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Abstract

:

Recombinant human growth hormone (rhGH) treatment is an established management in patients with Prader–Willi syndrome (PWS), with growth promotion and improvement in body composition and possibly the metabolic state. We compared anthropometric characteristics, insulin-like growth factor 1 (IGF1) levels, metabolic parameters and the bone age/chronological age index (BA/CA) in 147 children with PWS, divided according to age of rhGH start into four groups, corresponding to nutritional phases in PWS. We analysed four time points: baseline, rhGH1 (1.21 ± 0.81 years), rhGH2 (3.77 ± 2.17 years) and rhGH3 (6.50 ± 2.92 years). There were no major differences regarding height SDS between the groups, with a higher growth velocity (GV) (p = 0.00) and lower body mass index (BMI) SDS (p < 0.05) between the first and older groups during almost the whole follow-up. IGF1 SDS values were lower in group 1 vs. other groups at rhGH1 and vs. groups 2 and 3 at rhGH2 (p < 0.05). Glucose metabolism parameters were favourable in groups 1 and 2, and the lipid profile was comparable in all groups. BA/CA was similar between the older groups. rhGH therapy was most effective in the youngest patients, before the nutritional phase of increased appetite. We did not observe worsening of metabolic parameters or BA/CA advancement in older patients during a comparable time of rhGH therapy.
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1. Introduction


Recombinant human growth hormone (rhGH) treatment is a well-established proceeding in many indications in paediatric endocrinology. It is important in the management of not only patients with growth hormone deficiency (GHD) but also patients with with genetic disorders, such as Turner syndrome, Noonan syndrome or Prader–Willi syndrome (PWS) [1,2]. The treatment for patients with PWS is beneficial from different aspects of rhGH mechanisms of action. Growth promotion is only one of them, and it seems that a positive influence on the metabolic state, improvement in body composition and muscle strength and, therefore, improvement in psychomotor development play the most important role in this particular indication in the paediatric population [3,4,5,6,7]. Moreover, there are reports regarding a possible improvement in the health-related quality of life (HRQoL) in patients with PWS treated with rhGH, as well as a probable positive influence of rhGH therapy on cognition in the youngest children with PWS [8,9,10,11,12,13].



PWS is a rare genetic imprinting disease with hypothesised primary hypothalamic disorder caused by a lack of paternally inherited genes on chromosome 15q11-q13. The estimated prevalence is 1 in 15,000 to 1 in 30,000, with different categories of molecular diagnosis: paternal deletion (DEL 15, 65–75%), maternal uniparental disomy (UPD 15, 20–30%) or an imprinting centre defect (ID, estimated for 1–3%) [14,15,16,17,18,19]. The imprinted genes on chromosome 15q11-q13 include small nuclear ribonucleoprotein polypeptide N upstream reading frame–SNRPN (SNURF-SNRPN), makorin RING-finger protein 3 (MKRN3), MAGE family member L2 (MAGEL2), Necdin protein (NDN), chromosome 15 open reading frame 2 (C15orf2) and more than 70 C/D box snoRNA genes (SNORDs). Researchers are still trying to find an exact contribution of these genes to clinical manifestation in patients with PWS [20,21,22,23,24]. The main clinical features of PWS consist of different effects of hypothalamic disorders: a disturbed GH/IGF1 axis results in short stature and hypogonadotropic hypogonadism, with cryptorchidism in male newborns, and in delayed and incomplete puberty. A lack of feeling satiety results in obesity, developing from early childhood and leading, if untreated, to morbid obesity [14,15,16,17,18,19,25,26,27,28]. Other typical characteristics in children with PWS, apart from dysmorphic features, are marked hypotonia, global psychomotor delay, with moderate-to-severe difficulties in feeding in the first months of life, and usually cognitive and behaviour dysfunction in later childhood [14,15,16,17,18,19]. Animal studies have shown a possible link of the above-mentioned genes with different PWS features: SNRPN, involved in mRNA splicing in the central neurons, with hypotonia and impaired feeding, and other genes, expressed in the hypothalamus: MAGEL2 with reduced motor activity, postnatal growth retardation and increase in adiposity and delayed puberty; NDN with reduced gonadal function; and SNORD116 with hypotonia and a failure to thrive, followed by moderate hyperphagia [22].



However, recent studies show that the clinical picture of PWS is far more complicated than that previously described. Hypogonadism seems to be of both central and gonadal origin [29,30,31]. Moreover, a phase of premature adrenarche (PA) is frequently present in children with PWS [32]. What is of great importance is that we are now more aware that the natural history of PWS consists of different age-specific nutritional phases. In our research, we followed this division of nutritional characteristics in patients with PWS described by Miller et al. in detail in 2011 that was also predicted in earlier studies [3,33,34]. According to their findings, we can distinguish the following phases in children and adolescents (median age): 1a, until 9 months of life, with feeding difficulties and decreased appetite; 1b, until 25 months, characterised by improved feeding and appetite; 2a, until 4.5 years, with weight increase but yet without increased appetite; and 2b, until 8 years, when there is a beginning of increased appetite and calories intake. Above the age of 8 years, at phase 3, that lasts until reaching adulthood, patients show insatiable appetite. There are no differences reported in the median age of completion of the above phases in different types of molecular diagnosis, DEL 15 vs. UPD 15. The commencement of rhGH treatment in infants allows accelerating the pace of phase 1a and entering phase 1b earlier. It seems to be beneficial for improvement of feeding difficulties and marked hypotonia in the early age [34].



The exact hormonal or biochemical background for this sequence of events is still not fully documented. It seems to be an interesting field for further research to explain how hypothalamic dysfunction develops over time and whether the impaired growth hormone/insulin-like growth factor 1 (GH/IGF1) axis contributes to these changes in the nutritional phenotype. These aspects could bring light to a better understanding of not only the background of PWS but also other hypothalamic disorders with sometimes challenging management, such as hypothalamic tumours.



Moreover, another important question is whether and how we can modify the nutritional phases of patients with PWS with a clinical approach: rhGH treatment together with multidisciplinary care. Again, the possible positive effects of the therapy in modifying the natural history of PWS may be useful in the management of other endocrine conditions.



To try to answer this question, we analysed the data of a large cohort of children with PWS treated with rhGH for a long period in relation to therapy commencement in the different nutritional phases of the disease. We compared the treatment effects in terms of anthropometric characteristic improvement, as well as the influence on IGF1 levels, metabolic parameters and bone maturity advancement.




2. Material and Methods


Medical records and questionnaires filled in by clinicians regarding the data of 147 patients with PWS (69 girls (46.94%), 78 boys (53.06%)) from 12 paediatric endocrine centres in Poland, treated with rhGH in the years 2002-2016, were retrospectively analysed. The rhGH treatment was accepted by the Polish Coordination Group for rhGH Treatment. We recently published the first part of the data analysis regarding perinatal characteristics, anthropometric data and biochemical data before commencement of rhGH treatment in relation to the genetic subtype and the age of genetic diagnosis [35].



In this study, we focused on the effects of rhGH therapy in relation to the age of rhGH start. We compared four groups of patients, according to the above-described age-dependent nutritional phases: group 1, age ≤2 years; group 2, age >2 and ≤4.5 years; group 3, age >4.5 and ≤8 years; and group 4, age >8 years. Groups 1 and 2 correspond to the nutritional phases in children with PWS when increased appetite is still usually not present (phases 1a, 1b, and 2a). Groups 3 and 4 are in concordance with the phases of increased appetite (phases 2b and 3), and especially in group 4, hyperphagic behaviour may be a dominant characteristic.



The percentage of the exact molecular type of diagnosis was as follows: DEL 15, n = 81 (55.10%); UPD 15, n = 10 (6.80%); and excluded DEL 15 (UPD/ID), n = 30 (20.41%). In 7 patients of the last subgroup (4.76% of the whole cohort), DEL 15 was excluded, but further molecular studies were not documented. The abnormality in the methylation pattern of SNRPN, diagnostic for PWS, was confirmed in 36 patients (24.49%), with the exact type of genetic diagnosis pending; in 1 patient the genetic report was not included in the available medical files. In previous research, cited above, regarding the correlation of genotype and perinatal period, time of diagnosis and data before rhGH start in our group of patients, we discussed the lack of specific molecular diagnosis in part of the cohort, as well as in other published data of large groups of patients with PWS, and the need for improvement in this field [35].



We compared the available data at four time points of follow-up (mean time ± SDS): baseline, rhGH1 (1.21 ± 0.81 years of rhGH treatment), rhGH2 (3.77 ± 2.17 years of rhGH treatment) and rhGH3 (6.50 ± 2.92 years of rhGH treatment). We also looked in more detail at the therapy effects within each group separately.



The height and body mass index (BMI) were assessed according to the Polish growth and BMI standard charts, BMI SDS were calculated using the LMS method (method to obtain the SDS, LMS parameters: lambda for the skew, mu for the median and sigma for the generalised coefficient of variation). IGF1 and insulin levels were evaluated with a radioimmunoassay technique. Conversion of IGF1 results to one reference was necessary as different assays were used in different centres and within 15 years of follow-up. The oral glucose tolerance test (OGTT) was performed with a glucose dose of 1.75 g/kg (maximal dose 75 g). Additionally, insulin resistance was estimated with the homeostasis model assessment of insulin resistance (HOMA-IR). Lipid profile assessment included total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C) and triglycerides (TG). Bone age (BA) measurements were evaluated according to the Greulich and Pyle atlas, and the bone age/chronological age index (BA/CA) was calculated. The study was approved by the CMHI Bioethics Committee (7/KBE/2019, 20 March 2019).




3. Data Analysis


Statistica v13 (TIBCO Software Inc. (2017), Palo Alto, CA, USA and StatSoft Company, Tulsa, OK, USA) was used for statistical analyses. Results were expressed as mean values and standard deviation scores (SDS) and additionally as the median (minimal–maximal value). Data were checked for normality of distribution using the Shapiro–Wilk test, and data with skewness were log- or square-transformed to a normal distribution, if possible. Differences between groups were tested by the unpaired Student’s t-test or the Mann–Whitney U test, as appropriate. Differences between dependent variables were analysed by Student’s t-test for dependent variables or the Wilcoxon test, as appropriate. Variables from 4 time points (3 time points for growth velocity (GV) data) for separate groups were analysed using the Friedman test for dependent variables because of a lack of distribution normality or variance homogeneity of at least one variable in a group. A p level of <0.05 was considered as statistically significant.




4. Results


4.1. Molecular Type of Diagnosis and Patients’ Clinical Characteristics


The details regarding the genetic diagnosis and clinical features of the patients are presented in Table 1 and, additionally, the percentage of different molecular types of diagnosis in Figure 1.



According to the type of genetic diagnosis, we observed that the highest number of UPD/ID was present in the eldest group of patients. Children in group 1 were diagnosed at the earliest age compared with all the other groups (p = 0.00).




4.2. Age of rhGH Start and rhGH Dosage


rhGH treatment was started at the mean age of 4.50 ± 3.73 years, median 3.03 (0.58–17.43), with a mean rhGH dose of 0.58 ± 0.16, median 0.56 (0.22–1.40) IU/kg/week, i.e., 0.028 ± 0.008, median 0.027 (0.011–0.067) mg/kg/day. A dose of 0.067 mg/kg/d is a higher limit of rhGH dosage in children with PWS recommended by the Polish Coordination Group for rhGH Treatment. There were no significant differences in rhGH doses between the four groups of patients. In 65 (46.43%) patients, the dose was changed with time, mainly decreased (groups 2–4) to 0.50 ± 0.17 IU/kg/week (0.024 ± 0.008 mg/kg/day) and changed further in 26 (20.64%) patients to 0.42 ± 0.19 IU/kg/week (0.02 ± 0.009 mg/kg/day). In four patients, rhGH treatment was continued with the lower, metabolic dose due to the end of the growth promotion period (rhGH therapy for adults with PWS has been available in Poland since 2016). In 13 (10.32%) patients, the dose had to be decreased due to high levels of IGF1 (>2 SDS). However, in the youngest group, with relatively lower IGF1 values, the mean rhGH dose was increased in 12 patients (27.27%) to 0.61 ± 0.15 IU/kg/week (0.029 ± 0.007 mg/kg/day), followed by a change in 4 patients (11.43%) to 0.67 ± 0.30 IU/kg/week (0.032 ± 0.01 mg/kg/day) during follow-up. The above percentage rates may not be fully accurate as some information regarding changing the dose lacked the exact date.




4.3. Effects of the Therapy in the Whole Cohort of Patients and Comparison between the Separate Groups


The effects of therapy at three time points were analysed in a consecutive number of patients (percentage): 140 (95), 126 (86) and 99 (67) (Table 2 and Table 3).



Not all the patients presented at every time point of rhGH therapy. Treatment was finished in 24 patients at the mean age of 13.28 ± 4.91 years, in 15 of them prematurely mainly due to a significant increase in obesity, despite the multidisciplinary care. One girl from group 2 died at the age of 5.2 years during a second surgery for congenital heart disease—hypoplastic right ventricle after 2.8 years of rhGH treatment.



It is necessary to note that our study analysis started before rhGH therapy was widely available for children with PWS in Poland (2006), when patients were treated with the families’ own resources, and ended at the time when rhGH therapy was implemented for adult patients with PWS in Poland (2016).



We did not find differences regarding height SDS before and during the treatment between the first and other groups. The only significant difference was present at rhGH2 for group 4 vs. group 3 and at rhGH3 for group 4 vs. group 2, with lower height SDS in the eldest group (p = 0.028 and p = 0.037, respectively).



Analysis of GV revealed an expected higher GV during almost the whole rhGH therapy between the first group compare with the older groups of patients (p = 0.00, except for group 1 vs. 2 at rhGH2). When we compared group 2 vs. 3, a similar difference was present at rhGH2 (p = 0.01), with only a tendency at rhGH3 (p = 0.066). Comparison of group 2 vs. 4 showed a higher GV during the whole therapy in group 2 (at rhGH1: p = 0.01; at rhGH2 and rhGH3: p = 0.00). Comparing the eldest groups, 3 and 4, we again found a higher GV in group 3 at rhGH2 (p = 0.01), with only a tendency towards a higher GV at rhGH3 (p = 0.059).



A significant difference in BMI SDS was observed before and throughout the whole follow-up between group 1 and all the other groups, with lower BMI SDS in the first group (p < 0.05). Interestingly, there was no difference in BMI SDS between the older groups, with only one exception (lower BMI SDS in group 2 vs. 4 at baseline, p = 0.00).



At baseline, IGF1 SDS were significantly higher in the first group only when compared with the eldest group. With time of rhGH therapy, this difference was reversed and IGF1 SDS were lower in group 1 vs. all other groups at rhGH1 and vs. groups 2 and 3 at rhGH2. Similar results at baseline were present for group 2 vs. 4, but higher IGF1 SDS in group 2 were also documented at rhGH 2 and rhGH 3. IGF1 SDS were also higher in group 3 vs. 4 at rhGH2.




4.4. Effects of the Therapy—Comparison of Four Time Points of Follow-Up


We also looked in more detail at the data at every time point during rhGH treatment within the whole study cohort (Table 2) as well as within the separate groups.



Most importantly, height SDS were expectedly significantly higher at rhGH1 compared with baseline, at rhGH2 vs. rhGH1 and at rhGH3 vs. rhGH2 within the whole cohort and within most of the four groups of patients analysed separately. However, this difference diminished with the age of the patients and is still significant within groups 1-3 at rhGH2 vs. rhGH1 but is not present in group 4. In both eldest groups, 3 and 4, height SDS did not reveal a significant difference at rhGH3 vs. rhGH2. GV values within the whole cohort and within the groups significantly decreased during rhGH therapy (rhGH2 vs. rhGH1, rhGH3 vs. rhGH2), except at rhGH3 vs. rhGH2 in group 1.



BMI SDS showed a steady significant rise within the whole cohort since rhGH1 (1.21 ± 0.81 years of rhGH treatment). However, within the separate groups, we found only the following significant differences: group 4—BMI SDS at rhGH1 were lower in comparison to basal BMI SDS (p = 0.01). At rhGH2 vs. rhGH1 and rhGH3 vs. rhGH2, again a difference was observed in group 4 but this time with higher BMI SDS at rhGH2 and rhGH3 (p = 0.04 and p = 0.004, respectively), and in group 2 at rhGH3 vs. rhGH2 as well, with higher BMI SDS at rhGH3 (p = 0.03).



Regarding IGF1 SDS, there was a strong significant rise within the whole study cohort and within separate groups until rhGH 2 (except rhGH2 vs. rhGH1 in group 4). However, when comparing IGF1 SDS at rhGH3 vs. rhGH2, this difference was not present, and furthermore, at rhGH3, IGF1 SDS were significantly lower within the whole group and group 3. Importantly, in the whole cohort, IGF1 values exceeded 2 SDS in 31 (22.14%) patients at rhGH1, 51 (42.86%) at rhGH2 and 26 (28.26%) at rhGH3. The differences in IGF1 SDS within the whole cohort and separate groups at four time-points of follow-up are presented in Figure 2.



When analysis of variance was performed using the Friedman test for dependent variables from four time points for separate groups, we confirmed a statistically significant difference regarding BMI SDS in groups 2 and 4 (p = 0.00). Moreover, this difference also occurred in group 3 (p = 0.04). All other characteristics (height SDS, GV (three time points) and IGF1 SDS) showed a statistically significant difference in each group during follow-up (p = 0.00).




4.5. Metabolic Parameters Evaluation


The mean values of OGTT results were within the normal range in the whole study cohort as well as in separate groups (Table 4). However, the mean HOMA-IR results exceeded 2 in the whole study population and in the eldest groups, 3 and 4 (Figure 3).



Group 1 had significantly lower glucose and insulin levels in the OGTT (fasting glucose and both fasting and 120 min insulin), with lower HOMA-IR values, in comparison to groups 3 and 4. However, patients from group 1 had been assessed as younger children and after a shorter period of rhGH therapy. Within the older groups, 2-4, with a comparable time of rhGH treatment, fasting glucose and insulin levels with HOMA-IR were lower in the younger group 2 (group 2 vs. 3 and group 2 vs. 4, except for fasting insulin in group 2 vs. 3). The differences were not observed when comparing the eldest groups: 3 vs. 4.



We observed impaired fasting glucose in 2 and impaired glucose tolerance in 10 patients (together 13.19% of available results). Insulin resistance was recognised in 25 patients (27.47%) on the basis of increased insulin levels in the OGTT, defined as a fasting insulin level above 15 uIU/mL and/or an insulin level at 120 min of above 75 uIU/mL, and in 36 patients (39.56%) with HOMA-IR results >2. Diabetes mellitus type 2 (DM2) was present in one girl from group 2, she was treated with rhGH for 11.2 years and the therapy was discontinued due to DM2. We did not find any difference between the groups regarding the lipid profile. Lipid disorders, mainly hypercholesterolaemia, and less often hypertriglicerydaemia, were present in 31 patients (34.07%).




4.6. Bone Maturation Assessment


Regarding BA/CA analysis, there was an expected difference between the first group vs. all the other groups, with decreased BA/CA in the youngest patients after the shortest time of rhGH treatment. We did not observe differences in BA/CA (results close to 1) between the older groups, 2–4, during a comparable time of rhGH treatment (Table 5).




4.7. Adrenarche and Central Puberty Evaluation


PA was observed in 22 patients (14.97%) of the whole study cohort, with the highest frequency in group 3–7 patients (33.33%) (Table 1).



Spontaneous central puberty started in some of the patients in groups 2–4. However, during the study, a significant part of the cohort was still at the age that did not allow us to finally confirm hypogonadism. Some of the patients started sex hormones (testosterone/oestrogen/oestrogen-progesterone (T/E/E-P)) therapy either to induce the puberty process or due to the incomplete course of central puberty (Table 1). Overall, the central puberty features were present in 17 patients (34.69%) in group 2, 13 (61.91%) in group 3 and 21 (65.63%) in group 4.





5. Discussion


The main results of our study show that although rhGH therapy is most effective in the youngest patients, before the nutritional phase of increased appetite, we can still observe stable BMI SDS maintenance and improvement in height SDS in the first period of the treatment, commenced in the early phase of increased appetite.



It has been shown in numerous studies that rhGH therapy has a beneficial role in management of children with PWS. The mechanism of rhGH action is multidirectional, which we can clearly observe in patients with PWS [4,5,6,7,36,37,38,39,40,41]. Here, we tried to look at the clinical settings of rhGH action in children with PWS, the disease with a background of multiple hypothalamic disorders, with a special insight into different nutritional phases reported in PWS.



Analysis of the genetic background of the study population confirmed our previous research conclusions that a UPD/ID genetic background seems to be recognised later in life and therefore these patients start rhGH therapy at an older age [35]. Moreover, as expected, the earliest genetic diagnosis leads to the earliest rhGH commencement. Within the study group, close to 25% of patients did not have the exact molecular diagnosis. This lack of a precise type of genetic diagnosis has also been observed in recently published retrospective studies [1,38,39,42]. However, we still need to remember that our study regarded a long period and treatment started several years ago when genetic analysis as well as rhGH treatment were not widely available in Poland.



In the literature, the estimated frequency of GHD in patients with PWS is reported as 40–100%; in a large French cohort (n = 142), GHD was present in 80% of patients [40,41,43]. However, GHD in adults seems to be less obvious, and the criteria for GHD are biochemically fulfilled in 8–38% of the studied cohorts [44]. The prevalence of GHD in patients with PWS is reported independently of the obesity presence [45]. Interesting data show that children with PWS seem to be more sensitive to rhGH treatment. In a study comparing rhGH therapy effects in children with PWS vs. patients with mainly idiopathic GHD, a higher GV during the first 6 months of treatment was found in patients with PWS, despite the significantly lower rhGH dose [45]. Another study showed markedly high acid-labile subunit (ALS) levels in rhGH-treated patients with PWS compared with controls [46]. Most of the serum IGF1 is present in complexes with IGF1 binding protein 3 (IGFBP-3) or IGFBP-5 and ALS. As ALS production is mainly regulated by GH, this finding again suggests that children with PWS are more sensitive to rhGH therapy. Moreover, ALS has been shown to be involved in carbohydrate and fat metabolism in animals, and it is hypothesised that higher levels of ALS may also help to improve the metabolic state in patients with PWS during rhGH treatment [46].



Analysing the anthropometric data, we found lower rhGH effectiveness in terms of height SDS and GV improvement in older children while being treated for a longer time. The observed decrease in the GV during follow-up is expected, as GV improvement is usually the highest in the first two years of rhGH treatment in all paediatric indications. In our study, only the youngest group, children who started the therapy below the age of 2 years, had a comparable GV at rhGH3 (4.3 years of rhGH therapy) vs. rhGH2 (2.9 years); therefore, the effect regarding improving the GV was sustained. These results are in concordance with a thesis that the younger the patients with PWS, the better the GV reached during rhGH therapy. However, it is also the age of one of the physiologic paediatric phases of a high GV. Moreover, in our study, the time of treatment was the shortest in these patients, and it could partially result in a difference in the GV and in better results at the last time point. Height SDS improved significantly throughout rhGH therapy in the study population, and this improvement was seen for the two youngest groups until rhGH3. Interestingly, with a few exceptions, we did not observe significant differences in height SDS during the therapy among the groups despite differences in the pubertal stage. However, we documented scoliosis, which is typical for patients with PWS, in 23% of the study group, with the highest frequency in the eldest patients. This could have had an additional important impact on the assessment of height SDS during follow-up.



BMI SDS in the research group support the hypothesis that the earliest rhGH start allows to fully maintain the excess weight gain in children with PWS. However, this result may be difficult to assess as the initial BMI SDS in the youngest group were lower than in the other groups. Moreover, during follow-up, patients in group 3, who entered the phase of increased appetite, also maintained similar BMI SDS. We observed a significant increase in BMI SDS mainly in the eldest group, along with the time of rhGH treatment (rhGH2 and rhGH3), despite the initial positive influence on BMI SDS (rhGH1). The presented results are in concordance with the hypothesis that early rhGH therapy commencement, before the nutritional phase of increased appetite, helps to maintain favourable BMI SDS in children with PWS. However, even in the early stage of increased appetite, the stabilisation of BMI SDS is observed. The results of a study regarding dietary energy intake during rhGH therapy, published in 2015, are worth mentioning [47]. The authors analysed a group of 47 children with PWS before and during the treatment and reported an increase in energy intake during two years of rhGH treatment but also an improvement in body composition and adiponectin levels, which may suggest a protective effect of rhGH.



Regarding monitoring the safety of rhGH treatment, we found the expected significant rise of IGF1 SDS until rhGH2 (mean time of follow-up: 3.8 years). Further observation showed either stabilisation or lowering of IGF1 at rhGH3 (6.4 years of therapy). The mean IGF1 SDS before the start of rhGH therapy were close to -1, and the maximal value did not exceed 0.8. It may result from the expected GHD or other subtle disorders of the GH/IGF1 axis in patients with PWS. Moreover, the youngest children, in the phase of feeding difficulties, may have lower IGF1 levels caused by undernourishment. During the treatment, although the mean IGF1 SDS were within the normal range, we observed a significant part of the results above 2 SDS, despite a relatively low rhGH dose. The highest values, with a higher percentage of IGF1 SDS above 2, reaching 43%, were presented at rhGH2 for the whole study cohort. In 10% of the patients, this led to a necessity of decreasing rhGH doses, which could result in lowering the IGF1 SDS at rhGH3, with lowering the frequency of high IGF1 SDS to 29%. The lowest IGF1 SDS during rhGH therapy were present in the youngest group, although this difference diminished at rhGH3. We have to consider the possible physiological rise in IGF1 SDS. However, due to hypothalamic–pituitary disturbances in GH/IGF1 as well as hypogonadotropic axes, this influence is not straightforward. The safety of higher IGF1 levels has been previously studied, and it is hypothesised that bioactive IGF1 values in patients with PWS stay within the norms during rhGH therapy [45,46]. In the study cited above, regarding rhGH treatment in children with PWS compared with patients with GHD, it has been shown that although IGF1 SDS exceeded the normal values in the PWS group, there was a lack of change in the IGF1-to-IGFBP3 molar ratio [45]. In another research, higher IGF1 bioactivity was present only in young rhGH-treated children with PWS compared with matched healthy controls, whereas this difference diminished in older patients [46]. It seems that both IGF1 and IGF1BP3 should be routinely monitored during follow-up for obtaining better insight into bioactive IGF1 levels. However, the recommendations for management of patients with PWS still include the necessity of maintaining IGF1 levels within the upper part of a normal range (maximum 2 SDS) for age and sex [4,48].



Miller et al. reported low IGF1 values in nutritional phase 1, with a significant rise in phase 2a, while on a stable rhGH dose of 0.029–0.037 mg/kg/d, suggesting a change in the rate of GH metabolism. The difference was not further seen in groups 2b and 3 [34]. We found higher IGF1 SDS as well in the older groups but not through the whole follow-up. A similar rhGH dose was used in our study population, i.e., 0.028 ± 0.008, median 0.027 (0.011–0.067) mg/kg/day. Although the approved rhGH dosage for patients with PWS is usually higher (1.0 mg/m2/d, which corresponds to 0.033–0.035 mg/kg/d), it is recommended to start therapy with a lower dose of 0.5 mg/m2/d [4,48]. The latest studies confirm the sustained effectiveness in terms of auxological response and safety of lower rhGH doses in infants with PWS (0.64 mg/m2/d) [49]. However, earlier rhGH dose–response studies have shown that a lower dose may not be beneficial for optimising and maintaining the improvement in body composition [3,7,38,50].



There is still an open issue of the influence of rhGH on metabolic homeostasis in children with PWS. Most of the studies confirm the observation that long-term rhGH treatment dose not adversely influence glucose metabolism [51]. The fasting insulin values in a study by Miller et al. were higher in phase 2b but without differences in fasting glucose levels [34]. In our analysis, the mean values of glucose and insulin in the OGTT, as well as the lipid profile, were within the normal range. Overall, the metabolic state assessment showed that younger children present better results of glucose homeostasis, which may be the result of the younger age itself. This difference diminishes with the age of the patients but does not show significant worsening in the eldest groups. Although the overall mean values of metabolic parameters are still within the normal range during rhGH treatment, we may observe metabolic disorders in a significant proportion of children with PWS. The frequency of insulin resistance reached 40% and dyslipidaemia 34% of the available tests. However, there are many factors that may influence these results, such as BMI rise during therapy and, again, the possible physiological phase of insulin resistance. In this study, we did not look in detail at the possible influence of central puberty start or implementation of sex steroids on glucose metabolism. However, a lack of difference in insulin resistance results between the two eldest groups suggests that this influence is not the most important factor. It is consistent with the observation made by Miller et al. in their cohort of children in different nutritional phases [34].



Interestingly, in patients with PWS, relative hypoinsulinaemia has been previously described. DM occurs mainly in adulthood, in patients with severe obesity, with an estimated prevalence of 10–25% [51,52,53]. In our observation, only one girl was diagnosed with DM2 during follow-up.



We did not observe significant BA/CA advancement during follow-up when comparing the older groups of patients with rhGH start at >2 years of life. Regarding the adrenarche period, PA was present in almost 15% of the whole cohort. However, in group 3, with the age typical for the signs of PA (>4.5 and ≤8 years), the PA frequency reached 33%, which is more consistent with previous studies [32,54,55]. We recently published a study showing that PA does not seem to influence the effectiveness and metabolic safety of rhGH therapy for children with PWS [32]. Lastly, there were no observations of neoplasm occurrence during the whole study.



Interestingly, recent findings show a probable positive influence on brain development via the GH/IGF1 axis and therefore on cognitive improvement when rhGH treatment is introduced very early in infancy, although this is still being discussed [10,11]. This is a field for further studies of the influence of rhGH on central nervous system development in infancy.



We acknowledge the limitations of our study that result mainly from the retrospective character of the research. Although the same questionnaires were filled in by clinicians from all the endocrine centres, no strict standardisation for the site documentation was present. Strengths of the study result from the high number of patients despite the rare character of the disease and the relatively long follow-up.




6. Conclusions


On the basis of the results of our study, we may conclude that rhGH therapy is most effective in terms of improving height SDS and maintaining both GV and BMI SDS in the youngest patients, before the nutritional phase of increased appetite. In the early phase of increased appetite, we can still observe maintaining stable BMI SDS and improving height SDS in the first years of rhGH treatment. This supports the recommendation for commencement of rhGH therapy early in children with PWS for the most beneficial effects regarding the nutritional phenotype.



We did not observe worsening of the metabolic state in the older patients. Moreover, there was no significant BA/CA advancement during follow-up in the older patients. However, a significant part of our study group presented with high IGF1 levels, and this should be further monitored.







Author Contributions


Conceptualisation, A.L.-A. and M.S.; data curation, investigation, A.L.-A., K.D.-O., A.Z.-G., A.W., T.Ż., A.N., D.B.-W., R.S., M.H., M.O.-M., B.R.-P., E.G., A.D. and E.P.; formal analysis, A.L.-A. and M.W.-M.; methodology, A.L.-A., M.W.-M. and M.S.; supervision, M.S.; writing—original draft, A.L.-A.; writing—review and editing, A.L.-A., M.W.-M. and M.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki and approved by the Bioethics Committee of the Children’s Memorial Health Institute (7/KBE/2019, 20.03.2019).




Informed Consent Statement


Written informed patient/parent consent was waived in this study due to the retrospective and anonymous character of the research, in accordance with the Bioethics Committee of the Children’s Memorial Health Institute decision.




Data Availability Statement


The data presented in this study are available on request from the corresponding author. The data are not publicly available due to ethical restrictions.




Acknowledgments


The Polish Coordination Group for rhGH Treatment members who participated in the study are as follows: Barbara Kalina-Faska and Ewa Małecka-Tendera, Department of Paediatrics, Endocrinology and Diabetes, Medical University of Silesia, Katowice, Poland; Jerzy Starzyk, Department of Paediatric and Adolescent Endocrinology, University Children’s Hospital, Cracow, Poland; Marek Niedziela, Department of Paediatric Endocrinology and Rheumatology, Institute of Paediatrics, Poznan University of Medical Sciences, Poznan, Poland; Artur Mazur, II Clinic of Paediatrics, Endocrinology and Paediatric Diabetology, Clinical Regional Hospital No 2, Rzeszow, Poland; Mieczysław Walczak, Department of Paediatrics, Endocrinology, Diabetology, Metabolic Disorders and Cardiology of Developmental Age, Pomeranian Medical University, Szczecin, Poland; Andrzej Kędzia, Department of Clinical Auxology and Paediatric Nursing, Poznan University of Medical Sciences, Poznan, Poland; Jolanta Nawrotek, II Clinic of Paediatrics, Regional Specialist Children’s Hospital, Kielce, Poland; and Elżbieta Moszczyńska, Department of Endocrinology and Diabetology, Children’s Memorial Health Institute, Warsaw, Poland. The authors wish to acknowledge the contribution of Kamila Marszałek-Dziuba, Agnieszka Bogusz-Wójcik (Department of Endocrinology and Diabetology), Agata Skórka (Department of Medical Genetics, Children’s Memorial Health Institute, Warsaw, Poland) and Katarzyna Majewska (Department of Clinical Auxology and Paediatric Nursing, Poznan University of Medical Sciences, Poznan, Poland) to the study. We would like to address special acknowledgements for the significant contribution of our dear colleagues Maria Kalina (Department of Paediatrics, Endocrinology and Diabetes, Medical University of Silesia, Katowice, Poland) and Urszula Oczkowska (Endocrinology Outpatient Clinic, Institute of Mother and Child, Warsaw, Poland) to the research.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Sävendahl, L.; Polak, M.; Backeljauw, P.; Blair, J.; Miller, B.S.; Rohrer, T.R.; Pietropoli, A.; Ostrow, V.; Ross, J. Treatment of children with GH in the United States and Europe: Long-term follow-up from NordiNet IOS and ANSWER Program. J. Clin. Endocrinol. Metab. 2019, 104, 4730–4742. [Google Scholar] [CrossRef] [PubMed]

	



Wit, J.M.; Ranke, M.B.; Albertsson-Wikland, K.; Carrascosa, A.; Rosenfeld, R.G.; van Buuren, S.; Kristrom, B.; Schoenau, E.; Audi, L.; Hokken-Koelega, A.C.S.; et al. Personalized approach to growth hormone treatment: Clinical use of growth prediction models. Horm. Res. Paediatr. 2013, 79, 257–270. [Google Scholar] [CrossRef]

	



Goldstone, A.P.; Holland, A.J.; Hauffa, B.P.; Hokken-Koelega, A.C.; Tauber, M. On behalf of speakers and contributors at the Second Expert Meeting of the Comprehensive Care of Patients with PWS. Recommendations for the diagnosis and management of Prader-Willi syndrome. J. Clin. Endocrinol. Metab. 2008, 93, 4183–4197. [Google Scholar] [CrossRef] [PubMed]

	



Deal, C.L.; Tony, M.; Hoybye, C.; Allen, D.B.; Tauber, M.; Christiansen, J.S. Growth hormone in Prader-Willi syndrome clinical care guidelines workshop participants. Growth Hormone Research Society workshop summary. Consensus guidelines for recombinant human growth hormone therapy in Prader-Willi syndrome. J. Clin. Endocrinol. Metab. 2013, 98, E1072–E1087. [Google Scholar] [CrossRef]

	



De Lind van Wijngaarden, R.F.A.; Siemensma, E.P.C.; Festen, D.A.M.; Otten, B.J.; van Mil, E.G.; Rotteveel, J.; Odink, R.J.H.; Bindels-de Heus, G.C.B.K.; van Leeuwen, M.; Haring, D.A.J.P.; et al. Efficacy and safety of long-term continuous growth hormone treatment in children with Prader-Willi syndrome. J. Clin. Endocrinol. Metab. 2009, 94, 4205–4215. [Google Scholar] [CrossRef] [PubMed]

	



Carrel, A.L.; Myers, S.E.; Whitman, B.Y.; Eickhoff, J.; Allen, D.B. Long-term growth hormone therapy changes the natural history of body composition and motor function in children with Prader-Willi syndrome. J. Clin. Endocrinol. Metab. 2010, 95, 1131–1136. [Google Scholar] [CrossRef] [PubMed]

	



Bakker, N.E.; Kuppens, R.J.; Siemensma, E.P.C.; Tummers-de Lind van Wijngaarden, R.F.A.; Festen, D.A.M.; Bindels-de Heus, G.C.B.; Bocca, G.; Haring, D.A.J.P.; Hoorweg-Nijman, J.J.G.; Houdijk, E.C.A.M.; et al. Eight years of growth hormone treatment in children with Prader-Willi syndrome: Maintaining the positive effects. J. Clin. Endocrinol. Metab. 2013, 98, 4013–4022. [Google Scholar] [CrossRef]

	



Bakker, N.E.; Siemensma, E.P.C.; van Rijn, M.; Festen, D.; Hokken-Koelega, A.C.S. Beneficial effect of growth hormone treatment on health-related quality of life in children with Prader-Willi syndrome: A randomized controlled trial and longitudinal study. Horm. Res. Paediatr. 2015, 84, 4. [Google Scholar] [CrossRef] [PubMed]

	



Nyberg, F.; Hallberg, M. Growth hormone and cognitive function. Nat. Rev. Endocrinol. 2013, 9, 357–365. [Google Scholar] [CrossRef]

	



Donze, S.H.; Damen, L.; Mahabier, E.F.; Hokken-Koelega, A.C.S. Cognitive functioning in children with Prader–Willi syndrome during 8 years of growth hormone treatment. Eur. J. Endocrinol. 2020, 182, 405–411. [Google Scholar] [CrossRef] [PubMed]

	



Deal, C.L.; Rogol, A.D. Growth hormone treatments and cognitive functioning in children with Prader–Willi syndrome. Eur. J. Endocrinol. 2020, 182, C21–C25. [Google Scholar] [CrossRef]

	



Donze, S.H.; Damen, L.; Mahabier, E.F.; Hokken-Koelega, A.C.S. Improved mental and motor development during 3 years of GH treatment in very young children with Prader-Willi syndrome. J. Clin. Endocrinol. Metab. 2018, 103, 3714–3719. [Google Scholar] [CrossRef]

	



Luo, Y.; Zheng, Z.; Yang, Y.; Bai, X.; Yang, H.; Zhu, H.; Pan, H.; Chen, S. Effects of growth hormone on cognitive, motor, and behavioral development in Prader-Willi syndrome children: A meta-analysis of randomized controlled trials. Endocrine 2021, 71, 321–330. [Google Scholar] [CrossRef] [PubMed]

	



Cassidy, S.B.; Schwartz, S.; Miller, J.L.; Driscoll, D.J. Prader-Willi syndrome. Genet. Med. 2012, 14, 10–26. [Google Scholar] [CrossRef]

	



Duis, J.; van Wattum, P.J.; Scheimann, A.; Salehi, P.; Brokamp, E.; Fairbrother, L.; Childers, A.; Shelton, A.R.; Bingham, N.C.; Shoemaker, A.H.; et al. A multidisciplinary approach to the clinical management of Prader–Willi syndrome. Mol. Genet. Genom. Med. 2019, 7, e514. [Google Scholar] [CrossRef] [PubMed]

	



Emerick, J.E.; Vogt, K.S. Endocrine manifestations and management of Prader-Willi syndrome. Int. J. Pediatr. Endocrinol. 2013, 2013, 14. [Google Scholar] [CrossRef] [PubMed]

	



Miller, J.L. Approach to the child with Prader-Willi syndrome. J. Clin. Endocrinol. Metab. 2012, 97, 3837–3844. [Google Scholar] [CrossRef] [PubMed]

	



Alves, C.; Franco, R.R. Prader-Willi syndrome: Endocrine manifestations and management. Arch. Endocrinol. Metab. 2020, 64, 3. [Google Scholar] [CrossRef] [PubMed]

	



Mann, N.P.; Butler, G.E. Prader-Willi syndrome: Clinical features and management. Paediatr. Child. Health 2009, 19, 473–478. [Google Scholar] [CrossRef]

	



Goldstone, A.P. Prader-Willi syndrome: Advances in genetics, pathophysiology and treatment. Trends Endocrinol. Metab. 2004, 15, 12–20. [Google Scholar] [CrossRef]

	



Butler, M.G.; Duis, J. Chromosome 15 imprinting disorders: Genetic laboratory methodology and approaches. Front. Pediatr. 2020, 8, 154. [Google Scholar] [CrossRef]

	



Irizarry, K.A.; Miller, M.; Freemark, M.; Haqq, A.M. Prader Willi Syndrome: Genetics, metabolomics, hormonal function, and new approaches to therapy. Adv. Pediatr. 2016, 63, 47–77. [Google Scholar] [CrossRef]

	



Kanber, D.; Giltay, J.; Wieczorek, D.; Zogel, C.; Hochstenbach, R.; Caliebe, A.; Kuechler, A.; Horsthemke, B.; Buiting, K. A paternal deletion of MKRN3, MAGEL2 and NDN does not result in Prader–Willi syndrome. Eur. J. Hum. Genet. 2009, 17, 582–590. [Google Scholar] [CrossRef]

	



Tennese, A.A.; Wevrick, R. Impaired hypothalamic regulation of endocrine function and delayed counterregulatory response to hypoglycemia in Magel2-null mice. Endocrinology 2011, 152, 967–978. [Google Scholar] [CrossRef] [PubMed]

	



Khan, M.J.; Gerasimidis, K.; Edwards, C.A.; Shaikh, M.G. Mechanisms of obesity in Prader-Willi syndrome. J. Ped. Obes. 2018, 13, 3–13. [Google Scholar] [CrossRef]

	



Crinò, A.; Fintini, D.; Bocchini, S.; Grugni, G. Obesity management in Prader–Willi syndrome: Current perspectives. Diabetes, Metabolic Syndrome and Obesity. Targets Ther. 2018, 11, 579–593. [Google Scholar]

	



Gantz, M.G.; Andrews, S.M.; Wheeler, A.C. Food and non-food-related behavior across settings in children with Prader–Willi syndrome. Genes 2020, 11, 204. [Google Scholar] [CrossRef]

	



Butler, M.G.; Kimonis, V.; Dykens, E.; Gold, J.A.; Miller, J.; Tamura, R.; Driscoll, D.J. Prader–Willi syndrome and early-onset morbid obesity NIH rare disease consortium: A review of natural history study. Am. J. Med. Genet. A 2018, 176, 368–375. [Google Scholar] [CrossRef] [PubMed]

	



Napolitano, L.; Barone, B.; Morra, S.; Celentano, G.; La Rocca, R.; Capece, M.; Morgera, V.; Turco, C.; Caputo, V.F.; Spena, G.; et al. Hypogonadism in patients with Prader Willi syndrome: A narrative review. Int. J. Mol. Sci. 2021, 22, 1993. [Google Scholar] [CrossRef]

	



Gross-Tsur, V.; Hirsch, H.J.; Benarroch, F.; Eldar-Geva, T. The FSH-inhibin axis in Prader-Willi syndrome: Heterogeneity of gonadal dysfunction. Reprod. Biol. Endocrinol. 2012, 10, 2–7. [Google Scholar] [CrossRef]

	



Hirsch, H.J.; Eldar-Geva, T.; Bennaroch, F.; Pollak, Y.; Gross-Tsur, V. Sexual dichotomy of gonadal function in Prader-Willi syndrome from early infancy through the fourth decade. Hum. Reprod. 2015, 30, 2587–2596. [Google Scholar] [CrossRef]

	



Lecka-Ambroziak, A.; Wysocka-Mincewicz, M.; Marszałek-Dziuba, K.; Rudzka-Kocjan, A.; Szalecki, M. Premature Adrenarche in Children with Prader-Willi syndrome treated with recombinant human growth hormone seems to not influence the course of central puberty and the efficacy and safety of the therapy. Life 2020, 10, 237. [Google Scholar] [CrossRef]

	



Butler, J.V.; Whittington, J.E.; Holland, A.J.; McAllister, C.J.; Goldstone, A.P. The transition between the phenotypes of Prader-Willi syndrome during infancy and early childhood. Dev. Med. Child. Neurol. 2010, 52, e88–e93. [Google Scholar] [CrossRef]

	



Miller, J.L.; Lynn, C.H.; Driscoll, D.C.; Goldstone, A.P.; Gold, J.A.; Kimonis, V.; Dykens, E.; Butler, M.G.; Shuster, J.J.; Driscoll, D.J. Nutritional phases in Prader-Willi syndrome. Am. J. Med. Genet. Part A 2011, 155, 1040–1049. [Google Scholar] [CrossRef]

	



Lecka-Ambroziak, A.; Wysocka-Mincewicz, M.; Doleżal-Ołtarzewska, K.; Zygmunt-Górska, A.; Żak, T.; Noczyńska, A.; Birkholz-Walerzak, D.; Stawerska, R.; Hilczer, M.; Obara-Moszyńska, M.; et al. Correlation of genotype and perinatal period, time of diagnosis and anthropometric data before commencement of recombinant human growth hormone treatment in Polish patients with Prader–Willi Syndrome. Diagnostics 2021, 11, 798. [Google Scholar] [CrossRef]

	



Magill, L.; Laemmer, C.; Woelfle, J.; Fimmers, R.; Gohlke, B. Early start of growth hormone is associated with positive effects on auxology and metabolism in Prader-Willi-syndrome. Orphanet J. Rare Dis. 2020, 15, 283. [Google Scholar] [CrossRef]

	



Corripio, R.; Tubau, C.; Calvo, L.; Brun, C.; Capdevila, N.; Larramona, H.; Gabau, E. Safety and effectiveness of growth hormone therapy in infants with Prader-Willi syndrome younger than 2 years: A prospective study. J. Pediatr. Endocrinol. Metab. 2019, 32, 879–884. [Google Scholar] [CrossRef]

	



Bakker, N.E.; Lindberg, A.; Heissler, J.; Wollmann, H.A.; Camacho-Hübner, C.; Hokken-Koelega, A.C.; on behalf of the KIGS Steering Committee. Growth hormone treatment in children with Prader-Willi syndrome: Three years of longitudinal data in prepubertal children and adult height data from the KIGS database. J. Clin. Endocrinol. Metab. 2017, 102, 1702–1711. [Google Scholar] [CrossRef]

	



Angulo, M.; Abuzzahab, M.J.; Pietropoli, A.; Ostrow, V.; Kelepouris, N.; Tauber, M. Outcomes in children treated with growth hormone for Prader-Willi syndrome: Data from the ANSWER Program® and NordiNet® International Outcome Study. Int. J. Pediatr. Endocrinol. 2020, 20. [Google Scholar] [CrossRef]

	



Passone, C.D.G.B.; Franco, R.R.; Ito, S.S.; Trindade, E.; Polak, M.; Damiani, D.; Bernardo, W.M. Growth hormone treatment in Prader-Willi syndrome patients: Systematic review and meta-analysis. BMJ Paediatr. Open 2020, 4. [Google Scholar] [CrossRef] [PubMed]

	



Bridges, N. What is the value of growth hormone therapy in Prader Willi syndrome? Arch. Dis. Child 2014, 99, 166–170. [Google Scholar] [CrossRef]

	



Lionti, T.; Reid, S.M.; White, S.M.; Rowell, M.M. A population-based profile of 160 Australians with Prader-Willi syndrome: Trends in diagnosis, birth prevalence and birth characteristics. Am. J. Med. Genet. A 2015, 167A, 371–378. [Google Scholar] [CrossRef] [PubMed]

	



Diene, G.; Mimoun, E.; Feigerlova, E.; Caula, S.; Molinas, C.; Grandjean, H.; Tauber, M. French Reference Centre for PWS. Endocrine disorders in children with Prader-Willi Syndrome—Data from 142 children of the French database. Horm. Res. Paediatr. 2010, 74, 121–128. [Google Scholar] [CrossRef]

	



Grugni, G.; Marzullo, P. Diagnosis and treatment of GH deficiency in Prader-Willi syndrome. Best Pract. Res. Clin. Endocrinol. Metab. 2016, 30, 785–794. [Google Scholar] [CrossRef]

	



Feigerlová, E.; Diene, G.; Oliver, I.; Gennero, I.; Salles, J.-P.; Arnaud, C.; Tauber, M. Elevated insulin-like growth factor-I values in children with Prader-Willi Syndrome compared with growth hormone (GH) deficiency children over two years of GH treatment. J. Clin. Endocrinol. Metab. 2010, 95, 4600–4608. [Google Scholar] [CrossRef] [PubMed]

	



Bakker, N.E.; van Doorn, J.; Renes, J.S.; Donker, G.H.; Hokken-Koelega, A.C.S. IGF-1 levels, complex formation, and IGF bioactivity in growth hormone-treated children with Prader-Willi syndrome. J. Clin. Endocrinol. Metab. 2015, 100, 3041–3049. [Google Scholar] [CrossRef]

	



Bakker, N.E.; Siemensma, E.P.C.; Koopman, C.; Hokken-Koelega, A.C.S. Dietary energy intake, body composition and resting energy expenditure in prepubertal children with Prader-Willi syndrome before and during growth hormone treatment: A randomized controlled trial. Horm. Res. Paediatr. 2015, 83, 321–331. [Google Scholar] [CrossRef] [PubMed]

	



Butler, M.G.; Miller, J.L.; Forster, J.L. Prader-Willi Syndrome—Clinical genetics, diagnosis and treatment approaches: An update. Curr. Pediatr. Rev. 2019, 15, 207–244. [Google Scholar] [CrossRef] [PubMed]

	



Scheermeyer, E.; Harris, M.; Hughes, I.; Crock, P.A.; Ambler, G.; Verge, C.F.; Bergman, P.; Werther, G.; Craig, M.E.; Choong, C.S.; et al. Low dose growth hormone treatment in infants and toddlers with Prader-Willi syndrome is comparable to higher dosage regimens. Growth Horm. IGF Res. 2017, 34, 1–7. [Google Scholar] [CrossRef]

	



Carrel, A.L.; Myers, S.E.; Whitman, B.Y.; Allen, D.B. Benefits of long-term GH therapy in Prader-Willi syndrome: A 4-year study. J. Clin. Endocrinol. Metab. 2002, 87, 1581–1585. [Google Scholar] [CrossRef]

	



Crinò, A.; Grugni, G. Update on diabetes mellitus and glucose metabolism alterations in Prader-Willi syndrome. Curr. Diabetes Rep. 2020, 20, 7. [Google Scholar] [CrossRef]

	



Brambilla, P.; Crinò, A.; Bedogni, G.; Bosio, L.; Cappa, M.; Corrias, A.; Delvecchio, M.; Di Candia, S.; Gargantini, L.; Grechi, E. Metabolic syndrome in children with Prader-Willi syndrome: The effect of obesity. Nutr. Metab. Cardiovasc. Dis. 2011, 21, 269–276. [Google Scholar] [CrossRef]

	



Fintini, D.; Grugni, G.; Bocchini, S.; Brufani, C.; Di Candia, S.; Corrias, A.; Delvecchio, M.; Salvatoni, A.; Ragusa, L.; Greggio, N.; et al. Disorders of glucose metabolism in Prader-Willi syndrome: Results of a multicenter Italian cohort study. Nutr. Metab. Cardiovasc. Dis. 2016, 26. [Google Scholar] [CrossRef]

	



Unanue, N.; Bazaes, R.; Iñiguez, G.; Cortes, F.; Ávila, A.; Mericq, V. Adrenarche in Prader-Willi syndrome appears not related to insulin sensitivity and serum adiponectin. Horm. Res. Paediatr. 2006, 67, 152–158. [Google Scholar] [CrossRef]

	



Siemensma, E.; Wijngaarden, R.F.A.D.L.V.; Otten, B.J.; De Jong, F.H.; Hokken-Koelega, A.C.S. Pubarche and serum dehydroepiandrosterone sulphate levels in children with Prader-Willi syndrome. Clin. Endocrinol. 2011, 75, 83–89. [Google Scholar] [CrossRef]








[image: Jcm 10 03176 g001 550] 





Figure 1. Frequency of molecular types of diagnosis in the whole study cohort and the separate groups (percentage). Group 1: age ≤ 2 years; group 2: age >2 and ≤4.5 years; group 3: age >4.5 and ≤8 years; and group 4: age >8 years of life. DEL 15—deletion of chromosome 15q11-13; UPD 15—uniparental disomy; ID—imprinting defect; SNRPN—abnormality in methylation pattern of SNRPN. 
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Figure 2. Insulin-like growth factor 1 (IGF1) SDS at baseline and during recombinant human growth hormone (rhGH) treatment. The bottom of the box indicates -1 SDS; the top of the box, +1 SDS; and the vertical lines, minimal and maximal values. * p < 0.05 for the mean values: rhGH1 vs. baseline, rhGH2 vs. rhGH1 and rhGH3 vs. rhGH2. (a) Whole cohort and (b) group 1: age ≤2 years of life; (c) group 2: age >2 and ≤4.5 years of life; (d) group 3: age >4.5 and ≤8 years of life; and (e) group 4: age >8 years of life. 
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Figure 3. HOMA-IR in the whole study cohort and separate groups. the bottom of the box indicates -1 SDS; the top of the box, +1 SDS; and the vertical lines, minimal and maximal values. HOMA-IR—Homeostasis Model Assessment of Insulin Resistance; group 1: age ≤2 years; group 2: age >2 and ≤4.5 years; group 3: age >4.5 and ≤8 years; and group 4: age >8 years of life; p < 0.05 for the mean values: * group 1 vs. 3 and 1 vs. 4; ** group 2 vs. 3 and 2 vs. 4. 
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Table 1. Type of genetic diagnosis and clinical characteristics of patients with PWS, number of patients (percentage), mean value ± standard deviation scores (SDS) and median (minimal–maximal value) for the age of diagnosis.
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	PWS Group
	Whole Cohort
	Group 1
	Group 2
	Group 3
	Group 4





	Number of patients
	n = 147
	n = 45 (30.61)
	n = 49 (33.33)
	n = 21 (14.29)
	n = 32 (21.77)



	F/M
	69/78 (46.94/53.06)
	25/20 (55.56/44.44)
	25/24 (51.02/49.98)
	10/11 (47.62/52.38)
	9/23 (28.13/71.87)



	Age of diagnosis (years) a
	1.67 ± 2.39

0.53 (0.02–12.49)
	0.29 ± 0.29

0.20 (0.04–1.22)
	0.79 ± 0.83

0.44 (0.02–2.85)
	2.98 ± 2.12

3.06 (0.15–7.31)
	4.24 ± 3.40

3.54 (0.02–12.49)



	DEL 15
	81 (55.10)
	26 (57.77)
	31 (63.26)
	10 (47.62)
	14 (43.75)



	UPD 15
	10 (6.80)
	none
	4 (8.16)
	none
	6 (18.75)



	UPD/ID
	30 (20.41)
	3 (6.67)
	10 (20.41)
	4 (19.05)
	13 (40.62)



	SNRPN
	36 (24.49)
	16 (35.56)
	8 (16.33)
	7 (33.33)
	5 (15.63)



	Cryptorchidism
	70 (89.74)
	19 (95.00)
	23 (95.83)
	8 (72.73)
	20 (86.96)



	PA
	22 (14.97)
	3 (6.67)
	8 (16.33)
	7 (33.33)
	4 (12.50)



	T/E/E-P
	26 (25.49) b
	none
	6 (12.25)
	5 (23.81)
	15 (46.88)



	Secondary hypothyroidism
	51 (34.69)
	14 (31.11)
	14 (28.57)
	12 (57.14)
	11 (34.38)



	Scoliosis
	34 (23.13)
	3 (6.67)
	15 (30.61)
	4 (19.05)
	12 (37.50)



	Adenoid hypertrophy
	28 (19.05)
	2 (4.44)
	12 (24.49)
	6 (28.57)
	8 (25.00)



	Severe behaviour disorders
	17 (11.57)
	none
	3 (6.12)
	2 (9.52)
	12 (37.50)



	Epilepsy
	12 (8.16)
	2 (4.44)
	3 (6.12)
	3 (14.29)
	4 (12.50)







PWS—Prader–Willi syndrome; n—number of patients; F—female; M—male; DEL 15—deletion of chromosome 15q11–13; UPD 15—uniparental disomy; ID—imprinting defect; SNRPN—abnormality in methylation pattern of SNRPN; T/E/E-P—testosterone/oestrogen/oestrogen–progesterone therapy; PA—premature adrenarche; a p < 0.05—age of diagnosis between all groups; b percentage of T/E/E-P therapy in groups 2–4.
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Table 2. Data during rhGH treatment in the whole cohort of patients with PWS, expressed as the mean value ± standard deviation scores (SDS) and median (minimal–maximal value).






Table 2. Data during rhGH treatment in the whole cohort of patients with PWS, expressed as the mean value ± standard deviation scores (SDS) and median (minimal–maximal value).





	rhGH Therapy
	Baseline
	rhGH1
	rhGH2
	rhGH3





	Number of patients (%)
	n = 147
	n = 140 (95)
	n = 126 (86)
	n = 99 (67)



	Age of patients (years)
	4.50 ± 3.73

3.03 (0.58–17.43)
	5.73 ± 3.89

4.17 (0.89–19.96)
	8.26 ± 4.27

7.12 (1.85–17.52)
	11.06 ± 4.71

10.67 (2.72–20.67)



	Time of rhGH therapy (years)
	NA
	1.21 ± 0.81

1.00 (0.13–3.76)
	3.77 ± 2.17

3.27 (0.60-10.60)
	6.50 ± 2.92

6.17 (1.23–13.67)



	Height SDS
	−2.11 ± 1.50 *

−2.16 (−5.45-2.15)
	−1.04 ± 1.37 *

−1.3 (−3.87–2.39)
	−0.6 ± 1.36 *

−0.59 (−3.61–2.84)
	−0.40 ± 1.46 *

−0.64 (−3.88–3.55)



	GV (cm/year)
	NA
	10.41 ± 3.23 * 9.94 (3.83–26.07)
	7.49 ± 2.42 *

7.41 (0.73–13.48)
	5.79 ± 2.71 *

5.78 (0.41–3.55)



	BMI SDS
	0.41 ± 1.55

0.57 (−3.92–4.24)
	0.42 ± 1.38

0.44 (−2.99–4.10)
	0.6 ± 1.29 *

0.80 (−2.56–4.28)
	0.88 ± 1.30 *

1.12 (−2.60–3.18)



	Number of patients
	n = 142
	n = 140
	n = 119
	n = 92



	Age of patients at IGF1 measurement (years)
	4.50 ± 3.76

2.98 (0.58–17.43)
	5.85 ± 3.88

4.18 (0.85–18.74)
	8.56 ± 4.21

8.17 (1.84–19.10)
	11.32 ± 4.45

11.36 (3.3–19.88)



	Time of rhGH therapy at IGF1 measurement (years)
	NA
	1.27 ± 1.00

1.00 (0.17–4.90)
	3.76 ± 2.26

3.21 (0.79–9.84)
	6.43 ± 2.58

6.12 (2.08–12.73)



	IGF1 SDS
	−0.89 ± 0.43 *

−0.92 (−2.06–0.78)
	1.07 ± 1.58 *

0.79 (−1.33–6.8)
	1.69 ± 1.85 *

1.37 (−1.89–7.66)
	1.32 ± 1.59 *

1.13 (−1.86–6.36)







PWS—Prader–Willi syndrome; rhGH—recombinant human growth hormone; n—number of patients; GV—growth velocity; BMI—body mass index; IGF1—insulin-like growth factor 1; NA—not applicable. * p < 0.05 rhGH1 vs. baseline, rhGH2 vs. rhGH1 and rhGH3 vs. rhGH2.
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Table 3. Data during rhGH treatment in separate groups of patients with PWS, expressed as the mean value ± standard deviation scores (SDS).
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	rhGH Therapy
	Baseline
	rhGH1
	rhGH2
	rhGH3





	Age of patients (years) (n, %) a
	
	
	
	



	Group 1
	1.27 ± 0.40 (n = 45)
	2.52 ± 0.91 (n = 44, 98)
	4.13 ± 1.55 (n = 35, 78)
	5.70 ± 2.02 (n = 22, 49)



	Group 2
	2.93± 0.66 (n = 49)
	4.08 ± 1.11 (n = 46, 94)
	6.94 ± 2.56 (n = 45, 92)
	9.89 ± 3.08 (n = 41, 84)



	Group 3
	5.91 ± 0.98 (n = 21)
	7.44 ± 1.33 (n = 21, 100)
	10.92 ± 2.61 (n =19, 91)
	14.54 ± 2.96 (n = 15, 71)



	Group 4
	10.54 ± 2.44 (n = 32)
	11.97 ± 2.7 (n = 29, 91)
	13.94 ± 2.02 (n = 27, 84)
	16.47 ± 2.23 (n = 21, 66)



	Time of rhGH therapy (years)
	
	
	
	



	Group 1
	NA
	1.24 ± 0.89
	2.87 ± 1.6
	4.32 ± 1.97 *



	Group 2
	NA
	1.10 ± 0.76
	3.98±2.35
	6.85 ± 2.84 *,**



	Group 3
	NA
	1.44 ± 0.89
	4.93 ± 2.26
	8.57 ± 2.8 *,**,***



	Group 4
	NA
	1.19 ± 0.73
	3.77 ± 2.08
	6.62 ± 2.72 *,***



	Height SDS
	
	
	
	



	Group 1
	−2.01 ± 1.70
	−0.85±1.35
	−0.65 ± 1.37
	−0.42 ± 1.40



	Group 2
	−2.42 ± 1.23
	−1.26±1.34
	−0.54 ± 1.41
	−0.06 ± 1.53 **



	Group 3
	−1.96 ± 1.37
	−0.74±1.48
	−0.12 ± 1.04 ***
	-0.54 ± 1.27



	Group 4
	−1.88 ± 1.64
	−1.21 ± 1.34
	−0.98 ± 1.41 ***
	-0.92 ± 1.41 **



	GV (cm/year)
	
	
	
	



	Group 1
	NA
	12.08 ± 3.66 *
	8.72 ± 2.19 *
	7.77 ± 2.06 *



	Group 2
	NA
	10.45 ± 3.02 *,**
	8.17 ± 2.10 **
	6.28±2.24 *,**



	Group 3
	NA
	9.43 ± 1.34 *
	6.81 ± 1.3 *,**,***
	4.89 ± 2.96 *



	Group 4
	NA
	8.51 ± 2.59 *,**
	5.22 ± 2.23 *,**,***
	3.29 ± 1.91 *,**



	BMI SDS
	
	
	
	



	Group 1
	−0.62 ± 1.82 *
	−0.20 ± 1.59 *
	0.04 ± 1.56 *
	0.16 ± 1.28 *



	Group 2
	0.46 ± 1.33 *,**
	0.55 ± 1.38 *
	0.75 ± 1.22 *
	0.95 ± 1.37 *



	Group 3
	1.03 ± 1.10 *
	0.80 ± 0.97 *
	0.93 ± 1.19 *
	0.93 ± 1.35 *



	Group 4
	1.36 ± 0.54 *,**
	0.8 ± 0.89 *
	1.12 ± 0.81 *
	1.45 ± 0.74 *



	Age of patients at IGF1 measurement (years) (n) a
	
	
	
	



	Group 1
	1.27 ± 0.41 (n = 44)
	2.48 ± 0.94 (n = 41)
	3.99 ± 1.38 (n = 29)
	6.21 ± 1.69 (n = 19)



	Group 2
	2.92 ± 0.67 (n = 47)
	4.31 ± 1.61 (n = 48)
	7.48 ± 2.77 (n = 44)
	9.56 ± 2.74 (n = 35)



	Group 3
	5.83 ± 0.93 (n = 20)
	7.20 ± 0.95 (n = 20)
	10.77 ± 2.92 (n = 19)
	14.28 ± 2.51 (n = 15)



	Group 4
	10.61 ± 2.45 (n = 31)
	11.82 ± 2.56 (n=31)
	13.47 ± 2.16 (n = 29)
	16.29 ± 2.12 (n = 23)



	Time of rhGH therapy at IGF1 measurement (years)
	
	
	
	



	Group 1
	NA
	1.20 ± 0.91
	2.72 ± 1.37 *
	4.87 ± 1.56 *



	Group 2
	NA
	1.33 ± 1.28
	4.44 ± 2.48 *,**
	6.61 ± 2.61 *,**



	Group 3
	NA
	1.28 ± 0.70
	4.70 ± 2.5 *,***
	8.27 ± 2.54 *,**,***



	Group 4
	NA
	1.27 ± 0.84
	3.02 ± 1.99 **,***
	6.24 ± 2.54 ***



	IGF1 SDS
	
	
	
	



	Group 1
	−0.85 ± 0.24 *
	0.43±1.32 *
	1.27 ± 1.41 *
	1.74±1.82



	Group 2
	−0.81 ± 0.35 **
	1.28 ± 1.61 *
	2.12±1.93 *,**
	1.64 ± 1.63 **



	Group 3
	−0.86 ± 0.58
	1.36 ± 1.22 *
	2.82 ± 2.10 *,***
	0.94 ± 1.33



	Group 4
	−1.08 ± 0.58 *,**
	1.40 ± 1.86 *
	0.81 ± 1.43 **,***
	0.73 ± 1.32 **







PWS—Prader–Willi syndrome; rhGH—recombinant human growth hormone; n—number of patients; GV—growth velocity; BMI—body mass index; IGF1—insulin-like growth factor 1; NA—not applicable; p < 0.05: a age of diagnosis and age of IGF1 measurement between all groups, except group 3 vs. 4 for age of IGF1 measurement at rhGH3; * group 1 vs. 2, 1 vs. 3 and 1 vs. 4; ** group 2 vs. 3 and 2 vs. 4; *** group 3 vs. 4.
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Table 4. Metabolic assessment: insulin and glucose in the OGTT, HOMA-IR and lipid profile (mean value ± standard deviation score (SDS)).
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	Results
	Whole Cohort
	Group 1
	Group 2
	Group 3
	Group 4





	Number of patients
	n = 91
	n = 18
	n = 33
	n = 18
	n = 22



	Age of patients (years) a
	9.09 ± 4.46
	3.62 ± 1.40
	7.55 ± 2.72
	11.00 ± 2.8
	14.69 ± 2.04



	Time of rhGH therapy (years)
	4.13 ± 2.60
	2.32 ± 1.30 *
	4.44 ± 2.45 *
	4.95 ± 3.00 *
	4.34 ± 2.79 *



	Glucose 0 min (mg/dL)
	78.75 ± 10.72
	74.61 ± 11.94 *
	75.54 ± 10.43 **
	84.00 ± 7.90 *,**
	82.95 ± 9.33 *,**



	Glucose 120 min (mg/dL)
	112.04 ± 25.02
	100.44 ± 20.2 *
	120.39 ± 25.58 *
	108.67 ± 27.33
	111.77 ± 22.65



	Insulin 0 min

(uIU/mL)
	10.06 ± 7.28
	5.39 ± 3.64 *
	9.66 ± 8.64 *,**
	11.14 ± 4.33 *
	13.23 ± 7.46 *,**



	Insulin 120 min (uIU/mL)
	41.65 ± 33.13
	18.60 ± 14.07 *
	46.79 ± 41.04 *
	49.77 ± 27.29 *
	46.55 ± 28.94 *



	HOMA IR
	2.07 ± 1.71
	1.02 ± 0.74 *
	1.92 ± 1.97 **
	2.30 ± 0.90 *,**
	2.91 ± 1.90 *,**



	TC

(mg/dL)
	184.3 ± 33.23
	191.16 ± 39.40
	177.87 ± 31.22
	186.76 ± 28.83
	186.28 ± 33.93



	HDL-C (mg/dL)
	56.36 ± 12.64
	53.78±11.26
	56.80 ± 12.75
	55.26 ± 10.81
	59.00 ± 15.23



	LDL-C (mg/dL)
	111.60 ± 32.28
	120.81 ± 32.05
	106.36 ± 33.69
	115.14 ± 28.33
	109.22 ± 33.70



	TG (mg/dL)
	89.85 ± 39.24
	83.97 ± 32.92
	84.66 ± 39.08
	97.83 ± 38.90
	98.98 ± 46.16







OGTT—oral glucose tolerance test; HOMA-IR—Homeostasis Model Assessment of Insulin Resistance; n—number of patients; rhGH—recombinant human growth hormone; TC—total cholesterol; HDL-C—high-density lipoprotein cholesterol; LDL-C—low-density lipoprotein cholesterol; TG—triglycerides; p < 0.05: a age of patients between all groups; * group 1 vs. 2, 1 vs. 3 and 1 vs. 4; ** group 2 vs. 3 and 2 vs. 4.
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Table 5. Evaluation of BA/CA (mean value ± standard deviation score (SDS)) in the whole group and separate groups.
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	Results
	Whole Cohort
	Group 1
	Group 2
	Group 3
	Group 4





	Number of patients
	n = 89
	n = 23
	n = 29
	n = 16
	n = 21



	Age of patients (years) a
	8.58 ± 4.79
	3.32 ± 1.37
	7.22 ± 2.86
	10.91 ± 2.68
	14.44 ± 2.66



	Time of rhGH therapy (years)
	3.69 ± 2.61
	2.02 ± 1.29 *
	4.29 ± 2.67 *
	4.81 ± 2.70 *
	3.85 ± 2.83 *



	BA/CA
	0.90 ± 0.22
	0.66 ± 0.16 *
	0.96 ± 0.21 *
	1.05 ± 0.14 *
	1.00 ± 0.10 *







BA/CA—bone age/chronological age index; n—number of patients; rhGH—recombinant human growth hormone; p < 0.05: a age of patients between all groups; * group 1 vs. 2, 1 vs. 3 and 1 vs. 4.
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