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Objective: Adults with Prader–Willi syndrome (PWS) are at increased risk of developing 

age-associated diseases early in life and, like in premature aging syndromes, aging might be 

accelerated. We investigated leukocyte telomere length (LTL), a marker of biological age, in 

young adults with PWS and compared LTL to healthy young adults of similar age. As all young 

adults with PWS were treated with growth hormone (GH), we also compared LTL in PWS 

subjects to GH-treated young adults born short for gestational age (SGA).

Design: Cross-sectional study in age-matched young adults; 47 with PWS, 135 healthy, and 75 

born SGA.

Measurements: LTL measured by quantitative polymerase chain reaction, expressed as 

telomere/single copy gene ratio.

Results: Median (interquartile range) LTL was 2.6 (2.4–2.8) at a median (interquartile range) 

age of 19.2 (17.7–21.3) years in PWS, 3.1 (2.9–3.5) in healthy young adults and 3.1 (2.8–3.4) in 

the SGA group. Median LTL in PWS was significantly lower compared to both control groups 

(P < .01). In PWS, a lower LTL tended to be associated with a lower total IQ (r = 0.35, P = .08). 

There was no association between LTL and duration of GH treatment, cumulative GH dose, or 

several risk factors for type 2 diabetes mellitus or cardiovascular disease.

Conclusions: Young adults with PWS have significantly shorter median LTL compared to age-

matched healthy young adults and GH-treated young adults born SGA. The shorter telomeres 

might play a role in the premature aging in PWS, independent of GH. Longitudinal research 

is needed to determine the influence of LTL on aging in PWS. (J Clin Endocrinol Metab 105: 

2053–2059, 2020)
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P
rader–Willi syndrome (PWS) is a rare disorder re-

sulting in a variable phenotype with muscular hypo-

tonia and failure to thrive during infancy and short 

stature, mental retardation, hyperphagia, and obesity 

in childhood and adulthood (1,2). PWS is caused by 

a lack of expression of the PWS region (q11–q13) on 

the paternally derived chromosome 15, mostly caused 
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by a paternal deletion or maternal uniparental disomy 

(mUPD) and in some cases by an imprinting center de-

fect (ICD) or paternal chromosomal translocation (1,3).

Growth hormone (GH) is an approved treatment for 

children with PWS improving body composition, linear 

growth, physical strength, cognition, and adaptive func-

tioning (4–9). Studies have shown that GH treatment 

also benefits adults with PWS, with a sustained improve-

ment in body composition when GH is continued after 

attainment of adult height (10,11). However, up to now 

GH treatment is not registered for adults with PWS. 

Studies in adults with PWS who were not treated with 

GH describe an increased risk of age-associated diseases 

early in life, eg, diabetes mellitus type 2 (T2DM), cardio-

vascular disease (CVD), and cognitive decline (12,13). 

The mortality rate of people with PWS was estimated 

to be 3% per year across all ages, rising to 7% in those 

aged over 30 (14). One explanation for the increased 

mortality rate and risk of age-associated diseases could 

be that, like in premature aging syndromes, the aging 

process is accelerated in PWS (15–18).

Ageing is characterized by a progressive time-

dependent decline of normal tissue and organ function 

and recent studies have shown that telomere shortening 

is involved in this process (19–22). Telomeres are highly 

conserved TTAGGG tandem repeat deoxyribonucleic 

acid (DNA) sequences at the end of each chromosome 

arm. Their main function is to protect the end of the 

chromosomes from inappropriate DNA repair mech-

anisms, preventing the loss of crucial DNA. Telomeres 

shorten during proliferation, and telomere length de-

clines as a function of chronological age. When telo-

mere length becomes critically short, the cell enters 

either senescence (ie, irreversible cessation of division) 

or apoptosis (ie, programmed cell death). The accumu-

lation of senescent cells might be driving the process of 

tissue and organismal aging (21–23).

We hypothesized that accelerated biological aging 

could partly explain the increased mortality rate and in-

creased risk of developing age-associated diseases early 

in life in adults with PWS. Since telomeres are suggested 

to play a role in biological aging and telomere length 

had not yet been studied in people with PWS, we inves-

tigated leukocyte telomere length (LTL) in young adults 

with PWS and compared LTL to healthy young adults of 

similar age. As all young adults who participated in this 

study were treated with GH, we also investigated LTL in 

young adults born short for gestational age (SGA) who 

were also treated with GH. We hypothesized that LTL 

would be shorter in young adults with PWS compared 

to both groups, independent of GH treatment. Finally, 

we assessed whether cognitive functioning and putative 

risk factors for T2DM and CVD correlated with LTL.

Subjects and Methods

Subjects

We included 47 young adults participating in the 

Dutch Young Adult PWS (YAP) study, whose primary 

objective was to evaluate the effects and safety of GH 

treatment in young adults with PWS who were treated 

with GH during childhood. Inclusion criteria were 

(i) genetically confirmed diagnosis of PWS by a posi-

tive methylation test, (ii) at least 2 years of GH treat-

ment during childhood, and (iii) having attained adult 

height, defined as a height velocity less than 0.5 cm per 

6 months and epiphyseal closure as demonstrated by a 

radiograph of the left hand and wrist. Exclusion criteria 

were (i) medication to reduce weight (fat) or (ii) unco-

operative behavior.

We compared LTL in GH-treated young adults with 

PWS to healthy participants from the PROGRAM co-

hort (24) and to young adults born SGA of similar age 

treated with ≥7 years of GH (1 mg/m2/day) because of 

their short stature (25). The healthy participants from 

the PROGRAM cohort were all (i) 17 to 24 years old, 

(ii) born singleton, (iii) caucasian, and (iv) had an un-

complicated neonatal period without severe asphyxia, 

sepsis, or long-term complications of respiratory ven-

tilation and/or oxygen supply. The Medical Ethics 

Committee of the Erasmus University Medical Center 

approved the study protocols. Written informed consent 

was obtained from patients and/or their parents or legal 

representatives.

Anthropometric measurements, body composition, 

and cognitive functioning

All patients with PWS were followed at the Dutch 

PWS Reference Center and treated with biosynthetic GH 

(Pfizer Inc., New York, NY, US) during childhood in a 

dose of 1.0 mg/m2/day (≈0.035 mg/kg/day) and, at the 

time of LTL measurement, in a dose of 0.33 mg/m2/day 

(≈0.012 mg/kg/day). The GH dose was regularly adjusted 

based on calculated body surface area and serum insulin-

like growth factor 1 levels. Standing height was measured 

using a Harpenden Stadiometer and weight on a cali-

brated electric scale (ServoBalance KA-20-150S). Height, 

weight, and body mass index (BMI) were expressed as 

standard deviation score (SDS) using GrowthAnalyser 

4.0 (available at www.growthanalyser.org), adjusting for 

age and sex according to Dutch reference values (26,27).

Systolic and diastolic blood pressure was measured 

using an appropriately sized cuff while sitting and 

expressed as SDS, adjusting for height and sex (28). 

Body composition was assessed by dual energy X-ray 

absorptiometry (DXA; Lunar Prodigy, GE Healthcare, 

Chalfont St Giles, UK). Total fat mass (FM; kg) and 
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lean body mass (LBM; kg) were assessed. All scans 

were made on the same machine, with daily quality 

assurance. The intra-assay coefficient of variation for 

fat tissue was 0.41 to 0.88% and for LBM, 1.57 to 

4.49% (29). FM was also expressed as percentage of 

total body weight (FM%). LBM was calculated as 

fat-free mass minus bone mineral content. FM% SDS 

was calculated according to age- and sex-matched 

Dutch reference values and LBM SDS according to 

height- and sex-matched Dutch reference values (30). 

The Wechsler Adult Intelligence Scale was used to 

assess total IQ in patients over 16 years of age (31) 

and the Wechsler Intelligence Scale in patients below 

16 years of age (32).

Laboratory measurements

Blood samples were collected after overnight fasting. 

Genomic DNA was isolated from peripheral leukocytes 

using standard procedures. DNA samples were kept 

frozen at –20°C until assayed. All LTL measurements 

were performed in the same laboratory at the University 

of Leicester (Leicester, UK). LTL was measured by the 

quantitative polymerase chain reaction–based tech-

nique as previously described (33–35). Telomere se-

quence copy number (T) and single copy gene number 

in genome 36B4 (S) were measured in separate reac-

tions and calculated relative to a calibrator sample 

(genomic DNA from K562 cell line) included on each 

run. Leukocyte telomere length was subsequently ex-

pressed as T/S ratio. For quality control, all samples 

were checked for concordance between duplicate values 

and samples with >0.2 cycle difference in take-off value 

were excluded and rerun. Samples which amplified out-

side of the linear range of the assay were also excluded 

and rerun. Reproducibility of the assay was tested by 

rerunning 47 samples of the age-matched healthy par-

ticipants and the SGA group together with the PWS 

samples (36). The correlation between the original and 

new LTL results was 0.87, and the mean coefficient of 

variation, 6.4%.

Blood levels of glucose, insulin, total cholesterol, 

low-density lipoprotein cholesterol and high-density 

lipoprotein cholesterol, and triglyceride were determined 

in the Biochemical and Endocrine laboratories of the 

Erasmus Medical Center (Rotterdam, The Netherlands).

Statistical analysis

Statistical analyses were performed with SPSS 24.0 

(SPSS Inc., Chicago, IL, US). LTL was expressed as T/S 

ratio and data as median (interquartile range [IQR]). 

Continuous variables of young adults with PWS, 

healthy young adults, and young adults born SGA were 

compared using Kruskal–Wallis and Mann–Whitney U 

tests, and categorical variables were compared using 

Chi-square tests. Analysis of covariance was used to 

correct for age, gender, gestational age, birth length, and 

birth weight SDS.

In young adults with PWS, gender and genotypic dif-

ferences in clinical characteristics were calculated by 

independent samples t tests in case of a Gaussian dis-

tribution and by Mann–Whitney U tests in case of a 

non-Gaussian distribution. Correlations between LTL 

and anthropometric measurements, body composition, 

cognitive functioning, and metabolic health parameters 

were calculated by Pearson correlation analysis in case 

of a normal distribution and by Spearman correlation 

analysis in case of a non-Gaussian distribution. P values 

less than .05 were considered statistically significant.

Results

Clinical characteristics

Forty-seven young adults with PWS (24 females) 

with a median (IQR) age of 19.2 (17.7–21.3) years 

participated in the current evaluation of LTL (Table 1). 

We compared LTL to 135 age-matched healthy par-

ticipants (71 females; median age 20  years) and to 

75 young adults born SGA (33 females; median age 

20  years) who were treated with GH during child-

hood because of their short stature. The distribution of 

males and females was similar between the 3 groups. 

Gestational age, BMI, and FM% in the PWS group 

were significantly higher and LBM significantly lower 

compared to the healthy participants and the SGA 

group (P  <  .02). Age, birth weight, and birth length 

SDS and adult height were lower in young adults 

with PWS compared to healthy participants (P < .04). 

Compared to the SGA group, birth weight, birth 

length, adult height SDS, and duration of GH treat-

ment were higher in young adults with PWS (P < .02), 

and age was similar (P = .47).

Telomere length in PWS and control groups

Median (IQR) LTL was 2.6 (2.4–2.8) in the PWS 

group (Fig. 1). Forty-four young adults with PWS (94%) 

had an LTL below the 50th percentile of healthy young 

adults and 20 (43%) below the 10th percentile. The 

healthy age-matched young adults and the young adults 

born SGA had a similar median (IQR) LTL, which were 

3.1 (2.9–3.5) and 3.1 (2.8–3.4), respectively (Fig.  1). 

Median LTL was significantly lower in young adults 

with PWS compared to both control groups (P < .01), 

also after correction for age, gender, gestational age, 

birth weight, and birth length SDS.
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Correlation analyses in PWS

Age was not significantly associated with LTL 

(r = –0.18, P = .22), which could be related to the fact 

that subjects in our study population had approxi-

mately the same age. There was no significant differ-

ence in LTL between males and females; median (IQR) 

LTL was 2.5 (2.3–2.8) in males and 2.7 (2.4–2.8) in 

females with PWS (P = .35). Median (IQR) LTL was 

similar in young adults with a deletion (n = 21) and 

a mUPD/ICD (n = 25): 2.6 (2.4–2.8) in both groups 

(P = .97).

There was no significant association between LTL 

and gestational age, birth weight, birth height, adult 

height, BMI, or FM% (P > .28). A lower LTL tended to 

be associated with a lower LBM SDS and a lower total 

IQ (r = 0.29, P = .06 and r = 0.36, P = .08, respectively), 

showing that LBM SDS and cognitive functioning in 

young adults with PWS tend to be lower in those with 

a shorter LTL. Since GH treatment could potentially 

cause increased replicative stress by inducing catch-up 

growth, we analyzed whether LTL was associated with 

the duration of GH treatment or the cumulative GH 

Table 1. Clinical characteristics of young adults with PWS, healthy young adults, and young adults born 
SGA

PWS Healthy SGA

Men/women (n) 23/24 64/71 42/33
Genetic subtype 
 Deletion/mUPD/ICDa 21/22/3/1 NA NA
Gestational age (weeks) 40.6b (38.9; 41.7) 37.0 (33.0; 40.0) 37.4 (33.0; 40.0)
Birth weight (SDS) –1.2b (–2.1; –0.1) 0.4 (–0.4; 1.0) –2.7 (–3.3; –1.6)
Birth length (SDS) –1.1b (–2.2; –0.2) 0.1 (–0.4; 0.7) –3.1 (–4.5; –2.3) 
Age (yrs) 19.2c (17.7; 21.3) 20.0 (19.0; 22.0) 20.0 (18.0; 21.7) 
Height (SDS) –1.0c,d (–1.8; –0.3) 0.00 (–0.4; 0.7) –1.5 (–2.0; –0.8)
BMI (kg/m2) 25.0b (21.8; 27.5) 21.8 (20.5; 23.4) 20.2 (18.8; 22.1) 
BMI for age (SDS) 1.2b (0.0; 1.8) –0.1 (–0.6; 0.6) –0.9 (–1.4; 0.1) 
Duration of GH treatment (years) 13.0d (11.5; 14.0) NA 9.2 (7.1; 11.0)
Fat percentage (%) 39.8b (36.0; 43.6) 22.4 (14.3; 31.4) 18.9 (11.6; 27.8)
Fat percentage (SDS) 2.2b (1.8; 2.5) 0.6 (–0.1; 1.1) 0.5 (–0.1; 1.1) 
Lean mass (SDS) –1.3c,d (–2.1; –0.5) –0.6 (–1.3; 0.1) –0.7 (–1.6; 0.1)
Telomere length (T/S ratio) 2.6b (2.4; 2.8) 3.1 (2.9; 3.5) 3.1 (2.8; 3.4) 

Data expressed as median (interquartile range). 

Abbreviations: BMI, body mass index; mUPD = maternal uniparental disomy; ICD = imprinting center defect; PWS, Prader–Willi syndrome; SDS, stand-

ard deviation score; SGA, short for gestational age; T/S ratio, telomere/single copy gene ratio.
agenotype unknown.
b
P < 0.01 compared to healthy young adults and SGA group.

c
P < 0.04 compared to healthy young adults.

d
P < 0.02 compared to SGA group.

Figure 1. Leukocyte telomere length for age in 47 GH-treated young adults with PWS and 75 young adults born SGA who were also treated 

with GH. The dotted lines represent the 10th and 50th percentile of the healthy young adults. Forty-four young adults with PWS (94%) have a LTL 

below the 50th percentile and 20 (43%) below the 10th percentile of the healthy young adults.
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dose, but we found no significant association between 

either. Table  2 shows metabolic health parameters in 

young adults with PWS. Neither blood pressure SDS 

and serum cholesterol levels, nor Homeostatic Model 

Assessment for Insulin Resistance were associated with 

LTL (P > .21).

Discussion

This cross-sectional study in 47 GH-treated young 

adults with PWS shows that median leukocyte telomere 

length (LTL) is shorter in young adults with PWS com-

pared to age-matched healthy young adults and young 

adults born SGA who were also treated with GH. We 

found no significant association between LTL and the 

duration of GH treatment or the cumulative GH dose. 

This is the first study to show that a shorter LTL might 

play a role in the reported accelerated aging process 

in adults with PWS, independent of GH treatment 

(15–17). Sinnema et al described excess functional im-

pairment, morbidity and mortality, and evidence of pre-

mature aging in 12 adults with PWS above the age of 

50 years (17). Aging is characterized by a progressive 

time-dependent functional decline of tissues and telo-

mere shortening is considered to be involved in this pro-

cess (20,21). Individuals with shorter telomere length 

show increased mortality risk, providing support for an 

association between telomere length and lifespan (37).

Besides the finding that LTL is shorter in young adults 

with PWS, we found a tendency toward an association 

between a shorter LTL and a lower total IQ, which might 

imply a role of LTL in cognitive functioning in PWS. 

A  cross-sectional MRI-study in 20 young adults with 

PWS showed that predicted brain age was, on average, 

8.7 years higher than chronological age (38). Together 

with a brain structure resembling healthy older brains, 

indicative of premature neuronal loss and atrophy, this 

suggests premature brain aging in young adults with 

PWS (38). The same research group found a 2.5-year 

higher predicted brain age than chronological age in 46 

adults with Down syndrome. A higher brain-predicted 

age was significantly associated with lower cognitive 

functioning (39), and shorter telomeres have been as-

sociated with cognitive decline and dementia status in 

patients with Down syndrome (40,41). These studies 

support that people with PWS and Down syndrome 

age prematurely. Our study suggests a possible role of 

shorter LTL in this accelerated aging process in adults 

with PWS. However, longitudinal studies on LTL, cog-

nitive functioning and brain development in a larger co-

hort of children and (older) adults with PWS are needed 

to elucidate the natural course of brain development in 

relation to LTL and cognitive functioning.

There is a strong correlation between telomere length 

in different tissues in humans and in other mammals, 

which shows that telomere length in leukocytes reflects 

systemic telomere length in other tissues (42). Besides 

chronological aging, a wealth of genetic and environ-

mental factors are reported to affect telomere length 

(22). Even though none of the genes in the PWS re-

gion on chromosome 15 are associated with telomere 

homeostasis, several clinical features of people with 

PWS are associated with an increased risk of shorter 

telomeres, including obesity, a reduced level of physical 

activity, and increased psychosocial stress. Furthermore, 

adults with PWS are prone to develop T2DM and CVD 

in early life (12,13), and several studies have shown 

that shortened telomeres are associated with an in-

creased risk of T2DM and CVD (20,22,37). As none 

of the investigated young adults with PWS were diag-

nosed with T2DM and CVD, we investigated the inter-

action between LTL and putative risk factors for T2DM 

and CVD. We found no significant correlation between 

LTL and age, BMI, FM%, blood pressure, serum chol-

esterol levels, and Homeostatic Model Assessment for 

Insulin Resistance. This is in accordance with an earlier 

study demonstrating that the association between LTL 

and CVD is independent of risk factors for CVD (35). 

Probably our study group of young adults with PWS was 

too young to already have T2DM or CVD. Also, with 

the more recent trends of early diagnosis, GH treatment 

from a young age, and the enhanced prevention of po-

tentially impairing health conditions, T2DM and CVD 

might occur later in life. It would be interesting to ana-

lyze the association between (risk factors for) T2DM 

and CVD and LTL at a later age, when age-associated 

diseases become more apparent.

All young adults with PWS who participated in 

the current study were treated with long-term GH 

improving body composition, linear growth, physical 

strength, cognition, and adaptive functioning (4–9). To 

evaluate whether GH treatment would cause increased 

Table 2. Risk factors CVD and T2DM

Risk factor

Systolic blood pressure (SDS) 0.8 (0; 1.6) 
Diastolic blood pressure (SDS) 0.6 (0.3; 1.2)
Total Cholesterol (mmol/L) 4.3 (3.9; 4.8)
HDL (mmol/L) 1.3 (1.1; 1.5)
LDL (mmol/L) 2.8 (2.3; 3.2) 
Triglycerides (mmol/L) 0.8 (0.7; 1.2)
HOMA-IR 1.7 (1.2; 2.9)

Data expressed as median (interquartile range).

Abbreviations: HDL,  high-density lipoprotein cholesterol. HOMA-IR, 

Homeostatic Model Assessment for Insulin Resistance; LDL, low-density 

lipoprotein cholesterol; SDS, standard deviation score.
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replicative stress and shorter LTL, we compared young 

adults with PWS to young adults born SGA who were 

also treated with GH. The fact that LTL in young adults 

with PWS was shorter compared to both groups and 

similar in healthy young adults and GH-treated young 

adults born SGA make adverse effects of long-term GH 

treatment on LTL very unlikely (36). Besides, the lack 

of an association between LTL and the duration of GH 

or the cumulative GH dose in young adults with PWS 

is reassuring with regard to possible negative effects of 

GH on LTL.

One could even argue that GH treatment might 

positively influence LTL by improving body compos-

ition. We know that long-term GH treatment during 

childhood counteracts the clinical course of increasing 

obesity in children with PWS and has substantially 

changed their phenotype (4). Combined with an early 

diagnosis and multidisciplinary support from a very 

young age, GH treatment has resulted in a new gener-

ation of children and young adults with PWS without 

severe obesity. Thus, it could be that if our group of 

young adults had not been treated with GH, they would 

have had a higher BMI and FM%, and their LTL could 

have been even shorter. The limited age range and Dutch 

origin of our PWS cohort is both a strength and a con-

straint of our study, since it eliminates the confounding 

effect of age and nationality, but restricts generalizations 

of the results to other age groups and nationalities. Also, 

we were not able to compare LTL in GH-treated young 

adults with PWS to (young) adults with PWS who were 

not treated with GH and more research is needed on 

LTL across the life course and in people of different 

origin to be able to determine its role in aging for both 

GH-treated and untreated people with PWS.

In contrast to previous studies, we found no signifi-

cant difference in median LTL between males and fe-

males. Females have been reported to have longer LTL, 

which is thought to be due to higher levels of estrogen, 

conferring anti-inflammatory and antioxidant proper-

ties and promoting telomerase expression (22). Since 

serum estrogen levels are generally low in females with 

PWS, this could explain the lack of a difference between 

males and females in our study (43). We also found 

similar LTL in young adults with a deletion and those 

with a mUPD or ICD. A  recent study by Whittington 

et al reported on 26 adults with PWS over the age of 

40 years. In 3 participants (aged 41, 48, and 55), there 

was a significant deterioration in executive functioning 

with possible dementia. All were women, had UPD or 

a disomic region, and had had psychotic episodes (18). 

Psychiatric disorders are reported more commonly in 

people with a mUPD and a higher level of psychosocial 

stress is associated with shorter telomeres (22). Based on 

these studies, a difference in LTL between the deletion 

and mUPD subtypes was expected. However, since the 

study group of Whittington et al is considerably older 

than our group and none of the affected individuals 

were treated with GH, it is difficult to compare results. 

We suggest investigating possible differences in LTL be-

tween genetic subtypes in future studies.

In conclusion, we found a shorter LTL in 47 

GH-treated young adults with PWS compared to un-

treated healthy young adults and young adults born 

SGA who were also treated with GH, which might 

suggest that a shorter LTL is involved in the reported 

accelerated aging process in adults with PWS. More 

research on LTL across the life course is needed to 

be able to determine its exact role in aging in people 

with PWS.

Acknowledgments

We express our gratitude to all young adults and parents for 

their enthusiastic participation in this study, and we thank 

Mariëlle van Eekelen and Ezra Piso for all their work. We 

thank all collaborating pediatric-endocrinologists, pediatri-

cians, and other health care providers.

Financial Support: This study was an investigator-initiated 

study, supported by an independent research grant from Pfizer. 

Pfizer was not involved in conception or design of the study, 

nor in collection, analysis or interpretation of data, writing 

the manuscript, or decision to submit the manuscript for pub-

lication.

Additional Information

Correspondence and Reprint Requests: S.  H. Donze, 

Westzeedijk 106, 3016 AH Rotterdam, The Netherlands. 

E-mail: S.Donze@kindengroei.nl.

Disclosure Summary: AHK received an independent re-

search grant from Pfizer for an investigator-initiated study. 

The other authors have nothing to disclose.

Data Availability: Restrictions apply to the availability of 

data generated or analyzed during this study to preserve pa-

tient confidentiality or because they were used under license. 

The corresponding author will, on request, detail the restric-

tions and any conditions under which access to some data 

may be provided.

References

 1. Cassidy  SB, Schwartz  S, Miller  JL, Driscoll  DJ. Prader–Willi 

syndrome. Genet Med. 2012;14(1):10–26.

 2. van  Nieuwpoort  IC, Sinnema  M, Castelijns  JA, Twisk  JW, 

Curfs  LM, Drent  ML. The GH/IGF-I axis and pituitary func-

tion and size in adults with Prader–Willi syndrome. Horm Res 

Paediatr. 2011;75(6):403–411.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/jc
e
m

/a
rtic

le
-a

b
s
tra

c
t/1

0
5
/6

/2
0
5
3
/5

6
1
3
5
3
5
 b

y
 E

ra
s
m

u
s
 U

n
iv

e
rs

ity
 R

o
tte

rd
a
m

 u
s
e
r o

n
 1

7
 J

u
ly

 2
0
2
0

mailto:S.Donze@kindengroei.nl?subject=


doi:10.1210/clinem/dgz180 https://academic.oup.com/jcem  2059

 3. Goldstone  AP, Holland  AJ, Hauffa  BP, Hokken-Koelega  AC, 

Tauber M; Speaker-contributors at the Second Expert Meeting of 

the Comprehensive Care of Patients with PWS. Recommendations 

for the diagnosis and management of Prader–Willi syndrome. J 

Clin Endocrinol Metab. 2008;93(11):4183–4197.

 4. Bakker  NE, Kuppens  RJ, Siemensma  EP, 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):4013–4022.

 5. Festen DA, Wevers M, Lindgren AC, et al. Mental and motor de-

velopment before and during growth hormone treatment in in-

fants and toddlers with Prader–Willi syndrome. Clin Endocrinol 

(Oxf). 2008;68(6):919–925.

 6. Siemensma EP, Tummers-de Lind van Wijngaarden RF, Festen DA, 

et al. Beneficial effects of growth hormone treatment on cogni-

tion in children with Prader–Willi syndrome: a randomized con-

trolled trial and longitudinal study. J Clin Endocrinol Metab. 

2012;97(7):2307–2314.

 7. Lo ST, Festen DA, Tummers-de Lind van Wijngaarden RF, Collin PJ, 

Hokken-Koelega  AC. Beneficial effects of long-term growth 

hormone treatment on adaptive functioning in infants with Prader–

Willi syndrome. Am J Intellect Dev Disabil. 2015;120(4):315–327.

 8. Carrel AL, Myers SE, Whitman BY, Eickhoff J, Allen DB. Long-

term growth hormone therapy changes the natural history of body 

composition and motor function in children with Prader–Willi 

syndrome. J Clin Endocrinol Metab. 2010;95(3):1131–1136.

 9. Deal CL, Tony M, Höybye C, Allen DB, Tauber M, Christiansen JS; 

2011 Growth Hormone in Prader-Willi Syndrome Clinical Care 

Guidelines Workshop Participants. GrowthHormone research so-

ciety workshop summary: consensus guidelines for recombinant 

human growth hormone therapy in Prader–Willi syndrome. J 

Clin Endocrinol Metab. 2013;98(6):E1072–E1087.

 10. Kuppens RJ, Bakker NE, Siemensma EP, et al. Beneficial effects of 

gh in young adults with Prader–Willi syndrome: a 2-year cross-

over trial. J Clin Endocrinol Metab. 2016;101(11):4110–4116.

 11. Sode-Carlsen R, Farholt S, Rabben KF, et al. Growth hormone 

treatment in adults with Prader–Willi syndrome: the Scandinavian 

study. Endocrine. 2012;41(2):191–199.

 12. Laurier  V, Lapeyrade  A, Copet  P, et  al. Medical, psychological 

and social 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):411–421.

 13. Sinnema M, Maaskant MA, van Schrojenstein Lantman-de Valk 

HM, et al. Physical health problems in adults with Prader–Willi 

syndrome. Am J Med Genet A. 2011;155A(9):2112–2124.

 14. Whittington JE, Holland AJ, Webb T, Butler J, Clarke D, Boer H. 

Population prevalence and estimated birth incidence and mor-

tality rate for people with Prader–Willi syndrome in one UK 

Health Region. J Med Genet. 2001;38(11):792–798.

 15. Coppus  AM. People with intellectual disability: what do we 

know about adulthood and life expectancy? Dev Disabil Res Rev. 

2013;18(1):6–16.

 16. Dykens EM. Aging in rare intellectual disability syndromes. Dev 

Disabil Res Rev. 2013;18(1):75–83.

 17. Sinnema  M, Schrander-Stumpel  CT, Maaskant  MA, Boer  H, 

Curfs LM. Aging in Prader–Willi syndrome: twelve persons over 

the age of 50 years. Am J Med Genet A. 2012;158A(6):1326–1336.

 18. Whittington  JE, Holland  AJ, Webb  T. Ageing in people with 

Prader–Willi syndrome: mortality in the UK population co-

hort and morbidity in an older sample of adults. Psychol Med. 

2015;45(3):615–621.

 19. Childs BG, Durik M, Baker DJ, van Deursen  JM. Cellular sen-

escence in aging and age-related disease: from mechanisms to 

therapy. Nat Med. 2015;21(12):1424–1435.

 20. Opresko  PL, Shay  JW. Telomere-associated aging disorders. 

Ageing Res Rev. 2017;33:52–66.

 21. Zhu Y, Liu X, Ding X, Wang F, Geng X. Telomere and its role 

in the aging pathways: telomere shortening, cell senescence and 

mitochondria dysfunction. Biogerontology. 2019;20(1):1–16.

 22. Turner  KJ, Vasu  V, Griffin  DK. Telomere biology and human 

phenotype. Cells. 2019;8(1):1–19.

 23. Shay JW, Wright WE. Telomeres and telomerase: three decades of 

progress. Nat Rev Genet. 2019;20(5):299–309.

 24. Leunissen  RW, Kerkhof  GF, Stijnen  T, Hokken-Koelega  A. 

Timing and tempo of first-year rapid growth in relation to car-

diovascular and metabolic risk profile in early adulthood. Jama. 

2009;301(21):2234–2242.

 25. Breukhoven PE, Kerkhof GF, van Dijk M, Hokken-Koelega AC. 

Long-term impact of GH treatment during childhood on body 

composition and fat distribution in young adults born SGA. J 

Clin Endocrinol Metab. 2011;96(12):3710–3716.

 26. Fredriks  AM, van  Buuren  S, Burgmeijer  RJ, et  al. Continuing 

positive secular growth change in The Netherlands 1955–1997. 

Pediatr Res. 2000;47(3):316–323.

 27. Fredriks  AM, van  Buuren  S, Wit  JM, Verloove-Vanhorick  SP. 

Body index measurements in 1996–7 compared with 1980. Arch 

Dis Child. 2000;82(2):107–112.

 28. Rosner  B, Prineas  RJ, Loggie  JM, Daniels  SR. Blood pressure 

nomograms for children and adolescents, by height, sex, and age, 

in the United States. J Pediatr. 1993;123(6):871–886.

 29. Guo Y, Franks PW, Brookshire T, Antonio Tataranni P. The intra- 

and inter-instrument reliability of DXA based on ex vivo soft 

tissue measurements. Obes Res. 2004;12(12):1925–1929.

 30. Boot  AM, Bouquet  J, de  Ridder  MA, Krenning  EP, 

de Muinck Keizer-Schrama SM. Determinants of body compos-

ition measured by dual-energy X-ray absorptiometry in Dutch 

children and adolescents. Am J Clin Nutr. 1997;66(2):232–238.

 31. Wechsler D. Manual of Wechsler Adult Intelligence Scale (WAIS-

III). 3rd ed. San Antonio, TX: Harcourt Assessment; 1997.

 32. Wechsler D. Manual of Wechsler Intelligence Scale for Children 

(WISC-III). 3rd ed. New York, NY: The Psychological 

Coorporation; 1991.

 33. Cawthon  RM. Telomere measurement by quantitative PCR. 

Nucleic Acids Res. 2002;30(10):e47.

 34. Codd V, Nelson CP, Albrecht E, et al; CARDIoGRAM Consortium. 

Identification of seven loci affecting mean telomere length and 

their association with disease. Nat Genet. 2013;45(4):422–7, 

427e1.

 35. Smeets CC, Codd V, Samani NJ, Hokken-Koelega AC. Leukocyte 

telomere length in young adults born preterm: support for accel-

erated biological ageing. PloS One. 2015;10(11):e0143951.

 36. Smeets CC, Codd V, Denniff M, Samani NJ, Hokken-Koelega AC. 

Effects of size at birth, childhood growth patterns and growth 

hormone treatment on leukocyte telomere length. PloS One. 

2017;12(2):e0171825.

 37. Monaghan  P, Eisenberg  DTA, Harrington  L, Nussey  D. 

Understanding diversity in telomere dynamics. Philos Trans R Soc 

Lond B Biol Sci. 2018;373(1741).

 38. Azor  AM, Cole  JH, Holland  AJ, et  al. Increased brain age 

in adults with Prader–Willi syndrome. Neuroimage Clin. 

2019;21:101664.

 39. Cole JH, Annus T, Wilson LR, et al. Brain-predicted age in Down 

syndrome is associated with beta amyloid deposition and cogni-

tive decline. Neurobiol Aging. 2017;56:41–49.

 40. Jenkins  EC, Ye  L, Gu  H, et  al. Shorter telomeres may indicate 

dementia status in older individuals with Down syndrome. 

Neurobiol Aging. 2010;31(5):765–771.

 41. Jenkins EC, Ye L, Krinsky-McHale  SJ, Zigman WB, Schupf N, 

Silverman WP. Telomere longitudinal shortening as a biomarker 

for dementia status of adults with Down syndrome. Am J Med 

Genet B Neuropsychiatr Genet. 2016;171B(2):169–174.

 42. Daniali L, Benetos A, Susser E, et al. Telomeres shorten at equiva-

lent rates in somatic tissues of adults. Nat Commun. 2013;4:1597.

 43. Siemensma  EP, van  Alfen-van  der  Velden  AA, Otten  BJ, 

Laven  JS, Hokken-Koelega  AC. Ovarian function and re-

productive hormone levels in girls with Prader–Willi 

syndrome: a longitudinal study. J Clin Endocrinol Metab. 

2012;97(9):E1766–E1773.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/jc
e
m

/a
rtic

le
-a

b
s
tra

c
t/1

0
5
/6

/2
0
5
3
/5

6
1
3
5
3
5
 b

y
 E

ra
s
m

u
s
 U

n
iv

e
rs

ity
 R

o
tte

rd
a
m

 u
s
e
r o

n
 1

7
 J

u
ly

 2
0
2
0


