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Abstract 

Background:  Adolescents with idiopathic scoliosis display high ghrelin levels. As hyperghrelinemia is found in 
patients with PWS and early-onset scoliosis (EOS) is highly prevalent in these patients, our aims were to explore 
(1) whether ghrelin levels differ between those with and without EOS and correlate with scoliosis severity, and (2) 
whether ghrelin levels in the first year of life are associated with the later development of EOS.

Methods:  We used a case control study design for the first question and a longitudinal design for the second. 
Patients with PWS having plasma ghrelin measurements recorded between 2013 and 2018 in our database were 
selected and 30 children < 10 years old with EOS and 30 age- and BMI-matched controls without EOS were included. 
The Cobb angle at diagnosis was recorded. In addition, 37 infants with a ghrelin measurement in the first year of life 
were followed until 4 years of age and assessed for EOS. Total ghrelin (TG), acylated (AG) and unacylated ghrelin (UAG), 
and the AG/UAG ratio were analyzed.

Results:  EOS children had an AG/UAG ratio statistically significantly lower than controls. The Cobb angle was posi‑
tively correlated with TG and UAG. TG and AG in the first year of life were higher in infants who later develop EOS 
without reaching a statistically significant difference.

Conclusions:  Our results suggest that ghrelin may play a role in the pathophysiology of EOS in PWS. Higher ghreline‑
mia in the first year of life required careful follow-up for EOS.

Keywords:  Prader–Willi syndrome, Early-onset scoliosis, Total ghrelin, Acylated ghrelin, Unacylated ghrelin, AG/UAG 
ratio
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Introduction
Ghrelin, a 28-amino acid peptide hormone, was first 
described in 1999 in its acylated form (AG). It is the 
endogenous ligand of the GHSR1a receptor [1]. Recent 
studies show that the non-acylated isoform (unacylated 
ghrelin—UAG) functionally inhibits AG and has activi-
ties independent of and synergistic with AG [2, 3]. Cir-
culating total ghrelin (TG) levels showed peak in early life 

and then a progressive decrease with age and body mass 
index (BMI). The relationship between AG and UAG var-
ies over time, and the AG/UAG may thus fluctuate across 
life stages and with pathological states [4, 5]. This mul-
tifaceted hormone has broader effects than appetite and 
metabolic regulation [6, 7]. Interestingly like other meta-
bolic hormones, several in vivo and in vitro studies have 
demonstrated effects on bone metabolism and growth. 
Its effects on growth are exerted in part by the secreta-
gogue effect of growth hormone (GH), but it also acts 
directly on the growth plate of long bones, stimulating 
chondrocyte proliferation and promoting endochondral 
growth [8].
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Recent studies have documented increased ghrelin lev-
els in adolescent girls with idiopathic scoliosis [9–11]. 
Scoliosis is a deformity in the three spinal axes with an 
angle on the frontal plane (Cobb angle) ≥ 10°. It most fre-
quently affects peri-pubertal girls with a lean constitution 
and, in this case, is called adolescent idiopathic scoliosis 
(AIS) [12]. Scoliosis may appear before 10  years and is 
called early-onset scoliosis (EOS). Etiology of EOS is het-
erogeneous and can be classified into congenital, neuro-
muscular, syndromic or idiopathic [13].

In 2015, we showed that girls with AIS had ghrelin lev-
els twice as high as controls [9]. In 2018, Yu et  al. con-
firmed these results [10], and showed that ghrelin levels 
were higher in adolescent girls with progressive scoliosis 
than in those with stable scoliosis. Recently, the same 
team reported that ghrelin upregulated the expression 
of specific genes in the chondrocytes of AIS adolescents, 
which can lead to abnormal cartilage development [14]. 
In 2020, Xiao and colleagues showed dysregulation of the 
ghrelin/RANKL/OPG pathway in AIS adolescents, which 
can contribute to osteopenia [15]. Our recent study 
showed that, in  vitro, ghrelin stimulates differentiation 
and mineralization of mature osteoblasts through the 
GHSR/GI/cAMP pathway. In the primary osteoblastic 
cells of patients with AIS a deregulation of this pathway 
was observed suggesting resistance to ghrelin in these 
patients [16].

Prader–Willi syndrome (PWS) is a rare genetic neu-
rodevelopmental disease with an estimated prevalence 
at birth of 1/20,000 [17]. A specific nutritional, endo-
crine and neurodevelopmental trajectory is characteris-
tic of this disease from severe hypotonia with poor suck 
and anorexia at birth to excessive weight gain preceding 
hyperphagia and obesity starting in early childhood [18]. 
Since 2002, several studies reported hyperghrelinemia 
starting early in life in patients with PWS [19–21] while 
circulating ghrelin is significantly lower in other causes of 
obesity compared to lean controls. We also showed that 
patients with PWS display high circulating ghrelin levels 
at all ages and that hyperghrelinemia precedes obesity 
[22–24]. The increased ghrelin values are not always due 
to the same ghrelin isoform. The different isoforms of 
ghrelin vary throughout life even though there is a wide 
range of variability from one person to another. Interest-
ingly, we were able to show that the high plasma ghrelin 
levels in infants with PWS are due to a relative excess of 
UAG [23, 25] that may explain their poor appetite albeit 
displaying excessive fat mass vs. age- and BMI-matched 
controls. Conversely, we demonstrated that children and 
adult patients in the hyperphagia phase show higher AG 
levels with a relative deficit of UAG compared with con-
trols of similar age and therefore, a AG/UAG ratio higher 
than in the general population [24]. We thus concluded 

that the evolution of the AG/UAG ratio is impaired in 
PWS vs. controls with a switch from an excessive UAG to 
an excessive increase of AG and a relative deficit of UAG 
levels starting occurring during the first 4  years of life 
[22–24] and this increased AG/UAG ratio remains after-
wards during the hyperphagia phase of the disease.

In addition to eating and metabolic disorders, patients 
with PWS display many comorbidities, with a high preva-
lence of orthopedic problems including scoliosis, kypho-
sis and hip dysplasia. The prevalence of scoliosis is around 
40% [26, 27], compared with 1–3% in the general popula-
tion [28]. The scoliosis prevalence in PWS increases with 
age, from 23% in children under 4 to 75% in adults [29, 
30], with both sexes equally affected [27]. The age of diag-
nosis has a bimodal distribution: the first peak in early 
childhood and the second in the pre-pubertal period. In 
childhood, EOS has mostly C-shaped curves and is com-
parable to the malformative scoliosis observed in other 
neurodevelopmental and polymalformative diseases, 
possibly related at least partly to hypotonia, whereas later 
scoliosis behaves similarly to AIS [30, 31] although these 
patients display increased BMI and/or fat mass.

Given that patients with PWS demonstrate elevated 
ghrelin levels and a higher prevalence of scoliosis, and 
that scoliosis is associated with high ghrelin levels, we 
hypothesize that hyperghrelinemia makes them vul-
nerable to scoliosis. To our knowledge, no study has 
explored this hypothesis. Our study focuses on EOS in 
PWS and investigates (i) whether ghrelin levels at diag-
nosis of scoliosis differ between PWS children with and 
without EOS, and correlate with scoliosis severity and 
(ii) whether ghrelin concentrations in the first year of life 
before GH treatment are associated with the later EOS 
development.

Methods
Study design and setting
This study is based on observational data from the 
French Reference Center for PWS (FRC-PWS), which 
collects data from 20 hospitals that follow children 
with PWS in France. The pediatric FRC-PWS database 
comprises patients with confirmed genetic diagnosis 
of PWS who are enrolled after parents or legal guard-
ians give written consent. Sociodemographic informa-
tion and health/medical data including comorbidities 
and treatments are collected by physicians in usual 
practice settings [32, 33]. The FRC-PWS database was 
approved by the French regulatory authorities. From 
2013 to 2018, patients from the whole country who had 
been hospitalized at least once at the Toulouse Univer-
sity Children’s Hospital or the Necker-Enfants Malades 
Hospital in Paris (pediatric sites for FRC-PWS) under-
went plasma ghrelin measurement. The measurements 
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were performed in the framework of clinical research 
projects (the European blood bank study, N°RCB: 2012-
A01153-40, and the OXYJEUNE study, No EudraCT: 
2016-003273-18).

This study used both matched case–control and lon-
gitudinal designs to examine our two hypotheses.

Study participants
Patients of both sexes < 10  years old with one or more 
ghrelin measurements were potentially eligible for this 
study (Fig. 1). The first group included 30 cases defined 
as children with PWS treated with GH, confirmed EOS 
diagnosis, and ghrelin levels measured at the time of 
scoliosis diagnosis (± 1 year). All the patients with PWS 

Source population

146 male and female patients with genetically confirmed PWS, <10 years old, 
with one or more ghrelin measurements (between 2013 and 2018)

Case-Control Approach Longitudinal ApproachCases Controls
Potentially eligible patients

48 children with 
PWS with EOS at 
the time of at least 
one of the ghrelin 
measurements

98 children with 
PWS without EOS at 
the time of ghrelin 
measurement

53 infants with PWS with a ghrelin 
measurement within the first year of life

Excluded patients
- 4 without GH 
treatment

-16 without GH 
treatment

- 3 with GH treatment
- 12 could not be followed up to 4 years 
(born after July 2016)
- 1 without information on the EOS status at 
4 years old (±6 months)

- 4 without date/age 
at EOS diagnosis
- 10 with absolute 
difference >1 year 
between EOS 
diagnosis and ghrelin 
measurement

Confirmed eligible patients
30 children with 
EOS:
- treated with GH
- EOS diagnosis 
made within ±1 year 
of ghrelin 
measurement

82 children without 
EOS:
- treated with GH
- matched to a case 
by:

Age (±6 months 
for children ≤6 y, 
±10 months 
otherwise) 

BMI (±1 z-score)

37 infants with a ghrelin measurement 
within the first year of life
- who had not started GH treatment at the 
time of the ghrelin measurement
- could be followed up to 4 years (born 
before July 2016)
- with information regarding the 
development or not of EOS during the first 4
years of life (±6 months)

Studied population
30 cases: children 
with an EOS 
diagnosis made 
within ±1 year of the 
ghrelin measurement 
and treated with GH   

30 controls: children 
with no EOS age-
and BMI-matched to 
cases and treated 
with GH

8 infants who developed EOS during the 
first 4 years of life (±6 months) 
29 infants who did not develop EOS during 
the first 4 years of life

Fig. 1  Flowchart of the study. Note: 14 patients were included in the study population of both approaches, of which 6 patients had scoliosis
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followed by the FRC-PWS are seen at least once a year 
by an orthopedist and underwent a spine X-rays to con-
firm or exclude the scoliosis diagnosis by Cobb angle. For 
three children whose scoliosis was diagnosed at other 
centers by the orthopedists who followed them, the value 
of the Cobb angle at diagnosis was not collected in the 
data base while there is no doubt on the diagnosis of sco-
liosis. The control group included children with PWS 
without EOS (excluded by X-ray) within ± 1  year of the 
ghrelin measurement and matched with cases for age 
(± 6 months for children ≤ 6 yrs, ± 10 months otherwise) 
and body mass index (BMI, ± 1 z-score). In one case–
control pair there was a poor match on BMI (case = 4.5 
z-score, control = 3 z-score) and age (25 months older for 
the control).

We also selected a sample of 38 infants with PWS with 
ghrelin measurement in the first year of life before the 
start of GH treatment. Birth dates ranged from Novem-
ber 2012 to June 2016. Patients’ records (including X-rays 
and orthopedist report) were examined to identify if they 
developed EOS after the ghrelin measurement and dur-
ing the first 4 years of life. This information was obtained 
for 37 of them. Eight children developed EOS and the 
Cobb angle at diagnosis of scoliosis was obtained for 6 
of them. The two patients with missing value were diag-
nosed at other centers by the orthopedists who followed 
them although precise data on the Cobb angle value was 
not collected.

Sample collections for plasma ghrelin measurements
The ghrelin samples were taken after a 4-h fast and for 
infants just before feeding. To prevent ghrelin degrada-
tion, the samples were drawn into tubes maintained at 
low temperature containing anti-protease 4-(2-aminoe-
thyl) benzenesulfonyl fluoride hydrochloride (AEBSF, 
Sigma-Aldrich Chemicals) at 2 mg/ml concentration. The 
samples were all analyzed by a single laboratory in Rot-
terdam according to the norms and standards described 
by Beauloye et al. [23]. Total ghrelin (TG), AG and UAG 
were expressed as pg/ml.

Other data
Genetic subtypes were separated into deletion and non-
deletion (which includes maternal uniparental disomy 
(mUPD), and more rarely imprinted deficits and translo-
cations). As children with PWS are treated with GH, the 
age of treatment onset and the dose (mg/kg/day) were 
recorded. At the time of ghrelin measurement, patients 
were weighed using an electronic scale and measured in 
recumbent position if ≤ 3 years old or in supine position 
if older. BMI was calculated and expressed as z-score, 
adjusted for age and sex according to the World Health 
Organization charts. For all patients with EOS, the Cobb 

angle degree of the spine curve at diagnosis was recorded 
from the orthopedist’s or radiologist’s report. Prescrip-
tions for bracing or surgery were also recorded.

At the same time as the ghrelin measurements, sam-
ples were taken for Insulin Like Growth Factor 1 (IGF-
1), plasma hemoglobin A1c (HbA1c), and insulin. IGF-1 
measurements were performed by automated chemilu-
minescent immunoassay (IDS-iSYS; Immunodiagnos-
tic Systems), when possible, and expressed in z-score 
according to sex and age [34]. In patients > 1 year, HbA1c 
and insulin levels expressed as % and µIU/ml, respec-
tively, were collected. HbA1c was measured using high 
performance liquid chromatography and insulin was 
measured using an electro-chemiluminescence competi-
tive binding.

Statistical analyses
We compared the clinical characteristics of children 
with PWS with and without EOS using matched analy-
ses (McNemar or Wilcoxon tests depending on the vari-
able). For patients with EOS, age and Cobb angle (or the 
main angle if double curve) at diagnosis and treatment, 
if any, were described. We also compared TG, AG, UAG 
and AG/UAG ratio. Sensitivity analysis was performed, 
excluding the poorly matched pair. Correlations of Cobb 
angles with all ghrelin levels were estimated using the 
Spearman range test. We performed a sensitivity analy-
sis, excluding one patient with a very high Cobb angle 
outlier (75°). In the longitudinal approach, we compared 
baseline characteristics and ghrelin levels in the first 
year of life between infants who developed EOS in the 
first 4 years of life and those who did not, using Fisher or 
Mann–Whitney range tests. All analyses were two-sided 
and performed at the 0.05 significance level. Given their 
exploratory nature, they were carried out without any 
adjustment of type I error. STATA v14 software was used.

Results
The source population was 146 patients with 
PWS, < 10 years old, and with one or multiple measure-
ments of plasma ghrelin levels. Eighty-three patients who 
met the eligibility criteria for one or both approaches 
were selected. Fourteen patients participated in both 
analyses but with two different ghrelin measurements, 
one in the first year of life and one later. The procedure 
for selecting the study population is detailed in Fig.  1. 
The results of both approaches are presented separately 
hereafter.

Case–Control approach
The characteristics of children with EOS and their 
matched controls (all receiving GH treatment at the 
time of the measurements) are presented in Table 1. GH 
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treatment onset differed significantly between the two 
groups, being earlier in the cases.

Table  1 also shows the comparisons of the TG, AG, 
UAG and AG/UAG between cases and controls. The AG/
UAG ratio was significantly lower in children with EOS. 
No significant differences in TG, AG or UAG were found, 
despite a trend for lower AG among the cases. In the sen-
sitivity analysis, similar results were obtained (data not 
shown).

Of the 30 cases with EOS, nine had a brace prescription 
at a median age of 2.3 years (interquartile range: IQR, 1.8 

to 3.2). No patient had undergone surgical treatment. The 
Cobb angle value at or near diagnosis was available for 
27/30 children with EOS. The TG and UAG levels were 
positively correlated with the Cobb angle degrees (Fig. 2). 
No significant correlation was observed between the 
other ghrelin parameters (AG, AG/UAG) and the Cobb 
angle, the Spearman correlation coefficients being 0.2284 
(p = 0.252) and − 0.2623 (p = 0.186) respectively. The sen-
sitivity analysis performed by withdrawing the patient 
who presented an extreme Cobb angle at diagnosis (75°) 
showed similar results (data not shown).

Table 1  Clinical characteristics and TG, AG, UAG and AG/UAG of PWS children with and without EOS

a One scoliotic patient without data on IGF-1, 8 scoliotic patients and 7 non-scoliotic patients without data on HbA1c, and 8 scoliotic patients and 6 non-scoliotic 
patients without data on insulin
b Cobb angle at diagnosis of EOS available only for 27 patients

PWS children with EOS (cases) 
n = 30

PWS children without EOS 
(controls) n = 30

p value

Sex—girls, n (%) 20 (66.7) 16 (53.3) 0.285

Age—years, median (IQR) 3.7 (2.0–5.2) 3.9 (2.3–5.0) –

BMI—WHO z-score, median (IQR) 0.0 (− 0.8–1.4) 0.1 (− 0.9–1.4) –

Genetic subtype—deletion, n (%) 12 (40.0) 19 (63.3) 0.090

Age at start GH—months, median (IQR) 12 (9–13) 13 (10–16) 0.043

GH dose—mg/kg/d, median (IQR) 0.0263 (0.0215–0.0334) 0.0277 (0.0184–0.0321) 0.614

IGF-1—z-score, median (IQR)a 1.4 (0.3–2.5) 0.7 (− 0.2–1.7) 0.065

HbA1c—%, median (IQR)a 5.4 (5.2–5.6) 5.4 (5.2–5.8) 0.364

Insulin—µUI/ml, median (IQR)a 5.2 (2.5–8.2) 4.9 (3.0–7.2) 0.084

TG—pg/ml, median (IQR) 314.0 (207.2–481.0) 317.1 (231.7–618.4) 0.797

AG—pg/ml, median (IQR) 161.3 (89.6–210.6) 194.6 (154.2–256.8) 0.079

UAG—pg/ml, median (IQR) 152.3 (81.7–263.5) 120.1 (71.2–219.2) 0.382

AG/UAG, median (IQR) 0.783 (0.559–1.993) 1.589 (1.166–2.433) 0.005

Age at EOS diagnosis—years, median (IQR) 3.4 (1.8–5.2)

Cobb angle at diagnosis—degrees, median (IQR)b 20 (12–27)

Fig. 2  Correlation between TG (A) and UAG (B) with Cobb angle (n = 27)
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Longitudinal approach
Of the 37 infants with a ghrelin measurement in the 
first year of life (before starting GH treatment), eight 
(22%) developed EOS during the first 4 years of life. At 
EOS diagnosis, children were 1.8  years (median, IQR, 
1.7 to 1.9), and had a median Cobb angle of 23.5 degrees 
(IQR, 20 to 35) (missing data for two patients). All 
patients underwent bracing at a median age of 2.1 years 
(IQR, 1.7 to 2.4). None underwent surgery during 
the follow-up period. GH treatment was started at a 
median age of 11  months (IQR, 10 to 12) in children 
who developed EOS and a median age of 10  months 
(IQR, 9 to 12) in those who did not (p = 0.420) (miss-
ing data for one non-scoliotic patient). The comparison 

of other clinical characteristics at the time of ghrelin 
measurement (Table  2) showed no significant differ-
ence except a lower IGF-1 z-score in infants who later 
developed EOS. We also observed a trend of lower BMI 
z-score in these same infants.

Figure  3 shows the distribution of ghrelin param-
eters according to EOS status at the age of 4. The 
median levels of TG and AG were almost two times 
higher in the group that later developed EOS although 
the difference did not reach statistically significance, 
respectively 926.5  pg/ml vs 574.0,  p = 0.140,  and 
430.0  pg/ml vs 233.7, p = 0.135. UAG and AG/UAG 
did not significantly differ between the two groups 
(p = 0.483 and 0.555).

Table 2  Clinical and hormonal characteristics of infants with PWS at the time of ghrelin measurement during the first year of life 
according to their EOS status at the age of 4 years

a One non-scoliotic patient without data on height and unspecified genetic subtype
b Two patients, one in each group, without data on IGF-1

PWS infants who later developed 
EOS n = 8

PWS infants who did not later develop 
EOS n = 29

p value

Sex—girls, n (%) 3 (37.5) 10 (34.5) 1.000

Age—month, median (IQR) 6.1 (3.6–10.3) 7.6 (4.8–9.1) 0.912

BMI—WHO z-score, median (IQR)a  − 1.8 (− 2.5– − 1.1)  − 1.1 (− 1.9–0.0) 0.110

Genetic subtype—deletion, n (%)a 4 (50.0) 12 (42.9) 1.000

IGF-1—z-score, median (IQR)b  − 2.1 (− 2.5– − 1.3)  − 1.1 (− 1.7– − 0.4) 0.008

Fig. 3  Comparison of TG, AG, UAG and AG/UAG among infants with PWS at the first year of life according to their EOS status at the age of 4 years
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Discussion
Key results
Our study shows that children with PWS have a sig-
nificantly lower AG/UAG ratio at the time of their EOS 
diagnosis than age- and BMI-matched PWS children 
without scoliosis, with a tendency for lower AG, sug-
gesting that ghrelin may be a biomarker of scoliosis in 
PWS. The Cobb angle in the EOS children positively 
correlated with TG and UAG, suggesting that higher 
TG and UAG are linked to scoliosis severity. Moreover, 
a trend for high TG and AG levels were observed in the 
first year of life in patients who later developed EOS 
compared to those who did not. Although the differ-
ence did not reach statistical significance perhaps due 
to lack of power, it could be hypothesized that TG and 
AG levels may be associated with the future occurrence 
of EOS. This hypothesis should be verified in a larger 
sample.

Strengths and limitations
To our knowledge, this is the first in-depth study to 
investigate the role of ghrelin isoforms in EOS in children 
with PWS. PWS may be used as a model for a broader 
understanding of the pathophysiology of scoliosis, and 
particularly the role of hyperghrelinemia.

We used a pediatrics population-based database in 
which data are recorded from pediatric patients followed 
by the FRC-PWS. In France, PWS patients are followed 
closely in one of the 20 hospitals designated as compe-
tence centers and are evaluated once a year by one of 
the two pediatric sites of the FRC-PWS (Toulouse and 
Paris). During visits to the FRC-PWS, patients are seen 
by an orthopedist and usually undergo an X-ray. These 
experts make or confirm the scoliosis diagnosis. Informa-
tion on care, treatment, and biological measurements is 
updated during patient follow-up and included in a sys-
tematic and standardized manner in the FRC-PWS data-
base. For these reasons, we are confident that our data 
are comprehensive.

The sample selection resulted from several limitations, 
particularly the availability of ghrelin measurements only 
collected as part of clinical research. Measurements of 
the ghrelin isoforms have been done with accuracy, sam-
ples were extracted at only two centers using strict and 
standardized sampling and collection procedures, and 
were centralized in a single laboratory.

We used two complementary approaches to explore 
pre-specified hypotheses. No prior power calculations 
were thus made for this exploratory study, not designed 
to explore causal effects. The main possible confounding 
factors were taken into consideration when selecting the 
study population. In both approaches, we homogenized 

the samples by age and GH treatment. In the case–con-
trol approach, we also matched by BMI.

Interpretation
Several studies have documented the functions of ghre-
lin on bone cells [6, 8]. A recent study showed that chon-
drocytes of AIS patients express more ghrelin receptors 
and higher levels of expression of specific genes that can 
lead to impaired cartilage development [14]. Asymmet-
ric vertebral growth has been implicated as a possible 
etiologic factor in AIS pathogenesis [12]. Longitudinal 
growth of the vertebral bodies in patients with AIS seems 
disproportionate and faster than in age- and sex-matched 
controls and takes place mainly by endochondral ossifica-
tion [28, 35]. In PWS, no publication has yet evaluated 
whether alterations in vertebral growth occur in either 
EOS or later-onset scoliosis.

In addition to high ghrelin levels, patients with AIS 
have abnormal bone quality, which may contribute to 
the pathophysiology of scoliosis [36]. Numerous arti-
cles have investigated the relationship between ghre-
lin and bone mineral density (BMD) with inconsistent 
results. Xiao et  al. suggested a dysregulation of ghrelin-
regulated pathways that decreases the osteogenic ability 
of osteoblasts in patients with AIS osteopenia, although 
they only measured total ghrelin [15]. Although little is 
known, there may be differential roles between AG and 
UAG in BMD. A recent study demonstrated a correla-
tion between UAG and the decline in BMD after gastric 
bypass in obese patients [37].

Indeed, ghrelin secretion may interact with GH/IGF1 
axis. In our case–control approach, children with EOS 
tended to have higher IGF-1 levels on GH treatment 
compared to children without EOS. This might indicate 
higher sensitivity to GH treatment in the case group. A 
recent study suggested that PWS patients with mUPD 
have increased GH sensitivity [38] and we also found a 
higher proportion of patients with mUPD in the group 
with EOS that was also reported in the literature [30]. In 
the longitudinal approach, while IGF-1 levels were low 
for all infants, they were even lower for those who later 
developed scoliosis. These lower IGF-1 levels may be 
related to the BMI z-scores we observed in infants who 
later developed EOS that tended to be lower. In de Lind 
van Wijngaarden’s study [31], lower BMI was observed 
in children with PWS with EOS compared with the older 
children with AIS-like scoliosis.

Nevertheless, no study has yet confirmed an associa-
tion between GH sensitivity and scoliosis development 
in the PWS population. It was, however, demonstrated 
that GH treatment does not induce scoliosis [26], and 
worsening scoliosis is likely related to the growth spurt. 
Furthermore, little is known about the association of 
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ghrelin and GH sensitivity, although negative correla-
tions between IGF-1 levels and AG and UAG have been 
observed in children with PWS [24]. Further studies are 
needed to explain the underlying hormonal interactions 
in PWS and their impact on scoliosis development.

Conclusion
Our results suggest that ghrelin may play a role in the 
pathophysiology of scoliosis in patients with PWS. 
Currently, at the FRC-PWS, we are implementing a 
prospective follow-up of a larger sample of patients 
with PWS undergoing ghrelin measurement who will 
be evaluated for scoliosis in a standardized manner to 
demonstrate if ghrelin could be used as a biomarker for 
EOS. If our findings are confirmed, ghrelin levels dur-
ing the first year of life particularly in those infants with 
mUPD and low IGF-1 values could predict the develop-
ment and progression of the spinal deformity. It would 
be interesting to study whether other rare syndromes 
with EOS also present ghrelin system abnormalities. If 
ghrelin is an important factor of vulnerability of EOS, 
new therapeutic approaches with drugs targeting the 
ghrelin system may be an interesting opportunity for 
treating and/or preventing scoliosis pharmacologically.

Abbreviations
PWS: Prader–Willi syndrome; EOS: Early-onset scoliosis; BMI: Body mass index; 
TG: Total ghrelin; AG: Acylated ghrelin; UAG​: Unacylated ghrelin; GH: Growth 
hormone; AIS: Adolescent idiopathic scoliosis; FRC-PWS: French Reference 
Center for PWS; IGF-1: Insulin Like Growth Factor 1; mUPD: Maternal unipa‑
rental disomy; HbA1c: Hemoglobin A1c; IQR: Interquartile range; BMD: Bone 
mineral density.

Acknowledgements
The authors would like to thank the French Prader-Willi Syndrome Associa‑
tion for their support. We wish to acknowledge the help provided by Mrs 
Cathy Brochado; Dr Iva Gueorguieva; Dr Christine Lefèvre; Dr Myriam Bouillo; 
Dr Emmanuelle Caldaguès; Dr Sabine Baron and Dr Nadège Bacheré in the 
collection of data.

Authors’ contributions
DLPA performed data collection, carried out the data analyses, primary writer 
of manuscript, and reviewed/edited the manuscript. GD and GP, assisted with 
data collection and reviewed/edited the manuscript. CM and SF designed the 
data collection instruments and assisted with data collection. JPS, IG and MV 
reviewed/edited the manuscript. CA and MT conceptualized and designed 
the study, assisted with writing the manuscript and reviewed/edited the 
manuscript. All authors read and approved the final manuscript.

Funding
DLPA was supported by a grant from the French Prader-Willi Syndrome 
Association. The Pfizer laboratory participated in the funding of the FRC-PWS 
database.

Availability of data and materials
The datasets generated and analyzed during the current study are not pub‑
licly available due to medical privacy but are available from the corresponding 
author on reasonable request.

Declarations

Ethics approval and consent to participate
Before including a patient’s data in the FRC-PWS database, we obtained writ‑
ten consent from all parents or legal guardians. The FRC-PWS database has the 
approval of the French Commission for Data Protection and Liberties (CNIL) 
(number 905142 V2).

Consent for publication
Not applicable.

Competing interests
MT was a member of scientific board of Millendo Therapeutics and is member 
of Helsinn Healthcare for ghrelin analog treatment in Prader-Willi syndrome. 
The others authors have no competing interests relevant to this article to 
disclose.

Author details
1 CERPOP, Toulouse University, Inserm - Paul Sabatier University, Toulouse, 
France. 2 Endocrinology, Obesity, Bone Diseases, Genetics and Gynecology 
Unit, Children’s Hospital, University Hospital Center of Toulouse, Toulouse, 
France. 3 French National Reference Center for Prader‑Willi Syndrome, 
Children’s Hospital, University Hospital Center of Toulouse, 330, Avenue de 
Grande‑Bretagne – TSA, 70034 ‑ 31059 Toulouse Cedex 9, France. 4 Pediatric 
Endocrinology, Diabetology and Gynecology Department, Assistance‑Pub‑
lique Hôpitaux de Paris (AP‑HP), Necker-Enfants Malades Hospital, Paris, France. 
5 Toulouse Institute of Infectious and Inflammatory Diseases (Infinity), Inserm 
UMR1291 ‑ CNRS UMR5051, University Toulouse III, Toulouse, France. 6 French 
National Reference Center for Rare Diseases of Calcium and Phosphate Metab‑
olism ‑ ERN BOND, University Hospital Center of Toulouse, Toulouse, France. 
7 Clinical Biochemistry and Molecular Biology Department, Federative Institute 
of Biology, University Hospital Center of Toulouse, Toulouse, France. 8 Pediatric 
Axis of the Clinical Investigation Center (CIC) 9302/Inserm, Children’s Hospital, 
University Hospital Center of Toulouse, Toulouse, France. 9 Clinical Epidemiol‑
ogy Unit, University Hospital Center of Toulouse, Toulouse, France. 

Received: 31 March 2021   Accepted: 27 June 2021

References
	1.	 Müller TD, Nogueiras R, Andermann ML, Andrews ZB, Anker SD, Argente 

J, et al. Ghrelin Mol Metab. 2015;4:437–60. https://​doi.​org/​10.​1016/j.​
molmet.​2015.​03.​005.

	2.	 Delhanty PJD, Neggers SJ, van der Lely AJ. Should we consider des-acyl 
ghrelin as a separate hormone and if so, what does it do? Front Horm 
Res. 2014;42:163–74. https://​doi.​org/​10.​1159/​00035​8345.

	3.	 Delhanty PJD, Neggers SJ, van der Lely AJ. Ghrelin: the differences 
between acyl- and des-acyl ghrelin. Eur J Endocrinol. 2012;167:601–8. 
https://​doi.​org/​10.​1530/​EJE-​12-​0456.

	4.	 Hillman JB, Tong J, Tschöp M. Ghrelin biology and its role in weight-
related disorders. Discov Med. 2011;11:521–8.

	5.	 Solomou S, Korbonits M. The role of ghrelin in weight-regulation disor‑
ders: implications in clinical practice. Hormones (Athens) 2014;13:458–75. 
https://​doi.​org/​10.​14310/​horm.​2002.​1551.

	6.	 Pradhan G, Samson SL, Sun Y. Ghrelin: much more than a hunger hor‑
mone. Curr Opin Clin Nutr Metab Care. 2013;16:619–24. https://​doi.​org/​
10.​1097/​MCO.​0b013​e3283​65b9be.

	7.	 Ghigo E, Broglio F, Arvat E, Maccario M, Papotti M, Muccioli G. Ghrelin: 
more than a natural GH secretagogue and/or an orexigenic factor. Clin 
Endocrinol (Oxf ). 2005;62:1–17. https://​doi.​org/​10.​1111/j.​1365-​2265.​2004.​
02160.x.

	8.	 Delhanty PJD, van der Eerden BCJ, van Leeuwen JPTM. Ghrelin and bone. 
BioFactors. 2014;40:41–8. https://​doi.​org/​10.​1002/​biof.​1120.

	9.	 Sales de Gauzy J, Gennero I, Delrous O, Salles J-P, Lepage B, Accadbled 
F. Fasting total ghrelin levels are increased in patients with adolescent 
idiopathic scoliosis. Scoliosis 2015;10:33. https://​doi.​org/​10.​1186/​
s13013-​015-​0054-7.

https://doi.org/10.1016/j.molmet.2015.03.005
https://doi.org/10.1016/j.molmet.2015.03.005
https://doi.org/10.1159/000358345
https://doi.org/10.1530/EJE-12-0456
https://doi.org/10.14310/horm.2002.1551
https://doi.org/10.1097/MCO.0b013e328365b9be
https://doi.org/10.1097/MCO.0b013e328365b9be
https://doi.org/10.1111/j.1365-2265.2004.02160.x
https://doi.org/10.1111/j.1365-2265.2004.02160.x
https://doi.org/10.1002/biof.1120
https://doi.org/10.1186/s13013-015-0054-7
https://doi.org/10.1186/s13013-015-0054-7


Page 9 of 9Pacoricona Alfaro et al. Orphanet J Rare Dis          (2021) 16:305 	

	10.	 Yu H-G, Zhang H-Q, Zhou Z-H, Wang Y-J. High ghrelin level predicts the 
curve progression of adolescent idiopathic scoliosis girls. Biomed Res Int. 
2018;2018:9784083. https://​doi.​org/​10.​1155/​2018/​97840​83.

	11.	 Wang Q, Wang C, Hu W, Hu F, Liu W, Zhang X. Disordered leptin and 
ghrelin bioactivity in adolescent idiopathic scoliosis (AIS): a systematic 
review and meta-analysis. J Orthop Surg Res. 2020;15:502. https://​doi.​org/​
10.​1186/​s13018-​020-​01988-w.

	12.	 Cheng JC, Castelein RM, Chu WC, Danielsson AJ, Dobbs MB, Grivas TB, 
et al. Adolescent idiopathic scoliosis. Nat Rev Dis Primers. 2015;1:15030. 
https://​doi.​org/​10.​1038/​nrdp.​2015.​30.

	13.	 Yang S, Andras LM, Redding GJ, Skaggs DL. Early-onset scoliosis: a review 
of history, current treatment, and future directions. Pediatrics. 2016;137: 
e20150709. https://​doi.​org/​10.​1542/​peds.​2015-​0709.

	14.	 Liang Z-T, Li J, Rong R-, Wang Y-J, Xiao L-G, Yang G-T, et al. Ghrelin up-
regulates cartilage-specific genes via the ERK/STAT3 pathway in chondro‑
cytes of patients with adolescent idiopathic scoliosis. Biochem Biophys 
Res Commun 2019;518:259–65. https://​doi.​org/​10.​1016/j.​bbrc.​2019.​08.​
044.

	15.	 Xiao L, Zhang H, Wang Y, Li J, Yang G, Wang L, et al. Dysregulation of the 
ghrelin/RANKL/OPG pathway in bone mass is related to AIS osteopenia. 
Bone. 2020;134: 115291. https://​doi.​org/​10.​1016/j.​bone.​2020.​115291.

	16.	 Barre R, Beton N, Batut A, Accabled F, Sales de Gauzy J, Auriol F, et al. 
Ghrelin uses the GHS-R1a/Gi/cAMP pathway and induces differentia‑
tion only in mature osteoblasts. This ghrelin pathway is impaired in AIS 
patients. Biochem Biophys Rep 2020;24:100782. https://​doi.​org/​10.​1016/j.​
bbrep.​2020.​100782.

	17.	 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;12:118. https://​doi.​org/​10.​1186/​
s13023-​017-​0673-6.

	18.	 Miller JL, Lynn CH, Driscoll DC, Goldstone AP, Gold J-A, Kimonis V, 
et al. Nutritional phases in Prader–Willi syndrome. Am J Med Genet A. 
2011;155A:1040–9. https://​doi.​org/​10.​1002/​ajmg.a.​33951.

	19.	 Cummings DE, Clement K, Purnell JQ, Vaisse C, Foster KE, Frayo RS, 
et al. Elevated plasma ghrelin levels in Prader–Willi syndrome. Nat Med. 
2002;8:643–4. https://​doi.​org/​10.​1038/​nm0702-​643.

	20.	 DelParigi A, Tschöp M, Heiman ML, Salbe AD, Vozarova B, Sell SM, et al. 
High circulating ghrelin: a potential cause for hyperphagia and obesity in 
Prader–Willi syndrome. J Clin Endocrinol Metab. 2002;87:5461–4. https://​
doi.​org/​10.​1210/​jc.​2002-​020871.

	21.	 Purtell L, Sze L, Loughnan G, Smith E, Herzog H, Sainsbury A, et al. In 
adults with Prader–Willi syndrome, elevated ghrelin levels are more con‑
sistent with hyperphagia than high PYY and GLP-1 levels. Neuropeptides. 
2011;45:301–7. https://​doi.​org/​10.​1016/j.​npep.​2011.​06.​001.

	22.	 Feigerlová E, Diene G, Conte-Auriol F, Molinas C, Gennero I, Salles J-P, 
et al. Hyperghrelinemia precedes obesity in Prader–Willi syndrome. J Clin 
Endocrinol Metab. 2008;93:2800–5. https://​doi.​org/​10.​1210/​jc.​2007-​2138.

	23.	 Beauloye V, Diene G, Kuppens RJ, Zech F, Winandy C, Molinas C, et al. High 
unacylated ghrelin levels support the concept of anorexia in infants with 
Prader–Willi syndrome. Orphanet J Rare Dis. 2016;11:56. https://​doi.​org/​
10.​1186/​s13023-​016-​0440-0.

	24.	 Kuppens RJ, Diene G, Bakker NE, Molinas C, Faye S, Nicolino M, et al. 
Elevated ratio of acylated to unacylated ghrelin in children and young 
adults with Prader–Willi syndrome. Endocrine. 2015;50:633–42. https://​
doi.​org/​10.​1007/​s12020-​015-​0614-x.

	25.	 Kweh FA, Miller JL, Sulsona CR, Wasserfall C, Atkinson M, Shuster JJ, et al. 
Hyperghrelinemia in Prader–Willi syndrome begins in early infancy long 

before the onset of hyperphagia. Am J Med Genet A. 2015;167A:69–79. 
https://​doi.​org/​10.​1002/​ajmg.a.​36810.

	26.	 Diene G, Sales de Gauzy J, Tauber M. Is scoliosis an issue for giving 
growth hormone to children with Prader-Willi syndrome? Arch Dis Child 
2008;93:1004–6. https://​doi.​org/​10.​1136/​adc.​2008.​141390.

	27.	 Odent T, Accadbled F, Koureas G, Cournot M, Moine A, Diene G, et al. Sco‑
liosis in patients with Prader–Willi syndrome. Pediatrics. 2008;122:e499-
503. https://​doi.​org/​10.​1542/​peds.​2007-​3487.

	28.	 Weinstein SL, Dolan LA, Cheng JCY, Danielsson A, Morcuende JA. Adoles‑
cent idiopathic scoliosis. Lancet. 2008;371:1527–37. https://​doi.​org/​10.​
1016/​S0140-​6736(08)​60658-3.

	29.	 Laurier V, Lapeyrade A, Copet P, Demeer G, Silvie M, Bieth E, 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;59:411–21. https://​doi.​org/​10.​1111/​jir.​12140.

	30.	 van Bosse HJP, Butler MG. Clinical observations and treatment 
approaches for scoliosis in Prader–Willi syndrome. Genes (Basel). 
2020;11:260. https://​doi.​org/​10.​3390/​genes​11030​260.

	31.	 de Lind van Wijngaarden RFA, de Klerk LWL, Festen DAM, Hokken-Koe‑
lega ACS. Scoliosis in Prader–Willi syndrome: prevalence, effects of age, 
gender, body mass index, lean body mass and genotype. Arch Dis Child 
2008;93:1012–6. https://​doi.​org/​10.​1136/​adc.​2007.​123836.

	32.	 Molinas C, Cazals L, Diene G, Glattard M, Arnaud C, Tauber M, et al. French 
database of children and adolescents with Prader-Willi syndrome. BMC 
Med Genet. 2008;9:89. https://​doi.​org/​10.​1186/​1471-​2350-9-​89.

	33.	 Diene G, Mimoun E, Feigerlová E, Caula S, Molinas C, Grandjean H, et al. 
Endocrine disorders in children with Prader–Willi syndrome—data from 
142 children of the French database. Horm Res Paediatr. 2010;74:121–8. 
https://​doi.​org/​10.​1159/​00031​3377.

	34.	 Bidlingmaier M, Friedrich N, Emeny RT, Spranger J, Wolthers OD, Roswall 
J, et al. Reference intervals for insulin-like growth factor-1 (igf-i) from birth 
to senescence: results from a multicenter study using a new automated 
chemiluminescence IGF-I immunoassay conforming to recent inter‑
national recommendations. J Clin Endocrinol Metab. 2014;99:1712–21. 
https://​doi.​org/​10.​1210/​jc.​2013-​3059.

	35.	 Guo X, Chau WW, Chan YL, Cheng JCY. Relative anterior spinal over‑
growth in adolescent idiopathic scoliosis. Results of disproportion‑
ate endochondral-membranous bone growth. J Bone J Surg Br 
2003;85:1026–31. https://​doi.​org/​10.​1302/​0301-​620x.​85b7.​14046.

	36.	 Lam TP, Hung VWY, Yeung HY, Tse YK, Chu WCW, Ng BKW, et al. Abnormal 
bone quality in adolescent idiopathic scoliosis: a case-control study 
on 635 subjects and 269 normal controls with bone densitometry and 
quantitative ultrasound. Spine. 2011;36:1211–7. https://​doi.​org/​10.​1097/​
BRS.​0b013​e3181​ebab39.

	37.	 Wang J, Ma J, Yu H, Zhang P, Han J, Bao Y. Unacylated ghrelin is cor‑
related with the decline of bone mineral density after Roux-en-Y gastric 
bypass in obese Chinese with type 2 diabetes. Surg Obes Relat Dis. 
2019;15:1473–80. https://​doi.​org/​10.​1016/j.​soard.​2019.​04.​011.

	38.	 Palmieri VV, Lonero A, Bocchini S, Cassano G, Convertino A, Corica D, et al. 
Uniparental disomy and pretreatment IGF-1 may predict elevated IGF-1 
levels in Prader-Willi patients on GH treatment. Growth Horm IGF Res. 
2019;48–49:9–15. https://​doi.​org/​10.​1016/j.​ghir.​2019.​08.​003.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.1155/2018/9784083
https://doi.org/10.1186/s13018-020-01988-w
https://doi.org/10.1186/s13018-020-01988-w
https://doi.org/10.1038/nrdp.2015.30
https://doi.org/10.1542/peds.2015-0709
https://doi.org/10.1016/j.bbrc.2019.08.044
https://doi.org/10.1016/j.bbrc.2019.08.044
https://doi.org/10.1016/j.bone.2020.115291
https://doi.org/10.1016/j.bbrep.2020.100782
https://doi.org/10.1016/j.bbrep.2020.100782
https://doi.org/10.1186/s13023-017-0673-6
https://doi.org/10.1186/s13023-017-0673-6
https://doi.org/10.1002/ajmg.a.33951
https://doi.org/10.1038/nm0702-643
https://doi.org/10.1210/jc.2002-020871
https://doi.org/10.1210/jc.2002-020871
https://doi.org/10.1016/j.npep.2011.06.001
https://doi.org/10.1210/jc.2007-2138
https://doi.org/10.1186/s13023-016-0440-0
https://doi.org/10.1186/s13023-016-0440-0
https://doi.org/10.1007/s12020-015-0614-x
https://doi.org/10.1007/s12020-015-0614-x
https://doi.org/10.1002/ajmg.a.36810
https://doi.org/10.1136/adc.2008.141390
https://doi.org/10.1542/peds.2007-3487
https://doi.org/10.1016/S0140-6736(08)60658-3
https://doi.org/10.1016/S0140-6736(08)60658-3
https://doi.org/10.1111/jir.12140
https://doi.org/10.3390/genes11030260
https://doi.org/10.1136/adc.2007.123836
https://doi.org/10.1186/1471-2350-9-89
https://doi.org/10.1159/000313377
https://doi.org/10.1210/jc.2013-3059
https://doi.org/10.1302/0301-620x.85b7.14046
https://doi.org/10.1097/BRS.0b013e3181ebab39
https://doi.org/10.1097/BRS.0b013e3181ebab39
https://doi.org/10.1016/j.soard.2019.04.011
https://doi.org/10.1016/j.ghir.2019.08.003

	Is ghrelin a biomarker of early-onset scoliosis in children with Prader–Willi syndrome?
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Methods
	Study design and setting
	Study participants
	Sample collections for plasma ghrelin measurements
	Other data
	Statistical analyses

	Results
	Case–Control approach
	Longitudinal approach

	Discussion
	Key results
	Strengths and limitations
	Interpretation

	Conclusion
	Acknowledgements
	References


