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Abstract


Background/Objectives: Obstructive sleep apnoea (OSA) is a sleep-related breathing condition that involves the presence of episodic disruptions to the sleeping pattern due to partial or complete airway obstruction. There are a range of treatment options that exist to alleviate the symptoms of this condition including CPAP, mandibular advancement, and maxillary expansion techniques. This systematic review and meta-analysis of published articles aims to determine if rapid maxillary expansion (“RME”) is an effective treatment option in the management of OSA, using quantitative parameters of AHI and SpO2. Methods: An exhaustive review of the literature was conducted on EBSCO, PubMed, and Scopus databases. The PICO question for the systematic review was “Can rapid maxillary expansion be used as a viable treatment option using comparative AHI and SpO2 parameters in the management of obstructive sleep apnoea?” A meta-analysis was also performed and the software used to carry out the meta-analysis was R 4.3.2 (R Core Team (2013)). Results: From the initial search, 62 articles were found and a further 4 articles were obtained from manual findings. Nine articles were included in the final systematic review and meta-analysis. Eight of the studies concluded that RME was successful to varying degrees in the management of OSA across both outcome variables assessed. The meta-analysis indicated that RME is an effective treatment option in the management of adult and paediatric OSA with the improvement of both parameters. The paediatric OSA sample with specific pre-treatment anatomical presentation (clear maxillary deficiency, narrow hard palate with crossbite) showed a noted resolution of OSA following RME at a pre-pubertal age, indicating that RME can be employed as a genuine treatment option for paediatric OSA as suggested by theory. Conclusions: The systematic review and meta-analysis provided sufficient significant data in favour of the alternative hypothesis to indicate that RME is an effective treatment option in the management of obstructive sleep apnoea, in terms of the AHI reduction and SpO2 increase.
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1. Introduction


Obstructive sleep apnoea (OSA) is a sleep-related breathing condition that can broadly be characterised as the presence of episodic disruptions to the sleeping pattern due to partial or complete airway obstruction [1]. If symptoms of excessive daytime sleepiness and subsequent impaired quality of life are observed as sequelae to OSA, the term obstructive sleep apnoea syndrome is given.



The high prevalence of this condition in modern society and variation in severity result in the necessity for a comprehensive evaluation of each individual patient in order to decide on an appropriate intervention in terms of a proposed treatment plan [2]. OSA is termed as a complex condition and is particularly important in the interests of public health because patients who suffer from OSA are also at risk of systemic complications affecting the cardiovascular, respiratory, cerebellar, and ocular level to name a few examples [3].



Though the idea is clear that the craniofacial and upper airway anatomical factors are always implicated in the pathophysiology of OSA, it is estimated that the non-anatomical risk factors are involved in about 70% of cases and can be important contributors to the severity of OSA [4]. Some of the non-anatomical pathological factors associated with OSA include a low respiratory arousal threshold and unstable ventilation control (high loop gain) [5].



A low respiratory arousal threshold (high respiratory arousal) refers to the tendency for an individual to repeatedly awaken due to a respiratory stimulus, which causes a small ventilation drive. Usually, an increased ventilation drive activates the dilation muscles in the upper airway to open it, but those with a low arousal threshold may arouse prematurely to prevent sufficient ventilation drive for dilatory muscle activation, leading to airway obstruction and OSA [6]. The subsequent poor ventilation control means that a high arousal frequency can also contribute to excessive reductions in blood gas levels (carbon dioxide and oxygen) and intermittent sleep interruptions, symptomatic of OSA. Patients with unstable ventilation control elicit an exaggerated response to reductions in blood gas levels, which leads to an increased respiratory effort that can influence the collapsibility of the airway, predisposing an apnoeic event [4].



It is important to recognise that paediatric OSA differs from adult OSA in terms of prevalence and epidemiology. For example, in paediatric OSA, one of the major implicated risk factors is adenotonsillar hypertrophy [7]. As the influence of adenoid size on OSA decreases in adolescence, this reinforces the concept that the determinants of paediatric OSA epidemiology differ from adult OSA [8]. The estimated paediatric OSA prevalence is between 1.2 and 5.7% and is believed to affect 5.7–56% of obese children [9]. Though the prevalence of obesity increases with age, it is a significant public health issue in children and represents another form of sequela leading to OSA amongst other systemic complications; so, an early, thorough screening including obesity as a recognised risk factor is essential to inform clinicians about a need for intervention. It has been theorised by some studies that the effect of body mass index (BMI) on OSA severity is more pronounced with age [10]. The increasing of BMI is associated with increasing OSA severity in children >7 years [9]. However, Uzair et al. [11] found no statistically significant differences between the BMIs of individuals in the early middle (age 35–44) and late middle age groups (age 45–60), as well as no significant correlation between BMI and OSA severity. This indicates that age may not be the predominant factor causing the fluctuation in BMI among OSA patients in the study. It is important to recognise these conflicting results regarding the relationship between BMI and OSA severity, as it reflects the uncertainty as to the exact role BMI plays in the disease progression and severity of OSA with increasing age. Additionally, it must also be noted that BMI is an inaccurate predictor of body fat content and so cannot be reliably used to assess the effect of obesity on OSA severity [11].



The plethora of treatment options available and their heterogenous nature requires the clinician to identify specific treatment options depending on the case presented. The selection process for treatment is usually influenced by the severity of each case but there is currently no agreement amongst the current literature in terms of protocol for treating by severity. This is because the main objective of OSA treatment is to relieve symptoms of sleep fragmentation, snoring, and apnoeic events during sleep, all of which can be achieved to varying extents in most available treatment options [12]. As will be discussed in further detail later, the treatment modalities for paediatric OSA differ to adult OSA cases. The most important factor to note in paediatric OSA is the potential for skeletal growth of the patient. Hence, the orthodontic correction of Class II malocclusions is possible and can be performed either through rapid palatal expansion (RPE) or by using oral appliances that allow mandibular advancement. Palatal constriction is thought to be one of the major contributing factors to OSA development due to the reduced oropharyngeal space, and so RPE can be productive by widening this space [13].



The most common treatment of choice for severe OSA is CPAP, a form of positive airway pressure (PAP). Principally, PAP therapy aims to maintain upper airway patency by delivering a continuous stream of pressurised air through a facial interface (nasal/oronasal/oral mask) [14,15]. According to the Starling resistor model, CPAP delivered with a nasal mask prevents the obstruction of the upper airway (i.e., pharyngeal collapse) as the continuous flow of air maintains a higher pharyngeal intraluminal pressure than the surrounding negative pharyngeal critical pressure [16]. However, it is important to note that the Starling resistor model assumes that only a nasal mask can be used for this theory to assume pharyngeal patency.



Maxillary transverse discrepancy is a commonly implicated risk factor in OSA onset, relating to posterior placement of the tongue that contributes to pharyngeal collapse. Maxillary expansion can facilitate a reduction in nasal resistance by increasing nasal cavity and floor volume and subsequently improving nasal airflow [17]. Maxillary expansion techniques are largely restricted to cases where maxillary deficiency is the obvious underlying cause but are a treatment option that can be used in isolation or in conjunction with other treatments (e.g., post-adenotonsillectomy in paediatric OSA) [18].



Rapid maxillary expansion (RME) is an umbrella term that includes surgically assisted rapid maxillary/palatal expansion (SARME/SARPE)*, miniscrew-assisted rapid maxillary/palatal expansion (MARME/MARPE)*, and distraction osteogenesis maxillary expansion (DOME). DOME is a variant of SARPE that is less invasive as it performs less osteotomies, which are integrated with MARPE appliances. DOME was initially performed because of the relative low success rate in achieving a midpalatal suture split in adult patients, as well as the unpredictability of skeletal expansion when osteotomies were not performed. However, DOME was recently developed as a technique in 2017 and there is limited evidence; so, for the purposes of this systematic review, this treatment intervention will not be included [14].



The fundamental concept in RME is that the widening of the midpalatal suture at the nasal floor separates the maxillary bones apart at the suture to broaden the oropharyngeal dimensions and expand the palate through the formation of new bone at the suture. The expansion consequently increases nasal cavity volume and posterior pharyngeal airway space during sleep as well as decreases nasal airflow resistance [19]. However, given that the midpalatal suture typically fuses in late adolescence, these conventional RME appliances can only be used in those OSA cases before the ossification of the midpalatal suture, where it is more responsive to expansion forces. In skeletally mature patients, conventional RME appliances are more likely to produce skeletal changes affecting the palatine bones, than directly act upon the midpalatal suture to increase the transverse dimension [18]. With MARPE and SARPE, the closed midpalatal suture can be released (split), which makes these treatment modalities ideal for mature patients whose sutures have already fused [19,20].



In SARPE, a midpalatal osteotomy is first performed in order to surgically release the closed midpalatal suture [20,21]. An expander device is then surgically placed on the midpalatal suture, and the band loops of the expander device are connected to the maxillary molars by the orthodontist. The patient is instructed to activate the expander by small amounts per day until desired growth. The expander is kept in the mouth even when expansion stops to allow the maxillary bones to fully fuse. A second osteotomy may then be performed (Le Fort I) in severe OSA cases, which produces pterygomaxillary disjunction, though its use is controversial and avoided where possible due to risk of damage to the pterygoid plexus [21]. Due to the invasive nature of treatment with multiple osteotomies, the high cost of surgery and the risk of damage to cranial nerves and the palatine artery means that SARPE is often avoided as a treatment option by many patients [14,21].



Instead, MARPE is commonly suggested as an alternative treatment, which is a non-surgical procedure that combines principles of conventional RME appliances with a custom-made skeletal anchorage device that applies mechanical forces from RME appliances directly to the basal bone via mini-implants. By directly applying the force to the maxillary bone, the mini-implants act as the anchor units whereas conventional RME appliances use teeth as anchorage for skeletal expansion. Therefore, MARPE appliances such as the one seen in Figure 1 can provide better anchorage and stability by helping to minimise unwanted dentoalveolar effects that are commonly observed with conventional RME appliances. Similarly to SARPE, the expander is activated at home by the patient by turning the MARPE screw once daily for 6 weeks, which produces incremental expansions (0.2 mm/screw turn) that release the midpalatal suture [17]. Orthodontic treatment is then initiated to close the interincisal diastema produced by the expander appliance. Similarly to SARPE, the expander is kept in the mouth for 4–6 months to allow the new bone to fully form at the suture and to prevent relapse [22].



Hyrax and Haas are types of conventional RME appliances that are to be used in cases where the midpalatal suture is patent (open); they are teeth-borne appliances that have a jackscrew in the middle of the palate that is soldered to bands that are cemented on maxillary first premolars and maxillary first molars on either side of the palate. The jackscrew is turned the first time by the orthodontist, then the patient is instructed to activate the expander by small amounts per day until desired expansion, with the frequency of activation depending on the desired amount of expansion required in the presenting case (see Figure 2). It can produce a maximum of 13 mm sutural separation and even up to 11 mm sutural separation within a short period [22,23]. Though it normally only takes a few weeks to achieve the necessary amount of expansion, patients are instructed to continue wearing the appliance for a further 6 months to allow new bone to form to produce stable expansion and to prevent expansion relapse [23,24].



Overnight polysomnography (PSG) is considered the gold standard in diagnosing OSA due to its predictive ability to provide the apnoea–hypopnea index (AHI), which is a well-established metric of OSA severity. The AHI is easily calculable from the PSG, providing a specific number of episodes of breathing obstructions per hour of sleep, which is then used to classify the severity (see Table 1). However, it is important to note that AHI is not the sole measure used by clinicians to reach a clinical diagnostic decision of OSA. It is a reliable measure due to its high reproducibility but the major disadvantage associated with its use is that it does not inform of the functional impact of the condition on the person. Other quantifiable outcome measures from the PSG that should be taken into account for a diagnosis include the oxygen desaturation index (episodes of oxygen desaturation >3% per hour of sleep) and duration of obstructive events. From the measurable outcomes from the PSG combined with prior history taking, the clinician is provided with enough information to formulate a treatment plan according to the individual case presented. The AHI will be a key metric studied in this systematic review and meta-analysis.



Currently, it is believed that maxillary expansion should be targeted at treating cases of malocclusions relating to transverse maxillary discrepancies, such as posterior crossbites where the upper teeth are placed palatally in reference to lower teeth in the transverse dimension. Alternatively, they treat cases relating to poor alignment of teeth within the upper jaw (i.e., crowding), by widening the palate to create sufficient space for proper alignment. However, the subject of improving respiratory function with reference to maxillary expansion must also be reviewed. Therefore, this systematic review and meta-analysis intends to explore to what extent maxillary expansion with RME appliances can relieve symptoms relating to OSA by expanding the palate to create space in the upper airway. Additionally, as many OSA patients fall into the older age categories due to concomitant risk factors being present, it must be noted that treatment options such as conventional RME appliances will not be effective. This is due to their mechanism of action, which is dependent on the non-fused and often pre-pubertal state of the midpalatal suture. This brings about a necessity for a treatment option that can treat the lower or upper airway obstructions causing OSA by improving the anatomical limitations by broadening the oropharyngeal dimensions. The current treatment options are focused on either extraoral appliances such as CPAP or lifestyle modifications, but recent studies have now emerged to suggest that a combined maxillofacial–orthodontist approach such as SARPE or an orthodontic approach such as MARPE could be used as viable treatment options to directly treat the cause of OSA and reduce its QoL-associated symptoms. As both treatment options are relatively novel and still emerging in the management considerations of OSA, it is acknowledged that finding clinical studies with these treatments will be difficult. Therefore, this systematic review intends to look at the available studies to determine what role RME has to play in the management of OSA.



1.1. Hypothesis


Null Hypothesis (H0): 

RME is not an effective treatment option in the management of obstructive sleep apnoea.





Alternative Hypothesis (H1): 

RME is an effective treatment option in the management of obstructive sleep apnoea.






1.2. Objectives


This systematic review and meta-analysis aims to determine if rapid maxillary expansion (“RME”) is an effective treatment option in the management of OSA, using quantitative parameters of AHI and SpO2.





2. Materials and Methods


This systematic review was conducted in accordance with the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) Statement [25]: guidelines for reporting observational studies, and Preferred Reporting Items for Systematic reviews and Meta-Analyses Statement (PRISMA) [26]. See Figure 3



2.1. PICO Question Developed for the Systematic Review


In order to identify and collect studies that examined the effectiveness of maxillary expansion (RME, MARPE, or SARPE) as treatment options in the management of obstructive sleep apnoea, a PICO (population, intervention, comparison, and outcome) question was created to formulate an answerable question for the systematic review (can rapid maxillary expansion be used as a viable treatment option using comparative AHI and SpO2 parameters in the management of obstructive sleep apnoea?).



	
Population: Patients with mixed/adolescent dentition with OSA.



	
Intervention: RME.



	
Comparison: AHI and SpO2.



	
Outcome: Management of OSA.







2.2. Eligibility Criteria


The inclusion criteria are as follows:




	
Type of patient: Patients that are treated with RME interventions. Due to the nature of this intervention as previously explained, the patients were 5–16 years old.



	
Type of intervention: RME.



	
Type of study: Publications in the English language; randomised controlled trials; non-randomised studies; prospective studies; clinical trials; systematic reviews; studies on humans; and no limit on study age.



	
Type of outcome variables: Studies that provide data relating to AHI and oxygen saturation (SpO2).








Exclusion criteria:




	
Type of patient: Patients that were not undergoing RME treatment.



	
Type of intervention: Studies using CPAP appliance; studies using MA intervention in conjunction with RME.



	
Type of study: Systematic reviews; case reports; case studies; abstracts; meta-analyses; studies on animals.



	
Type of outcome variables: Scores from sleep questionnaires (e.g., ESS/BQ) or other qualitative outcome measures such as propensity for pharyngeal collapsibility. The aim is to extract only quantitative data from which we can potentially synthesise a meta-analysis.









2.3. Search Strategy


Subsequently, Boolean operators (AND, OR) were used alongside specific keywords chosen. The initial keywords used were “rapid palatal expansion”, “rapid maxillary expansion”, “MARPE”, “SARPE”, “MARME”, “SARME”, and “obstructive sleep apnea”. These keywords were then combined with Boolean operators, and individual searches were made across each database to obtain the most relevant studies to the PICO question, as explained below. It is important to acknowledge that MARPE and SARPE keywords were utilised with “OR” Boolean operators to widen the scope of RME-related articles gathered. The literature search was conducted from October 2023 to April 2024.




2.4. Keywords Used in Database Search


PubMed: ((((MARPE) OR (SARPE)) OR (MARME)) OR (SARME)) AND (sleep apnea).



EBSCOhost: Obstructive sleep apnea or obstructive sleep apnoea AND rapid palatal expansion OR rapid maxillary expansion OR MARPE OR SARPE OR MARME OR SARME.



Scopus: (sleep apnea) AND (rapid maxillary expansion) OR (MARPE) OR (SARPE).




2.5. Selection Process of Studies


From the advanced search, the studies that were found went through a meticulous screening procedure. Before screening any studies found, the first stage involved a pre-screening duplicate removal, meaning that any duplicates found across databases were removed (n = 6). Following this, a preliminary screening was undertaken, which was split into 2 parts. Firstly, the titles of the articles that made it to this stage were read and those that were deemed irrelevant to the topic or not part of the inclusion criteria were removed (n = 22). Then, an abstract screening was performed where the abstract, including a brief overview of the introduction, methods, results, and conclusion, was assessed and further articles were removed if deemed not relevant or failing to answer the PICO question (n = 16). The abstract screening was supervised by Dr. Hijazi Alsadi, Tawfiq to confirm eligibility of the studies, including studies considered to be most relevant with information that was considered to have obvious bias. Then, a more rigorous screening was undertaken where all remaining studies were sought for retrieval as the full texts were assessed and the relevant data were obtained. Any remaining studies at this stage that could not be retrieved for given reasons were excluded from the final systematic review (OSA not part of inclusion criteria, n = 3; insufficient outcomes of statistical value, n = 4; insufficient outcome variables of interest, n = 6). This represents the final stage of selection screening. All stages of selection screening were carried out by Aniruddh Hariharan unless otherwise specified.




2.6. Data Extracted


To avoid heterogeneity of the results extracted in terms of variables used and units of measurement for variables, AHI and SpO2 were selected as two consistent outcome variables to be analysed as a reflection of effective treatment intervention, across the studies in the meta-analysis. For the meta-analysis, the data that were extracted from the studies included mean values for outcome variables, standard deviation, and the number of participants from each study. This can be seen in Table 2. The values are given for both before the treatment and after the treatment intervention, to allow for a meta-analysis to be conducted to review and combine the results of a series of studies that analyse the effect of RME on the management of OSA.




2.7. Data Synthesis


The researchers developed an exhaustive review of the available literature, arriving at a final inclusion of 9 studies [22,27,28,29,30,31,32,33,34]. All of these studies presented a one-arm design of patients who were all subsidiary to RME treatment. As previously stated, the primary outcomes of the study are AHI and SpO2 oxygen saturation. The authors of the studies reported information on these indices before and after treatment (mean ± SD).



It should be kept in mind that the patient population in each study has a different degree of initial severity of OSA, which in principle is already a source of heterogeneity in the estimates (it is likely that patients diagnosed with the most severe OSA will experience a substantially greater reduction in AHI in terms of the absolute number of events/hour). A subgroup meta-analysis can be performed, which can differentiate patients with moderate–severe OSA from mild OSA–non-OSA patients, which was conducted for the meta-analysis estimation for AHI reduction.



A meta-analysis was performed in 2 different sections, firstly to estimate the overall measure of the effect of the reduction in AHI, and secondly to estimate the increase in SpO2. The model used for the meta-analysis was random effects with a Der Simonian and Laird estimator, to estimate these reductions and increases, respectively.



The I2 index of heterogeneity (the percentage of variability of the estimated effect that can be attributed to heterogeneity of the true effects) and the corresponding statistical test of nullity of Q were also calculated. Publication bias was explored through Funnel graphs and Egger tests, and the results of the estimates, global effect measure, and confidence intervals are plotted in the Forest graph. The level of significance that was used in the analyses was 5% (α = 0.05).



The software used to carry out the meta-analysis was R 4.3.2 (R Core Team (2013). A: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria. URL: http://www.R-project.org/).




2.8. Quality and Risk of Bias Assessment


The risk of bias was evaluated to analyse the methodological quality of the included 9 articles, all of which were prospective clinical studies. The Newcastle–Ottawa Scale was used as a method to evaluate the quality of the included non-randomised studies, as well as the Cochrane tool to assess the risk of bias in these non-randomised studies with interventions.





3. Results


From the initial search, 62 articles were found and a further 4 articles were obtained from manual findings. Nine articles were included in the final systematic review and meta-analysis. Eight of the studies concluded that RME was successful to varying degrees in the management of OSA across both outcome variables assessed. The meta-analysis indicated that RME is an effective treatment option in the management of OSA with the improvement of both parameters. All data extracted from the included studies are presented in Table 2. In order to be able to thoroughly examine the effects of the interventions through the two outcome variables, the meta-analysis was divided separately into two parts (see Figure 4), firstly to estimate the overall measure of the effect of the reduction in AHI (see Table 3), and secondly to estimate the increase in SpO2 (see Table 4). Additionally, it is important to consider that as the heterogeneity of the meta-analysis estimates was very high in the AHI group, a subgroup analysis was proposed for this outcome variable in an attempt to reduce overall heterogeneity (see Table 5).



Overall, the meta-analysis concluded that the estimated AHI reduction is 5.71 ± 1.89 events/hour. This represents a significant magnitude (p = 0.003) with a 95% confidence interval; i.e., the meta-analysis supports the hypothesis that RME generates a significant decrease in AHI. However, the heterogeneity of the meta-analysis estimates is exceptionally high (I2 > 99%). In essence, this means that the results of the articles are mixed. Villa et al. [29] and Brunetto et al. [22] provide very large changes because their population has far more severe OSA diagnoses (i.e., initial AHI). However, with the findings of the Funnel plot for bias of publications for AHI reduction in the global sample, a subgroup analysis was proposed to eliminate heterogeneity from the meta-analysis estimates. See Figure 5



The estimated AHI reduction was 17.4 ± 1.35 events/hour in the moderate–severe OSA sample. This is represented by a significant magnitude (p < 0.001); therefore, a conclusion can be made favouring the alternative hypothesis that MARPE and SARPE generate a significant decrease in AHI. It is also very important to note that the heterogeneity of the model has now disappeared (I2 = 0%), removing an obvious limitation that previously existed in the global sample.



The estimated AHI reduction in the normal–mild OSA sample is 3.08 ± 0.57 events/hour. This is represented by a significant magnitude (p < 0.001); therefore, a conclusion can be made favouring the alternative hypothesis that RME generates a significant decrease in AHI.



Additionally, the estimated AHI reduction in the mild OSA subgroup was 3.73 ± 0.23 events/hour. This is represented by a significant magnitude (p < 0.001), meaning that a conclusion can be made favouring the alternative hypothesis that RME generates a significant decrease in AHI.



With regard to the other respiratory parameter, the meta-analysis estimate of the SpO2 increase was 2.63 ± 0.66%. This is represented by a significant magnitude (p < 0.001), meaning that a conclusion could also be made favouring the alternative hypothesis that RME generates a significant increase in SpO2.




4. Discussion


Through a meta-analysis, it was our intention to integrate the information from the different studies about both respiratory parameters and thus obtain a general conclusion about the effectiveness of RME in the management of OSA. It was found that eight of the nine studies concluded that RME was successful to varying degrees in the management of OSA across both outcome variables assessed. The meta-analysis indicated that RME is an effective treatment option in the management of OSA with the improvement of both parameters. For the meta-analysis, as explained previously, due to the heterogeneity in the studies, a subgroup analysis for AHI had to be created to try and create a model that would be less prone to criticism and better to deduce accurate conclusions from. It could be concluded with confidence across the studies that RME is an effective treatment option in the management of OSA in terms of evaluating the AHI parameter. The effectiveness of RME on OSA management, however, has been shown to be case-dependent depending on initial AHI severity.



Overall, according to the meta-analysis, under all the models generated, the treatments were effective in terms of both SpO2 gain and AHI reduction, indicating that RME is an effective treatment option in the management of patients with OSA.



As previously discussed in the Introduction Section, AHI reduction can translate to improved airway patency and an overall reduction in OSA severity in terms of reduced symptoms for the patient, typically created by the intermittent hypoxic events that cause an exaggerated response to reductions in blood gas levels. Taking the significant magnitude associated with AHI reduction from the meta-analysis into consideration, this represents an effective outcome of treatment intervention for clinicians. Decision making for clinicians may be complicated if the magnitude of AHI reduction is not significant, as it may require a re-evaluation of the treatment plan to be considered (i.e., surgical intervention) in order to bring about a meaningful reduction.



In terms of the SpO2 increase, this translates qualitatively as improvements in symptoms of fatigue due to sufficient oxygen levels in sleep, where previously desaturation events were causing poor oxygen delivery to tissues and organs. Tracking SpO2 increases can be invaluable to the intervening clinician as other OSA-related comorbidity risk factors can be managed. For instance, the improvement of SpO2 coinciding with an improvement in vascular health can lead to a decision to reduce management for hypertension. An increase in SpO2 immediately suggests to the clinician that RME intervention has proven to be effective in maintaining a sufficient oxygen level during sleep; however, a long-term post-treatment monitoring of this parameter may prove to be important if there is a suspicion that an airway obstruction has not been properly addressed (e.g., in cases of an insignificant SpO2 increase post RME intervention), in which case subsequent surgical intervention may be necessary.



In terms of the suitability of RME intervention and which paediatric patients may benefit most from it, in addition to the previously discussed pre-pubertal state of the midpalatal suture, all included studies appropriately identified children with transverse maxillary deficiencies or narrow hard palates who had the potential to greatly benefit from RME intervention through widening the maxilla to correct the crossbite and occlusion.



The limitations of this systematic review and meta-analysis are largely centred around the fact that there are many sources of heterogeneity, which make it somewhat difficult to draw conclusions without there being an obvious source of variation that challenges it.



Additionally, one of the most important yet unavoidable limitations of the systematic review and meta-analysis was that we did not have any control groups to compare to the intervention being performed. This could have formed another aspect of the statistical analysis where a comparison could have been drawn for both parameters, to assess whether or not intervention is necessary according to certain patients with different status of the midpalatal suture. However, it must be acknowledged that this is unavoidable since it is ethically difficult to refrain from treating children with OSA for a period of 12 months in a study. Therefore, all the studies found were of prospective design where an intervention was always made.



Furthermore, the methods that were used for analysing the results of SpO2 varied in terms of their reliability. Whilst eight of the nine included studies used standard pulse oximetry to measure SpO2, the study of Brunetto et al. used a Bluetooth pulse oximeter typically used in home sleep testing. The main limitation with using this device is that external environmental conditions such as temperature and humidity can lead to inaccurate values recorded. Additionally, this study used an NOX T3 monitor to measure AHI instead of PSG, which is considered the gold standard in OSA laboratory diagnoses [5,12]. This presents another limitation in that this parameter is highly dependent on each participant being capable of following exact instructions given on assembling the device, as well as reproducing the same sleep conditions across both recordings. These conditions include going to bed at the exact same time, same location, and same room temperature. If any participants did not reproduce identical sleep conditions between recordings (which was not identified in the study), it likely had an impact on the AHI value recorded. The key limitation to note here is the lack of standardisation in measuring SpO2 across studies, which introduces variability. Brunetto et al.’s [22] study was one that contributed to the initial heterogeneity of the MA estimates, and perhaps this factor could be attributed as one of its causes.



The two major studies contributing to the heterogeneity of the overall meta-analysis are that of Vinha et al. [27] and Brunetto et al. [22]. In essence, the results are mixed and an immediate observation to explain this is that this is because their population has far more severe OSA diagnoses (i.e., initial AHI); hence, the treatment intervention produces very large changes in comparison to the remaining studies. However, it is equally important to note that with the subgroup analysis performed, the heterogeneity was able to be eliminated; hence, this did not persist as a limitation to our meta-analysis.



Additionally, it is important to note that in Vinha et al.’s study [27], no significant correlation was detected between reduced AHI and palate measurements in the overall sample; however, new significant correlations were detected when the sample was stratified according to OSA severity and there are no other obvious biases/limitations that are present in their conducted study.



In Brunetto et al.’s study [22], the main limitation that exists is that the participants of the study were not randomised; however, this was deemed to be unethical to avoid treating participants that were included in the study and were in need of treatment intervention through MARPE.



Finally, it must be acknowledged that there are a limited number of studies (n = 9) included in this systematic review and meta-analysis. This is after performing an exhaustive review of the studies available. Therefore, further clinical studies are required surrounding this treatment intervention’s effect on the studied condition as the majority of conducted studies assess the effect of this treatment intervention on malocclusions in the transversal dimensions, rather than on OSA.




5. Conclusions


Null Hypothesis (H0): 

There is sufficient evidence to reject the null hypothesis H0; RME is an effective treatment option in the management of obstructive sleep apnoea.





AHI parameter changes:




	
Sufficient significant data were provided to indicate that RME is an effective treatment option in the management of obstructive sleep apnoea in terms of AHI reduction.



	
This can be seen after performing a subgroup analysis of the global OSA study sample, to combat the impact of heterogeneity on the interpretation of results.








SpO2 parameter changes:




	
The meta-analysis estimates were significant in favour of an SpO2 increase, indicating that RME is an effective treatment option in the management of obstructive sleep apnoea in terms of an SpO2 increase.



	
However, high heterogeneity indicates some uncertainty in concluding a definitive role of RME in OSA management, in terms of an SpO2 increase.
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Figure 1. By Dr. Hijazi Alsadi. Tawfiq, Maxillary expansion appliance used in MARPE, activated by patient. 






Figure 1. By Dr. Hijazi Alsadi. Tawfiq, Maxillary expansion appliance used in MARPE, activated by patient.
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Figure 2. By Dr. Hijazi Alsadi. Tawfiq, Hyrax appliance. 
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Figure 3. PRISMA 2020 flow diagram [26]. 
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Figure 4. Forest Plot for AHI reduction (LEFT) and SpO2 increase (RIGHT) in global sample ([27,31,32,33,34]). 
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Figure 5. Funnel plot for bias of publications for AHI reduction in global sample. 
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Table 1. OSA severity classification according to AHI index and Oxygen saturation values and interpretation.






Table 1. OSA severity classification according to AHI index and Oxygen saturation values and interpretation.





	Diagnosis by Adult OSA Severity
	Obstructive Episodes per Hour of Sleep



	Healthy (No OSA)
	<5



	Mild OSA
	5–15



	Moderate OSA
	16–30



	Severe OSA
	>30



	Diagnosis by Child OSA Severity
	Obstructive Episodes per Hour of Sleep



	Healthy (No OSA)
	<1



	Mild OSA
	1–4



	Moderate OSA
	5–9



	Severe OSA
	≥10



	Blood Oxygen Saturation (SpO2)%
	Interpretation of Value



	98–100
	Normal



	95–97
	Insufficient but tolerable (no symptoms)



	90–94
	Low (immediate intervention)



	<90
	Critical (refer to specialist)



	<80
	Severe hypoxia (hospitalisation)



	<70
	Acute danger to life










 





Table 2. Extracted data from studies for meta-analysis.
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Intervention




	

	
AHI

	
SpO2

	




	

	
TX

	
Pre-Intervention

	
Δ

	
TX

	
Pre-Intervention

	
Δ

	




	
Author

	
nTX

	
mTX

	
sTX

	
nCT

	
mCT

	
sCT

	
Δm

	
Δs

	
nTX

	
mTX

	
sTX

	
nCT

	
mCT

	
sCT

	
Δm

	
Δs

	






	
Vinha et al., 2020 [27]

	
16

	
14.54

	
19.48

	
16

	
33.23

	
39.54

	
18.69

	
20.06

	
16

	
94.0

	
1.6

	
16

	
92.7

	
5.4

	
1.3

	
3.8

	
RME (SARPE)




	
Brunetto et al., 2022 [22]

	
14

	
11.45

	
6.16

	
14

	
28.75

	
11.39

	
17.30

	
5.23

	
14

	
94.32

	
1.97

	
14

	
91.9

	
2.65

	
2.4

	
0.68

	
RME (MARPE)




	
Villa et al., 2013 [28]

	
22

	
2.64

	
3.11

	
22

	
5.81

	
6.05

	
3.17

	
2.94

	
22

	
97.42

	
1.84

	
22

	
96.6

	
1.47

	
0.86

	
0.37

	
RME




	
Villa et al., 2015 [29]

	
40

	
1.6

	
1.4

	
40

	
4.7

	
4.4

	
3.1

	
3

	
40

	
97.5

	
1.8

	
40

	
96.8

	
1.5

	
0.7

	
0.3

	
RME




	
Villa et al., 2011 [30]

	
10

	
2.4

	
2

	
10

	
6.3

	
4.7

	
3.9

	
2.7

	
10

	
97

	
2.8

	
10

	
95.8

	
1.8

	
1.2

	
1

	
RME




	
Caprioglio et al., 2013 [31]

	
14

	
1.4

	
0.6

	
14

	
5.7

	
1.2

	
4.3

	
0.6

	
14

	
95.5

	
1.6

	
14

	
89.8

	
1.1

	
5.7

	
0.5

	
RME




	
Buccheri et al., 2017 [32]

	
11

	
2.36

	
2.24

	
11

	
6.09

	
3.47

	
3.73

	
1.23

	
11

	
96.81

	
1.6

	
11

	
93.1

	
1.6

	
3.72

	
0

	
RME




	
Pirelli et al., 2015 [33]

	
23

	
0.3

	
0.9

	
31

	
0.4

	
1.1

	
0.1

	
0.2

	
23

	
97.2

	
1.5

	
31

	
95.3

	
1.7

	
1.9

	
0.2

	
RME




	
Fastuca et al., 2015 [34]

	
22

	
1.45

	
0.6

	
22

	
5.01

	
1.5

	
3.56

	
1.32

	
22

	
95.92

	
1.5

	
22

	
90.2

	
1.3

	
5.72

	
1.95

	
RME











 





Table 3. Global sample input for the AHI reduction meta-analysis.
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Input for the AHI Reduction Meta-Analysis




	
Author

	
N

	
GROUP

	
Mean

	
SD






	
Vinha et al., 2020 [27]

	
16

	
Severe

	
18.69

	
20.06




	
Brunetto et al., 2022 [22]

	
14

	
Moderate

	
17.3

	
5.23




	
Villa et al., 2013 [28]

	
22

	
Mild

	
3.17

	
2.94




	
Villa et al., 2015 [29]

	
40

	
Healthy

	
3.1

	
3




	
Villa et al., 2011 [30]

	
10

	
Mild

	
3.9

	
2.7




	
Caprioglio et al., 2013 [31]

	
14

	
Mild

	
4.3

	
0.6




	
Buccheri et al., 2017 [32]

	
11

	
Mild

	
3.73

	
1.23




	
Pirelli et al., 2015 [33]

	
23

	
Healthy

	
0.1

	
0.2




	
Fastuca et al., 2015 [34]

	
22

	
Mild

	
3.56

	
1.32











 





Table 4. Global sample input for the SpO2 increase meta-analysis.
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Input for the SpO2 Increase Meta-Analysis




	
Author

	
n

	
GROUP

	
Mean

	
SD






	
Vinha et al., 2020 [27]

	
16

	
Severe

	
1.3

	
3.8




	
Brunetto et al., 2022 [22]

	
14

	
Moderate

	
2.4

	
0.68




	
Villa et al., 2013 [28]

	
22

	
Mild

	
0.86

	
0.37




	
Villa et al., 2015 [29]

	
40

	
Healthy

	
0.7

	
0.3




	
Villa et al.