects of TRT on the prostate in PWS are unknown. A
urology consult should be obtained if PSA levels increase above baseline during TRT.
TRT in non-PWS men does not seem to be associated with benign prostatic hyperplasia
or lower urinary tract symptoms (74). Also, increased levels of liver transaminases may
occur during treatment with testosterone enanthate and should be monitored (75,76).

Non-compliance

Non-compliance is frequent in adults with PWS (77), even compared to non-PWS adults
with intellectual disability (78). Although many patients are grateful to receive TRT and
have no problems with adhering to their TRT regime, we found that non-compliance to
TRT was often seen (certain non-compliance in 11% and a high suspicion of non-com-
pliance in 9%), especially when the patient administered his own medication. However,
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as figures about non-compliance are, by definition, unreliable, actual non-compliance
may be more frequent. Therefore, we recommend asking about barriers that may re-
duce compliance such as practical barriers (e.g. inability to administer testosterone gel,
lack of caregivers who can administer the gel) and other concerns (e.g. fear of adverse
events). As indicated by multiple experts during our survey, compliance might be better
in patients receiving monthly or three-monthly testosterone injections, compared to
testosterone gel that requires daily administration.

Role of PWS reference centers

The TRT-related challenges may cause physicians to refrain from prescribing TRT in
males with PWS. However, we want to stress the importance of adequate treatment
as undertreatment can have serious health consequences. PWS reference centers can
be contacted for consultation or, if geographically possible, referral. If there is no PWS
reference center available, we recommend the use our algorithm for treatment of hypo-
gonadism in men with PWS (Table 10 and Figure 6).

Strengths and limitations

To our knowledge, we are the first to provide a practical flowchart for the screening and
treatment of hypogonadism in males with PWS (39). Another strength of our study is the
relatively large cohort, given the fact that PWS is a rare syndrome. In addition we have
provided a comprehensive literature review of male hypogonadism in adults with PWS.
However, our study also has some limitations. First, there was limited overlap in age
between the group of males with untreated hypogonadism and the group of males with
treated or no hypogonadism, possibly leading to residual confounding. Second, due to
the circadian rhythm of testosterone, we analyzed the testosterone levels drawn before
11:00 AM and the testosterone levels drawn after 11:00 AM separately (37). As few males
had morning testosterone measurements and none had fasting testosterone measure-
ments, we had limited power to investigate which factors influenced endogenous
testosterone values. Third, physical examination reports did not always include details
about lipomastia or gynaecomastia. Therefore, we cannot rule out that some men had
breast enlargement that was not specifically described in their medical records. Also,
we did not measure estradiol concentrations, thus we were not able to investigate the
relationship between breast enlargement and estradiol. Finally, we had too few DEXA-
scans available to evaluate the effect of TRT on bone mineral density, lean body mass,
and fat percentage. Further research should determine the effect of TRT on these clinical
effects of TRT, as they may be more important parameters to measure the effectiveness
of TRT than serum testosterone measurements, although these parameters may also be
influenced by GH treatment.
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CONCLUSIONS

In conclusion, hypogonadism was present in nearly all males with PWS (98%) and was
often a combination of hypothalamic and testicular dysfunction. Although untreated
hypogonadism was associated with obesity and decreased serum hemoglobin concen-
trations, treatment leading to serum testosterone levels within the normal range was
only achieved in one third of the patients attending our center. In order to prevent un-
dertreatment due to behavioral challenges or other PWS-related challenges, we provide
a practical algorithm for TRT in adult males with PWS.
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Chapter 5 | Female hypogonadism in adults with PWS

ABSTRACT

Prader-Willi syndrome (PWS) is a rare neuroendocrine genetic syndrome. Characteristics
of PWS include hyperphagia, hypotonia, and intellectual disability. Pituitary hormone
deficiencies, caused by hypothalamic dysfunction, are common and hypogonadism is
the most prevalent. Untreated hypogonadism can cause osteoporosis, which is already
an important issue in PWS. Therefore, timely detection and treatment of hypogonadism
is crucial. To increase understanding and prevent undertreatment, we 1) performed a
cohort study in the Dutch PWS population, 2) thoroughly reviewed the literature on
female hypogonadism in PWS and 3) provide clinical recommendations on behalf of an
international expert panel. For the cohort study, we retrospectively collected results of
a systematic health screening in 64 female adults with PWS, which included a medical
questionnaire, medical file search, medical interview, physical examination and bio-
chemical measurements. Our data show that hypogonadism is frequent in females with
PWS (94%), but is often undiagnosed and untreated. This could be related to unfamiliarity
with the syndrome, fear of behavioral changes, hygienic concerns, or drug interactions.
To prevent underdiagnosis and undertreatment, we provide practical recommendations
for the screening and treatment of hypogonadism in females with PWS.
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INTRODUCTION

Prader-Willi syndrome (PWS) is a rare, complex, neuroendocrine syndrome with an
estimated prevalence of 1:10,000-1:30,000 (1). PWS is an imprinting disorder caused
by the lack of expression of a cluster of paternally expressed genes on chromosome
15911-13. The most common genetic abnormalities are: a paternal deletion (60-75%),
a maternal uniparental disomy 15 (mUPD, 20-35%), an imprinting center defect (ICD,
1-4%) or a paternal chromosomal translocation (0.1%) (2,3). Features of adults with PWS
include hypotonia, mild to moderate intellectual disability, dysmorphic features and
hypothalamic dysfunction, leading to hyperphagia and early-childhood onset obesity (if
uncontrolled), sleep disorders, abnormal temperature regulation, high pain threshold,
and pituitary hormone deficiencies (PHD) (1,4-7). Additionally, patients with PWS may
display challenging behavior, and the prevalence of psychosis is increased, especially in
patients with mUPD (8-11).

The most prevalent PHD in PWS is hypogonadism. We previously reported on hypogo-
nadism in men with PWS (12), in this study we focused on hypogonadism in women
with PWS.

The reported prevalence of hypogonadism in female adults with PWS varies between
54 and 100% (13-22). Hypogonadism in patients with PWS is believed to be caused
by hypothalamic dysfunction, but more recent studies indicate that primary ovarian
dysfunction also occurs (17,19,23,24).

During infancy, females often present with hypoplasia of the clitoris and labia minora
(25). Although there is generally a normal onset of puberty, i.e., breast development,
its progression is often delayed and incomplete and spontaneous menarche usually
does not occur (21,23,26). If menarche occurs spontaneously, it is often delayed (at a
mean age of 20 years) and followed by irregular menstruations or secondary amenor-
rhea (18,24). Despite absent menstruation and impaired maturation of follicles in many
female patients with PWS (26), pregnancy has been described, although rarely (27-32).

In the general population, female hypogonadism may result in a decreased quality of
life, decreased muscle strength, and osteoporosis (33-36). Additionally, there are indica-
tions that estradiol has beneficial effects on the cardiovascular system (37,38). Besides
hypogonadism, patients with PWS also have a high prevalence of other risk factors for
osteoporosis like growth hormone (GH) deficiency and low physical activity (4,39-43).
This makes early detection and treatment of hypogonadism especially important to
avoid osteoporosis (44,45).
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Based on a Dutch cohort, we report the prevalence and characteristics of hypogonadism
and its treatment in female adults with PWS. Additionally, we provide an overview of the
current literature on the prevalence of hypogonadism and related laboratory values in
women with PWS. As there are currently no PWS-specific guidelines (46), we present a
practical algorithm for the screening and treatment of hypogonadism in female adults
with PWS based on an international expert panel discussion.

MATERIALS AND METHODS

Ethical review and approval were waived for this study by the Medical Ethics Committee
of the Erasmus University Medical Center, Rotterdam, the Netherlands (MEC-2018-1389).

We retrospectively reviewed the medical files of female adults with PWS who underwent
the systematic health screening at our PWS reference center (Erasmus University Medi-
cal Center, Rotterdam, the Netherlands), between January 2015 and December 2020.
As previously described (see (47)), this systematic screening consisted of a medical
questionnaire, a review of the medical files, a structured interview, a complete physical
examination, biochemical measurements and, if indicated and feasible, additional tests.

The results of our study about hypogonadism in male adults with PWS are reported
separately (12), since the characteristics of hypogonadism and its treatment differ sub-
stantially between males and females.

Terminology

We will use the term hormone-replacement therapy (HRT) for tibolone and estrogen-
containing preparations that cannot be used as contraception. We will use the term
hypogonadism hormone therapy (HHT) as an overarching term for HRT and estrogen-
containing contraceptives.

Definition of Hypogonadism

In obese women, estradiol levels can be within the reference range despite dysfunction
of the hypothalamus, pituitary or ovaries, due to increased aromatase activity in adipose
tissue (48,49). Therefore, hypogonadism in women with PWS was defined as absent or
irregular menstruation, regardless of serum estradiol levels. When females used HHT or
progesterone-only contraceptives, including intrauterine devices (IUDs), before screen-
ing, we asked about the menstrual cycle before treatment or searched the medical files
for information on the menstrual cycle before treatment or a previous diagnosis of hy-
pogonadism. When females were over 50 years old, we asked about the menstrual cycle
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before they reached menopausal age. Central hypogonadism was defined as absent or
irregular menstrual cycle either 1) in the presence of serum luteinizing hormone (LH)
and follicle-stimulating hormone (FSH) concentrations below the reference range, or
2) combined with a low estradiol concentration in the presence of serum LH and FSH
concentrations within the reference range. Primary hypogonadism was defined as an
absent or irregular menstrual cycle with serum LH and FSH concentrations above the
reference range. Due to intellectual disability in most patients, gynecological evaluation
was not performed routinely.

Laboratory Measurements

As part of regular hospital visits, blood samples were collected for general medical
screening, including measurement of LH, FSH, estradiol and sex hormone binding
globulin (SHBG). When females were treated with HHT or progesterone-only contracep-
tives (including IUDs as these may have systemic effects (50)), only LH, FSH and estradiol
values from before the start of these preparations were included. If no SHBG value from
before the start of these preparations was available, an SHBG value during treatment
was used. Anti-Mdillerian hormone (AMH) levels were not routinely measured as this
would not have any consequences for treatment in this patient population.

Estradiol concentrations were measured using the Roche Elecsys assay (reference range
55-1285 pmol/L). LH and FSH concentrations were measured using the Siemens Immu-
lite 2000XPi (Siemens Healthcare Diagnostics Inc., Tarrytown, NY, United States) (refer-
ence range 1.5-8.0 IU/L for LH and 2.0-7.0 IU/L for FSH) until February 2019. After that
date, the Fujirebio Lumipulse G1200 (Fujirebio, Inc., Tokyo, Japan) was used (reference
range 1.0-5.5 IU/L for LH and 0.8-5.1 IU/L for FSH). SHBG concentrations were measured
using the Siemens Immulite 2000XPi (reference range 10-70 nmol/L) until June 2020.
After that date, the IDS-ISYS (Immunodiagnostic Systems, Boldon, United Kingdom) was
used (reference range 10-70 nmol/L) with a similar calibration, as confirmed by external
quality assessment schemes.

Expert Panel Discussion on Diagnosis and Treatment of Hypogonadism

Eleven experts with experience with the treatment of hypogonadism in females with
PWS (C.P, M.C, APG, CH,, T.PM,, G.G, An.C, As.C, HJ.H., JLM. and L.C.G.d.G.) shared
their experience regarding the diagnosis and treatment of hypogonadism in females
with PWS and agreed to the clinical recommendations. They were also specifically asked
what criteria they used to decide when treatment for hypogonadism shoud be started
and at what age they think that this treatment should be discontinued.
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Literature Search

On 24 September 2020, we performed a literature search regarding the prevalence of
hypogonadism and related laboratory measurements in adults with PWS. The search
was last updated on 3 June 2021.The search strategy is provided in the Supplementary
Materials in Table S1. We excluded manuscripts that included less than ten adults
(females and males) with PWS, manuscripts that were not available in English, and
conference abstracts. When the prevalence of hypogonadism or laboratory values were
not available for adults only, we asked the authors to provide this information for the
adults separately. When manuscripts reported on overlapping populations, the manu-
script with most patients or, when the number of patients was similar, the most recent
manuscript was included. This search strategy identified manuscripts on hypogonadism
in both men and women with PWS, however manuscripts that did not include women
were excluded in the current literature review. The results of our literature review on
hypogonadism in male adults with PWS are reported separately (12).

Data Analysis

We used R version 3.6.3 (R Foundation for Statistical Computing, Vienna, Austria) for all
statistical analyses. For dichotomous variables we display the number and the percent-
age of people, n (%), and continuous variables are shown as median (interquartile range
(IQR)). We used a Wilcoxon rank sum test to compare estradiol or SHBG concentrations
between patients with an mUPD or a paternal deletion and between patients who used
or did not use recombinant human growth hormone (rhGH) treatment. We used the
Kendall rank correlation test to investigate the relationship between estradiol or SHBG
concentrations and age or body mass index (BMI). We used linear regression models
with likelihood ratio tests to correct for age. For all analyses involving FSH and LH, a
variable indicating whether the measurement was performed before or after 1 February
2019 (when the method was changed with a different calibration) was included in a
linear regression model. Samples with concentrations below the assay detection limit
were assigned the value of the detection limit. If there were too many ties, an exact
calculation method was used. No correction for multiple testing was performed in this
exploratory analysis. P-values below 0.05 were considered statistically significant.

RESULTS

Baseline Characteristics

The baseline characteristics of the Dutch adult female PWS cohort are shown in Table 1.
We included 64 women with PWS.The median age was 28 years (IQR 22-37,range 18 -58
years). The median BMI was 32 kg/m? (IQR 27-40). The most frequent genetic subtype
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was paternal deletion of chromosome 15g11.2-13 (n = 37, 58%). Twenty-four females
(38%) received rhGH treatment and 24 females (38%) used psychotropic medication
at the time of the study. Frequently used types of psychotropic medication included

Table 1. Baseline characteristics of 64 females with Prader-Willi syndrome

Hypogonadism Hypogonadism

Hyp(:(iznwandlsm unknown due unknowndue  Total
=50 to treatment * toage® n=64
N n=10 n=4
Age in years, median (IQR) 27 (21-34) 25(19-38) 56 (51-58)  28(22-37)
Age range in years 18-52 18-49 49-58 18-58
BMlin kg/mz, median (IQR) 32(27-43) 25 (22-34) 31(24-34) 32 (27-40)
Genetic subtype
Deletion 30 (60%) 6 (60%) 1(25%) 37 (58%)
mUPD ¢ 16 (32%) 3(30%) 3(75%) 22 (34%)
ICD 1(2%) 0 (0%) 0 (0%) 1(2%)
Unknown 3 (6%) 1(10%) 0 (0%) 4 (6%)
rhGH treatment ¢
Only during childhood 6 (12%) 2 (20%) 0 (0%) 8(13%)
Only during adulthood 2 (4%) 0 (0%) 0 (0%) 2 (3%)
Both 18 (36%) 6 (60%) 0 (0%) 24 (38%)
Never 24 (48%) 2 (20%) 4 (100%) 30 (47%)
Current rhGH treatment 18 (36%) 6 (60%) 0 (0%) 24 (38%)
Psychotropic medication 16 (32%) 5 (50%) 3 (75%) 24 (38%)
Living situation
With family 12 (24%) 3(30%) 0 (0%) 15 (23%)
In a specialized PWS group home 11 (22%) 3 (30%) 1(25%) 15 (23%)
In a non-specialized facility 27 (54%) 4 (40%) 3 (75%) 34 (53%)
Scholar level
Secondary vocational education 2 (4%) 2(20%) 0 (0%) 4 (6%)
Pre-vocational secondary education 1(2%) 0 (0%) 0 (0%) 1(2%)
Special education 35 (70%) 6 (60%) 2 (50%) 43 (67%)
No education 2 (4%) 1(10%) 1(10%) 4 (6%)
Unknown 10 (20%) 1(10%) 1(10%) 12 (19%)
Relationship status
In a relationship with sexual intercourse 5(10%) 1(10%) 0 (0%) 6 (9%)
In a relationship without sexual intercourse 8 (16%) 0 (0%) 1(25%) 9 (14%)
Not in a relationship 33 (66%) 7 (70%) 2 (50%) 42 (66%)
Unknown 4 (8%) 2 (20%) 1(25%) 7 (11%)

Abbreviations: body mass index (BMI), paternal deletion (deletion), recombinant human growth hormone (rhGH), im-
printing center defect (ICD), interquartile range (IQR), maternal uniparental disomy (mUPD), Prader-Willi syndrome (PWS).
Data are presented as n (%), unless otherwise specified. * The presence of hypogonadism could not be assessed as it was
unknown whether they had had a regular menstrual cycle before the start of estrogen- and/or progestogen-containing
preparations. ® The presence of hypogonadism could not be assessed as these women were already over 50 years old dur-
ing their first visit to our outpatient clinic and there was no information available about the menstrual cycle before they
had reached menopausal age. € In 6 patients with suspected mUPD, the parents were not available for genetic testing.
Therefore, mUPD is the most likely genotype, but an ICD could not be ruled out in these patients. ¢ Patients older than 25
years old received a starting rhGH dose of 0.3 mg/day, while in patients younger than 25 years old, the starting growth
hormone dosage was 1.0 mg/m?/day, which was gradually lowered to 0.33 mg/m?/day after reaching the final height.
However, this dose could be adjusted according to insulin-like growth factor-1 (IGF-1) measurements and clinical effects.
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risperidone (n = 9), benzodiazepines (n = 6), valproic acid (n = 4) and non-tricyclic anti-
depressants (n = 5). Six females were in a relationship with sexual intercourse, of whom
three used oral contraceptives, one used progestogen-containing contraceptive injec-
tions, one used barrier contraceptives and one was sterilized.

Hypogonadism

Of the 64 women included in this study, information about gonadal function was
available for 50 patients. Of these 50 women, 47 (94%) had hypogonadism (Table 2), of
whom 30 had been diagnosed before (but 7 of these were untreated at the first visit to
our outpatient clinic) and 17 were detected by our screening. Of these 50 women, two
were above 50 years old (both 52 years old), but both reported that they never had had
a menstrual cycle before reaching menopausal age. The median age at the start of HHT
was 20 years (IQR 16-28).

Table 2. Hypogonadism in women with Prader-Willi syndrome

Women with PWS

n=64

Hypogonadism before screening

Of whom untreated number of women with 30/50 (60%)

hypogonadism (%) 7/30 (23%)
Hypogonadism revealed by screening 17/50 (34%)
Hypogonadism after screening

Of whom untreated number of women with 47/50 (94%)

hypogonadism (%) 13/47 (28%)
Age at start hypogonadism hormone therapy, median (IQR) 2(()n(1_6;§)8)
Hypogonadism after screening according to BMI group

In females with BMI < 25 kg/m? 7/7 (100%)

In females with BMI 25-30 kg/m? 13/14 (93%)

In females with BMI > 30 kg/m* 27/29 (93%)

Abbreviations: body mass index (BMI), interquartile range (IQR), Prader-Willi syndrome (PWS). Data are presented as num-
ber of patients with the outcome / number of patients for whom data was available (%), unless otherwise specified.

Four of the 14 women in whom information about gonadal function was unavailable
were already aged over 50 years and there was no information about the menstrual
cycle before they had reached menopausal age. For the remaining 10 patients, neither
patients nor caregivers remembered whether there had been a regular menstrual cycle
before the start of estrogen- and/or progestogen-containing preparations.

Supplementary Materials Tables S2 and S3 show serum estradiol, LH, FSH and SHBG
concentrations according to genetic subtype, rhGH treatment, age and BMI (no signifi-
cant relationships).
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Figures 1 and 2 show estradiol levels according to BMl and age, both did not show a sig-
nificant relationship. Three patients (aged 30-40 years) had spontaneous menstruation
after significant weight loss, and one of these patients developed a regular menstrual
cycle. These three women were still overweight after weight loss. All seven women with
a BMI below 25 kg/m” had hypogonadism, indicating that obesity is not the only cause
of hypogonadism.
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Figure 1. Relationship between serum estradiol concentrations and BMI for 34 women with Prader-Willi syndrome. Ab-
breviations: body mass index (BMI). The dotted line represents the lower limit of normal for estradiol of 55 pmol/L. Thirty-
three women included in this figure had hypogonadism. One woman did not have hypogonadism as she had a regular
menstrual cycle, she had an estradiol value of 41 pmol/L. The P-value for the relationship between estradiol and BMI was
0.13, Kendall’s Tau was 0.18.
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Figure 2. Relationship between serum estradiol concentrations and age for 34 women with Prader-Willi syndrome. The
dotted line represents the lower limit of normal for estradiol of 55 pmol/L. Thirty-three women included in this figure had
hypogonadism. One woman did not have hypogonadism as she had a regular menstrual cycle, she had an estradiol value
of 41 pmol/L. The P-value for the relationship between estradiol and age was 0.27, Kendall’s Tau was —0.13.
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Types of Hypogonadism

LH, FSH and estradiol values were available for 27 women with hypogonadism (Table 3).
Seven patients (26%) had central hypogonadism and one (4%) had primary hypogonad-
ism. For the other 19 patients (70%) the type of hypogonadism could not be classified as
either central or primary due to discrepant LH and FSH values. Supplementary Materi-
als Figure S1 shows the LH, estradiol and FSH values of the 27 individual patients.

Table 3. LH, FSH and estradiol values in 27 women with Prader-Willi syndrome and hypogonadism

Low estradiol

Normal estradiol LowFSH NormalFSH High FSH
Low LH 1 (4%) o 1 (4%) S 1 (4%) © )
Normal LH 0 (0%) 1 (4%) 2% 8 (30%) 2 3(11%)
High LH 0 (0%) oo 0 (0%) o 0% 0 (0%) © )

Abbreviations: follicle stimulating hormone (FSH), luteinizing hormone (LH). Data are presented as n (%). Laboratory mea-
surements were available for 27 women with hypogonadism. In the other females not all three laboratory measurements
were available, only laboratory measurements during the use of estrogen- and/or progestogen-containing preparations
were available or the patient was over 50 years old. The type of hypogonadism is indicated with colors, where orange
represents central hypogonadism and yellow represents primary hypogonadism. In the other patients, the hypogonadism
could not be classified as either central or primary due to discrepant LH and FSH values. ‘Low’ refers to laboratory values
below reference range.’Normal' refers to laboratory values within the reference range (which may be inadequately low in
case of low estradiol levels).'High' refers to laboratory concentrations above the reference range.

Hormone Treatment

At the time of the study, 47 females used estrogen- and/or progestogen-containing
preparations. Twenty-six women used oral contraceptives, 18 HRT (two of whom also
used progestogen-containing contraceptive injections) and one a transdermal contra-
ceptive patch. In addition, two women without hypogonadism used progesterone-only
contraception (injections and IUD).

For oral contraceptives, spontaneously reported adverse effects were spotting (n = 3),
increase in challenging behavior with psychotic symptoms (n = 2), hygienic difficulties
(n =2), headache (n =2), stomach ache (n = 2), weight gain (n = 1), and hair loss (n = 1).

For HRT, spontaneously reported adverse effects were spotting (n = 2) and increase in
challenging behavior (n = 2).

Expert Panel Discussion on Diagnosis and Treatment of Hypogonadism

Eleven experts with experience with the diagnosis and treatment of hypogonadism in
females with PWS agreed to the recommendations presented in Figure 3.
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Screen for hypogonadism
- Ask about the menstrual cycle
- Measure serum E, FSH, LH, prolactin and SHBG levels

.

No hypogonadism. Repeat screening for |, Regular menstrual cycle Irregular or absent
hypogonadism yearly menstrual cycle

.

Consider as hypogonadism and discuss HHT
- Assess baseline risk of thrombosis # and breast cancer ®

Assess risks - Review medication list for possible interactions ©
- Assess if the risks can be minimized, for ¢ l
example by adjusting the treatment dose
of drugs that cause medication le— Increased risk No increased risk

interactions or switching to drugs that do

not cause interactions with HHT.
Before start of HHT
¢ ¢ - Discuss possible effect of HHT, including possible
Risks cannot be Risks can be bleedings, hygiene measures, weight gain and
decreased to an decreasedtoan —» behavioral challenges
acceptable level acceptable level - Instruct caregivers to look out for early signs of
psychosis
l - Askif the patient is sexually active, discuss ‘sex for
Do not start HHT, but perform DEXA and food’
repeat risk assessment yearly ¢ ¢
Sexually active without Not sexually active or use
barrier methods of barrier methods
i v
Start transdermal or oral Start transdermal or
contraceptives % oral HRT ®

) v

Regularly assess compliance, behavior and adverse
effects. Perform DEXA every 2-3 years.

Figure 3. Recommendations for the treatment of hypogonadism in females with Prader-Willi syndrome, based on the
results of this cohort study, a review of the literature and the expert opinion of an international panel of PWS-experts.
Abbreviations: dual-energy X-ray absorptiometry (DEXA), estradiol (E), follicle stimulating hormone (FSH), hypogonadism
hormone therapy (HHT), hormone replacement therapy (HRT), luteinizing hormone (LH), sex hormone binding globulin
(SHBG). HRT includes tibolone and estrogen-containing preparations that cannot be used as contraception. HHT includes
HRT and estrogen-containing contraceptives. * Relevant risk factors for thrombosis include: previous thrombotic events,
increased age, being overweight or obese, smoking, and immobility (51). ® Relevant risk factors for breast-cancer include:
breast or ovarian cancer in first degree relatives before the age of 50, genetic mutations (e.g., BRCA), being overweight
or obese and alcohol abuse. © For example interactions with psychotropic medication and recombinant human growth
hormone treatment. ¢ Start the combined oral contraceptive pill or transdermal patches containing both estrogen and
progestogen. An IUD combined with oral or topical estrogens may be considered. However, general anesthesia or sedation
may be necessary as insertion can be traumatic in patients with an intellectual disability and (past) sexual abuse should
be excluded first. ¢ Transdermal administration is preferred due to the lower risk of thrombosis, however oral preparations
could be preferred in patients with skin picking.

Start Treatment for Hypogonadism

Nine experts in our expert panel discussion indicated that the decision to start HHT was
not based on estradiol concentrations, but on the menstrual cycle (n = 9), bone mineral
density (BMD) (n = 9), the ability of the patient to deal with possible vaginal bleeding
(n = 6), sexual activity (n = 1) and/or desire of the patient to have ‘normal’ monthly
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vaginal bleedings (n = 1). One expert based this decision on the menstrual cycle and
BMD, but also considered estradiol levels, with a cut-off of 150 pmol/L. This expert did
not consider the ability of the patient to deal with vaginal bleeding an issue, as she used
continuous preparations that minimised vaginal bleeding in these patients. Lastly, one
expert relied only on estradiol levels (below 150 pmol/L) to start HHT.

Stop Treatment for Hypogonadism

Two experts indicated that they did not have experience with HHT in women above
50 years old due to the decreased life expectancy of patients with PWS. One expert
indicated that he did not have enough experience with this issue to formulate clini-
cal recommendations. The other ten experts recommended to continue HHT until the
natural age of menopause (around 50 years), similar to the clinical practice for non-PWS
women. Five experts indicated that treatment could be continued longer (up until the
age of 55-60) or be restarted in case of symptoms or low BMD.

Literature Review

We found ten articles that described hypogonadism or relevant laboratory values in
women with PWS (Tables 4 and 5). Seven articles used characteristics of the menstrual
cycle (i.e., absent or irregular menstrual cycle) to define hypogonadism. Seven articles
reported FSH, LH and estradiol values, three SHBG values and two inhibin B and AMH
values. The prevalence of hypogonadism ranged from 54% to 100%, with most articles
(8 out of 10) reporting a prevalence above 80%. Hypogonadism was most often central
in origin (21 reported cases), although primary hypogonadism (3 reported cases) was
also reported. One article reported that most females had a combined form of primary
and central hypogonadism (15 reported cases).
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DISCUSSION

Hypogonadism was present in nearly all females with PWS in our cohort (94%) and was
often undiagnosed (34%) and untreated. The high prevalence of hypogonadism in our
cohort was in accordance with the literature.

Type of Hypogonadism

In our cohort, both central and primary hypogonadism were found, but in many pa-
tients the type of hypogonadism could not be determined due to discrepant LH and
FSH values. The discrepancy between LH and FSH levels suggests that hypogonadism
in females with PWS is not solely caused by hypothalamic dysfunction, but possibly
also by combined ovarian and hypothalamic hypogonadism, as is seen in males with
PWS (12,52,53). Previous research suggests that AMH is generally normal in girls and
women with PWS (21,26), which argues against primary ovarian dysfunction. However,
one study showed that AMH levels in girls with PWS were significantly lower compared
to controls, while a similar assay was used in all three studies (24). Inhibin B levels are
usually low or low-normal in women with PWS (21,24,26), suggesting decreased antral
follicles.

Ovarian Histology

Literature on ovarian histology in females with PWS is scant. We found only two case
reports (23): (i) a 32 year-old woman with PWS with delayed menarche (20 years) and
an irregular menstrual cycle, who became pregnant, and in whom an ovarian biopsy
(performed during caesarean section) showed normal follicles in all stages of develop-
ment (29); and, (ii) a female with PWS who reported having menarche aged 11 years and
a regular menstrual cycle but who died unexpectedly (age 22 years) and in whom, at
autopsy, small, immature ovaries were found that showed no evidence of corpora lutea
or significant follicular development (54). In order to explain the occurrence of primary
ovarian dysfunction in women with PWS, more research on the ovarian histology of
these females is urgently needed.

Factors influencing Hypogonadism in PWS

We did not find any significant association between laboratory measurements and
genetic subtype, rhGH treatment, BMI, or age. The lack of a clear association between
estradiol levels and BMI in our study might be explained by BMI's poor reflection of
adiposity in PWS, due to the abnormal body composition (low muscle mass and high fat
mass) (55). Many females with absent or irregular menses had estradiol levels within the
normal range, possibly due to increased aromatase activity in adipose tissue, leading
to normal serum estradiol levels despite hypothalamic, pituitary or ovarian dysfunction
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(48,49). Supporting this hypothesis, three patients with amenorrhea developed a men-
strual cycle after weight loss. The presence of hypogonadism in several females with
a normal BMI also suggests obesity is not the only cause of central hypogonadism in
females with PWS.

Importance of Treatment of Hypogonadism

Many beneficial effects of HHT for the treatment of hypogonadism have been described,
including beneficial effects on bone health, muscle and fat, psychological outcomes
and cardiovascular health. Some of these beneficial effects are especially important
for patients with PWS as they already have a higher risk to develop an abnormal body
composition, psychological problems and cardiovascular disease.

Bone Health

A reduced BMD is commonly seen in patients with PWS (44,45). Since estrogens play an
important role in bone health (56,57), treating hypogonadism is important to optimize
bone health. In the general population, low serum estradiol levels are associated with
an increased risk of osteoporosis and osteoporotic fractures (58,59). Both HRT and the
combined oral contraceptive pill have beneficial effects on BMD (57,60-62). In women
with PWS, hypogonadism is also associated with a decreased BMD (63,64), for which for
HRT is beneficial (64).

Muscle and Fat

Estrogen has important effects on muscle function (35). In women with hypopituitarism
who are treated with rhGH, co-treatment with estrogen leads to an increase in lean
body mass and a decrease in fat mass (65). As patients with PWS have an abnormal
body composition with a high fat mass and low lean body mass, estrogen might help to
improve body composition (55).

Psychological Effects

Untreated female hypogonadism can have negative consequences on mood, quality of
life and energy level (33,34) and HHT has beneficial psychological effects in perimeno-
pausal women (66-68). However, this has not been specifically investigated in women
with PWS.

Cardiovascular Risk

Some studies in the general female population suggest that estradiol has beneficial
effects on the cardiovascular system (37,38). In women with premature ovarian insuf-
ficiency, HRT seems to have beneficial effects on endothelial dysfunction, ischemic heart
disease and cardiovascular mortality (69).
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Recommendations

Based on the potential beneficial effects, we recommend treatment of hypogonadism
in all adult females with PWS. For the treatment of hypogonadism in children with PWS,
we refer to the recommendations for children with PWS (23).

Patients with PWS are preferably treated by a multidisciplinary team or in a PWS refer-
ence center, experienced in treating hypogonadism in females with PWS. However, as
a PWS reference center is not always available, we provide clinical recommendations
for the screening and treatment of hypogonadism in women with PWS (Figure 3). We
aim to highlight topics that are especially important or difficult in females with PWS.
We recommend to follow non-PWS specific hypogonadism guidelines for topics not
addressed here.

Assessment of Gonadal Function

To avoid the negative consequences of long-term untreated hypogonadism, system-
atic screening for hypogonadism is warranted in all women with PWS. We showed that
many women with PWS had estradiol values within the reference range. However, most
experts in our expert panel discussion indicated that the decision to start treatment
was based on the menstrual cycle and BMD rather than on serum estradiol concentra-
tions. Therefore we recommend asking about the menstrual cycle every year and to start
HHT when the menstrual cycle is absent or irregular. Additionally, a dual-energy X-ray
absorptiometry (DEXA) scan should be performed as the presence of osteoporosis or
osteopenia makes treatment with HHT even more urgent. Laboratory measurements
could be performed to determine the type of hypogonadism and to exclude hyperpro-
lactinemia.

Treatment Regimen

To prevent the increased risk of endometrial cancer caused by estrogen-only prepara-
tions, a progestogen must also be prescribed (70). The treatment regimen should be
adjusted in case of sexual activity, as females with PWS are not always infertile and HRT
does not protect against pregnancy. It is important to note that intellectual disability
does not rule out the wish for sexual intercourse (71). In our cohort, six females were in
a relationship with sexual intercourse. As pregnancies have been described in females
with PWS (27-32), it is important to discuss contraception in patients who are sexually
active. It should be noted that some types of contraception, such as progestogen-only
preparations, do not aid in the treatment of hypogonadism and prevention of osteopo-
rosis and may even lead to a decrease in BMD (72-74).
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Estrogen can be administered both orally and transdermally and with same dosage as
used for non-PWS women. In case of problematic skin picking, topical gels could be
preferred over transdermal patches.

Drug Interactions
Frequently used medication in adults with PWS include psychotropic medication and
rhGH treatment, both of which may interact with HHT.

Psychotropic Medication

Due to the increased prevalence of challenging behavior and psychosis, use of
psychotropic medication is common in patients with PWS (8-11,75). There are few
clinically significant interactions between HHT and psychotropic medication. However,
some theoretical interactions have been proposed (76). HHT might influence the plasma
concentrations of psychotropic medication. Both endogenous and exogenous estrogens
induce the enzyme uridine 5’-diphospho-glucuronosyltransferase (UGT) 1A4, which is
involved in the metabolism of some psychotropic medication (77-79). Therefore, HHT
might lead to increased metabolism of, for example, lamotrigine (80,81), valproic acid
(81), clozapine (82), olanzapine (83,84), and amitriptyline (85), for which dose adjust-
ment might be indicated.

Moreover, estrogens (86) and progestogens (87) are metabolized by cytochrome P450
(CYP) 1A2, 2C19 and 3A4 enzymes, which could lead to competition with psychotropic
medication that are metabolized via the same enzymes. This could, for example, lead to
increased clozapine concentrations (77).

Some psychotropic medication may also influence the plasma concentrations of HHT.
For example, lamotrigine and carbamazepine induce the production of SHBG, which
could lower serum progesterone levels and decrease the effect of hormonal contracep-
tives (88).

Hyperprolactinemia is a common adverse effect of some antipsychotics and hyperpro-
lactinemia might result in hypogonadism. This could be an issue in women with mild
hypogonadism, and measurements of prolactin levels in women treated with antipsy-
chotics is recommended (89). It could be considered to check the prolactin level before
starting the antipsychotic therapy to avoid later unnecessary diagnostic investigations
in case of mild hyperprolactinaemia during the psychiatric treatment.
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Recombinant Human Growth Hormone Treatment

There is a complex interaction between GH and the gonadal system. Oral administration
of estrogens inhibits hepatic insulin-like growth factor-1 (IGF-1) production, resulting
in lower serum IGF-1 concentrations (65,90), while transdermal administration of estro-
gens may increase IGF-1 concentrations (91). Therefore, it is important to measure serum
IGF-1 concentrations 3-6 months after the start or a change in dosage of HHT and to
reevaluate the dose of rhGH treatment. Transdermal HHT might enable lower doses of
rhGH to be administered which may have a cost benefit.

Intellectual Disability and Menstrual Hygiene

Monthly bleedings can cause practical problems for females with PWS and their caregiv-
ers (92), especially in patients with intellectual disability. Therefore, both patients and
caregivers need to be informed about spotting or monthly bleedings, in order to take
adequate hygiene measures. If monthly bleedings are deemed undesirable, prepara-
tions which do not lead to bleedings (tibolone, oral or transdermal preparations with
continuous estrogen and progestogen administration or continuous estrogen tablets /
patches in combination with progestogen-containing contraceptive injections) should
be considered. However, patients and their caregivers should be warned that bleedings
might occur during the first couple of weeks after starting these treatments. In patients
who are sexually active, an IUD combined with oral or topical estrogens could also be
considered. However, gynecological examination required to insert an IUD is often pain-
ful and stressful for women with intellectual disabilities, especially when they have a
history of sexual abuse (93). Therefore, general anesthesia or sedation may be necessary
during insertion of the IUD (94,95) and a possible history of sexual abuse should be
excluded first (see also Section 4.5.9. Sex for food).

Challenging Behavior and Psychotic Symptoms

In our cohort, the caregivers of four females spontaneously reported an increase in chal-
lenging behaviors after start of HHT. Two of these patients even displayed psychotic
symptoms. Although the behavioral challenges seemed associated with the use of
HHT, it is possible that this was a coincidence as challenging behavior and psychotic
symptoms are frequent in patients with PWS. Additionally, behavioral challenges were
not systematically assessed and therefore it is possible that these challenges occur even
more often than reported in this study. More research is needed to assess the relationship
between HHT and behavior and psychotic symptoms in females with PWS. The relation
between behavioral changes and HHT can be multifactorial. One possible explanation is
menstrual pain or discomfort, which can cause challenging behaviors in females with an
intellectual disability (96). However, the high pain threshold in most patients with PWS
makes this explanation less likely. Another possible explanation is the visual exposure to
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menstrual blood, which might cause feelings of fear, especially in patients with signifi-
cant intellectual disabilities and the developmental age of a young child. Based on our
experience, we recommend parents and caregivers are educated about early signs of
psychosis and instructed to alert a physician if these symptoms occur.

Thrombosis

HHT can increase the risk of thrombosis (97). As patients with PWS already have a higher
risk of thrombotic events (98), it is important to avoid any other risk factors for throm-
bosis, if possible. Due to lower levels of sex hormones, HRT is less thrombogenic than
hormone contraception (51,99,100). Therefore, we advise to limit the use of hormone
contraceptives to patients who are sexually active and unable to use non-hormonal
contraception. Additionally, transdermal estrogen administration is preferred in women
with PWS due to its lower risk of thrombosis compared to oral administration (101).
However, it should be noted that contraceptive patches might be less reliable in obese
women (102), although results are inconclusive (103). Lastly, it is important to address
other risk factors for thrombosis including smoking, obesity and immobility.

Weight Gain

In our cohort, one patient spontaneously reported weight gain after starting estrogen-
and progestogen-containing oral contraception. Although this might have been the
result of fluid retention due to oral contraceptives (104), excessive food intake should
always be considered when patients with PWS gain weight.

Breast Cancer

Two cohort studies reported an increased risk of cancer in patients with PWS (105,106),
especially myeloid leukemia (106). There are no indications that the risk of breast cancer
is increased in patients with PWS. However, as in non-PWS women, it is important to
consider the additional risk of breast cancer resulting from HHT and to recommend
participation in national breast cancer screening programs (70,107,108).

Sex for Food

Due to the combination of intellectual disabilities and hyperphagia, women with PWS
are especially vulnerable to become victims of sexual abuse. Hyperphagia often leads to
food-seeking behavior (109).This, especially when combined with cognitive impairment,
makes them easy victims of ‘sex for food’ (receiving food in exchange for sexual acts)
(110). Most of the patients do not disclose or understand the sexual abuse, resulting in
continuation of the abuse (110). We recommend that this important topic is addressed
in all women with PWS, in order to avoid negative psychological consequences and pos-
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sible pregnancies. Discussing hypogonadism and HHT may provide a good opportunity
to raise this sensitive topic.

Non-Compliance

Non-compliance is frequent in adults with PWS (9) and in those with intellectual dis-
abilities (111). To improve compliance, it is important to prepare patients for monthly
bleedings or spotting, and potential feelings of fear and embarrassment. Additionally,
it is important to regularly ask whether the patient is still compliant and to determine
reasons for non-compliance. As transdermal patches do not have to be applied daily,
these treatment options may lead to better compliance.

Discontinuation of HHT

Most experts in the expert panel discussion recommend to continue HHT until the age
of 50 years. Some experts also indicated that HHT could be continued longer or be
restarted in case of osteoporosis / osteopenia or when symptoms occurred.

Strengths and Limitations

One strength of our study is the sample size, which is large considering the rarity of the
syndrome. Moreover, we provide evidence- and expert-based practical recommenda-
tions for the screening and treatment of hypogonadism in PWS, which are urgently
needed. A limitation is that many patients already used HHT before their first visit to our
outpatient clinic. In these cases, we had to rely on medical files or the memory of the
patients or their caregivers to determine whether the patient had hypogonadism. This
also led to a large number of missing data for the analysis of laboratory values and the
determination of primary or central hypogonadism. Also, we could not assess the effect
of hypogonadism on BMD, as we had an insufficient number of DEXA scan results.

CONCLUSIONS

In conclusion, hypogonadism was present in nearly all females with PWS in our cohort
(94%). Although adequate treatment is important for wellbeing and particularly bone
health (37,38), hypogonadism is often undiagnosed (34%) and untreated. Therefore,
we recommend screening for hypogonadism in all women with PWS by assessing the
menstrual cycle. If the cycle is irregular or absent, treatment should be considered. To
guide the screening and treatment of hypogonadism in women with PWS, we provide
a practical algorithm.

169



Chapter 5 | Female hypogonadism in adults with PWS

ACKNOWLEDGMENTS

We wish to thank Sabrina Meertens-Gunput from the Erasmus MC Medical Library for
developing and Maarten F.M. Engel and Wichor M. Bramer from the Erasmus MC Medical
Library for updating the search strategies.

170



REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

Cassidy, S.B.; Schwartz, S.; Miller, J.L; Driscoll, D.J. Prader-Willi syndrome. Genet. Med. 2012, 14,
10-26, doi:10.1038/gim.0b013e31822bead0.

Cheon, C.K. Genetics of Prader-Willi syndrome and Prader-Will-Like syndrome. Ann. Pediatr. Endo-
crinol. Metab. 2016, 21, 126-135, doi:10.6065/apem.2016.21.3.126.

Butler, M.G,; Hartin, S.N.; Hossain, W.A.; Manzardo, A.M.; Kimonis, V.; Dykens, E.; Gold, J.A;; Kim,
S.J.; Weisensel, N; Tamura, R.; et al. Molecular genetic classification in Prader-Willi syndrome: A
multisite cohort study. J. Med. Genet. 2019, 56, 149-153, doi:10.1136/jmedgenet-2018-105301.
Angulo, M.A;; Butler, M.G.; Cataletto, M.E. Prader-Willi syndrome: A review of clinical, genetic, and
endocrine findings. J. Endocrinol. Invest. 2015, 38, 1249-1263, doi:10.1007/540618-015-0312-9.
Goldstone, A.P; Holland, A.J.; Hauffa, B.P; Hokken-Koelega, A.C.; Tauber, M.; speakers contributors
at the Second Expert Meeting of the Comprehensive Care of Patients with PWS. Recommenda-
tions for the diagnosis and management of Prader-Willi syndrome. J. Clin. Endocrinol. Metab. 2008,
93,4183-4197,d0i:10.1210/jc.2008-0649.

Cassidy, S.B. Prader-Willi syndrome. J. Med. Genet. 1997, 34, 917-923, doi:10.1136/jmg.34.11.917.
Holm, V.A., Cassidy, S.B., Butler, M.G., Hanchett, J.M., Greenswag, L.R., Whitman, B.Y.; Greenberg, F.
Prader-Willi syndrome: Consensus diagnostic criteria. Pediatrics 1993, 91, 398-402.

Dykens, E.; Shah, B. Psychiatric disorders in Prader-Willi syndrome: Epidemiology and manage-
ment. CNS Drugs 2003, 17, 167-178, doi:10.2165/00023210-200317030-00003.

Feighan, S.M.; Hughes, M.; Maunder, K.; Roche, E.; Gallagher, L. A profile of mental health and be-
haviour in Prader-Willi syndrome. J. Intellect. Disabil. Res. 2020, 64, 158-169, d0i:10.1111/jir.12707.
Rice, L.J; Einfeld, S.L. Cognitive and behavioural aspects of Prader-Willi syndrome. Curr. Opin.
Psychiatry 2015, 28, 102-106, doi:10.1097/YC0.0000000000000135.

Sinnema, M.; Boer, H.; Collin, P, Maaskant, M.A.; van Roozendaal, K.E.; Schrander-Stumpel, C.T;
Curfs, L.M. Psychiatric illness in a cohort of adults with Prader-Willi syndrome. Res. Dev. Disabil.
2011, 32,1729-1735, doi:10.1016/j.ridd.2011.02.027.

Pellikaan, K.; Ben Brahim, Y.; Rosenberg, A.G.W.; Davidse, K.; Poitou, C.; Coupaye, M.; Goldstone,
A.P; Haybye, C.; Markovic, T.P; Grugni, G.; et al. Hypogonadism in adult males with Prader-Willi
syndromeBClinical recommendations based on a Dutch cohort study, review of the literature and
an international expert panel discussion. J. Clin. Med. 2021, 10, 4361, d0i:10.3390/jcm10194361.
Partsch, C.J.; Lammer, C;; Gillessen-Kaesbach, G.; Pankau, R. Adult patients with Prader-Willi syn-
drome: Clinical characteristics, life circumstances and growth hormone secretion. Growth Horm.
IGF Res. 2000, 10, S81-585, doi:10.1016/51096-6374(00)80015-5.

Whittington, J.; Holland, A.; Webb, T.; Butler, J,; Clarke, D.; Boer, H. Relationship between clinical
and genetic diagnosis of Prader-Willi syndrome. J. Med. Genet. 2002, 39, 926-932, doi:10.1136/
jmg.39.12.926.

Grugni, G.; Morabito, F; Crino, A. Gonadal function and its disorders in simple obesity and in
Prader-Willi syndrome. In Prader-Willi Syndrome as a Model for Obesity; Eiholzer, U., I'Allemad, D.,
Zipf, W.B., Eds.; Karger: Basel, Switzerland, 2003; pp. 140-155, doi:10.1159/000072597.

Hoybye, C.; Thoren, M.; Bohm, B. Cognitive, emotional, physical and social effects of growth hor-
mone treatment in adults with Prader-Willi syndrome. J. Intellect. Disabil. Res. 2005, 49, 245-252,
doi:10.1111/j.1365-2788.2005.00641.x.

Miller, J.L.; Goldstone, A.P; Couch, J.A. Pituitary abnormalities in Prader-Willi syndrome and early
onset morbid obesity. Am. J. Med. Genet. A 2008, 146, 570-577, doi:10.1002/ajmg.a.31677.

171



Chapter 5 | Female hypogonadism in adults with PWS

18.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

172

Brandau, D.T.; Theodoro, M.; Garg, U.; Butler, M.G. Follicle stimulating and leutinizing hormones,
estradiol and testosterone in Prader-Willi syndrome. Am. J. Med. Genet. A 2008, 146, 665-669,
doi:10.1002/ajmg.a.32194.

Sode-Carlsen, R.; Farholt, S.; Rabben, K.F,; Bollerslev, J.; Schreiner, T,; Jurik, A.G.; Christiansen,
J.S.; Hoybye, C. Body composition, endocrine and metabolic profiles in adults with Prader-Willi
syndrome. Growth Horm. IGF Res. 2010, 20, 179-184, doi:10.1016/j.ghir.2009.12.004.

Van Nieuwpoort, I.C,; Sinnema, M.; Castelijns, J.A.; Twisk, J.W.; Curfs, L.M.; Drent, M.L. The GH/IGF-I
axis and pituitary function and size in adults with Prader-Willi syndrome. Horm. Res. Paediatr.
2011, 75,403-411, doi:10.1159/000323442.

Hirsch, H.J.; Eldar-Geva, T.; Bennaroch, F,; Pollak, Y.; Gross-Tsur, V. Sexual dichotomy of gonadal
function in Prader-Willi syndrome from early infancy through the fourth decade. Hum. Reprod.
2015, 30, 2587-2596, d0i:10.1093/humrep/dev213.

Coupaye, M.; Tauber, M.; Cuisset, L.; Laurier, V,; Bieth, E.; Lacorte, J.M.; Oppert, J.M.; Clement, K,;
Poitou, C. Effect of genotype and previous GH treatment on adiposity in adults with Prader-Willi
syndrome. J. Clin. Endocrinol. Metab. 2016, 101, 4895-4903, doi:10.1210/jc.2016-2163.

Noordam, C.; Hoybye, C.; Eiholzer, U. Prader-Willi syndrome and hypogonadism: A review article.
Int. J. Mol. Sci. 2021, 22, 2705, d0i:10.3390/ijms22052705.

Eldar-Geva, T.; Hirsch, H.J.; Rabinowitz, R.; Benarroch, F.; Rubinstein, O.; Gross-Tsur, V. Primary ovar-
ian dysfunction contributes to the hypogonadism in women with Prader-Willi syndrome. Horm.
Res. 2009, 72, 153-159, d0i:10.1159/000232489.

Crino, A.; Schiaffini, R.; Ciampalini, P; Spera, S.; Beccaria, L.; Benzi, F,; Bosio, L.; Corrias, A.; Gargan-
tini, L.; Salvatoni, A,; et al. Hypogonadism and pubertal development in Prader-Willi syndrome.
Eur. J. Pediatr. 2003, 162, 327-333, doi:10.1007/s00431-002-1132-4.

Siemensma, E.P; van Alfen-van der Velden, A.A.; Otten, B.J.; Laven, J.S.; Hokken-Koelega, A.C. Ovar-
ian function and reproductive hormone levels in girls with Prader-Willi syndrome: A longitudinal
study. J. Clin. Endocrinol. Metab. 2012, 97, E1766-E1773, d0i:10.1210/jc.2012-1595.

Gross-Tsur, V.; Hirsch, H.J.; Benarroch, F; Eldar-Geva, T. The FSH-inhibin axis in prader-
willi syndrome: Heterogeneity of gonadal dysfunction. Reprod. Biol. Endocrinol. 2012, 10, 39,
doi:10.1186/1477-7827-10-39.

Akefeldt, A.; Tornhage, C.J.; Gillberg, C. A woman with Prader-Willi syndrome gives birth to a
healthy baby girl. Dev. Med. Child Neurol. 1999, 41, 789-790, doi:10.1017/s0012162299221573.
Schulze, A;; Mogensen, H.; Hamborg-Petersen, B.; Graem, N.; Ostergaard, J.R.; Brondum-Nielsen,
K. Fertility in Prader-Willi syndrome: A case report with Angelman syndrome in the offspring. Acta
Paediatrica 2001, 90, 455-459.

Muscogiuri, G.; Formoso, G.; Pugliese, G.; Ruggeri, R.M.; Scarano, E.; Colao, A.; Prader- Willi syn-
drome: An uptodate on endocrine and metabolic complications. Rev. Endocr. Metab. Disord. 2019,
20, 239-250, d0i:10.1007/s11154-019-09502-2.

Hockey, A.; Byrne, G.; Cohen, A. Precocious puberty in the male offspring of a mother and daughter
with the Prader-Willi syndrome. Am. J. Med. Genet. 1987, 26, 749, doi:10.1002/ajmg.1320260333.
Greco, D.; Vetri, L; Ragusa, L.; Vinci, M.; Gloria, A.; Occhipinti, P; Costanzo, A.A,; Quatrosi, G.;
Roccella, M.; Buono, S.; et al. Prader-Willi syndrome with Angelman syndrome in the offspring.
Medicina 2021, 57, 460, doi:10.3390/medicina57050460.

Dzemaili, S.; Tiemensma, J.; Quinton, R.; Pitteloud, N.; Morin, D.; Dwyer, A.A. Beyond hormone
replacement: Quality of life in women with congenital hypogonadotropic hypogonadism. Endocr.
Connect. 2017, 6,404-412, doi:10.1530/EC-17-0095.



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Richard-Eaglin, A. Male and female hypogonadism. Nurs. Clin. North Am. 2018, 53, 395-405,
doi:10.1016/j.cnur.2018.04.006.

Spangenburg, E.E; Geiger, P.C,; Leinwand, L.A,; Lowe, D.A. Regulation of physiological and
metabolic function of muscle by female sex steroids. Med. Sci. Sports Exerc. 2012, 44, 1653-1662,
doi:10.1249/MSS.0b013e31825871fa.

Tsiligiannis, S.; Panay, N.; Stevenson, J.C. Premature ovarian insufficiency and long-term health
consequences. Curr. Vasc. Pharmacol. 2019, 17, 604-609, doi:10.2174/1570161117666190122101
611.

Boese, A.C,; Kim, S.C; Yin, KJ.; Lee, J.P.; Hamblin, M.H. Sex differences in vascular physiology and
pathophysiology: Estrogen and androgen signaling in health and disease. Am. J. Physiol. Heart.
Circ. Physiol. 2017, 313, H524-H545, doi:10.1152/ajpheart.00217.2016.

Knowlton, A.A.; Lee, A.R. Estrogen and the cardiovascular system. Pharmacol. Ther. 2012, 135,
54-70, doi:10.1016/j.pharmthera.2012.03.007.

Albrand, G.; Munoz, F.; Sornay-Rendu, E.; DuBoeuf, F.; Delmas, P.D. Independent predictors of all
osteoporosis-related fractures in healthy postmenopausal women: The OFELY study. Bone 2003,
32,78-85, d0i:10.1016/s8756-3282(02)00919-5.

Cummings, S.R.; Nevitt, M.C.; Browner, W.S.; Stone, K.; Fox, K.M.; Ensrud, K.E.; Cauley, J.; Black, D.;
Vogt, T.M. Risk factors for hip fracture in white women. Study of osteoporotic fractures research
group. N. Engl. J. Med. 1995, 332, 767-773, doi:10.1056/NEJM199503233321202.

Segev, D.; Hellerstein, D.; Dunsky, A. Physical activity—Does it really increase bone density in
postmenopausal women? A review of articles published between 2001-2016. Curr. Aging Sci.
2018, 11,4-9, d0i:10.2174/1874609810666170918170744.

Bellicha, A.; Coupaye, M.; Mosbah, H.; Tauber, M.; Oppert, J.-M.; Poitou, C. Physical activity in
patients with Prader-Willi syndrome—A systematic review of observational and interventional
studies. J. Clin. Med. 2021, 10, 2528, doi:10.3390/jcm10112528.

Doga, M.; Bonadonna, S.; Gola, M.; Mazziotti, G.; Giustina, A. Growth hormone deficiency in the
adult. Pituitary 2006, 9, 305-311, doi:10.1007/511102-006-0410-y.

Butler, M.G.; Haber, L.; Mernaugh, R.; Carlson, M.G.; Price, R.; Feurer, |.D. Decreased bone mineral
density in Prader-Willi syndrome: Comparison with obese subjects. Am. J. Med. Genet. 2001, 103,
216-222,d0i:10.1002/ajmg.1556.

Nakamura, Y.; Murakami, N.; lida, T.; Asano, S.; Ozeki, S.; Nagai, T. Growth hormone treatment for
osteoporosis in patients with scoliosis of Prader-Willi syndrome. J. Orthop. Sci. 2014, 19, 877-882,
doi:10.1007/s00776-014-0641-0.

Napolitano, L.; Barone, B.; Morra, S.; Celentano, G.; La Rocca, R.; Capece, M.; Morgera, V.; Turco, C.;
Caputo, V.F; Spena, G; et al. Hypogonadism in patients with Prader Willi syndrome: A narrative
review. Int. J. Mol. Sci. 2021, 22, doi:10.3390/ijms22041993.

Pellikaan, K.; Rosenberg, A.G.W.; Kattentidt-Mouravieva, A.A.; Kersseboom, R.; Bos-Roubos, A.G.;
Veen-Roelofs, J.M.C.; van Wieringen, N.; Hoekstra, F.M.E.; van den Berg, S.A.A.; van der Lely, A.J; et
al. Missed diagnoses and health problems in adults with Prader-Willi syndrome: Recommenda-
tions for screening and treatment. J. Clin. Endocrinol. Metab. 2020, 105, e4671-e4687, d0i:10.1210/
clinem/dgaa621.

Bulun, S.E.; Chen, D.; Moy, |.; Brooks, D.C.; Zhao, H. Aromatase, breast cancer and obesity: A com-
plex interaction. Trends Endocrinol. Metab. 2012, 23, 83-89, doi:10.1016/j.tem.2011.10.003.
Nelson, L.R.; Bulun, S.E. Estrogen production and action. J. Am. Acad. Dermatol. 2001, 45, S116-
$124, doi:10.1067/mjd.2001.117432.

173



Chapter 5 | Female hypogonadism in adults with PWS

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

174

Kailasam, C.; Cahill, D. Review of the safety, efficacy and patient acceptability of the levonorg-
estrel-releasing intrauterine system. Patient Prefer. Adherence 2008, 2, 293-302, doi:10.2147/ppa.
s3464.

Lijfering, W.M.; Rosendaal, F.R.; Cannegieter, S.C. Risk factors for venous thrombosis—Current
understanding from an epidemiological point of view. Br. J. Haematol. 2010, 149, 824-833,
doi:10.1111/j.1365-2141.2010.08206.x.

Radicioni, A.F,; Di Giorgio, G.; Grugni, G.; Cuttini, M.; Losacco, V.; Anzuini, A.; Spera, S.; Marzano,
C,; Lenzi, A.; Cappa, M.; et al. Multiple forms of hypogonadism of central, peripheral or combined
origin in males with Prader-Willi syndrome. Clin. Endocrinol. 2012, 76, 72-77, doi:10.1111/j.1365-
2265.2011.04161.x.

Hirsch, H.J.; Eldar-Geva, T.; Benarroch, F.; Rubinstein, O.; Gross-Tsur, V. Primary testicular dys-
function is a major contributor to abnormal pubertal development in males with Prader-Willi
syndrome. J. Clin. Endocrinol. Metab. 2009, 94, 2262-2268, doi:10.1210/jc.2008-2760.

Bray, G.A.; Dahms, W.T,; Swerdloff, R.S.; Fiser, R.H.; Atkinson, R.L.; Carrel, R.E. The Prader-Willi syn-
drome: A study of 40 patients and a review of the literature. Medicine 1983, 62, 59-80.

Bedogni, G.; Grugni, G.; Tringali, G.; Agosti, F.; Sartorio, A. Assessment of fat-free mass from bio-
electrical impedance analysis in obese women with Prader-Willi syndrome. Ann. Hum. Biol. 2015,
42,538-542, doi:10.3109/03014460.2014.990922.

Cauley, J.A. Estrogen and bone health in men and women. Steroids 2015, 99, 11-15, doi:10.1016/j.
steroids.2014.12.010.

Cartwright, B.; Robinson, J,; Seed, P.T.; Fogelman, |.; Rymer, J. Hormone replacement therapy ver-
sus the combined oral contraceptive pill in premature ovarian failure: A randomized controlled
trial of the effects on bone mineral density. J. Clin. Endocrinol. Metab. 2016, 101, 3497-3505,
d0i:10.1210/jc.2015-4063.

Garnero, P; Sornay-Rendu, E.; Claustrat, B.; Delmas, P.D. Biochemical markers of bone turnover,
endogenous hormones and the risk of fractures in postmenopausal women: The OFELY study. J.
Bone. Miner. Res. 2000, 15, 1526-1536, doi:10.1359/jbmr.2000.15.8.1526.

Lee, J.S.; LaCroix, A.Z.; Wu, L.; Cauley, J.A,; Jackson, R.D.; Kooperberg, C.; Leboff, M.S.; Robbins,
J.; Lewis, C.E.; Bauer, D.C,; et al. Associations of serum sex hormone-binding globulin and sex
hormone concentrations with hip fracture risk in postmenopausal women. J. Clin. Endocrinol.
Metab. 2008, 93, 1796-1803, doi:10.1210/jc.2007-2358.

Lindsay, R.; Hart, D.M.; Aitken, J.M.; MacDonald, E.B.; Anderson, J.B.; Clarke, A.C. Long-term preven-
tion of postmenopausal osteoporosis by oestrogen. Evidence for an increased bone mass after
delayed onset of oestrogen treatment. Lancet 1976, 1, 1038-1041.

Christiansen, C.; Christensen, M.S.; Transbgl, |. Bone mass in postmenopausal women after with-
drawal of oestrogen/gestagen replacement therapy. Lancet 1981, 1, 459-461.

Li, L; Qiu, X,; Lash, G.E;; Yuan, L.; Liang, Z,; Liu, L. Effect of hormone replacement therapy on bone
mineral density and body composition in Chinese adolescent and young adult Turner syndrome
patients. Front. Endocrinol. 2019, 10, 377, d0i:10.3389/fend0.2019.00377.

Jorgensen, A.P; Ueland, T.; Sode-Carlsen, R.; Schreiner, T.; Rabben, K.F; Farholt, S.; Hoybye, C.;
Christiansen, J.S.; Bollerslev, J. Two years of growth hormone treatment in adults with Prader-
Willi syndrome do not improve the low BMD. J. Clin. Endocrinol. Metab. 2013, 98, E753-E760,
doi:10.1210/jc.2012-3378.

Longhi, S.; Grugni, G.; Gatti, D.; Spinozzi, E.; Sartorio, A.; Adami, S.; Fanolla, A.; Radetti, G. Adults
with Prader-Willi syndrome have weaker bones: Effect of treatment with GH and sex steroids.
Calcif. Tissue Int. 2015, 96, 160-166, doi:10.1007/5s00223-014-9949-1.



65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Birzniece, V.; Meinhardt, U.J,; Gibney, J,; Johannsson, G.; Armstrong, N.; Baxter, R.C,; Ho, K.K. Dif-
ferential effects of raloxifene and estrogen on body composition in growth hormone-replaced
hypopituitary women. J. Clin. Endocrinol. Metab. 2012, 97, 1005-1012, doi:10.1210/jc.2011-2837.
Sullivan, S.D.; Sarrel, PM.; Nelson, L.M. Hormone replacement therapy in young women with pri-
mary ovarian insufficiency and early menopause. Fertil. Steril. 2016, 106, 1588-1599, doi:10.1016/j.
fertnstert.2016.09.046.

Soares, C.N.; Almeida, O.P; Joffe, H.; Cohen, L.S. Efficacy of estradiol for the treatment of depres-
sive disorders in perimenopausal women: A double-blind, randomized, placebo-controlled trial.
Arch. Gen. Psychiatry 2001, 58, 529-534, d0i:10.1001/archpsyc.58.6.529.

Zweifel, J.E.; O’Brien, W.H. A meta-analysis of the effect of hormone replacement therapy upon de-
pressed mood. Psychoneuroendocrinology 1997, 22, 189-212, doi:10.1016/50306-4530(96)00034-
0.

Webber, L.; Anderson, R.A.; Davies, M.; Janse, F.; Vermeulen, N. HRT for women with prema-
ture ovarian insufficiency: A comprehensive review. Hum. Reprod. Open 2017, 2017, hox007,
doi:10.1093/hropen/hox007.

Sjogren, L.L.; Morch, L.S.; Lokkegaard, E. Hormone replacement therapy and the risk of endome-
trial cancer: A systematic review. Maturitas 2016, 91, 25-35, doi:10.1016/j.maturitas.2016.05.013.
Gross-Tsur, V.; Eldar-Geva, T,; Benarroch, F,; Rubinstein, O.; Hirsch, H.J. Body image and sexual in-
terests in adolescents and young adults with Prader-Willi syndrome. J. Pediatr. Endocrinol. Metab.
2011, 24, 469-475, doi:10.1515/jpem.2011.201.

Kyvernitakis, |.; Kostev, K.; Nassour, T.; Thomasius, F.; Hadji, P. The impact of depot medroxypro-
gesterone acetate on fracture risk: A case-control study from the UK. Osteoporos. Int. 2017, 28,
291-297, doi:10.1007/s00198-016-3714-4.

Hadji, P; Colli, E.; Regidor, P.A. Bone health in estrogen-free contraception. Osteoporos. Int. 2019,
30, 2391-2400, doi:10.1007/s00198-019-05103-6.

Cromer, B.A.; Bonny, A.E.; Stager, M.; Lazebnik, R.; Rome, E.; Ziegler, J.; Camlin-Shingler, K.; Secic, M.
Bone mineral density in adolescent females using injectable or oral contraceptives: A 24-month
prospective study. Fertil. Steril. 2008, 90, 2060-2067, doi:10.1016/j.fertnstert.2007.10.070.
Pellikaan, K.; Snijders, F.; Rosenberg, A.G.W.; Davidse, K.; van den Berg, S.A.A,; Visser, W.E.; van der
Lely, A.J,; de Graaff, L.C.G. Thyroid function in adults with Prader-Willi syndrome; A cohort study
and literature review. J. Clin. Med. 2021, 10, 3804, doi:10.3390/jcm10173804.

Berry-Bibee, E.N.; Kim, M.J.; Simmons, K.B.; Tepper, N.K,; Riley, H.E.; Pagano, H.P.; Curtis, K.M. Drug
interactions between hormonal contraceptives and psychotropic drugs: A systematic review.
Contraception 2016, 94, 650-667, doi:10.1016/j.contraception.2016.07.011.

McCloskey, L.R.; Wisner, K.L.; Cattan, M.K,; Betcher, HK.; Stika, C.S.; Kiley, J.W. Contraception
for women with psychiatric disorders. Am. J. Psychiatry 2021, 178, 247-255, doi:10.1176/appi.
ajp.2020.20020154.

Petrenaite, V.; Sabers, A.; Hansen-Schwartz, J. Individual changes in lamotrigine plasma concen-
trations during pregnancy. Epilepsy Res. 2005, 65, 185-188, doi:10.1016/j.eplepsyres.2005.06.004.
Reimers, A. Hormone replacement therapy with estrogens may reduce lamotrigine serum con-
centrations: A matched case-control study. Epilepsia 2017, 58, e6-e9, doi:10.1111/epi.13597.
Chen, H.; Yang, K.; Choi, S.; Fischer, J.H.; Jeong, H. Up-regulation of UDP-glucuronosyltransferase
(UGT) 1A4 by 17beta-estradiol: A potential mechanism of increased lamotrigine elimination in
pregnancy. Drug Metab. Dispos. 2009, 37, 1841-1847, doi:10.1124/dmd.109.026609.

Herzog, A.G.; Blum, AS.; Farina, E.L; Maestri, X.E.; Newman, J,; Garcia, E.; Krishnamurthy, K.B.;
Hoch, D.B.; Replansky, S.; Fowler, K.M.; et al. Valproate and lamotrigine level variation with

175



Chapter 5 | Female hypogonadism in adults with PWS

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

176

menstrual cycle phase and oral contraceptive use. Neurology 2009, 72, 911-914, doi:10.1212/01.
wnl.0000344167.78102.f0.

Erickson-Ridout, K.K.; Sun, D.; Lazarus, P. Glucuronidation of the second-generation antipsychotic
clozapine and its active metabolite N-desmethylclozapine. Potential importance of the UGT1A1
A(TA)(7)TAA and UGT1A4 L48V polymorphisms. Pharmacogenet. Genom. 2012, 22, 561-576,
doi:10.1097/FPC.0b013e328354026b.

Linnet, K. Glucuronidation of olanzapine by cDNA-expressed human UDP-glucuronosyltrans-
ferases and human liver microsomes. Hum. Psychopharmacol. 2002, 17, 233-238, doi:10.1002/
hup.403.

Erickson-Ridout, K.K.; Zhu, J.; Lazarus, P. Olanzapine metabolism and the significance of UG-
T1A448V and UGT2B1067Y variants. Pharmacogenet. Genom. 2011, 21, 539-551, doi:10.1097/
FPC.0b013e328348c76b.

Breyer-Pfaff, U,; Mey, U.; Green, M.D.; Tephly, T.R. Comparative N-glucuronidation kinetics of keto-
tifen and amitriptyline by expressed human UDP-glucuronosyltransferases and liver microsomes.
Drug Metab. Dispos. 2000, 28, 869-872.

Tsuchiya, Y,; Nakajima, M.; Yokoi, T. Cytochrome P450-mediated metabolism of estrogens and its
regulation in human. Cancer Lett. 2005, 227, 115-124, doi:10.1016/j.canlet.2004.10.007.
Yamazaki, H.; Shimada, T. Progesterone and testosterone hydroxylation by cytochromes P450
2C19, 2C9, and 3A4 in human liver microsomes. Arch. Biochem. Biophys. 1997, 346, 161-169,
doi:10.1006/abbi.1997.0302.

Dutton, C.; Foldvary-Schaefer, N. Contraception in women with epilepsy: Pharmacokinetic
interactions, contraceptive options, and management. Int. Rev. Neurobiol. 2008, 83, 113-134,
doi:10.1016/50074-7742(08)00006-8.

Sjostrom, A.; Pellikaan, K.; Sjostrom, H.; Goldstone, A.P; Grugni, G.; Crino, A.; De Graaff, L.C.G;
Hoybye, C. Hyperprolactinemia in adults with Prader-Willi syndrome. J. Clin. Med. 2021, 10, 3613,
d0i:10.3390/jcm10163613.

Cook, D.M. Growth hormone and estrogen: A clinician’s approach. J. Pediatr. Endocrinol. Metab.
2004, 17,1273-1276.

Southmayd, E.A.; De Souza, M.J. A summary of the influence of exogenous estrogen administra-
tion across the lifespan on the GH/IGF-1 axis and implications for bone health. Growth Horm. IGF
Res. 2017, 32,2-13, d0i:10.1016/j.ghir.2016.09.001.

Wilbur, J.; Torondel, B.; Hameed, S.; Mahon, T,; Kuper, H. Systematic review of menstrual hygiene
management requirements, its barriers and strategies for disabled people. PLoS ONE 2019, 14,
0210974, doi:10.1371/journal.pone.0210974.

Wilkinson, J.E.; Cerreto, M.C. Primary care for women with intellectual disabilities. J. Am. Board
Fam. Med. 2008, 21, 215-222, doi:10.3122/jabfm.2008.03.070197.

Quint, E.H. Adolescents with special needs: Clinical challenges in reproductive health care. J.
Pediatr. Adolesc. Gynecol. 2016, 29, 2-6, doi:10.1016/j.jpag.2015.05.003.

Wandresen, G.; Sgarbi, F.; Nisihara, R. Management of contraceptives and menstrual complaints
in patients with Down syndrome. Gynecol. Endocrinol. 2019, 35, 103-108, doi:10.1080/09513590.
2018.1501017.

Grover, S.R. Menstrual and contraceptive management in women with an intellectual disability.
Med. J. Aust. 2002, 176, 108-110, doi:10.5694/j.1326-5377.2002.tb04315 x.

Marjoribanks, J.; Farquhar, C; Roberts, H.; Lethaby, A.; Lee, J. Long-term hormone therapy for
perimenopausal and postmenopausal women. Cochrane Database Syst. Rev. 2017, 1, CD004143,
doi:10.1002/14651858.CD004143.pub5.



98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111,

Butler, M.G.; Oyetunji, A.; Manzardo, A.M. Age distribution, comorbidities and risk factors for
thrombosis in Prader-Willi syndrome. Genes 2020, 11, 67, doi:10.3390/genes11010067.

Roach, R.E; Lijfering, W.M.; Helmerhorst, F.M.; Cannegieter, S.C.; Rosendaal, F.R.; van Hylckama
Vlieg, A. The risk of venous thrombosis in women over 50 years old using oral contraception
or postmenopausal hormone therapy. J. Thromb. Haemost. 2013, 11, 124-131, doi:10.1111/
jth.12060.

Giordano Imbroll, M.; Gruppetta, M. A current perspective into young female sex hormone re-
placement: A review. Expert Rev. Endocrinol. Metab. 2020, 15, 405-414, doi:10.1080/17446651.202
0.1816820.

Olie, V.; Canonico, M.; Scarabin, PY. Risk of venous thrombosis with oral versus transdermal
estrogen therapy among postmenopausal women. Curr. Opin. Hematol. 2010, 17, 457-463,
doi:10.1097/MOH.0b013e32833c07bc.

Zieman, M,; Guillebaud, J.; Weisberg, E.; Shangold, G.A; Fisher, A.C.; Creasy, G.W. Contraceptive
efficacy and cycle control with the Ortho Evra/Evra transdermal system: The analysis of pooled
data. Fertil. Steril. 2002, 77, S13-S18, d0i:10.1016/s0015-0282(01)03275-7.

Westhoff, C.L.; Reinecke, I.; Bangerter, K.; Merz, M. Impact of body mass index on suppression
of follicular development and ovulation using a transdermal patch containing 0.55-mg ethinyl
estradiol/2.1-mg gestodene: A multicenter, open-label, uncontrolled study over three treatment
cycles. Contraception 2014, 90, 272-279, doi:10.1016/j.contraception.2014.04.018.

Stachenfeld, N.S.; Keefe, D.L. Estrogen effects on osmotic regulation of AVP and fluid balance. Am.
J. Physiol. Endocrinol. Metab. 2002, 283, E711-E721, d0i:10.1152/ajpendo0.00192.2002.

Kristiina, P; Reijo, S.; Markus, K.; Eero, P. Cancer incidence among persons Prader-Willi syndrome
in Finland. Int. J. Disabil. Hum. Dev. 2008, 7, 69-72, doi:10.1515/1JDHD.2008.7.1.69.

Davies, H.D.; Leusink, G.L.; McConnell, A.; Deyell, M.; Cassidy, S.B.; Fick, G.H.; Coppes, M.J. Myeloid
leukemia in Prader-Willi syndrome. J. Pediatr. 2003, 142, 174-178, d0i:10.1067/mpd.2003.81.
Havrilesky, L.J.; Gierisch, J.M.; Moorman, P.G.; Coeytaux, R.R.; Urrutia, R.P,; Lowery, W.J,; Dinan, M.;
McBroom, A.J.; Wing, L.; Musty, M.D.; et al. Oral contraceptive use for the primary prevention of
ovarian cancer. Evid. Rep. Technol. Assess. 2013, 212, 1-514.

Hodis, H.N.; Sarrel, PM. Oral contraceptive use for the primary prevention of ovarian cancer.
Climacteric 2018, 21, 521-528, doi:10.1080/13697137.2018.1514008.

Miller, J.L.; Lynn, C.H,; Driscoll, D.C.; Goldstone, A.P; Gold, J.A.; Kimonis, V.; Dykens, E.; Butler, M.G.;
Shuster, J.J.; Driscoll, D.J. Nutritional phases in Prader-Willi syndrome. Am. J. Med. Genet. A 2011,
155, 1040-1049, doi:10.1002/ajmg.a.33951.

Benarroch, F.; Srebnik-Moshe, N.; Hirsch, H.J.; Genstil, L.; Derei, D.; Shay, A.; Gross-Tsur, V. Syndrome-
related risk factors for sexual abuse: The example of Prader-Willi syndrome. Arch. Sex. Behav. 2021,
50, 2259-2266, doi:10.1007/s10508-021-01934-9.

Clarke, D.J.; Boer, H.; Chung, M.C;; Sturmey, P, Webb, T. Maladaptive behaviour in Prader-
Willi syndrome in adult life. J. Intellect. Disabil. Res. 1996, 40, 159-165, doi:10.1046/j.1365-
2788.1996.743743 x.

177



Chapter 5 | Female hypogonadism in adults with PWS

4O PUB UBIPaW B 3)B|Nd[ed 0} SUOIIRAIDSCO M) 00) 2I9M 2I3Uj] SE USAID 31e SJUSWSINSLIW [eNPIAIPU|
'S3|qeIIEA SNONUIIUOD SE ||\ pue 36 Yim paje|ndjed ale sanjeA-d '§'Q PRIIPISUOD SEM SIU3 ‘G0 MOJIT SBM HS USYM ‘D|duiexa 104 "ueaw a3 3)e|nd|ed 0} pjoysaiyl Burinseaw ay) 0} [enba paid
-PISUOD 243M PIOYSIY} BULINSEIW SU) MO|D] 319M 1Y} SIN[BA "USAIG S SUI[SSE 0} }S3SO|D JUSWINSEIW dY3} DGHS 404 'suonesedaid Buluieiuod-usboisaboid 1o/pue -uaboilss Jo 1els aY3 31043q
3|ge|leAr JUSWINSEIW Ise| 3y} Bulnp 1o aujaseq e syuaned 10y USAIB 31e [0IpeIIsS pue ‘HSH ‘H 104 sanjea AiojeloqeT “(@6ues ajinienbiaiul) uelpaw se pajuasaid ale eyeq (DgHS) ulngo|b
Buipulg-suowioy X35 ‘(QdNw) Awosip [eyussediun [euldlew ‘(H7) suowioy buiziuiin| ‘(HD) duowloy Yimoib ‘(HS4) duowoy Bunenwils 3|31jo4 {(UoHISP) UONS|SP |euldled :SUONBIASIGAY

€0 S0 (S2-€0) LS (89-¥) ¥S 0 (09-£2) ¥ (18-0¢€) ¥S (€£-0¢€) €S Ly (1/10wu) DgHS
70 40 (8'8-10) 9% 7’9 60 2SL'90°L0 olz-zL) L9 (5'8-70)S'S 8 6L0C-20-L0 131y
(T8-60)0°S (00L-02)S'L (8'6-9'€) €9 (§L-0€) €S (5'8-€'€) ¥'9 9C 61L02-T0-L0 210)29g
(1/n1) HS4
70 40 (£L-80)1C 0°€ 60 e CE (96-50) 8L s 9T 9 61L02-T0-1L0 13}y
(€6-50)9'L (L'L-€0)9¢€ (8£-€0)S'L (€5-9'1)6C (r's—0'L)¥'T LT 61L0C-20-1L0 @10j2g
(/0N H1
€0 0 (8LL-1¥) T8 (8Z1-92) ¥9 L0 (Lz1-89) L8 (££1-9€) 69 (LzL-8¢) 1L 149 (1/1owd) |o1pess3
aby 1oy anjea-d op=u pz=u anjea-d pz=u [E=U po=u SuoneAIasqo
pa3aii0) juswileall Ho  jJudwieal) adnw uonspqg |elop Jo JaquinN
anjea-d jua.INd ON HD jua.un)

Juswieas} Ho pue adAouab 03 BulpIOIIe SWOIPUAS If|IM-19PRId YHM USWOM Ul sanjeA A1ojeloqeT *zs ajqeL

V1vVa AYVYLNIW3I1ddNS

[-J

-

7



YOI pue ueipaw e a1e|ndjed 0] SUOIIeAISSQO
M3) 00) I9M 13U SB UIAID 21 SJUSWINSEIW [ENPIAIPU| , "SS|ELIBA SNONUIIUOD Se [\ PuUe 368 Ulim paiejndjed aie sanjeA-d “§'0 PaISPISUOD Sem SIYl ‘S0 MO|9q SeM HSH uaym ‘ajdwexs 1o
‘ueaW 3y d1€|ND|eD 01 Ploysaiy) Bulnseaw ay) 01 |enba palapISUOd dI9M Poysaly] BuliNseaw syl Mo|a¢ I9M 1ey] SaN[eA "USAID S| dul|9seq 01 15950|D JusWaInNseaw ay) HgHS 104 ‘suoneiedard
Bujuieluod-uabolsaboid Jo/pue -uaboilss JO 1uelS BY) 210J9q d|qe|IBAR JUDWRINSEIW 1se| 3y} buunp 1o auldseq 1e siuaned 1oy usaAIb aie |oipeiiss pue ‘HSH ‘H7 104 sanjea Kioieloge *(YOI)
uelpaw se pajuasald ate eleq (HgHS) ulingolb Buipuig-auowlioy xas ‘(YN) d|qe|ieAe Jou ‘(H7) uowuoy buiziuein| ‘(HSH) suowoy bunenwis 9|11|04 ‘(JNG) Xapul ssew Apoq :suoneinaiqqy

60 (89-€¢€) €S (LL-61) LY (98-67) €S 800 L0'0 (65-€7) 8¢ (68-97) 6S (¥8-99) €9 (1/1owu) DgHS
70 (0£1-€0)SL VN 799V L0 90°0 80°0 (6'CL-1'0) L'9 290 e V'9 61L0T-T0-L0 1231y
(T8-Te)¥'sS (98-90) 5L (8'8-v¥) S'L (€£-09) v (8'8-€9 5L LLL'SL 61L0C-20-1L0 @10j29g
(/1) HS4
€0 (6'6-9°0) L'C VN L0€°GL LS00 400 (L'£-80) 1T VN . 0'€ 6L0T-T0-L0 121y
(¥'9-8'0) 9L (8'5-9'L)¥'C (9v-106C (€5-50) 91 (ro-¥'1)6'C L L'8'TY YT 6L0C-20-1L0 @10j2g
(/n1) H1
70 (9z1-87) €L (18€-9¢) 98 (LEL-8Y) 69 7’0 0 (r71-2S) 8L (801-22) 8L (6T1-€2) 0S (1/1owd) |o1pens3
anjea-d sz=u €L=u 9z=u aby 10 anjea-d sg=u gL=u €L=u
sieak og < aby sieak sieal gz >a3by  paidau0) w/BY o€ < |G /by /By sz > Ing
0€-52 aby anjea-d 0€-ST ING

abe pue |\g 03 Buiplodde 3WOIPUAS I|[IM-13PeId YlM USWOM Ul san|eA K1ojeloqe ‘€S ajqel

179



Chapter 5 | Female hypogonadism in adults with PWS

Estradiol (pmaol/L)

L ] . 25

Lt e T

FSH (IUIL)

100 200 300 400 500 600 70O

0

LH (UIL)

Figure S1. LH, FSH and estradiol values for 27 women with Prader-Willi syndrome and hypogonadism.
Abbreviations: follicle stimulating hormone (FSH), luteinizing hormone (LH). In orange are women with an estradiol value
below the reference range and in black the women with an estradiol value above the reference range.
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Chapter 6 | Thyroid function in adults with PWS

ABSTRACT

Prader-Willi syndrome (PWS) is a complex genetic syndrome combining hypotonia,
hyperphagia, a PWS-specific neurocognitive phenotype, and pituitary hormone defi-
ciencies, including hypothyroidism. The low muscle mass associated with PWS causes
a low energy expenditure due to a low basal metabolic rate. Combined with increased
energy intake due to hyperphagia, this results in a high risk of obesity and associated
cardiovascular disease. To reduce the high mortality in PWS (3% yearly), exercise is ex-
tremely important. As hypothyroidism can impair exercise tolerance, early detection is
crucial. We performed a literature search for articles on hypothyroidism in PWS, mea-
sured thyroid hormone (TH) levels in 122 adults with PWS, and performed a medical file
search for medication use. Hypothyroidism (low free thyroxin) was present in 17%, and
often central in origin (80%). Triiodothyronine levels were lower in patients who used
psychotropic drugs, while other TH levels were similar. One in six patients in our cohort
of adults with PWS had hypothyroidism, which is more than in non-PWS adults (3%). We
recommend yearly screening of free thyroxin and thyroid-stimulating hormone levels to
avoid the negative effects of untreated hypothyroidism on basal metabolic rate, body
mass index, and cardiovascular risk. Additionally, we recommend measuring TH concen-
trations 3-4 months after the start of growth hormone treatment.
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INTRODUCTION

Prader-Willi syndrome (PWS) is a rare, complex, multisystem condition with an estimated
prevalence of 1/10,000 to 1/30,000 (1). It is caused by loss of expression of a cluster of
maternally imprinted genes on chromosome 15g11.2-q13, most commonly caused by
a paternal deletion (65-75%) or a maternal uniparental disomy (mUPD, 20-30%). In rare
cases, PWS is caused by imprinting center defects (ICD, 1-3%) or paternal chromosomal
translocations (0.1%) (2,3). Features of PWS include hyperphagia, hypotonia, and de-
layed psychomotor development. In addition, hypothalamic dysfunction could result in
abnormal temperature regulation, disturbed pain registration, and pituitary hormone
deficiencies, including hypothyroidism. There are contradictory data regarding the
prevalence of hypothyroidism in PWS (4,5).

Due to hypotonia and the low muscle mass associated with the syndrome, adults with
PWS have a low basal metabolic rate (BMR) which, combined with hyperphagia, increases
the risk of developing obesity. To increase energy expenditure and compensate for this
low BMR, exercise is extremely important. However, if left untreated, hypothyroidism can
cause fatigue and exercise intolerance (6-9). This leads to a further decrease in muscle
mass and BMR, an increase in body mass index (BMI), and increased cardiovascular risk
(10-12). As mortality in PWS is high (3% yearly in children and adults, and 7% yearly in
adults with PWS above 30 years old) and often related to obesity and cardiovascular
problems (e.g., cardiac failure and pulmonary embolism), it is of utmost importance to
treat hypothyroidism and other factors affecting BMR at an early stage (6-9,13-15).

Apart from affecting BMR, hypothyroidism can also have more direct cardiovascular
effects. Low thyroid hormone (TH) levels have been associated with diastolic hyper-
tension, increased systemic vascular resistance leading to decreased cardiac output,
myocardial stiffness, left ventricular diastolic dysfunction, accelerated atherosclerosis,
and coronary artery disease (16). Even subclinical hypothyroidism has been associated
with an increased risk of coronary heart disease and mortality (17). Treatment with levo-
thyroxine reduces low-density lipoprotein cholesterol, total cholesterol, hypertension,
and diastolic dysfunction, and delays atherosclerosis (16).

Our clinical experience is that hypothyroidism is frequently missed in adults with PWS.
The PWS-specific behavioral phenotype, physicians’ unawareness of the PWS-specific
diagnostic pitfalls, and the lack of medical guidelines for adults with PWS can cause both
patients’and doctors’delay. The intellectual disability present in most PWS adults makes
it difficult for patients to express symptoms such as fatigue and constipation. In addi-
tion, physicians often falsely assume that fatigue or excessive daytime sleepiness are
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inherent to the syndrome, and do not perform further investigations. Moreover, reduced
appetite and weight gain—other important symptoms of hypothyroidism—are hard
to recognize, as adults with PWS have hyperphagia and are often on a diet. Therefore,
hypothyroidism can easily be missed if not actively screened for.

In 122 adults with PWS, we performed TH measurements and reviewed medical files
for clinical data, including use of medication. As few large studies have investigated TH
measurements in adults with PWS, we provide a thorough exploratory analysis of the
patient characteristics possibly associated with TH concentrations (gender, genotype,
BMI, age, growth hormone (GH) treatment, and use of psychotropic drugs). Additionally,
we searched the literature for the prevalence and mechanisms of hypothyroidism (cen-
tral or primary hypothyroidism) in adults with PWS. Based on our findings, we present
recommendations for the screening and management of hypothyroidism in adults with
PWS.

MATERIALS AND METHODS

Ethical review and approval were waived for this study by the Medical Ethics Committee
of the Erasmus University Medical Center, Rotterdam, the Netherlands. In this retrospec-
tive study, we reviewed the medical files of adults that visited the multidisciplinary
outpatient clinic of our PWS reference center in the Erasmus University Medical Center,
between January 2015 and December 2020, and underwent our routine systematic
health screening. This systematic screening consists of a structured interview, a com-
plete physical examination, a medical questionnaire, a review of the medical file includ-
ing medication use, biochemical measurements and, if indicated and feasible, additional
tests, as described previously (see (18)).

During the visit, blood samples were taken for general medical screening, including
evaluation of thyroid function (fT4, triiodothyronine (T3), TSH). The reference values in
our center for TSH were 0.4-4.3 mU/L before 1 February 2019, and 0.56-4.27 mU/L after
that date. The reference values for fT4 were 11-25 pmol/L (Ortho Vitros® assay, Vitros
ECl Immunodiagnostic System; Ortho-Clinical Diagnostics, Rochester, MI, USA) before 12
April 2019, and 13.5-24.3 pmol/L after that date (Fuijrebio Lumipulse® assay). Reference
values in our center for T3 were 1.4-2.5 nmol/L before 12 April 2019, and 0.7-2.0 nmol/L
after that date. TSH, fT4 and T3 measurements changed methods during the study, but
they were calibrated similarly, as checked by external quality assessment schemes.
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Overt hypothyroidism was defined as an fT4 concentration below the reference range.
Central overt hypothyroidism was defined as an fT4 concentration below the reference
range, with a TSH concentration below or within the reference range. Primary hypo-
thyroidism was defined as an fT4 concentration below the reference range, with a TSH
concentration above the reference range. Overt hyperthyroidism was defined as an fT4
concentration above the reference range. If patients used levothyroxine before visiting
our reference center, the diagnosis of overt hypothyroidism was based on referral letters
and/or laboratory measurements before the start of levothyroxine; in that case, the dis-
tinction between primary or central hypothyroidism was also based on referral letters or,
if available, on the laboratory measurements before the start of levothyroxine compared
to the local reference values.

Subclinical hypothyroidism was defined as a normal fT4 concentration, with a TSH con-
centration above the reference range, based on a single measurement. It is important
to note that the diagnosis of subclinical hypothyroidism is less reliable in adults with
PWS. In the general population, TSH can be affected by obesity (19-22). Furthermore,
hypothyroidism can be both primary and central in PWS. Taken together, this means that
TSH and, therefore, the diagnosis of subclinical hypothyroidism, should be interpreted
with caution.

We investigated the relationship between TH measurements and genotype, as this
relationship is still largely unknown. As gender, age, BMI, and GH treatment are known
to influence TH in the general population, we also investigated their effect on TH con-
centrations in our cohort of adults with PWS (23-30).

Literature Review

We performed a search on Embase, Medline, the Web of Science Core Collection, the
Cochrane Central Register of Controlled Trials, and Google Scholar for articles that de-
scribe thyroid function and/or TH measurements in patients with PWS. The search was
last updated on 22 July 2021. For the full search strategy, see Table S1.

Inclusion criteria were: original research articles that described the prevalence of thyroid
abnormalities (including, but not limited to: central and primary hypothyroidism, hy-
perthyroidism, and subclinical hypothyroidism) or TH measurements (including, but not
limited to: thyroxine (T4), fT4, T3, free T3 (fT3), reverse T3 (rT3), and TSH) in methylation-
positive individuals with PWS. Exclusion criteria were: meeting reports, workshop
summaries, conference abstracts, guidelines, articles that included 10 or fewer subjects
with PWS, articles that were not available online, and articles that were not available in
English. When the same population was described in multiple articles, the population
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with the most laboratory values or the largest population was included. When an article
described thyroid function before and after the start of GH treatment, only data at base-
line were included in the table. Authors were contacted to clarify data when needed.

Statistical Analysis

Statistical analysis was performed using R version 3.6.3. Descriptive statistics for con-
tinuous variables are reported as median (interquartile range (IQR)). For dichotomous
variables we display the number of patients and the percentage of the total number of
patients, n (%). We used a chi-squared test to compare the prevalence of hypothyroidism
between males and females, between paternal deletion and mUPD, between patients
who did and did not use GH treatment, and between patients who did and did not use
psychotropic drugs. To investigate the relationship between hypothyroidism, and BMI
and age, we used the Wilcoxon rank sum test. We also used the Wilcoxon rank sum test
to investigate the relationships between gender, genotype, and use of GH treatment
and psychotropic drugs on the one hand, and laboratory measurements (fT4, T3, and
TSH) on the other hand. If there were ties, an exact calculation method was used. The
Kendall rank correlation test was used to assess correlations between age and BMI on
the one hand, and laboratory measurements (fT4, T3, and TSH) on the other hand. As this
was an exploratory analysis, no correction for multiple testing was performed.

RESULTS

Baseline

Baseline characteristics of the 122 adults with PWS participating in the study are shown
in Table 1. The median age was 29 years (IQR 21-39), and the median BMI was 29 kg/
m?” (IQR 26-36). We included 58 males and 64 females. Paternal deletion was the most
common genotype (n = 66, 54%), followed by mUPD (n =43, 35%). A total of 63 patients
(52%) had never received GH treatment, while 43 patients (35%) received GH treatment
at the time of the study. Medication use before our systematic screening included use
of hydrocortisone (4 adults daily and 49 adults only during physical or psychological
stress), estrogen replacement therapy (34/64 females), testosterone replacement ther-
apy (24/58 males), and thyroid hormone replacement therapy (n = 19, 16%). A total of
67 (55%) patients lived in a non-specialized facility, 24 (20%) in a specialized PWS group
home, and 31 (25%) with family. Most patients had received special education (n = 87,
71%).
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Table 1. Baseline characteristics of 122 adults with Prader-Willi syndrome.

Total
n=122
Age in years, median (IQR) 29 (21-39)
BMI in kg/m? median (IQR) 29 (26-36)
Male gender, n (%) 58 (48%)
Genetic subtype
Deletion, n (%) 66 (54%)
mUPD, n (%) * 43 (35%)
ICD, n (%) 3 (2%)
Unknown, n (%) 10 (8%)
Growth hormone treatment
Only during childhood, n (%) 12 (10%)
Only during adulthood, n (%) 3 (2%)
Both, n (%) 44 (36%)
Never, n (%) 63 (52%)
Current growth hormone treatment, n (%) 43 (35%)
Use of hydrocortisone
Daily, n (%) 4 (3%)
During physical or psychological stress, n (%) 49 (40%)

Use of estrogen replacement therapy or oral contraceptives before screening, n (%) 34/64 females (53%)

Use of testosterone replacement therapy before screening, n (%) 24/58 males (41%)
Use of thyroid hormone replacement therapy before screening, n (%) 19 (16%)
Living situation

With family, n (%) 31(25%)

In a specialized PWS group home, n (%) 24 (20%)

In a non-specialized facility, n (%) 67 (55%)

Education level

Secondary vocational education, n (%) 6 (5%)
Pre-vocational secondary education, n (%) 3(2%)
Special education, n (%) 87 (71%)
No education, n (%) 5 (4%)
Unknown, n (%) 21 (17%)

Abbreviations: body mass index (BMI), paternal deletion (deletion), imprinting center defect (ICD), interquartile range
(IQR), maternal uniparental disomy (mUPD), Prader-Willi syndrome (PWS). * In 14 patients with suspected mUPD, the par-
ents were not available for genetic testing. Therefore, mUPD is the most likely genotype, but an ICD could not be ruled
out in these patients.

Hypo- and Hyperthyroidism

Hypothyroidism was present in 21 patients (17%). A total of 12 patients had central hy-
pothyroidism, 3 patients had primary hypothyroidism, and in 6 patients it was unknown
whether the hypothyroidism was central or primary. In 17 patients, the diagnosis of
hypothyroidism was based on referral letters. TH concentrations were provided in the
referral letter in five cases. Additionally, two patients were diagnosed during childhood
by the pediatric endocrinology department at our reference center, and two patients
were diagnosed during our systematic health screening. The median age at diagnosis
of hypothyroidism was 18 years (IQR 13-27) (age at diagnosis was unknown in two
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patients). The median dose of levothyroxine in patients with hypothyroidism was 68.8
Mg (IQR 50.0-100.0) daily. Additionally, one patient with very mild hypothyroidism did
not receive any treatment.

Three patients (2%) had a normal fT4 concentration, with a TSH concentration above
the reference range (subclinical hypothyroidism), while one patient was diagnosed
with hyperthyroidism, treated with thiamazole. Although not statistically significant,
hypothyroidism seemed to be more prevalent in females (23%) than in males (10%,
P =0.051). There was no relationship with genotype, age, BMI, or GH treatment (Table
2 (A, B, Q).

Thyroid Hormone Levels

For the 97 patients without (subclinical) hypo- or hyperthyroidism, TH concentrations
and the associations between TH concentrations and patient characteristics (gender,
genotype, age, BMI, and use of GH treatment and psychotropic drugs) are shown in
Table 2 (A, B, C). The median fT4 concentration was 16.5 pmol/L (IQR 14.3-18.5), the me-
dian T3 concentration was 1.9 nmol/L (IQR 1.7-2.3), and the median TSH concentration
was 1.6 mU/L (IQR 1.1-2.3). T3 was significantly lower in older patients and in patients
without current GH treatment, while fT4 and TSH levels were similar. Gender, genotype,
and BMI were not significantly related to any of the TH measurements. To visualize the
exact distribution of the TH concentrations, we show the T3, fT4, and TSH concentrations
according to BMl in Figure 1 (A, B, C).

Psychotropic Drugs

We explored the relationship between TH concentrations and the use of psychotropic
or antiepileptic drugs. Forty-nine patients used psychotropic drugs. Only two patients
used antiepileptic medication, and both also used psychotropic drugs. Therefore, the
relationship between the use of antiepileptic drugs and thyroid function was not further
explored. Use of psychotropic drugs was not associated with hypothyroidism (Table
2 (C)). However, T3 was significantly lower in patients who used psychotropic drugs
(median 1.7 nmol/L (IQR 1.6-2.0)) than in those who did not (median 2.1 nmol/L (IQR
1.7-2.3), P =0.02). The mean age of patients using psychotropic drugs was 36 years, and
the mean age of patients not using psychotropic drugs was 29 years. No associations for
specific types of psychotropic drugs were found (Table S2 (A, B)).

Literature Review

The results of our literature review are summarized in Table 3 (A, B, C). Only 5 studies
reported thyroid function separately for adults, while the other 21 studies reported
thyroid function in children (n = 12) or in mixed populations containing children and
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Figure 1. Scatterplots of T3, fT4, and TSH in relation to BMI.

Abbreviations: body mass index (BMI), free thyroxine (fT4), triiodothyronine (T3), thyroid-stimulating hormone (TSH). Only
patients without hyperthyroidism, hypothyroidism, or subclinical hypothyroidism are depicted in this figure. Legends:
males are depicted by closed dots and females by open dots. The solid line represents the median, while the dashed line
with the grey rectangle represents the interquartile range. The reference range is given as a green, transparent rectangle.
(A) T3 vs. BMI for males and females; (B) fT4 vs. BMI for males and females; (C) TSH vs. BMI for males and females. Reference
values: TSH: before 1 February 2019: 0.4-4.3 mU/L (n = 69), after 1 February 2019: 0.56-4.27 mU/L (n = 28); fT4: before 12
April 2019: 11-25 pmol/L (n = 73), after 12 April 2019: 13.5-24.3 pmol/L (n = 22); T3: before 12 April 2019: 1.4-2.5 (n = 33),
after 12 April 2019: 0.7-2.0 nmol/L (n = 12). Only the reference range that was valid for the most observations is shown.
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adults (n = 9). Paternal deletion was the most common genotype in all studies. The
prevalence of hypothyroidism differed between 0% and 33% in most studies, with one
study reporting a prevalence of 72%. However, this study only included 18 children with
PWS who were only up to 2 years old and, in this study, thyroid axis dysfunction was
defined as serum total T4 and/or serum fT4 levels below the 2.5th percentile of a refer-
ence population. The prevalence of hypothyroidism in studies that only included adults
ranged between 5% and 13%. For mixed populations of both children and adults, this
prevalence was between 0% and 26%. Only two studies that included adults reported
whether the hypothyroidism was central or primary in origin (31,32). Although central
hypothyroidism was more prevalent (2% and 4%), primary hypothyroidism (0% and 2%)
did also occur. One study reported on the prevalence of subclinical hypothyroidism in
PWS, and showed a prevalence of 5% in children and 1% in adults. Additionally, 11 stud-
ies reported TSH, 5 total T4, 14 fT4, 5 total T3, 6 free T3, and 1 reverse T3 concentrations.

Clinical Recommendations

Based on the results of our cohort, the literature review, and our clinical expertise, we
formulated practical clinical recommendations for the screening and treatment of hypo-

Perform screening for hypothyroidism in all adults with PWS,
regardless of symptoms:
- Measure T4 (to exclude central hypothyroidism) and TSH

. v

fT4 within the fT4 below the
reference range reference range
. v

Repeat screening: Start treatment with
- Every year levothyroxine until T4 values
- When clear clinical signs of are within reference range:

hypothyroidism develop ! If psychotropic medication is
- 3-4 months after the start of started - reevaluate the

GH treatment treatment dose

Figure 2. Recommendations for the screening and treatment of hypothyroidism in adults with Prader-Willi syndrome.

thyroidism in adults with PWS (Figure 2).

DISCUSSION

The prevalence of hypothyroidism detected in our cohort of 122 adults with PWS was
17%, compared to only 3% in non-PWS adults (56). The risk of hypothyroidism was
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Chapter 6 | Thyroid function in adults with PWS

increased in all adults with PWS, regardless of gender, genotype, age, BMI, or use of GH
treatment or psychotropic drugs.

Our prevalence of hypothyroidism was higher than that of most previous studies on hy-
pothyroidism in adults and mixed cohorts of adults and children Table 3 (A, B). However,
two large French studies both showed an even higher prevalence of hypothyroidism
(26%) in patients with PWS of 16 years and older (47,48). This indicates that, although
the prevalence is variable, hypothyroidism is frequent in adults with PWS.

Compared to the general population, there are several aspects of PWS that increase
the complexity of the diagnosis and treatment of hypothyroidism in these patients. An
increased vulnerability to the effects of untreated hypothyroidism of the patients, diag-
nostic challenges, and altered TH metabolism make hypothyroidism a complex issue in
adults with PWS.

Vulnerability of the Patients

The vulnerability of the patients makes the treatment of hypothyroidism an important
topic. The common effects of hypothyroidism on the muscles and the brain can be
especially harmful to adults with PWS, as they already have impaired exercise tolerance
and brain function.

Exercise Intolerance and Cardiovascular Risk

Patients with PWS have a high risk of developing obesity due to hyperphagia and a low
BMR inherent to the syndrome. Hypothyroidism can cause arthralgia, lethargy, exertion
fatigue, shortness of breath, and muscle problems (12,57); this makes it hard to exer-
cise, and increases the risk of obesity. Hypothyroidism is also directly associated with
a decreased BMR, leading to a higher prevalence of obesity, which can further impair
physical activity (58-61). Obesity results in a high cardiovascular risk. Both indirect and
direct cardiovascular effects of hypothyroidism make its early detection and treatment
an important topic in this already vulnerable patient population (16).

Brain Function

Thyroid function is responsible for a variety of physiological processes in the adult brain
(62). Adult-onset hypothyroidism can affect both cognitive function and psychological
health (63). Hypothyroidism can impair cognition, concentration, information process-
ing speed, memory, perceptual function, and executive function (64,65). Treatment with
levothyroxine can reverse these symptoms (66). Furthermore, anxiety and depressive
symptoms are frequently reported in patients with hypothyroidism. These symptoms
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also improve after treatment with levothyroxine, leading to an increased qual