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Introduction

Obstructive sleep apnea syndrome (OSAS) is highly prevalent in syndromic craniosynostoses such as Crouzon, Pfeiffer and Apert syndromes [START_REF] Mixter | Obstructive sleep apnea in Apert's and Pfeiffer's syndromes: more than a craniofacial abnormality[END_REF][START_REF] Pijpers | Undiagnosed obstructive sleep apnea syndrome in children with syndromal craniofacial synostosis[END_REF][START_REF] Driessen | How does obstructive sleep apnea evolve in syndromic craniosynostosis? A prospective cohort study[END_REF][START_REF] Inverso | The prevalence of obstructive sleep apnea in symptomatic patients with syndromic craniosynostosis[END_REF] and is mainly due to midface hypoplasia [START_REF] Sculerati | Airway management in children with major craniofacial anomalies[END_REF][START_REF] Dentino | Upper airway length is predictive of obstructive sleep apnea in syndromic craniosynostosis[END_REF]. Other features in these syndromes, such as mandibular hypoplasia and airway anomalies, may also contribute to OSAS [START_REF] Hoeve | Management of obstructive sleep apnea syndrome in children with craniofacial malformation[END_REF][START_REF] Lo | Airway obstruction in severe syndromic craniosynostoses[END_REF][START_REF] Driessen | The effect of early fusion of the spheno-occipital synchondrosis on midface hypoplasia and obstructive sleep apnea in patients with Crouzon syndrome[END_REF]Mathews et al., 2018). OSAS increases the risk for cognitive impairment and developmental delays [START_REF] Nixon | Sleep. 8: Paediatric obstructive sleep apnoea[END_REF], and may also favor increased intracranial pressure (ICP) [START_REF] Gonsalez | Upper airway obstruction and raised intracranial pressure in children with craniosynostosis[END_REF][START_REF] Thompson | Aetiology of herniation of the hindbrain in craniosynostosis. An investigation incorporating intracranial pressure monitoring and magnetic resonance imaging[END_REF][START_REF] Taylor | Enigma of raised intracranial pressure in patients with complex craniosynostosis: the role of abnormal intracranial venous drainage[END_REF][START_REF] Hayward | How low can you go? Intracranial pressure, cerebral perfusion pressure, and respiratory obstruction in children with complex craniosynostosis[END_REF]. OSAS screening is thus central in the management of syndromic craniosynostoses [START_REF] Mixter | Obstructive sleep apnea in Apert's and Pfeiffer's syndromes: more than a craniofacial abnormality[END_REF].

The reference diagnostic tool for OSAS is polysomnography (PSG). The severity of OSAS is graded according to a standard parameter: apnea-hypopnea index (AHI) [START_REF] Iber | The AASM manual for the scoring of sleep and associated events: rules, terminology and technical specification[END_REF][START_REF] Berry | Rules for scoring respiratory events in sleep: update of the 2007 AASM Manual for the Scoring of Sleep and Associated Events. Deliberations of the Sleep Apnea Definitions Task Force of the American Academy of Sleep Medicine[END_REF]Banninck et al., 2010a). Fronto-facial monobloc advancement (FFMBA) by craniofacial distraction osteogenesis is a procedure of choice in the treatment of OSAS in syndromic craniosynostoses (Figure 1) but its efficiency has never been assessed in a large cohort [START_REF] Mathijssen | Respiratory outcome of midface advancement with distraction: A comparison between Le Fort III and frontofacial monobloc[END_REF][START_REF] Khonsari | Fronto-facial advancement and bipartition in Crouzon-Pfeiffer and Apert syndromes: Impact of fronto-facial surgery upon orbital and airway parameters in FGFR2 syndromes[END_REF][START_REF] Saxby | The effect of midface advancement surgery on obstructive sleep apnoea in syndromic craniosynostosis[END_REF]. Here the apnea-hyponea index (AHI) was used as an indicator of the effect of FFMBA on OSAS in a large series of patients with syndromic craniosynostoses. Our hypothesis was that FFBMA would significantly decrease AHI in syndromic craniosynostosis. We furthermore introduced secondary predictors such as, among others, age at surgery, pre-operative adenoidectomy / tonsillectomy and pre-operative posterior / lateral skull expansion, and assessed their effects on the variations of AHI after FFMBA. Our objective was to find factors influencing the respiratory outcomes of this procedure in order to validate our management protocol involving early posterior vault expansion, early airways surgery and fronto-facial advancement performed as late as possible.

Patients and Methods

This study was a "Protocole Hospitalier de Recherche Clinique" (PHRC -CRANIORESP -01/12/2009 -NCT01022008) by Assistance Publique -Hôpitaux de Paris (Raphael Serreau and Caroline Elie, DRC, Hôpital Necker -Enfants Malades, Paris, France), with valid ethical approvals for the use of clinical data.

Study population and sleep apnea evaluation

All patients with syndromic craniosynostoses eligible for fronto-facial monobloc advancement (FFMBA) managed in our department between 2000 and 2013, were included.

PSGs were performed before and after FFMBA at various times. The apnea-hypopnea index (AHI), corresponding to the number of apnea and hypopnea episodes per hour of total sleep time, was measured in a similar manner in all patients. All PSG recordings were initiated at usual bedtime and pursued until spontaneous morning awakening. Recordings were performed using CID 102* (Cidelec, Saint-Gemmes-sur-Loire, France) devices. Respiratory events were scored according to the AASM guidelines [START_REF] Iber | The AASM manual for the scoring of sleep and associated events: rules, terminology and technical specification[END_REF][START_REF] Berry | Rules for scoring respiratory events in sleep: update of the 2007 AASM Manual for the Scoring of Sleep and Associated Events. Deliberations of the Sleep Apnea Definitions Task Force of the American Academy of Sleep Medicine[END_REF] and AHI values were arbitrarily defined as normal for AHI < 5, which corresponded to patients without OSAS (AHI = 0) and patients with mild OSAS (1 < AHI < 5).

Surgical procedure

Between 2000 and 2009, we did not perform ENT surgery before FFMBA. After 2009, all children (48 patients, 44%) benefited from adenoidectomy and tonsillectomy before FFMBA.

FFMBA procedures were all performed by the same surgeon (EA) [START_REF] Ortiz-Monasterio | Advancement of the orbits and the midface in one piece, combined with frontal repositioning, for the correction of Crouzon's deformities[END_REF][START_REF] Arnaud | Faciocraniosynostosis: monobloc frontofacial osteotomy replacing the two-stage strategy?[END_REF][START_REF] Britto | Frontofacial surgery in children and adolescents: techniques, indications, outcomes[END_REF] and Figure 1). The forehead bony flap was elevated in all cases, except in the first case included into the study. Forehead elevation allowed easy access to the anterior skull base, lateral trimming of the inferior edges of the forehead and fixation by metallic wires in order to induce a posterior rotation of the forehead. Pterygo-maxillary bilateral disjunction and mobilization of the face using Rowe maxillary disimpaction forceps were performed. Two pairs of internal distractors (cranial and temporo-zygomatic Arnaud-Marchac distractors, KLS Martin, Tuttlingen, Germany) were implanted [START_REF] Bradley | Monobloc advancement by distraction osteogenesis decreases morbidity and relapse[END_REF][START_REF] Arnaud | Reduction of morbidity of frontofacial advancement in children by the use of internal distraction[END_REF]). Fixation of each distractor was carried out using 4 to 8 titanium mini-screws (2 mm in diameter and 4 mm in length, blunt tip), associated in some cases with absorbable pins (SonicWeld, KLS Martin, Tuttlingen, Germany). Rigid fixation of the fronto-zygomatic junction was performed in patients where this suture was mobile, using titanium or adsorbable mini-plates (SonicWeld, KLS Martin, Tuttlingen, Germany). FFMBAs associated with the positioning of a trans-facial Kirschner wire (11 patients) ± external traction (7 patients) were considered as a specific subgroup. The skull base was separated from the nasal cavity using a pericranial pedicled flap fixed with anterior trans-osseous PDS sutures, and glued posteriorly [START_REF] Jackson | Use of the galeal frontalis myofascial flap in craniofacial surgery[END_REF][START_REF] Morice | Anterior skull base and pericranial flap ossification after frontofacial monobloc advancement[END_REF]. The average time of the surgical procedure was 210 (140 -275) minutes.

After a mean latency period of 5 days, the standard distraction protocol consisted in an advancement of 0.5 -0.6 mm per day for the four distractors. Thirty minutes before distraction, patients were given oral analgesia; in younger patients, nitrous oxide inhalation (3 minutes) was used immediately before distraction. More precisely, the advancement of the cranial distractor was 0.6 mm per day (2 turns of 0.3 mm per day) and the advancement of the temporo-zygomatic distractor was 0.5 mm per day (1 turn of 0.5 mm per day). Both cranial distractors were generally activated up to their maximum range (22 mm) but the activation of the temporo-zygomatic distractors was stopped when an occlusal overcorrection or a class I occlusion was obtained. In case of cerebrospinal fluid (CSF) leak, distraction was delayed until resolution and decompressive lumbar punctures were performed during 3 consecutive days. At the end of the distraction period, the flexible activation rods of the devices were removed. A minor inflammatory reaction around the pins was commonly observed in most patients.

The consolidation phase was modified during the study. In the first six included patients, the devices were left in place for 3 -4 months. For all the other included cases, the devices were left in place for 5 -6 months, in order to prevent short-term relapse after distractor removal: a consolidation period of six months was thought to reduce this relapse risk. The removal of the devices was performed under general anesthesia using limited temporal incisions.

Clinical parameters

We focused on pre-operative AHI values, AHI variations before / after FFMBA and AHI normalization. The following parameters were collected: gender, age at surgery, type of syndrome (Crouzon, Pfeiffer, Apert or other) and tracheotomy at the time of PSG recordings.

The following surgical procedures were recorded when performed before FFMBA: (1) ENT surgery (tonsillectomy, adenoidectomy, turbinectomy, choanal atresia surgery, rhinoseptoplasty), (2) tracheotomy, (3) anterior surgery (facial or fronto-facial surgery: Le Fort III osteotomy, frontal-orbital advancement), (4) lateral and / or posterior cranial decompression, (5) Chiari surgery and (6) CSF management surgery (ventriculostomy, ventricular derivation) (Table 1). Four types of secondary facial advancement or osteotomies after FFMBA were recorded: (1) Le Fort III osteotomy, (2) secondary FFMBA, (3) Le Fort I osteotomy and (4) maxillary disjunction -either for aesthetic or functional indications. The following procedures were also recorded when performed after FFMBA: (1) mandibular distraction, (2) ENT surgery (tonsillectomy, adenoidectomy, turbinectomy, choanal atresia surgery, rhinoseptoplasty), (3) lateral and / or posterior skull decompression, (4) infection drainage, (5) pseudo-meningocele surgery, (6) CSF management surgery (ventriculostomy, ventricular derivation) and (7) Chiari surgery (Table 1). Distraction amplitudes were measured (in mm) on 3D reconstructions from CT-scans on the left and right cranial distractors and left and right temporo-zygomatic distractors: (1) immediately after surgery = intra-operative distraction amplitude and (2) at the end of distraction = total distraction amplitude (Table 2). The Angle class was estimated on the CT-scans at the end of distraction.

Casualties were recorded. Finally, all patients were screened for mutations in FGFR1, FGFR2, FGFR3 and TWIST1 (Table 3).

Statistical assessment

Eight hierarchical linear and non-linear models (models №1-8) were used in order to account for repeated measurements in single patients and thus non-independent data. A random effect on the intercept was introduced for each individual. The model coefficients were compared to 0 using Student tests.

The predicted variable for linear model №1 was AHI value before FFMBA (Table 4).

Linear model №2 was dedicated to the quantitative decrease of AHI before and after FFMBA (Table 5). Splines were used for both linear models for fitting results.

Two logistic models were further designed: (1) model №3: AHI normalization after FFMBA (defined as AHI < 5) (Table 6) and (2) model №4: need for secondary facial advancement (Le Fort III osteotomies in all cases except for 4 cases: 1 secondary FFMBA, 1 Le Fort I osteotomy and 2 maxillary disjunctions) (Table 7).

Finally, model №5 was a logistic model assessing the factors associated with the most common FGFR2 mutations (Table 8).

The left / right and cranial / temporo-zygomatic symmetry of advancements was assessed using Student t-tests (Table 2). Three additional models were designed, taking into account distraction amplitudes: (1) linear model №6 for AHI decrease (Supplementary Table 1), (2) linear model №7 with reference to the Angle class at the end of distraction (Supplementary Table 2) and (3) logistic model №8 for AHI normalization (Supplementary Table 3).

The significance threshold was defined as p < 0.05; a significant parameter had an effect on the relevant variables for each model. Assumptions of normality and homoscedasticity of errors were tested.

The statistical analyses were performed on R3.3.23 [START_REF] Core | R: A language and environment for statistical computing[END_REF] using the nlme (Pinheiro et al., 2016), ggplot (Wickham et al., 2009) and splines2 (Wang and Yan, 2018) packages.

Results

Description of the cohort

One hundred and nine patients were included, 63 boys (58 %) and 46 girls (42 %). The mean age at FFMBA was 47.7 ± 36.4 months, and the mean follow-up time after FFMBA was 57.2 ± 48.2 months. There were 62 patients with Crouzon syndrome, 25 with Pfeiffer syndrome, 18 with Apert syndrome and 4 others. A total number of 407 PSG recordings were included into the study: 89 PSG were performed before FFBMA and 318 PSG were performed after FFBMA. The time elapsed between FFBMA and the post-operative PSG recordings ranged from 3 to 174 months (average: 43 ± 36) (Table 1). Twenty-seven patients had a continuous follow-up spanning from before FFMBA to more than 8 years after surgery.

The average temporo-zygomatic advancement during FFMBA was 11.5 ± 3.0 while the average cranial advancement during FFMBA was significantly smaller at 10.4 ± 3.0 (p = 0.033). The average total temporo-zygomatic advancement at the end of distraction was 20.3 ± 5.6 while the average cranial advancement during FFMBA was significantly smaller at 18.7 ± 3.6 (p = 0.009). There was no significant left-right asymmetry at any stage of the distraction process (Table 2). At the end of distraction, the occlusion of 35 patients could be assessed: 20 were in class I (sufficient correction), 8 were in class II (over-correction) and 7 were in class III (insufficient correction).

Pre-operative values of AHI in each group and global effect of FFMBA

The mean pre-operative AHI was 22.77 ± 20.64. Of note, 10 patients had an obturated tracheostomy at the time of PSG with a mean pre-operative AHI of 32.579 ± 27.793, out of a total of 17 patients (7 girls and 10 boys, mean age at surgery 22.941 ± 17.329 months) with pre-operative tracheotomy (6 with Crouzon syndrome, 2 with Apert syndrome and 9 with Pfeiffer syndrome).

Patients with Crouzon syndrome had an average pre-operative AHI of 20.10 ± 18.31 compared to 27.92 ± 31.57 for Apert syndrome patients and 20.81 ± 19.63 for Pfeiffer syndrome patients; these pre-operative values by syndrome were not significantly different from each other. The mean post-operative AHI value for all patients based on all the PSG recordings was 12.38 ± 16.15, which corresponded to a significant decrease from the mean pre-operative value of 22.77 ± 20.64 (p < 0.001). More precisely, the mean post-operative AHI values were 9.08 ± 8.32 for Crouzon syndrome (significant decrease, p < 0.001), 11.42 ± 9.25 for Apert syndrome (no significant decrease, p = 0.106) and 19.63 ± 26.85 for Pfeiffer syndrome (no significant decrease, p = 0.860) (Figure 2). The decrease in AHI values after FFMBA was quantitatively apparent within the subgroup of 27 patients who had continuous follow-up for over 8 years, both as a global trend with age and after surgery (Figures 34).

When separating the pre-operative group into three subparts (AHI ≤ 10, 10 < AHI ≤ 20 and AHI > 20), it appeared that FFMBA was mostly effective in patients with severe FFMBA (AHI > 20). This distribution of AHI values -with moderate cases where FFMBA was little efficient to inefficient and severe cases with major improvements after FFMBA -might account for the overall moderate decrease of AHI within the whole study population (Table 3). These univariate results were nevertheless subjected to very high risks of alpha inflation and are thus of little statistical value. Results from the multivariate models provided a more precise assessment of the effects of FFMBA on AHI.

Surgical characteristics of the cohort

Pre-operative procedures consisted in 48 (44.04 %) ENT procedures (tonsillectomy, adenoidectomy, turbinectomy, choanal atresia surgery, rhinoseptoplasty), 17 (15.45 %) tracheostomies, 15 (13.64 %) anterior surgeries (facial or fronto-facial surgery: Le Fort III osteotomy, fronto-orbital advancement), 61 (55.96 %) posterior and / or lateral cranial decompressions, 18 (16.36 %) surgeries for Chiari and 20 (18.35 %) ventriculostomies.

Eleven patients (10.09 %) had an FFMBA associated with a trans-facial Kirschner wire including 7 (6.42 %) with external traction (Table 1).

Thirty-one (28.44%) patients required secondary facial advancement surgery, including 27 (87.10 %) Le Fort III procedures and 4 (12.90 %) other procedures (1 FFMBA, 1 Le Fort I osteotomy and 2 maxillary disjunctions). Among the 27 patients who had a Le Fort III after FFMBA, 14 (52 %) had Crouzon syndrome, 8 (30 %) had Pfeiffer syndrome and 5 (18 %) had Apert syndrome. These secondary procedures were performed in 20 (75.00 %) cases for respiratory reasons and in 7 (25.00 %) cases for aesthetic reasons. Among the 31 patients who required secondary facial advancement, 7 (6.42 %) required tertiary facial advancement (Le Fort III osteotomies in all cases). Three tertiary advancements (42.86 %) were performed for aesthetic reasons and 4 (57.14 %) tertiary advancements were performed for respiratory reasons (Table 1). The average time between FFMBA and secondary facial advancement was 60.66 ± 40.58 months and the average time between secondary and tertiary advancement was 68.17 ± 49.56 months.

After FFMBA, 2 (1.83 %) patients had mandibular distraction, 39 (35.78 %) patients had ENT surgery (tonsillectomy, adenoidectomy, turbinectomy, choanal atresia surgery, rhinoseptoplasty), 6 (5.50 %) patients had posterior decompression, 4 (3.67 %) patients required infection drainage, 2 (1.83 %) patients required pseudo-meningocele surgery (midline anterior skull base), 8 (7.34%) patients required CSF management surgery and 3

(2.75 %) patients benefited from Chiari surgery. Two (1.83 %) patients died during the early follow-up period, one from massive cerebral infarction and one from tonsillar herniation (Table 1).

FGFR2 was mutated in 70 (64.22 %) patients, FGFR1 in 1 (0.92 %) patient, FGFR3 in 2 (1.83 %) patients and TWIST1 in 1 (0.92 %) patients. Among the 70 patients with FGFR2 mutations, the three most frequent mutations were Ser252Trp in 13 cases (17.75%), Cys342Tyr in 8 cases (10.81 %) and Cys342Trp in 8 cases (10.81 %) (Supplementary Table 1).

Statistical models

Model №1 (linear model) assessed the influence of all pre-operative parameters on pre-operative AHI values. The only significant parameter in this multivariate model was ENT surgery: patients who had had pre-operative ENT surgery had lower pre-operative AHI values; syndromes (Crouzon, Pfeiffer, Apert) had no influence on the pre-operative AHI values (Table 4).

Model №2 (linear model) assessed the decrease of AHI associated with FFBMA. This decrease was significantly dependent on (1) the preoperative value of AHI (+ 0.86, p < 0.001), (2) the time between surgery and AHI measurement (+ 0.12, p = 0.005) and (3) preoperative lateral and / or posterior decompression (+ 19.08, p = 0.008): these parameters were associated with a more pronounced decrease of AHI after FFMBA, that is better results. More precisely, an addition of + 19.08 to AHI decrease secondary to FFMBA was associated with pre-operative lateral and / or posterior decompression, independently of all other variables.

Similarly, AHI decrease at the time of the first post-operative PSG was augmented by + 0.12 (± 0.04, p = 0.005) per month elapsed after FFMBA, independently of all other variables. On the contrary, (1) pre-operative Chiari surgery (-6.58, p = 0.045), (2) external traction after FFMBA (-18.93, p = 0.032) and (3) pseudo-meningocele cure (-23.15, p = 0.023) were associated with less decrease in AHI after FFMBA, that is poorer results -these three parameters being indicators of particularly severe cases (Table 5).

Model №3 (logistic model) assessed the normalization of AHI values after FFMBA (defined as AHI < 5). There was significantly more AHI normalization in (1) older patients at the time of surgery (OR 1.03 [1.02 ; 1.04], p < 0.001), (2) Pfeiffer syndrome (OR 8.42 [1.34 ;15.29], p = 0.034) and (3) patients with pre-operative ENT surgery (OR 11.539 [2.84 ;46.79], p = 0.002) (Figure 5 and Table 6).

Model №4 (logistic model) assessed the need for a secondary facial advancement for respiratory reasons. Patients who had post-operative ENT surgery had significantly more secondary facial advancements (OR 7.58 [1.69 ;33.99], p=0.024). Of note, 48 patients had pre-operative ENT surgery, and among them 9 patients (18.75 %) had post-operative ENT surgery, while 39 patients had post-operative ENT surgery, and among them 9 patients (23.08 %) had had pre-operative ENT surgery (Table 7).

Model №5 (logistic model) pointed out that the Cys342Trp FGFR2 mutation seemed to be associated with a decrease of the normalization of AHI, although this result was not statistically significant (OR 0.07 [0.00 ; 1.30], p = 0.091) (Table 8). 234).

Models

Discussion

Based on a large historical cohort of patients (n = 109), and using a set of multivariate linear and logistic statistical models, we showed here for the first time that FFMBA was an efficient treatment for severe OSAS in syndromic craniosynostoses.

Previous studies based on large retrospective cohorts (n = 52, including 29 cases treated using FFMBA) could not demonstrate the efficiency of fronto-facial surgery on OSAS correction [START_REF] Taylor | Upper airway outcomes following midface distraction osteogenesis: a systematic review[END_REF][START_REF] Saxby | The effect of midface advancement surgery on obstructive sleep apnoea in syndromic craniosynostosis[END_REF]. Several studies based on smaller cohorts have provided successful OSAS management using FFMBA or Le Fort III osteotomy [START_REF] Uemura | A case of improved obstructive sleep apnea by distraction osteogenesis for midface hypoplasia of an infantile Crouzon's syndrome[END_REF]Jacobsen et al., 2006;[START_REF] Witherow | Functional outcomes in monobloc advancement by distraction using the rigid external distractor device[END_REF]Banninck et al., 2010b;[START_REF] Engel | Midface correction in patients with Crouzon syndrome is Le Fort III distraction osteogenesis with a rigid external distraction device the gold standard?[END_REF], while other small cohorts were not sufficiently powered to detect the effect of midface advancement on OSAS [START_REF] Ettinger | Quantitative computed tomographic scan and polysomnographic analysis of patients with syndromic midface hypoplasia before and after Le Fort III distraction advancement[END_REF].

Pre-operative ENT surgery (including tonsillectomy and / or adenoidectomy) [START_REF] Amonoo-Kuofi | Adenotonsillectomy for sleep-disordered breathing in children with syndromic craniosynostosis[END_REF][START_REF] Doerga | Upper airway endoscopy to optimize obstructive sleep apnea treatment in Apert and Crouzon syndromes[END_REF][START_REF] Saengthong | Adenotonsillectomy in children with syndromic craniosynostosis: a systematic review and meta-analysis[END_REF] and older age at surgery appeared as two factors improving the respiratory results of FFMBA by inducing more AHI normalization (AHI < 5). Furthermore, pre-operative posterior and / or lateral skull decompressions were associated with a more important decrease in absolute AHI values after FFMBA. These results support our management plan for patients with syndromic craniosynostoses: the initial surgical procedure we perform in most cases is posterior decompression with distraction osteogenesis, in order to manage increased ICP and limit the turricephalic growth of the skull [START_REF] Lu | Enlarged anterior cranial fossa and restricted posterior cranial fossa, the disproportionate growth of basicranium in Crouzon syndrome[END_REF]; ENT surgery (tonsillectomy and / or adenoidectomy) is also routinely performed before FFMBA. This schedule allows delaying FFMBA until at least 30 months of age, in close collaboration with the neurosurgical and sleep medicine teams.

We used AHI as the main parameter to assess the severity of OSAS, even though AHI alone cannot provide a complete picture of the severity of sleep apnea. Besides the AHI, there are in fact other markers of OSAS severity such as the oxygen desaturation index (ODI), the mean and minimal SpO2, the time spent with a SpO2 < 90 %, the mean and maximal transcutaneous CO2 (PtcCO2) and the time spent with a PtcCO2 > 50 mmHg (which reflects alveolar hypoventilation). Besides these respiratory parameters, parameters reflecting sleep architecture and sleep quality are important to take in account as they can affect the end-organ morbidity associated with OSAS such as academic performance, behavior, and mood.

However, the AHI is the only internationally recognized parameter for the assessment of OSAS severity in children. In the ERS Task Force on OSAS in children, OSAS is considered as severe when the AHI ≥ 5 events / hour in children with craniofacial malformations [START_REF] Kaditis | ERS statement on obstructive sleep disordered breathing in 1-to 23-month-old children[END_REF]. Other authors define severe OSAS by AHI ≥ 10 events / hour and an ODI ≥ 10 events / hour [START_REF] Mitchell | The use of clinical parameters to predict obstructive sleep apnea syndrome severity in children: the childhood adenotonsillectomy (CHAT) study randomized clinical trial[END_REF]. Consequently, according to the international literature and the lack of other evidence-based parameters, we defined OSAS severity using AHI.

Interestingly, several other parameters assessed in recent studies dedicated to FFMBA were in favor of avoiding very early procedures. Studies focused on the orbits showed that very early FFMBA (before 30 months of age) was associated with less morphological effects on the orbital shape [START_REF] Way | Correcting exorbitism by monobloc frontofacial advancement in Crouzon-Pfeiffer syndrome: an agespecific, time-related, controlled study[END_REF][START_REF] Khonsari | Defining critical ages for orbital shape changes after frontofacial advancement in Crouzon syndrome[END_REF]. Delaying FFBMA also has benefits on the prevention of dental damage during pterygo-maxillary disjunction (Sicard et al., 2019). In brief, when ICP can be controlled by neurosurgical procedures such as lateral and / or posterior decompressions and when OSAS can be managed using continuous positive airway pressure, we recommend delaying FFMBA after the age of 30 months.

According to our results, Pfeiffer syndrome was associated with more AHI normalizations (AHI < 5) after FFMBA but Crouzon, Apert and Pfeiffer syndromes did not have specific pre-operative OSAS profiles. Our results are in line with other reports that could not find specificities in OSAS profiles in Apert vs Crouzon / Pfeiffer patients [START_REF] Mixter | Obstructive sleep apnea in Apert's and Pfeiffer's syndromes: more than a craniofacial abnormality[END_REF]. Nevertheless, other authors have shown, based on a large retrospective series, that OSAS was more prevalent in Apert (n = 52) and Pfeiffer (n = 24) syndromes than in Crouzon (n = 29) and Crouzon with acanthosis nigricans syndromes (a rare form of FGFR3-related Crouzon syndrome, n = 5) and that the more severe forms of OSAS were more common in Pfeiffer and Crouzon syndrome with acanthosis nigricans [START_REF] Inverso | The prevalence of obstructive sleep apnea in symptomatic patients with syndromic craniosynostosis[END_REF]. This retrospective study [START_REF] Inverso | The prevalence of obstructive sleep apnea in symptomatic patients with syndromic craniosynostosis[END_REF] nevertheless had a strong recruitment bias and we believe that our results support the fact that pre-operative and post-operative OSAS profiles are not specific of a given form of syndromic craniosynostosis, except for the apparent better respiratory response in Pfeiffer syndrome, which requires further investigations.

Poorer respiratory outcome seemed to be associated with the Cys342Trp FGFR2 mutation, even though this result was not statistically significant. Cys342Trp (that is C342W) has only been reported to date in clinically undistinguishable cases of Crouzon syndrome [START_REF] Park | Novel FGFR2 mutations in Crouzon and Jackson-Weiss syndromes show allelic heterogeneity and phenotypic variability[END_REF][START_REF] Nagase | Mutations in Fibroblast Growth-Factor Receptor 2 gene and craniosynostotic syndromes in Japanese children[END_REF][START_REF] Kan | Genomic screening of Fibroblast Growth-Factor Receptor 2 reveals a wide spectrum of mutations in patients with syndromic craniosynostosis[END_REF] except in one isolated case with potentially secondary diffuse meningeal calcifications [START_REF] Ke | Severe meningeal calcification in a Crouzon patient carrying a mutant C342W FGFR2[END_REF].

Conclusion

Based on a historical cohort study including 108 patients with syndromic craniosynostoses, we provide evidence-based support for our management protocol involving posterior vault expansion around 6 months of age, with distraction when technically possible [START_REF] Lu | Enlarged anterior cranial fossa and restricted posterior cranial fossa, the disproportionate growth of basicranium in Crouzon syndrome[END_REF], early airway surgery and fronto-facial monobloc advancement performed as late as possible, preferably after 2.5 years of age. Furthermore, despite its large size, the series we report underlines the difficulties of establishing evidence-based treatment plans and genotypephenotype correlations in rare diseases [START_REF] Morice | Anterior skull base and pericranial flap ossification after frontofacial monobloc advancement[END_REF][START_REF] Bouaoud | Excessive ossification of the bandeau in Crouzon and Apert syndromes[END_REF]. (-10.365) corresponded to the mean decrease of AHI values after standard FFBMA (without trans-facial pin or external traction) for girls with Crouzon syndrome without other pre-operative and post-operative surgeries and at age zero. Of note, AHI decreased moderately increased with time elapsed after FFMBA: + 0.12 (SD = 0.04, p = 0.005) per month after surgery. See legends of Table 1-3 for abbreviations. Table 6. Hierarchical logistic model (model №3) representing the probability for AHI normalization (AHI < 5), featuring the results (odds ratio and confidence intervals) of the univariate and multivariate analyses. The reference class of syndromes was Crouzon. Of note, children with Pfeiffer syndrome were 8. 42 [1.34 ; 15.29] times more likely to normalize their AHI values after FFBM; this odds ratio was significant because the confidence interval did not contain the value 1. See legends of Table 1-3 for abbreviations.

Table 7. Hierarchical logistic model (model №4) assessing the need for a secondary facial advancement, featuring the results (odds ratio and its confidence interval) of the univariate and multivariate analyses. The reference class of syndromes was Crouzon. Of note, children with post-operative ENT surgery were 7. 58 [1.69 ; 33.99] times more likely to have a secondary facial advancement; this odds ratio was significant because the confidence interval did not contain the value 1. See legends of Table 1-3 for abbreviations. Odds ratio for secondary facial advancement q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q q 0 25 50 75 0 5 10 15
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  №6-8 did not show significant relationships between (1) distraction amplitudes or final Angle class I or II and (2) AHI decrease or AHI normalization. The factors associated with Angle class III (insufficient facial advancement) could not be tested due to small numbers (Supplementary Tables

Figure legends Figure 1 .

 legends1 Figure legends

Figure 2 .

 2 Figure 2. Differences between Crouzon, Apert and Pfeiffer syndromes with confidence intervals for the linear and logistic models (models №1-№4). p-values indicate significant difference with the reference class, i.e. Crouzon syndrome.

Figure 3 .

 3 Figure 3. Apnea-hypopnea index (AHI) decrease with age within a subgroup of 27 patients with continuous follow-up from before fronto-facial monobloc advancement (FFMBA) to eight years after surgery.

Figure 4 .

 4 Figure 4. AHI decrease with time after FFMBA within a subgroup of 27 patients with continuous follow-up from before FFMBA to eight years after surgery. See legend of Figure 3 for abbreviations.

Figure 5 .

 5 Figure 5. Evolution of average AHI values as a function of time after FFBMA (in months); display according to a selected clinically relevant explanatory variable: pre-operative ear nose and throat (ENT) surgery (tonsillectomy, adenoidectomy, turbinectomy, choanal atresia surgery, rhinoseptoplasty) (red curve), compared to absence of pre-operative ENT surgery (black curve); (1) green: before FFMBA, (2) orange: after FFBMA and (3) purple: after secondary facial advancement. See legend of Figure 3 for abbreviations.

  

Table legends Table 1 .

 legends1 Description of the cohort. m.: mean; SD: standard deviation; Pre-op.: pre-operative;

	AHI: apnea-hypopnea index; AI: apnea index; ENT: ear nose and throat surgery; Sec. adv.:
	secondary advancement; Ter. adv.: tertiary advancement; CSF; cerebrospinal fluid.

Table 2 .

 2 Fronto-facial advancement amplitudes for the cranial and temporo-zygomatic distractors. Distraction amplitudes were symmetrical; the face was moderately but significantly more advanced than the fronto-orbital region.

Table 3 .

 3 Three sub-groups of patients with different initial obstructive sleep apnea syndrome severity (AHI ≤ 10, 10 < AHI ≤ 20 and AHI > 20) and the corresponding effects of frontofacial monobloc advancement (FFMBA), with values with / without pre-op. ENT (ear nose and throat surgery) surgery. FFBMA was efficient for reducing severe initial OSAS. See legends of Table1for abbreviations.

Table 4 .

 4 Pre-operative hierarchical linear model representing the pre-FFMBA average values of AHI (model №1), featuring the results of univariate and multivariate analyses. The reference class of syndromes was Crouzon; the intercept value (25.18) corresponded to the mean pre-operative AHI values for girls with Crouzon syndrome, without other pre-operative surgeries and at age zero. For example, children who had benefited from pre-operative ENT surgery had significantly (p = 0.015) lower average AHI values (25.18-10.75 = 14.43) than those without pre-operative ENT surgery. See legends ofTable 1-3 for abbreviations.

Table 5 .

 5 Linear hierarchical model (model №2) representing the decrease in AHI values after FFMBA, featuring the results of univariate and multivariate analyses. The reference class of syndromes was to Crouzon; the intercept value

Table 8 .

 8 Hierarchical logistic model (model №5) assessing the probability of having a normal AHI value after FFBMA, with introduction of the 3 most common FGFR2 mutations, featuring the results (odds ratio and its confidence interval) of the univariate and multivariate analyses. The reference class of syndromes was Crouzon. See legends of Table 1-3 for abbreviations.
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