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Abstract 

Although musculoskeletal abnormalities have long been described in patients with Noonan syndrome 

(NS), only a few studies have investigated the bone status of these patients. The aim of this 

retrospective observational study was to describe the bone health of children with NS. Thirty-five 

patients with a genetically confirmed diagnosis of NS were enrolled. We analyzed the axial skeleton 

(lumbar spine) using dual energy X-ray absorptiometry and the appendicular skeleton (hand) with the 

BoneXpert system. Bone metabolism markers, including mineral homeostasis parameters, serum 25-

hydroxy vitamin D (25-OHD) levels and markers of bone formation and resorption were also reported. 

Compared to the general population, axial and appendicular bone mass was significantly decreased in 

children with NS (p < 0.0001). Serum 25-OHD levels were low in about half of the patients and were 

negatively correlated with age (r = -0.52; p < 0.0001). Patients with NS exhibited reduced bone 

formation marker levels and increased bone resorption marker levels (p < 0.0001). No gender 

difference or genotype-phenotype correlations were found for the different bone parameters. Muscle 

mass and, to a lesser extent, serum insulin-like growth factor 1 (IGF-1) levels were independent 

predictors of whole-body bone mineral content (p < 0.0001 for both parameters; adjusted R2 = 0.97). 

In conclusion, bone mass is reduced in children with NS and correlates with decreased muscle mass 

and low serum IGF-1 levels. These data justify addressing all potential threats to bone health including 

sufficient calcium and vitamin D intake, regular physical exercise, and hormone replacement therapy. 
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1. Introduction  

Noonan syndrome (NS; MIM # 163950) is a rare autosomal dominant genetic disorder characterized 

by the association of distinctive facial features, cardiac defects, short stature, skeletal abnormalities, 

mild developmental delay, and cryptorchidism in males [1]. NS is caused by germline mutations in 

genes encoding components or regulators of the RAS/extracellular signal-regulated kinases (ERK) 

signaling pathway, which is essential for cell cycle differentiation, growth, and senescence [1]. 

Although approximately 20 genes have been implicated in NS to date, the most prevalent, detected in 

approximately 50% of NS patients, are heterozygous missense mutations in the protein tyrosine 

phosphatase non-receptor type 11 (PTPN11) gene, followed by the less common mutations in the 

SOS1, RAF1, KRAS, and LZTR1 genes, which are found in 10%, 10%, <5%, and <1% of patients, 

respectively [1]. Mutations in gene components of the RAS/ERK pathway are also found in 

phenotypically close syndromes, notably NS with multiple lentigines (NSML; MIM # 151100), NS 

with loose anagen hair (MIM # 607721), cardiofaciocutaneous syndrome (CFCS; MIM # 115150), 

Costello syndrome (CS; MIM # 218040), and neurofibromatosis type 1 (NF1; MIM # 162200). 

Collectively, these disorders are now termed RASopathies [1]. The best-defined consequence of the 

gene mutations implicated in NS and other RASopathies is enhancement of RAS/ERK activation, 

which underlies the different defects observed in NS [1, 2].  

 

Skeletal abnormalities (i.e. anterior chest wall anomalies, scoliosis, kyphosis, pes planus, and hand 

anomalies) are common and have long been described in patients with NS and other RASopathies [3]. 

Although several studies have reported decreased bone mass in some RASopathies, notably CS [4-6] 

and NF1 [7-18], only a few studies have investigated bone status in NS patients [19-22]. These studies 

have been performed on a small number of patients, sometimes without molecular diagnosis of NS, 

and using non-reference methods (such as phalangeal quantitative ultrasound and radiographic 

absorptiometry). Given the important role of SHP2, the protein encoded by the PTPN11 gene [23-25] 

and the RAS/ERK signaling pathway [26, 27] in normal osteoblast and osteoclast differentiation and 

function, the investigation of bone status in NS is important. 
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The purpose of this retrospective study was to investigate bone mass in children and adolescents with 

a molecular diagnosis of NS. We analyzed the axial skeleton (lumbar spine) using dual energy X-ray 

absorptiometry (DXA) and the appendicular skeleton (hand) with the BoneXpert system. The bone 

parameters were adjusted for the short stature of these patients. Bone metabolism markers, including 

mineral homeostasis parameters, serum 25-hydroxy vitamin D levels, and markers of bone formation 

and resorption, were also reported. Finally, the influence of bone mass determinants, including gender, 

genotype, hormonal status, and muscle mass, were analyzed using multiple regression analyses. 

 

2. Subjects and methods  

2.1. Patient population  

Our retrospective study specifically focused on children whose NS had been confirmed by molecular 

diagnostics and who were followed up with at the Children's Hospital in Toulouse, France, between 

2012 and 2019. A germline mutation in the PTPN11, SOS1, RAF1, KRAS, or LZTR1 genes was 

considered for the molecular diagnosis of NS. A distinction was made between the PTPN11 gain-of-

function and loss-of-function mutations, respectively designated as NS-associated PTPN11 mutations 

(NS-PTPN11) and NSML-associated PTPN11 mutations (NSML-PTPN11). Patients receiving 

medication affecting bone metabolism, including growth hormones, were excluded.  

This study received approval from the Institutional Research Ethics Committee (registration number: 

RnIPH 2020-56) and the French National Commission for Information Technology and Civil Liberties 

(CNIL number: 2206723 v 0). Patient information was pseudonymized and encrypted before the 

analysis. Following standard practice, all parents gave their written and informed consent and children 

assented to performing a molecular diagnosis of NS.  

 

2.2. Clinical data  

Personal history (including non-traumatic fractures and skeletal abnormalities), clinical data (including 

height, weight, body mass index [BMI], and Tanner stages), and biological and radiological data were 

obtained by retrospective chart review. Where available, multiple measurements were collected for 
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each parameter. French reference data were used to convert height, weight, and BMI measurements to 

age and sex-specific Z-scores. 

 

2.3. Biochemical measurements  

Fasting state blood samples were obtained as part of patient clinical follow-up. Serum concentrations 

of 25-hydroxy vitamin D (25-OHD), insulin-like growth factor 1 (IGF-1), leptin, and serum carboxy-

terminal collagen crosslinks (CTX) were measured using automated chemiluminescence immunoassay 

systems (Cobas 8000 modular analyzer series, Roche Diagnostics; iSYS, Immunodiagnostic Systems). 

The Quidel enzyme immunoassay (San Diego, CA, USA) was used to determine bone alkaline 

phosphatase (BAP) levels. IGF-1, BAP, and CTX serum concentrations were converted to age- and 

sex-specific Z-scores based on published reference data [28]. The following cut-off points were used 

for the serum 25-OHD levels: sufficiency above 75 nmol/L (> 30 ng/mL), insufficiency between 50 to 

75 nmol/L (20-30 ng/mL), and deficiency below 50 nmol/L (< 20 ng/mL). 

 

2.4. Molecular analyses  

The Robert-Debré Hospital Genetics Department in Paris, France (H. Cavé, A. Verloes) performed the 

molecular analyses presented in this study. Peripheral leukocytes from each patient were used to 

obtain DNA samples that were tested for all PTPN11, SOS1, RAF1, KRAS, and LZTR1 coding regions 

as previously described [29]. 

 

2.5. Dual-energy X-ray absorptiometry (DXA) 

Lean body mass (LBM), bone mineral content (BMC), and areal bone mineral density (aBMD) of the 

total body (TB-aBMD), as well as aBMD of the lumbar spine (LS-aBMD), were measured by DXA 

using a Lunar Prodigy device (GE Healthcare, Piscataway, NJ, USA). In order to take into account the 

short stature of NS patients, an estimate of three-dimensional bone density, commonly called 

volumetric BMD (vBMD, unit: mg/cm3), was calculated as described by Kroger et al. [30] using the 

formula: vBMD = aBMD x [4 / (π x width)], width being the mean width of the vertebral bodies. LS-
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vBMD provides an estimate of the trabecular bone at the lumbar level, duly corrected for vertebral 

body width. 

Age- and sex-specific Z-scores of LBM, BMC, TB-aBMD, LS-aBMD, and LS-vBMD were obtained 

following van Der Sluis et al. [31] for patients above 4.5 years old or Manousaki et al. [32] for patients 

under 4.5 years old. 

 

2.6. Bone age and age and bone health index  

The radiographs of the left hand and wrist were collected as DICOM files. Images were analyzed 

using the BoneXpert system (BoneXpert, Version 2.1.0.12, Visiana, Holte, Denmark), which 

automatically generates the following outcome variables: bone age based on Greulich & Pyle’s 

method, Z-scores of bone age (compared with a healthy reference population), the Bone Health Index 

(BHI), and Z-scores of BHI [33]. The Z-score is computed relative to healthy children of the same 

bone age and gender. 

BHI is calculated using the cortical thickness (T) of the three middle metacarpals and the metacarpal 

width (W) and length (L) to compensate for the variation in stature of growing children, using the 

following formula: BHI = π x T x (1 - T / W) / (L x W)0.33. As a result, BHI can be considered an 

estimate of cortical volume at the metacarpal level, corrected for the length and width of the bones. It 

has been reported that BHI and LS-aBMD evaluated by DXA were positively and significantly 

correlated (p < 0.001) [34]. 

 

2.7. Statistical analysis  

Data are expressed as either mean (standard deviation [SD]) or median (range). We initially compared 

the mean Z-scores for the entire NS sample and the different subgroups (genotypes) to those of the 

general population using the one-sample Student test. A linear mixed model was used on repeated 

measurements, with a robust variance estimator for mean values and confidence intervals (CIs), and to 

compare bone parameters (BMC, TB-aBMD, LS-aBMD, LS-vBMD, and BHI Z-score) according to 

gender and genotype. Factors related to total body bone mineral content (BMC) were highlighted by 

performing a linear regression analysis. Each potential factor was initially tested in a univariate model: 
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age, gender, genotype, height, serum 25-OHD, IGF-1, leptin, and LBM. Factors with a univariate 

significance of 20% were then inserted into a multivariate model. A stepwise selection method was 

used to obtain the final model, which only contained factors with a 5% level of significance. Pearson 

correlation or, when appropriate, Spearman rank correlation was used for determining associations. In 

all cases, a P < 0.05 was considered significant. Two-tailed tests were used throughout the study. The 

SAS® software, version 9.4 (SAS Institute Inc., Cary, NC, USA), was used to perform all statistical 

analyses. 

 

3. Results 

Thirty-five NS patients (14 females, 21 males) with a median age of 8.1 years (range: 1.4 to 17.3 

years) were finally included in the study. No significant differences were found between the 

biochemical and radiological bone parameters between genders; thus, the results recorded for the girls 

and boys were analyzed as a single group. 

 

3.1. NS patient clinical, biochemical, and radiological characteristics 

Table 1 summarizes the main characteristics of the NS population analyzed in this study. 

Unsurprisingly, NS patients were shorter than corresponding reference ranges (median Z-score: -1.1; 

range -3.8 to 1.5; p < 0.0001) and their BMI was lower (median Z-score: -1.0; range: -2.9 to 1.0; p < 

0.0001). Pubertal development was appropriate for all patients, with 25 prepubertal patients (71%), 10 

patients (29%) having started puberty (defined as Tanner stages ≥ 2), and none with delayed puberty 

(defined as Tanner stage = 1 after 13 years of age in girls and 14 years of age in boys). None of our 

patients reported non-traumatic fractures in their clinical history. 

As previously described, NS patients had lower serum IGF-1 concentrations (median Z-score: -1.1; 

range: -2.7 to 0.8; p < 0.0001); IGF-1 and BMI Z-scores were found to be slightly positively 

associated (r = 0.25; p = 0.05). The levels of serum leptin assessed in 28 patients were low (median: 

1.2 ng/mL; normal values: 2.0 to 5.6 in males and 3.7 to 11.1 in females) with 23 values (82%) below 

the normal range. All patients displayed normal mineral homeostasis, as defined by the normal ranges 

of measured serum calcium, phosphate, and alkaline phosphatase. Sixteen patients (46%) had a low 
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urinary calcium/creatinine ratio (defined as a ratio < 0.20 mmol/mmol). Despite a median serum 25-

OHD concentration of 73 nmol/L being within the normal range (23 to 273 nmol/L), 7 patients (20%) 

presented 25-OHD deficiency (< 50 nmol/L) and 11 patients (31%) presented 25-OHD insufficiency 

(between 50 to 75 nmol/L). A negative correlation of serum 25-OHD levels with age was found (r = -

0.52; p < 0.0001) with an increased frequency of deficiency from childhood to puberty (prepubertal 

group, 15%; pubertal group, 25%); however, the difference lacks statistical significance. The levels of 

the bone formation marker (BAP median Z-score: -1.6; p < 0.0001) were lower, while those of the 

bone resorption marker (CTX median Z-score: 1.2; p < 0.0001) were higher in NS patients, relative to 

the age- and sex-specific reference ranges.  

The median bone age delay was 0.7 years (range: -0.7 to 3), correlating negatively with the patient’s 

age (r = -0.76; p < 0.0001). We observed a significant decrease (p < 0.0001) in all bone (BMC, TB-

aBMD, LS-aBMD, LS-vBMD, and BHI Z-scores) and muscle (LBM Z-score) parameters relative to 

reference data. Among these, we found a negative correlation of LS-aBMD and LBM Z-scores with 

age (p = 0.02 for both parameters) (Figure 1), emphasizing the fact that a bone and muscle mass 

decline was aggravated from childhood to adulthood. 

 

3.2. Genotype-phenotype relationships 

Among the cohort of 35 patients, 21 patients (60.0%) harbored gain-of-function mutations in PTPN11 

gene (NS-PTPN11), 3 (8.6%) loss-of-function mutations in PTPN11 (NSML-PTPN11), 5 (14.3%) in 

SOS1, 2 (5.7%) in RAF1, 1 (2.8%) in KRAS, and 3 (8.6%) in LZTR1. We compared the three main 

genotypes (NS-PTPN11, NSML-PTPN11, and SOS1) to each other and to the corresponding normal 

reference range data using one-sample t-tests. As previously reported [35], the BMI of patients with 

NS-PTPN11 was significantly lower than that of patients with NSML-PTPN11 (p = 0.03). Patients with 

a NS-PTPN11 also had higher bone resorption marker (CTX) levels compared to patients with a 

NSML-PTPN11 (p = 0.004). Except for the LS-vBMD Z-score in SOS1 patients and TB-aBMD in 

NSML-PTPN11 patients, all other bone parameters (BMC, TB-aBMD, LS-aBMD, LS-vBMD, and 

BHI Z-score) decreased significantly in NS-PTPN11, NSML-PTPN11, and SOS1 patients relative to 
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age- and sex-specific reference ranges. However, there was no difference in these bone parameters 

according to the three main genotypes (Table 2). 

 

3.3. Determinants of bone mass 

BMC Z-scores were found to be associated positively with LBM Z-scores (r = 0.62; p < 0.0001) and, 

to a lesser extent, with IGF-1 Z-scores (r = 0.34; p = 0.0447) (Figure 2).  

To determine whether LBM and IGF-1 values could be independent predictors of BMC values, 

multiple regression analyses were performed, taking into account factors such as age, gender, 

genotype, height, leptin, and 25-OHD levels (Table 3). This showed an independent association of 

LBM and IGF-1 with the whole body BMC (p < 0.0001 for both LBM and IGF-1; adjusted R2 = 0.97). 

The regression equation was: BMC (gr) = -309.1 + 1.6 x IGF-1 (ng/ml) + 53.9 x LBM (gr). 

 

4. Discussion  

In the present study, we found that children with NS had a lower axial and appendicular bone mass 

compared to the general population, as previously suggested by other studies [19-22]. This finding was 

unchanged for bone size-independent parameters (i.e. LS-vBMD and BHI), which take into account 

the short stature of NS children. 

 

Regarding the genetic factors that can influence bone mass acquisition, no difference in bone 

parameters was observed between males and females, and gender was not related to bone mass in the 

multiple regression analysis. As a number of NS phenotypes, such as heart defect, short stature, and 

gonadal function, have been reported to correlate with specific genotypes [29, 35], we also 

investigated the genotype-phenotype correlation for bone parameters in our cohort. Although the three 

main genotypes were related to decreased bone mass compared to the general population, no 

differences were found between genotypes. This finding could be explained by the small patient 

cohort analyzed in our study, particularly for non-NS-PTPN11 patients, or pinpoint a common 

mechanism, such as RAS/ERK hyperactivation, for low bone mass. Supporting this view, low bone 

mass was also found in other RASopathies, notably CS [4, 5] and NF1 [7-18], highlighting the role of 
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the RAS/ERK pathway in bone homeostasis. This is consistent with several in vivo studies that have 

reported the essential role played by ERK in osteoblast differentiation and in promoting 

osteoclastogenesis [24, 26]. As previously described in NS and other RASopathies [36], we found that 

bone resorption markers increased in NS patients, thus highlighting the key role of osteoclasts.  

 

However, apart from the direct effect of RAS/ERK activation on bone homeostasis, additional factors 

probably contribute to decreased bone mass. Indeed, even if up to 80% of bone mass acquisition 

depends on genetic factors (including gender and genetic background), environmental factors such as 

calcium and vitamin D intake, weight, physical activity, and hormone levels (particularly the growth 

hormone [GH] / IGF-1 axis and gonadal steroids) also play important roles [37]. In this study, half of 

the patients had a low urinary calcium/creatinine ratio, suggesting low calcium intake, and half of the 

patients had inadequate vitamin D levels (i.e. vitamin D deficiency or insufficiency). This highlights 

the importance of providing sufficient calcium and vitamin D intake in patients with NS in order to 

ensure optimal peak bone mass. Multiple regression analyses were used to identify some determinants 

of decreased bone mass. Thus, muscle mass and, to a lesser extent, serum IGF-1 levels were found to 

be independent predictive factors of bone mass. This suggests that decreased muscle mass and IGF-1 

deficiency could explain bone loss in NS, at least in part. 

In our study, muscle mass was significantly lower in children with NS compared to healthy age-

matched controls, even after adjusting for height (i.e. LBM/height ratio). This decrease in muscle mass 

was already evident in younger children and worsened from childhood to adulthood. This finding is 

consistent with several clinical studies that have reported muscle abnormalities, such as diminished 

strength and endurance, coupled with muscle weakness in NS patients [38-40]. Muscle mass and 

physical activity have long since been positively related to whole body bone mass in healthy children 

[41, 42]. Thus, bone adapts to the mechanical forces to which it is subjected in order to maintain the 

strain on the bone at a constant set point [43]. A decrease in muscle mass therefore correlates with a 

decrease in bone strength. The origin of the decrease in muscle mass and strength is unknown and 

could be due to low activity levels either from central or peripheral neuropathies, or a primary 

myopathy. Interestingly, mitochondrial dysfunction has been reported in muscle biopsies performed in 
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5 patients carrying mutations in the RAS/ERK pathway [44]. Whatever the mechanism underlying the 

muscle abnormalities, it can be assumed that NS patients may benefit from physical training. This type 

of exercise program should be investigated for children and adolescents with NS. 

Another important finding of our study is the inverse relationship between serum IGF-1 levels and 

bone mass. While there have been reports on GH deficiency or neurosecretory dysfunction, patients 

with NS (notably those with PTPN11 mutations) usually display normal or slightly increased GH 

levels associated with low serum IGF1 levels, suggesting GH insensitivity [45]. Consistent with this 

finding, a NS-causing Ptpn11 mutant impairs the systemic production of IGF-1 in vivo through 

hyperactivation of the RAS/ERK signaling pathway [2]. It has long since been recognized that 

endocrine signals modulate bone turnover and bone mass acquisition. Before puberty, bone growth is 

largely dependent on the growth hormone / IGF-1 axis, which acts directly on bone and muscle cells 

[46]. Thus, children presenting growth hormone deficiency and low IGF-1 levels display decreased 

muscle and bone mass, which is corrected during GH replacement therapy [47]. A similar effect of 

growth hormone therapy on muscle and bone mass was also reported in a small pediatric NS cohort 

[22].  

Decreased bone mass in NS could also be due to low androgen and/or estrogen levels: these hormones 

are crucial for the sharp increase in bone mass during puberty. Indeed, it has been reported that 

hypogonadism leads to reduced bone mass and increased fracture risk and that hormone replacement 

therapy is associated with bone mass improvement [48]. This hypothesis was not confirmed in our 

study because all of our patients had appropriate pubertal development without delayed puberty; 

however, hormonal status was not checked in our patients' sample. Osteoporosis associated with 

hypogonadism has been reported in a few adult male patients with NS [49, 50]. Finally, other 

hormones, such as leptin, presenting low levels in NS patients, may also play a role in bone mass 

acquisition. Although leptin levels positively correlated with BMC Z-scores, they were not bone mass-

independent predictive factors. Further studies will be required to clarify the role of this hormone in 

NS.  
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Despite the fact that none of our patients had suffered any pathological fractures, they may 

nevertheless be at increased risk of developing osteoporosis and fragility fractures later on in life. 

Bone mass acquisition during childhood and adolescence leads to peak bone mass acquisition by early 

adulthood at the end of the growth period [37]. This peak bone mass, which corresponds to the 

maximum amount of bone mass in the life of an individual, is a major determinant of bone strength 

and fragility throughout life. Interestingly, as regards other RASopathies, an increased fracture rate has 

been highlighted in adult patients with NF1 [17], and pathological fractures have been reported in 

patients with CS [5]. Further longitudinal studies are needed to describe bone mass progression and to 

evaluate the long-term risk of bone fragility, especially in adults and the elderly. To date, except in 

clinical research studies, we cannot recommend systematically performing DXA in patients with NS; 

however, this exam can be discussed in patients with non-traumatic fractures. 

 

Although our study is one of the largest series involving children with molecular diagnosis of NS 

investigated for their bone health, it has several limitations. Only a few patients were followed up with 

longitudinally and, with the exception of NS-PTPN11 patients, this study was restricted by the small 

dataset available for analysis of the other sub-groups. Unfortunately, due to the retrospective design of 

this study, it was not possible to assess important predictors of bone mass, notably calcium intake as 

well as muscle strength and physical activity. The urinary calcium / creatinine ratio, which correlates 

with calcium intake, was used as a surrogate of dietary intake. Regarding the interaction of muscle and 

bone, further prospective studies are required to investigate the role of diminished strength and 

endurance reported in NS on the decreased bone mass, as well as the potential positive effect of 

physical training in these patients. Further accurate hormonal investigations are also required to assess 

the role of the different hormonal insufficiencies (decreased IGF1, leptin, androgen and/or estrogen 

levels) displayed by patients with NS on muscle and bone abnormalities. 

 

5. Conclusion  

Compared to the general population, axial and appendicular bone mass is decreased in children with 

NS. No genotype-phenotype correlation for bone parameters was found in our cohort. Muscle mass 
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and, to lesser extent, serum IGF-1 levels were independent predictive factors of bone mass, suggesting 

that muscle hypoplasia and IGF-1 deficiency could account for bone loss in NS, at least in part. These 

data justify addressing all potential threats to bone health, including sufficient calcium and vitamin D 

intake, regular physical exercise, and hormone replacement therapy (GH / IGF-1 and gonadal 

steroids). Further longitudinal studies are needed to investigate the long-term risk of bone fragility, 

especially in adults and the elderly. By identifying the main factors causing bone loss in NS patients, 

this small retrospective study lays the foundation for larger prospective interventional studies on the 

potential positive effect of physical training and/or hormone replacement therapy in these patients. 
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9. Tables 

Table 1. Clinical, biochemical, and radiological characteristics of patients with Noonan syndrome. 

Variable Patients, n Measurements, n 
Median  

(min; max) 
Mean (SD) P value * 

Gender (female/male) 35 (14/21) - - - - 

Age (years) 35 60 8.1 (1.4; 17.3) 8.5 (4.7) - 

Height (Z-score) 35 60 -1.2 (-3.8; 1.5) -1.3 (1.1) < 0.0001 

BMI (Z-score) 35 60 -1.0 (-2.9; 1.0) -0.9 (0.9) < 0.0001 

IGF-1 (Z-score)  35 59 -1.1 (-2.7; 0.8) -1.1 (0.8) < 0.0001 

BAP (Z-score)  34 50 -1.6 (-3.7; 1.6) -1.6 (1.0) < 0.0001 

CTX (Z-score)  34 50 1.2 (-0.4; 5.3) -1.0 (1.3) < 0.0001 

Delayed bone age (years)  23 39 0.7 (-0.7; 3.0) 1.0 (1.0) < 0.0001 

BMC (Z-score)  23 36 -2.3 (-4.3; -0.8) -2.3 (0.8) < 0.0001 

TB-aBMD (Z-score) 35 60 -1.1 (-1.4; -0.4) -0.9 (0.8) < 0.0001 

LS-aBMD (Z-score)  30 45 -1.2 (-3.5; 0.8) -1.3 (0.9) < 0.0001 

LS-vBMD (Z-score) 30 45 -0.5 (-2.7; 1.6) -0.6 (0.9) < 0.0001 

BHI (Z-score)  23 39 -2.0 (-3.6; -0.2) -1.9 (0.8) < 0.0001 

LBM (Z-score)  23 36 -2.5 (-4.5; -0.9) -2.5 (0.8) < 0.0001 

LBM / height (percentile) 23 44 34.5 (0; 100) 38.1 (29.4) 0.0104 

 

BMI: body mass index; IGF-1: insulin-like growth factor 1; BAP: bone alkaline phosphatase; CTX: 

carboxy-terminal collagen crosslinks; BMC: bone mineral content; BMD: bone mineral density; TB-

aBMD: total body areal BMD; LS-aBMD: lumbar spine areal BMD; LS-vBMD: lumbar spine 

volumetric BMD; BHI: bone health index; LBM: lean body mass. 
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Where available, multiple measurements were collected for each parameter; the number of 

measurements (n) is specified in the Table. 

French reference data for the general pediatric population were used to convert height, weight, and 

BMI measurements to age and sex-specific Z-scores. 

Values are expressed as mean (SD) and median (min; max).  

* P values for comparison to normal reference data using the one-sample t-test. 

    

Patients, 

n 

Measurements, 

n 
Median (IQR) Mean (SD)  

Estimated mean 

(95% CI) 
P value * 

BMC  

(Z-score) 

All patients 23 36 -2.3 (-2.8; -1.7) -2.3 (0.8) -2.3 (-2.7; -1.9) < 0.0001† 

Genotype            

NSML-PTPN11 2 4 -1.4 (-1.9; -1.2) -1.6 (0.6) -1.8 (-3.1; -0.5) 0.01† 

NS-PTPN11 15 23 -2.4 (-3.1; -1.9) -2.5 (0.9) -2.3 (-2.9; -1.8) < 0.0001† 

SOS1 4 7 -2.4 (-2.6; -1.5) -2.2 (0.7) -2.1 (-3.1; -1.2) 0.0002† 

Comparisons            

NSML-PTPN11 vs. NS-PTPN11  3 vs. 15 4 vs. 23 - 0,9 0.6 (-0.9; 2.0) 0.4 

NS-PTPN11 vs. SOS1 15 vs. 4 23 vs. 7 - -0.3 -0.2 (-1.3; 0.9) 0.7 

TB-

aBMD               

(Z-score) 

All patients 35 60 -1.1 (-1.4; -0.4) -0.9 (0.8)  -1.0 (-1.4; -0.5) < 0.0001† 

Genotype             

NSML-PTPN11 3 8 0.2 (-0.6; 0.6) 0.0 (0.9) -0.4 (-1.7;0.8) 1.0† 

NS-PTPN11 21 34 -1.0 (-1.5; -0.5) -1.0 (0.8)  -1.0 (-1.5;-0.4) < 0.0001† 

SOS1 5 12 -1.3 (-1.4; -1.2) -1.1 (0.8)  -1.1 (-2.2; -0.1) 0.03† 

Comparisons             

NSML-PTPN11 vs. NS-PTPN11  3 vs. 21 8 vs. 34 - 1.0 0.5 (-0.8; 1.9) 0.41 

NS-PTPN11 vs. SOS1 21 vs. 5 34 vs. 12 - 0.1 0.14 (-1.0; 1.3) 0.8 

LS-

aBMD 

(Z-score) 

All patients 30 45 -1.2 (-1.9; -0.7) -1.3 (0.9) -1.2 (-1.6;-0.8) < 0.0001† 

Genotype            

NSML-PTPN11 3 5 -1.1 (-1.1; -0.8) -1.1 (0.5) -1.2 (-2.3; 0.01) 0.008† 

NS-PTPN11 17 25 -1.2 (-1.8; -0.7) -1.4 (0.8) -1.3 (-1.8; -0.7) < 0.0001† 

SOS1 5 10 -1.3 (-1.9; 0.2) -1.0 (1.2) -1.0 (-1.8; -0.1) 0.03† 

Comparisons            

NSML-PTPN11 vs. NS-PTPN11  3 vs. 17 5 vs. 25 - 0.3 0.1 (-1.1; 1.4) 0.9 

NS-PTPN11 vs. SOS1 17 vs. 5 25 vs. 10 - -0.5 0.1 (-1.0; 1.3) 0.8 

LS-

vBMD 

(Z-score) 

All patients 30 45 0.5 (-1.4; 0.1) -0.6 (0.9) -0.5 (-0.9; -0.1) < 0.0001† 

Genotype            

NSML-PTPN11 3 5 -0.5 (-0.6; -0.4) -0.7 (0.5) -0.7 (-1.8; 0.4) 0.03† 

NS-PTPN11 17 25 -0.5 (-1.6; 0.1) -0.8 (1.0) -0.6 (-1.1; -0.1) 0.0004† 

SOS1 5 10 -0.5 (-0.9; 0.4) -0.2 (0.9) -0.2 (-1.0; 0.7) 0.6† 

Comparisons            

NSML-PTPN11 vs. NS-PTPN11  3 vs. 17 5 vs. 25 - 0.2 -0.1 (-1.2; 1.1) 0.9 

NS-PTPN11 vs. SOS1 17 vs. 5 25 vs. 10 - -0.7 -0.5 (-1.4; 0.5) 0.3 

BHI  

(Z-score) 

All patients 23 39 -2.0 (-2.6; -1.3) -1.9 (0.8) -1.9 (-2.4; -1.5) < 0.0001† 

Genotype            

NSML-PTPN11 2 5 -2.6 (-2.7; -1.5) -2.2 (0.7) -2.1 (-3.3; -0.9) 0.003† 

NS-PTPN11 12 19 -1.7 (-2.6; -1.3) -1.2 (0.9) -2.0 (-2.6; -1.4) < 0.0001† 



 

 

16

SOS1 4 10 -2.1 (-2.6; -2.0) -2.1 (0.5) -2.1 (-3.0; -1.3) < 0.0001† 

Comparisons            

NSML-PTPN11 vs. NS-PTPN11  2 vs. 12 5 vs. 19 - -0.3 -0.1 (-1.4; 1.2) 0.9 

NS-PTPN11 vs. SOS1 12 vs. 4 19 vs. 10 - 0.2 0.1 (-1.2; 1.8) 0.7 

Table 2. Comparisons of bone parameters in Z-score in children with Noonan syndrome with the 

normal reference values and according to genotype. 

 

SD: Standard deviation; IQR: interquartile range; CI: confidence interval 

* Estimated mean values, confidence intervals (CI), and p-values were calculated using a linear mixed 

model for repeated measurements with a robust variance estimator. 

† Mean Z-scores were compared to those of the general population using the one-sample Student test, 

assuming an average Z-score of 0 in the general population. 
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Table 3. Determinants of bone mineral content (BMC) evaluated using multiple regression analyses. 

  Univariate model* Full model** Final model*** 

  Beta 95% CI P value Beta 95% CI P value Beta 95% CI P value 

Gender 204.3 -104.1; 512.8 0.2 - - - - - - 

Gene -13.3 -140.7; 114.1 0.8 - - - - - - 

Age (years) 98.5 84.7; 112.3 <0.0001 24.1 -6.4; 54.6 0.1 - - - 

Height (cm) 17.9 15.2; 20.6 <0.0001 -2.9 -8.7; 2.8 0.3 - - - 

25-OHD (nmol/L) -6.4 -10.9; -2.0 0.006 -0.2 -1.2; 0.8 0.7 - - - 

Leptin (ng/mL) 206.0 94.7; 317.2 0.0006 -27.1 -62.6; 8.4 0.1 - - - 

IGF1 (ng/mL) 6.0 4.5; 7.5 <0.0001 1.9 1.0; 2.7 0.0001 1.6 0.9; 2.3 <0.0001 

LBM (kg) 64.3 59.0; 69.5 <0.0001 49.4 36.5; 62.2 <0.0001 53.9 47.7; 60.1 <0.0001 

 

25-OHD: 25-hydroxy vitamin D; IGF-1: insulin-like growth factor 1; LBM: lean body mass. 

* Univariate model: only one explanatory variable. A total of 7 models. 

** Full model: only explanatory variables significant at 5% in univariate models. 

*** Final model: obtained using a stepwise selection method with, at first step, insertion of 

explanatory variables significant at 20% in univariate models. 
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10. Figures 

 

Figure 1. Changes in lean body mass (LBM) (A) and lumbar spine areal bone mineral density (LS-

aBMD) (B) by age and genotype. (in black in the printed version) 

 

 

 

Figure 2. Relationship between bone mineral content (BMC), IGF-1 (A) and lean body mass (LBM) 

(B). (in black in the printed version)  
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