The Journal of Clinical Endocrinology & Metabolism, 2023, 00, 1-8
https://doi.org/10.1210/clinem/dgad101
Advance access publication 6 March 2023

Clinical Research Article

OXFORD

ENDOCRINE
SOCIEETY

Lean Body Mass in Boys With Prader-Willi Syndrome
Increases Normally During Spontaneous and Induced
Puberty

Cees Noordam,"? Anika Stephan,’ and Urs Eiholzer’

'Centre for Paediatric Endocrinology Zurich, Zurich 8006, Switzerland
2Department of Paediatrics, Radboud University Medical Centre, Nijmegen 6525, Netherlands

Correspondence: Urs Eiholzer, MD, Centre for Paediatric Endocrinology, Mohrlistrasse 69, CH-8006 Zurich, Switzerland. Email: urs.eiholzer@pezz.ch.

Abstract

Context: Prader-Labhart-Willi syndrome (PWS) is a rare genetic disorder characterized by intellectual disability, behavioural problems, and
hypothalamic dysfunction combined with specific dysmorphisms. In PWS, growth hormone treatment is given primarily to improve body
composition, yet lean body mass (LBM) does not normalize. Male hypogonadism is frequent in PWS and becomes evident during puberty.
While LBM increases in normal boys during puberty, it is not known whether LBM and muscle mass concomitantly increase in PWS during
spontaneous or induced puberty.

Objective: To describe the peripubertal increment in muscle mass in boys with PWS undergoing growth hormone treatment.
Design: Single-center, retrospective descriptive study, using data from 4 years before until 4 years after onset of puberty.
Setting: Primary referral centre for PWS.

Patients: Thirteen boys diagnosed with genetically proven PWS. The mean age at onset of puberty was 12.3 years; the mean observation period
before (after) onset of puberty was 2.9 (3.1) years.

Intervention: Puberty was induced upon pubertal arrest. All boys received internationally standardized growth hormone treatment.
Main Outcome Measure: Lean mass index (LMI) determined by dual energy X-ray absorptiometry.

Results: LMl increased by 0.28 kg/m? per year before puberty and by 0.74 kg/m? per year after the onset of puberty. The time before puberty
explained less than 10% of the variation in LMI, whereas the time after puberty onset explained about 25%.

Conclusion: Boys with PWS showed a recognizable increment in LMI during both spontaneous and induced puberty compared with the
prepubertal phase, which was within the trajectories of normal boys. Therefore, timely testosterone substitution in the absence or at arrest

of puberty during growth hormone treatment is important to optimize peak LBM in PWS.
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Prader-Labhart-Willi syndrome (PWS) is a rare genetic dis-
order resulting from the lack of expression of the paternally
derived chromosome 15q11-q13. PWS is characterized by in-
tellectual disability, behavioural problems, and hypothalamic
dysfunction combined with specific dysmorphisms (1, 2).
Over the past 3 decades, the phenotype of children with
PWS has changed. Early growth hormone treatment, rigorous
nutritional restriction, and enhanced physical activity has led
to a taller stature, improved body composition, and an in-
crease in motor strength (3-5). The changes in body compos-
ition and increased motor strength are the main reasons for
initiating growth hormone treatment in children with PWS
(4). For those children with PWS left untreated, their fat
mass index (FMI) is increased and lean mass index (LMI) is de-
creased compared to children with nonsyndromic obesity (6).

During growth hormone treatment, FMI decreases, but
LMI only increases during the initial 6 to 12 months (3, 3).
Consequently, lean body mass (LBM) and muscle mass

remain low despite growth hormone treatment, while in-
creased fat mass persists, mostly because of habitually low
physical activity, respectively insatiable hunger and increased
food intake (7). This often results in sarcopenic obesity and
decreased cardiovascular health (8). In healthy boys, normal
development of muscle mass leads to normal bone mass (9)
and positively influences physical activity, energy balance,
and cardiovascular health (8). Lean body and muscle mass in-
crease at an accelerated rate during puberty and peak by 30
years of age (10). Therefore, puberty is an important period
of increasing muscle mass that might be a potential window
of opportunity to improve body composition and health in
boys with PWS. The potential benefit is unknown, since re-
ports on the influence of puberty on LBM development in
boys with PWS are limited (11). In most boys with PWS, go-
nadal failure becomes evident during puberty with a frequent
arrest of puberty and the need for testosterone substitution
(12). There is no consensus on when and how to dose sex
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steroid substitution (13). At our institution, we substitute tes-
tosterone as soon as gonadal failure becomes evident during
puberty, yet we did not know whether this strategy leads to
normal increases in LBM. There are no studies that have ex-
amined this specific question. Therefore, we initiated this
retrospective study to describe the peripubertal increment in
LBM in boys with PWS undergoing growth hormone treat-
ment and timely induction of puberty and interpret the results
using LMI trajectories from a population of healthy boys.

Methods

Design

This study was approved by the local ethics committee (ethics
committee of the Canton Zurich: BASEC 2021-322). Parents
or the caregivers of patients provided written consent. For this
retrospective study, we reviewed the medical records of male
patients with PWS who were treated at our institution. The
diagnosis of PWS had been established genetically in all pa-
tients. The main inclusion criteria were treatment at our insti-
tution during the prepubertal and pubertal phases and that
puberty was reached in 2017 at the latest, to ensure a pubertal
observation period of sufficient length at the time point of data
analysis in 2021. An additional inclusion criterion of at least 1
dual energy X-ray absorptiometry (DXA) measurement with-
in 4 years before the onset of puberty, 1 DXA measurement at
the onset of puberty, and at least 2 DXA measurements within
4 years after the onset of puberty were required for evaluation.
Patients were excluded from the evaluation if any of the afore-
mentioned DXA measurements were missing. Induction of
puberty and substitution of gonadal hormones was not stand-
ardized but based on the discretion of the primary physician in
a single center. At our institution, in the period before 2010,
we administered 500 to 1500 IU human chorionic gonado-
tropin (hCG) twice weekly, when pubertal arrest became evi-
dent. Since 2010 we administer testosterone enanthate with a
starting dosage of 100 mg/4 weeks in this situation. The dos-
age is then increased to 250 mg/4 weeks after 1.5 years.

Males with PWS

Clinical Assessment

The onset of puberty was defined as the first consultation at
which serum testosterone levels from blood samples taken
early in the morning were > 0.8 nmol/L (14). The age interval
of interest for data collection was defined as +4 years around
the onset of puberty.

Our primary outcome is the slope of prepubertal and puber-
tal course of the LMI, where LMI is the ratio of LBM in kilo-
grams (kg) to height in square metres (m?). LBM is a close
approximate to muscle mass and was derived from DXA
measurements. The FMI was calculated accordingly. We ex-
ported all available DXA measurements within the age inter-
val of interest from the electronic patient files including LBM,
fat mass, and bone mass. DXA measurements were, in prin-
ciple, routinely made at our institution during the yearly
standard consultations using Hologic QDR 2000 (7 cases)
and later using Hologic Discovery Wi (5 cases) machines
(Hologic; Bedford, MA). Array modes were used on both ma-
chines. As recommended, we determined regression equations
for body composition parameters during the transition phase
to the new machine using 51 test subjects. We found that the
effect of transforming values from the old to the new device
was negligible on our target outcome, the change in slope be-
tween prepubertal and pubertal phase. All within-person lon-
gitudinal measurements stemmed from the same DXA
machine. We allowed 1 exception, where the device was
changed for the pubertal phase assessment after the onset of
puberty (Patient #2). We think a model change at this time
point is acceptable, given the low case numbers for this rare
disease.

Further variables extracted from the electronic patient files
for the age interval of interest were height and weight meas-
ured using standard techniques (15), age, bone age (16),
height velocity per year calculated from 6-monthly interval
measurements, testicular volume expressed as the maximum
of both sides using a Prader orchidometer, pubic hair accord-
ing to Tanner stages, concentrations of testosterone and
follicle-stimulating hormone (FSH) from morning serum,

* Single consultation / second opinion, n = 13

* Start of treatment only within or after puberty, n = 10
* Therapy discontinuation, n =3

* Puberty not reached in 2018 at the latest, n = 29

* Patient assent / caregiver consent withheld, n =1
Missing DEXA measurements,n=9
*  DEXA measurements from external clinic, n = 2

n =280
v
Eligible subjects
n=25
\ 4
Final sample
n=13

Figure 1. Inclusion flow chart.
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and, if applicable, the beginning and type of gonadal
substitution.

Hormone Measurements

Serum FSH was determined using Access FSH Kit (Beckman
Coulter; catalog no. 33520, RRID:AB_2750983) with a de-
tection limit of 0.2 U/L and intra- and interassay coefficients
of variation of less than 10%.

Serum testosterone was determined using Architect™ 2nd
Generation Kit (Abbott; catalog no. 2P13, RRID:
AB_2895254) with a detection limit of 0.05 nmol/L and intra-
and interassay coefficients of variation of less than 8%.

Statistical Methods

We were interested in the average effect of time and FMI on
LMI in boys with PWS in the prepubertal and pubertal phases.
For statistical analysis, we chose 2-level linear mixed models.
The average effect of both variables on LMI was expressed by
the regression coefficients (slopes) for the so-called fixed

Table 1. Sample description at the onset of puberty

effects calculated in the models. Furthermore, we considered
interindividual differences regarding LMI at t=0 (the so-
called random intercept) and interindividual responses of
LMI change to time (random slope) in the model. We sepa-
rated the time around puberty into 2 periods and calculated
respective models: 1 for the prepubertal period and 1 for the
pubertal period. Time was centered to the onset of puberty
as defined previously. The models were estimated using the re-
stricted maximum likelihood method and nloptwrap opti-
mizer. LMI for both periods showed a moderate skewness
(<0.85), and FMI was highly skewed (>0.97). Before the in-
clusion of FMI values into the models, we reduced the skew-
ness by using a log10 transformation.

In our first approach, we fitted the models to predict LMI
with time only as a fixed effect and time and subject as random
effects [Model A formula: LMI ~ time + (time | subject)].

As a second approach, FMI_log10 was added as a fixed ef-
fect to test for influences on LMI [Model B formula: LMI ~
time + FMI_log10 + (time | subject)]. We used the Akaike
and the Bayesian information criterion to measure the model

Parameter n Mean + SD

Quartiles (25., 50., 75.) min max CV

Shapiro-Wilk
P

123+1.4 11.6
12.7
13.0

148.3
153.0
161.2

50.6 +£14.1 42.1
45.9
52.4

3.8+2.6 2.5
3.0
4.5

13.3+1 13.0
13.2
13.7

5.5+1.6 4.8
5.6
6.2

31.1+£5.7 27.3
294
32.6

17.6 + 8.4 12.5
15.6
19.3

1.4+0.3 1.3
1.4
1.6

12.8+1.3 11.7
12.5
13.3

70+2.6 5.5
7.1
7.8

6.0+6.0 2.0
3.1
13.0

Age (years) 13

Body height (cm) 13

155.7+10.1

Body weight (kg) 13

Testicular volume (mL) 13

Bone age, Greulich-Pyle (years) 11

Height velocity (cm/year) 13

Lean mass (kg) 13

Fat mass (kg) 13

Bone mass (kg) 13

Lean mass index (kg/m?) 13

Fat mass index (kg/m?) 13

FSH (IU/mL) 9

9.4 14.4 0.11 58

143.7

178.1 0.06 25

34 81.8 0.28 .02

0 10 0.68 37

11 15 0.08 45

1.3 7.8 0.29 A1

23.9 42.1 0.18 24

8.2 36.7 0.48 .03

1.1 1.9 0.21 71

11.3 15.5 0.10 28

4.0 13.5 0.37 .09

0.6 15.2 1.00 .01

Abbreviations: CV, coefficient of variation given as a ratio of the standard deviation to the mean; FSH, follicular-stimulating hormone; max, maximum; mean,

arithmetic mean; min, minimum.
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Table 2. Model fit summary and explanatory power of the prepubertal and pubertal Models A and B
Period Model” AIC BIC Conditional R>* Marginal R*¢ P4
Prepubertal A 125.00 137.36 0.88 0.07

B 124.70 139.11 0.88 0.07 .89
Pubertal A 157.86 169.90 0.91 0.23

B 154.31 168.36 0.88 0.30 .06

Abbreviations: AIC, Akaike information criterion; BIC, Bayesian information criterion (both are used for comparison of model candidates; smaller values

describe a better model), P.

“Model A formula: Lean mass index ~ time + (time | subject), Model B formula: Lean mass index ~ time + fat mass index_log10 + (time | subject).
Conditional R? = the fixed and random effects variance divided by the total variance, indicating how much of the model variance is explained by the complete

model.

“Marginal R? = the fixed effects variance divided by the total variance, indicating how much of the model variance is explained by the fixed effects part of the

model.

4Probability value from the likelihood ratio test, to see if Model B explains more variability than Model A.

fit, with smaller values indicating a better fit. The fit of Models
A and B were compared using the likelihood ratio test and
95% Cls, and P-values were computed using the Wald ap-
proximation. Additionally, we visually inspected Q-Q-plots
and histograms of the residuals to check the assumptions of
normality and homogeneity of variances (homoscedasticity)
as a precondition for the use of linear mixed models with
our data.

We expected models of the prepubertal and pubertal peri-
ods to differ in LMI slope with the pubertal period showing
a steeper slope.

After identifying the best models for the prepubertal and
pubertal periods, longitudinal change of LMI was visualized
for individual patients over time with their model predictions
and individual data points. For interpretation purposes, we
added the 25th and 75th percentiles of LMI for healthy
European boys (17).

Descriptive statistics were used to report patient demo-
graphics, and CIs were calculated at the 95% level. The correl-
ation between lean mass and bone mass was calculated using
the Pearson correlation coefficient (r). Analyses were con-
ducted using R statistical language (version 4.0.3) (18) and
the packages Ime4 [version 1.1.27 (19)] and ImerTest [version
3.1.3 (20)].

Results

The inclusion criteria were met by 25 subjects from a total of
80 male PWS patients documented in our center (Fig. 1).
Twelve cases had to be excluded because DXA measurement
data were either absent or derived at an external institution
or parent/guardian consent was withheld. The final sample
for this evaluation included 13 patients, who were all under-
going growth hormone treatment during the study period.

On average, the boys were 12.3 years old at the onset of pu-
berty with a bone age of 13.3 years (Table 1). Height velocity
and testicle size were heterogeneous, and the frequencies of
Tanner stages were 2 stage I, 2 stage II, 6 stage III, 2 stage
IV, and 1 stage V. The variation in FMI was almost 4-fold lar-
ger than the variation in LMI. Lean mass correlated strongly
with bone mass at the onset of puberty [r=0.91, 95% CI
(.73,.97)]. The mean observation periods before and after on-
set of puberty were 2.9 years and 3.1 years, respectively.

In 4 subjects, the onset of puberty was related to the start of
gonadal substitution (1 boy received testosterone enanthate; 3
boys received hCG). For the remaining 9 subjects, puberty

Table 3. Parameter estimates for the final Model A

Period Parameter Beta® Beta 95% CI Random effect”

(SD)

Prepubertal Intercept® 12.70 [12.01; 1.18
13.39]

time? 0.28 [0.16;0.40]  0.09

Pubertal Intercept® 12.72 [12.03; 1.14
12.43]

time? 0.74 [0.52;0.97]  0.30

“The predicted change in the dependent variable (here: lean mass index)
when a predictor (here: time) is increased by one unit while holding all other
?redictors constant.

“Interindividual differences, variability not explained by model parameters.
“Constant, is the predicted value when time is set to 0.

Predictor variable.

started spontaneously, whereby 5 received gonadal substitution
initiated within 2 years after the onset of puberty (2 boys received
testosterone enanthate; 3 boys received hCG).

The total explanatory power of the prepubertal and puber-
tal A models was substantial (prepubertal conditional R* =
0.88; pubertal conditional R*=0.91). The part related to
the fixed effect “time” alone (marginal R*) was 0.07 for the
prepubertal phase and 0.23 for the pubertal phase (Table 2).
The likelihood ratio test revealed that the B models, which
considered “time” and “FMI” as fixed effects, were no better
than the A models (P > .05). Also, the values of the Akaike and
the Bayesian information criterion from Models A and B were
close.

The intercept, corresponding to the onset of puberty, coin-
cided with a LMI of 12.7 [95% CI (12.0, 13.4)] for both mod-
els (Table 3). Within the prepubertal phase, the effect of time
on LMI, represented by the coefficient “beta,” was statistical-
ly significant and positive. Beta quantifies the increase of LMI
(slope) with 0.28 kg/m? per year [95% CI (.16, .40), ¢(52) =
4.87, P <.001]. Within the pubertal phase, the effect of time
on LMI was stronger, with an increase of 0.74 kg/m? per
year [95% CI (.52, .97), £(49) = 6.76, P < .001]. It should be
noted that the CIs of the prepubertal and pubertal slopes are
not overlapping, indicating that they are really different.
Q-Q-plots and histograms of the residuals of both A models
[see Supplemental Data (21)] confirmed our assumptions of
normality and homogeneity of variances, thus justifying the
use of the linear mixed models for the analysis.
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Figure 2. Lean mass index in the 13 individual patients over time with their model A predictions and respective data points. NB: Different DXA
equipment was used for patient #2 DXA at time = 0.

Abbreviations: DXA, dual energy X-ray absorptiometry.

Figure 2 shows the evolution of LMI in the 13 individual pa- Discussion

tients over time with their Model A predictions and individual The presented data clearly show that LBM increases during

: puberty in boys with PWS and is comparable to the trend re-
ual patients before and after onset of puberty grouped by  ported in normal boys. By evaluating LMI, we considered and
treatment method. corrected for the increase in body height. We were able to

data points. Figure 3 shows the estimated slopes of the individ-
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Figure 3. Lean mass index slope estimates for the 13 individual patients before and during pubertal phase. Patients are grouped by type of gonadal

substitution during pubertal phase.

show that the increase in LBM after either spontaneous or in-
duced onset of puberty was significantly different compared to
the increase in the prepubertal period. Before puberty, time
explained less than 10% of the variation in LMI, whereas
time explained about 25% of the variation in LMI after the
start of puberty. That still leaves room for other factors to
influence LMI. We tested the influence of the amount of
fat, which had no additional effect on the development of
LBM, probably because of the lack of physical activity
typically observed in these patients. The pubertal increase in
LBM occurred when morning serum testosterone levels in-
creased above 0.8 nmol/L. This level corresponds to the

threshold commonly used to biochemically define the onset
of puberty in boys (14). The timing of this event around the
age of 12 in our sample represents an early normal age for
entering puberty. Throughout the follow-up period, most
boys received testosterone or hCG substitution to maintain
pubertal progression; LBM increased further during this
treatment.

Based on a case study focused on the induction of puberty
with hCG in 6 adolescent males with PWS, it was suggested
that muscle mass increases after the induction of puberty
(11). The current study confirms this hypothesis. In a later
study, an increase in LBM after 24 months of testosterone
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treatment in adult men who had never received substitution
with sex steroids was observed (22); most of these cases at-
tained spontaneous onset of puberty that was nonetheless
superseded by pubertal arrest. Long-term observations are
missing.

What can we learn from the current observations? During
spontaneous and induced puberty and testosterone substitu-
tion in boys with PWS, LBM increases in a physiological man-
ner. There is no consensus on how to induce puberty and
supplement testosterone in boys and men with PWS (13),
but this is an important issue as hypogonadism is prevalent
in PWS (12, 23, 24) and our data show that puberty is a sen-
sitive phase for the development of LBM. At our institution,
we administer testosterone enanthate with a starting dosage
of 100 mg/4 weeks at a mean age of 13.5 (12.5-15.5) years,
when pubertal arrest becomes evident in males. The dosage
is then increased to 250 mg/4 weeks after 1.5 years. We ad-
minister 750 to 1000 mg testosterone enanthate every 12
weeks in adult men. Before 2010 we administered 500 to
1500 IU hCG twice weekly. Now, testosterone enanthate is
considered the treatment of choice in boys with PWS because
PWS-associated hypogonadism is a combination of primary
and secondary hypogonadism (23). Six boys in the current
study received hCG substitution during this earlier period.
Three boys received testosterone enanthate according to the
current treatment regimen. Four boys received no substitution
because of their endogenous testosterone production. The dif-
ferences in LMI increase between these groups (Fig. 3) are too
small to draw conclusions given the observed high variance
and small sample. However, the findings tend to confirm tes-
tosterone enanthate as treatment of choice for gonadal substi-
tution in PWS. Our data show that LBM increases in a normal
way during the first 3 to 4 years of puberty regardless of
whether this stage of physical maturation occurs spontaneous-
ly or is induced. This is an important finding. As shown in our
cohort, LBM strongly correlates with bone mass, and it can be
assumed that the development of bone mass will also be en-
hanced after the induction of puberty and testosterone substi-
tution. Furthermore, LBM and the amount of muscle mass
positively influence energy balance, physical activity, insulin
sensitivity, and cardiovascular health. With increased fat
mass in almost all cases of PWS, optimal development of
LBM is particularly important. Optimal peak LBM and
muscle mass concomitantly mitigate sarcopenic obesity and
increase cardiovascular fitness (8). Optimum muscle mass
may also have a positive effect by lessening the development
of scoliosis, a condition frequently associated with PWS and
probably due to decreased muscle mass and hypotonia (235).
During growth hormone treatment, LBM remains low in
PWS (5, 26). Thus, appropriate and timely substitution of tes-
tosterone is of utmost importance in boys with PWS to achieve
an optimal, albeit still lower, muscle mass. Differences in
physical activity explain differences in attained peak LBM in
normal individuals (10). Therefore, physical training is of
added importance to further optimize peak LBM during
growth and puberty.

The current study is accompanied by some limitations. The
study has a retrospective design, and the treatment protocol
was not standardized, although the latter was based on the
discretion of the primary physician in a single center. The
number of patients is rather small, which is expected for this
rare disease. The testosterone measurements were determined
using a chemiluminescence and not by mass spectrometry,

which could have influenced precision of the measurements
in the lower range of the measurement. Two different DXA
devices were used, although consistency per patient was en-
sured for all but 1 patient, where the device was changed for
the pubertal period.

Based on the current evidence, the next step would be to ex-
plore the effects of varied (pubertal) testosterone substitution
regimens and physical training on peak LBM during growth
hormone treatment in a prospective study. Ultimately, we
would like to maximize the development of peak LBM in
PWS during growth hormone treatment by optimizing the
timing and dosing of testosterone substitution. This would
further improve body composition and health in PWS. A fur-
ther step should also focus on enhancing the monitoring of
LBM; DXA measurements that are dependent on specific
and rather expensive equipment could be replaced by more
frequent and accessible clinical measurements of LBM.

Conclusion

Boys with PWS who receive growth hormone treatment
showed an increase in LMI during spontaneous and
age-appropriate induced puberty that is comparable to nor-
mal boys. Appropriate and timely substitution of testosterone
during growth hormone treatment is of utmost importance for
boys with PWS to achieve optimal muscle mass, which can
foster positive health effects in these patients.

Acknowledgments

We thank Chris Fritz for technical assistance in the
DXA measurements and Medizinische Laboratorien
Dr. F. Kaepelli AG, Ziirich for performing the testosterone
assays.

Funding

This study was supported by the Foundation Growth Puberty
Adolescence, Zurich, Switzerland.

Disclosures

The authors have nothing to disclose.

Data Availability

For the purposes of patient confidentiality, restrictions apply
to the availability of some or all data generated or analyzed
during this study. The corresponding author can detail the re-
strictions and any conditions under which access to some data
may be provided upon request.

References

1. Prader A, Labhart A, Willi H. Ein Syndrom von Adipositas,
Kleinwuchs, Kryptorchismus und Oligophrenie nach myotoniearti-
gem Zustand im Neugeborenenalter. Schweiz Med Wochenschr.
1956;86:1260-1261.

2. Tauber M, Hoybye C. Endocrine disorders in Prader-Willi syn-
drome: a model to understand and treat hypothalamic dysfunction.
Lancet Diabetes Endocrinol. 2021;9(4):235-246. http://dx.doi.org/
10.1016/52213-8587(21)00002-4

3. FEiholzer U, Gisin R, Weinmann C, et al. Treatment with human
growth hormone in patients with Prader-Labhart-Willi syndrome
reduces body fat and increases muscle mass and physical

€202 YoJe|\ g0 Uo Jesn sisayiseeuy Jany yeyosulewsbs)ziey Aq 61.9690./L0 L Pebp/waulo/QLZ] 01 /10p/8|oie-eouBApe/wadl/woo dno-oiwepeoe;/:sdiy WwoJj pepeojumod


http://dx.doi.org/10.1016/S2213-8587(21)00002-4
http://dx.doi.org/10.1016/S2213-8587(21)00002-4

10.

11.

12.

13.

14.

The Journal of Clinical Endocrinology & Metabolism, 2023, Vol. 00, No. 0

performance. Eur | Pediatr. 1998;157(5):368-377. http://dx.doi.
org/10.1007/s004310050832

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. | Clin Endocrinol Metab. 2010;95(3):
1131-1136. http://dx.doi.org/10.1210/jc.2009-1389

Bakker NE, Kuppens RJ, Siemensma EP, et al. Eight years of growth
hormone treatment in children with Prader-Willi syndrome: main-
taining the positive effects. | Clin Endocrinol Metab. 2013;98(10):
4013-4022. http://dx.doi.org/10.1210/jc.2013-2012

van Mil EG, Westerterp KR, Gerver WJ, Van Marken Lichtenbelt
WD, Kester AD, Saris WH. Body composition in Prader-Willi syn-
drome compared with nonsyndromal obesity: relationship to phys-
ical activity and growth hormone function. J Pediatr. 2001;139(5):
708-714. http://dx.doi.org/10.1067/mpd.2001.118399

Eiholzer U, Nordmann Y, I’Allemand D, Schlumpf M, Schmid S,
Kromeyer-Hauschild K. Improving body composition and physical
activity in Prader-Willi syndrome. | Pediatr. 2003;142(1):73-78.
http://dx.doi.org/10.1067/mpd.2003.mpd0334

Carbone S, Canada JM, Billingsley HE, Siddiqui MS, Elagizi A,
Lavie CJ. Obesity paradox in cardiovascular disease: where do
we stand? Vasc Health Risk Manag. 2019;15:89-100. http://dx.
doi.org/10.2147/VHRM.S168946

Vicente-Rodriguez G, Ara I, Perez-Gomez J, Dorado C, Calbet JA.
Muscular development and physical activity as major determinants
of femoral bone mass acquisition during growth. Br | Sports Med.
2005;39(9):611-616. http://dx.doi.org/10.1136/bjsm.2004.014431
Westerterp KR, Yamada Y, Sagayama H, et al. Physical activity and
fat-free mass during growth and in later life. Am | Clin Nutr.
2021;114(5):1583-1589. http://dx.doi.org/10.1093/ajcn/nqab260
Eiholzer U, Grieser J. Schlumpf M, I’Allemand D. Clinical effects of
treatment for hypogonadism in male adolescents with
Prader-Labhart-Willi syndrome. Horm Res. 2007;68(4):178-184.
http://dx.doi.org/10.1159/000100925

Eiholzer U, ’Allemand D, Rousson V, et al. Hypothalamic and go-
nadal components of hypogonadism in  boys with
Prader-Labhart-Willi syndrome. ]| Clin Endocrinol Metab.
20063;91(3):892-898. http://dx.doi.org/10.1210/jc.2005-0902
Eiholzer U, Stephan A, Fritz C, Katschnig C, Noordam C. Gonadal
hormone substitution in people with Prader-Labhart-Willi syn-
drome: an international Prader-Willi Syndrome Organisation sur-
vey. Horm Res Paediatr. 2021;94(5-6):176-185. http://dx.doi.org/
10.1159/000518342

Khairullah A, Klein LC, Ingle SM, et al. Testosterone trajectories
and reference ranges in a large longitudinal sample of male

1S.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

adolescents. PLoS One. 2014;9(9):e108838. http://dx.doi.org/10.
1371/journal.pone.0108838

Prader A, Largo RH, Molinari L, Issler C. Physical growth of Swiss
children from birth to 20 years of age. First Zurich longitudinal
study of growth and development. Helv Paediatr Acta Suppl.
1989;52:1-125.

Greulich WW, Pyle SI. Radiographic Atlas of Skeletal Development
of the Hand and Wrist [by] William Walter Greulich [and] S. Idell
Pyle. 2d ed. University Press; 1959:256.

Ofenheimer A, Breyer-Kohansal R, Hartl S, et al. Reference charts for
body composition parameters by dual-energy X-ray absorptiometry in
European children and adolescents aged 6 to 18 years-results from the
Austrian LEAD (Lung, hEart, sociAl, boDy) cohort. Pediatr Obes.
2021;16(1):¢12695. https:/doi.org/10.1111/ijpo.12695

R Core Team. R: A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing; 2021.
https:/www.R-project.org/

Bates D, Michler M, Bolker B, Walker S. Fitting linear
mixed-effects models using Ime4. | Stat Softw. 2015;67(1):1-48.
https://doi.org/10.18637/jss.v067.i01

Kuznetsova A, Brockhoff PB, Christensen RHB. Lmertest package:
tests in linear mixed effects models. J Stat Softw. 2017;82(13):1-26.
https://doi.org/10.18637/jss.v082.i113

Noordam C, Stephan A, Eiholzer U. Supplementary data for: Lean
body mass in boys with Prader-Willi syndrome increases normally
during spontaneous and induced puberty. 2022. Mendeley Data,
V1. https:/doi.org/10.17632/hrrv2gxbbx.1

Kido Y, Sakazume S, Abe Y, et al. Testosterone replacement ther-
apy to improve secondary sexual characteristics and body compos-
ition without adverse behavioral problems in adult male patients
with Prader-Willi syndrome: an observational study. Am | Med
Genet A. 2013;161A(9):2167-2173. http://dx.doi.org/10.1002/
ajmg.a.36048

Noordam C, Hoybye C, Eiholzer U. Prader-Willi syndrome and
hypogonadism: a review article. Int | Mol Sci. 2021;22(5):270S.
http://dx.doi.org/10.3390/ijms22052705

Hirsch HJ, 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(11):2587-2596. http://dx.doi.org/10.1093/humrep/dev213
van Bosse HJP, Butler MG. Clinical observations and treatment ap-
proaches for scoliosis in Prader-Willi syndrome. Genes (Basel).
2020;11(3):260. htp://dx.doi.org/10.3390/genes11030260
Eiholzer U, ’Allemand D, van der Sluis I, Steinert H, Gasser T, Ellis K.
Body composition abnormalities in children with Prader-Willi syn-
drome and long-term effects of growth hormone therapy. Horm
Res. 2000;53(4):200-206. http://dx.doi.org/10.1159/000023567

€202 YoJe|\ g0 Uo Jesn sisayiseeuy Jany yeyosulewsbs)ziey Aq 61.9690./L0 L Pebp/waulo/QLZ] 01 /10p/8|oie-eouBApe/wadl/woo dno-oiwepeoe;/:sdiy WwoJj pepeojumod


http://dx.doi.org/10.1007/s004310050832
http://dx.doi.org/10.1007/s004310050832
http://dx.doi.org/10.1210/jc.2009-1389
http://dx.doi.org/10.1210/jc.2013-2012
http://dx.doi.org/10.1067/mpd.2001.118399
http://dx.doi.org/10.1067/mpd.2003.mpd0334
http://dx.doi.org/10.2147/VHRM.S168946
http://dx.doi.org/10.2147/VHRM.S168946
http://dx.doi.org/10.1136/bjsm.2004.014431
http://dx.doi.org/10.1093/ajcn/nqab260
http://dx.doi.org/10.1159/000100925
http://dx.doi.org/10.1210/jc.2005-0902
http://dx.doi.org/10.1159/000518342
http://dx.doi.org/10.1159/000518342
http://dx.doi.org/10.1371/journal.pone.0108838
http://dx.doi.org/10.1371/journal.pone.0108838
https://doi.org/10.1111/ijpo.12695
https://www.R-project.org/
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.17632/hrrv2gxbbx.1
http://dx.doi.org/10.1002/ajmg.a.36048
http://dx.doi.org/10.1002/ajmg.a.36048
http://dx.doi.org/10.3390/ijms22052705
http://dx.doi.org/10.1093/humrep/dev213
http://dx.doi.org/10.3390/genes11030260
http://dx.doi.org/10.1159/000023567

	Lean Body Mass in Boys With Prader-Willi Syndrome Increases Normally During Spontaneous and Induced Puberty
	Methods
	Design
	Clinical Assessment
	Hormone Measurements
	Statistical Methods

	Results
	Discussion
	Conclusion
	Acknowledgments
	Funding
	Disclosures
	Data Availability
	References


