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The present PhD investigation is a compendium of five related publications 
broadening the current state-of-the art and long-term three-dimensional effects 
of orthognathic surgery on the upper airway (UA) and the sleep-related disorders, 
such as the Obstructive Sleep Apnea-hypopnea syndrome (OSA).

 Hence:

	 -	 Original PDF published or pre-print versions of the articles as they
	  	 appear in in their respective journals are provided in Appendix I.

	 -	 Abbreviations, original figures from already published papers, 
		  captions to illustrations and tables have not been merged in the 
		  manuscript, as they belong to already published articles. However, 	
		  new added figures in this PhD investigation have been 
		  standardized in each section throughout the whole text. 

	 -	 Both generals’ introduction and discussion references have been
		  merged. Hence, each publications’ individual reference list and 	
		  captions to figures can be consulted separately in journal PDF 
		  format in Appendix I. 
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	 	 baseline and/or the event is associated with an arousal. 

	 -	 Obstructive sleep apnea (OSA): sleep-related breathing disorder 
		  characterized by respiratory pauses secondary to partial 
	 	 (hypopneic) or complete (apneic) obstruction of the pharyngeal 
	 	 airway with a duration of at least 10 seconds.

	 -	 Apnea-hypopnea index (AHI): number of episodes of apnea and 
	 	 hypopnea per hour of sleep. 

	 -	 OSA severity:
		  · Mild OSA: AHI ≥ 5 e/h
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	 -	 Arousal: abrupt change of brain activity during sleep ((measured 
	 	 by EEG). Also known as change from deep sleep (REM; rapid 
	 	 eye movement) to light sleep (N-REM: non-rapid eye movement).

	 -	 Arousal (micro-arousals) index: number or frequency of sleep 
	 	 disruptions and awakening per hour of sleep (i.e: the more 
	 	 arousals, the more tired a patient is likely to feel).

	 -	 Excessive daytime sleepiness (EDS) in terms of the Epworth 
	 	 Sleepiness score (ESS): self-administered subjective 
	 	 questionnaire to assess daytime sleepiness. 

		  · Score assessment:
			   · 0 to 10 = normal range of sleepiness 
			   · 11 to 14 = mild sleepiness
			   · 15 to 17 = moderate sleepiness
			   · 18 to 24 = severe sleepiness

	 -	 CPAP adherence: > 4 hours of night use of CPAP during 70% of 
	 	 the nights.

	 -	 CT 90%: cumulative time spent with SpO2 < 90%.

	 -	 Oxygen desaturation index (ODI):  normal blood oxygen level 
	 	 (saturation) between 96 - 97%.

	 -	 OSA Success rate: final AHI threshold of < 20 e/h and its 
	 	 reduction by 50%.

	 -	 OSA Cure rate: final AHI threshold of < 5 e/h.

	 -	 Respiration disturbance index (RDI): number of respiratory 
	 	 disturbances (obstructive apneas, hypopneas, and respiratory 	
	 	 event–related arousals (RERA)) per hour.



25



26

01
26



27

GENERAL 
INTRODUCTION 

27



28

1.1.	 Importance of the three-dimensional study of the upper 
	 airway in the context of orthognathic surgery and the 
	 sleep-breathing disorders (SBD) in patients with 
	 dentofacial deformities (DFD).

	 Obstructive sleep apnea (OSA) is a dyssomnia characterized by respi-
ratory pauses secondary to partial (hypopnea) or complete (apnea) obstruction 
of the upper airway (UA) during sleep, with a duration of at least 10 seconds 1. 
According to the latest updated version 2.6 of the American Association of Sleep 
Medicine (AASM), the hypopnea involves a reduction of the airflow and > 3% of 
oxygen desaturation, while apnea implies a cessation of the oro-nasal airflow 
for at least 10 seconds of duration 2.  As a result, the pharyngeal airway (PA) is 
occluded due to the fall in the muscle tone of the dilator muscles during sleep, 
which leads to its partial narrowing or total obstruction. The direct consequences 
of these episodes are the repetitive decrease in blood oxygen saturation (SatO2) 
with snoring and recurrent sleep arousals caused by increased respiratory effort, 
which causes a reduction in sleep quality 2. 

Figure 1. Schematic illustration of the naso-pharyngeal airflow when obstruction of the upper 
airway and in healthy patients.
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When all these affections are accompanied by clinical manifestations, such as 
excessive daytime sleepiness (ESD), neuropsychiatric, metabolic, respiratory 
and cardiac alterations, we classify it as OSA 3. However, systemic arterial hyper-
tension (AT) and heart failure may occur, thus increasing the mortality risk produ-
ced by OSA 4. 

It is estimated that systemic OSA syndrome affects from 5-20% of the general 
Spanish adult population, although other authors reported figures of up to 26%, 
and is 2-3 times more common in men than in women 5. In Spain, according to 
studies in different age subgroups, it is estimated that there are between 5 and 
7 million people suffering from OSA, where > 50% of these systemic affections 
run undiagnosed 6. Recent studies 5 suggest that patients with undiagnosed OSA 
consume 3 times more resources than the general population 5. These costs are 
related to more days of hospital stay, more consultations in specialized care and 
an increase in the prescribed pharmacological treatment 6.

For years, polysomnography (PSG) has been considered the gold standard diag-
nostic test registration by means of the apnea-hypopnea index (AHI), among 
other multiple physiological signals 7. However, the latest consensus from the 
AASM has equated the use of home sleep apnea test (HSAT) - also known as 
house-hold polygraphies - when detecting mild to moderate OSA manifestations  
2,7 . However, continuous positive airway pressure (CPAP) stays as the first line 
treatment armamentarium when dealing with OSA, although its low rates of ad-
herence and tolerance  (defined as > 4 hours of night use of CPAP for 70% of 
nights), not reaching 50% 8.

In this context, patients with different dentofacial deformities (DFD) – class I, II 
or III 9 and/or with maxillary or mandibular hypoplasia - are more prone to suffer 
from a chronic sleep-breathing disorder (SBD); and then, inheriting the syste-
mic consequences of obstructive OSA syndrome 10. Indeed, orthognathic surgery 
(OS) by means of maxillomandibular advancement (MMA) combined or not with 
orthodontics has solidly proven to improve and cure OSA clinical objective and 
subjective symptoms with a surgical success rate (SSR) of 86%10. Besides, OS 
aims to reestablish the facial harmony and correct the different DFD, while repo-
sitioning the maxillomandibular complex and achieving a long-term bone and soft 
tissue stability 11. 
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1.2.	 Importance of the three-dimensional virtual surgical 
	 planning and orientation in terms of orthognathic surgery. 

	 Three-dimensional (3D) cone-beam computed tomography (CBCT) tech-
nologies play a major role in virtual surgical planning and outcome assessment 12. 
In this context, it is important to highlight that head positioning of the patient and 
posture is a key factor in surgical planning for OS and airway assessment, since 
it influences the antero-posterior perception of the maxillomandibular complex 
13. Thus, clinicians should be able to reliably reproduce the natural head position 
(NHP) of the patient at the time of UA assessment in different third-party sof-
twares. For decades, two-dimensional (2D) cephalometric measurements were 
used to assess the UA. However, thanks to the new emerging technologies, 3D 
assessment and pre- and post-operative evaluation, in terms of superimposition,  
are strongly recommended to avoid volumetric, linear and cross-sectional mea-
surement error 14. This protocols enables unbiased analysis of the surgical and 
volumetric outcomes based on softwares that had solidly demonstrated accuracy 
and precision, and avoids complex, technically demanding and time-consuming 
measurements 12. This PhD investigation exemplifies and validates such recom-
mended methods.

1.3.	 Clinical relevance of this project

	 CPAP is acknowledged to be the gold standard treatment for OSA, though 
the reported adherence failure rate reaches 46-83% over the long term. However, 
different surgical procedures have therefore been proposed, of which MMA has 
been shown to be the most effective option for treating OSA in selected patients, 
with an 86% SSR. However, to our knowledge, no previous studies have exami-
ned the relationship between the impact of 3D skeletal movements performed 
during OS on the pharyngeal airway volume (PAV)- and PSG-related parameters 
of DFD patients with mild, moderate to severe OSA, at long-term. 
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2.1	 General aim

	 The general aim described in this thesis was to reliably evaluate and as-
sess the 3D-clinical effect of OS on both the UA and the long-term cure of OSA 
by means of the AHI. 

2.2	 Specific aims

	 Therefore, a number of different studies were designed and performed:

	 -	 to review the state-of-the art regarding the impact of 
		  maxillomandibular advancement (MMA) on the PAV and the AHI in
		  the surgical treatment of OSA (Paper I).

	 -	 to evaluate the importance of head position in terms of virtual 
		  surgical planning for orthognathic surgery - to demonstrate the
		  variation between the Natural Head Orientation (NHO) and the 
		  Frankfort horizontal (FH) surgical planes in patients with an 
		  underlying dentofacial deformity (DFD). The secondary objectives
		  were to correlate this angle variation between patients’ DFD and
		  the impact of counterclockwise rotation (CCW) after orthognathic
		  surgery (Paper II).

	 -	 to assess the effect of maxillary and mandibular 3D movements
		  (isolated or jointly) on the PAV (nasopharynx, oropharynx, and
		  hypopharynx) and the minimum cross-sectional area (mCSA) on a
		  3D basis. The secondary objectives were to correlate the 
		  magnitude, type, and direction of these skeletal movements with 
		  the airway dimension gain or impairment and their stability or 
		  relapse at 12-month follow-up (Paper III).

	 -	 to describe and validate a proposed surgical protocol to maximize 
		  the airway volume when narrowing of the UA is the main concern 
		  in patients with DFD (Papers III, IV and V).

	 -	 to validate a protocol and algorithm for the surgical management 
		  of dento-facial deformities in Down syndrome (DS) patients with 
		  OSA (Paper IV).

	 -	 to study the success predictors and to correlate the effects of OS 
		  as the first line treatment to cure OSA (in terms of AHI and sleep
		  patient-centered parameters) on a 3D basis over the short and
		  long term (Paper V).
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3.1	 Paper one

	 Impact of surgical maxillomandibular advancement
	 upon pharyngeal airway volume and the
	 apnoea–hypopnea index in the treatment of
	 obstructive sleep apnoea:

	 A systematic review and meta-analysis

Giralt-Hernando M, Valls-Ontañón A*, Guijarro-Mar-
tínez R, Masià-Gridilla J, Hernández-Alfaro F 

British Medical journal, BMJ Open Resp Res 
2019;6:e000402. 
DOI: 10.1136/bmjresp-2019-000402
ISSN: 2052-4439

* Both authors contributed equally
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ABSTRACT

Background. A systematic review was carried out on the effect of surgical maxi-
llomandibular advancement (MMA) upon pharyngeal airway (PA) dimensions 
and the apnea-hypopnea index (AHI) in the treatment of obstructive sleep apnea 
(OSA), with the aim of determining whether increased PA in the context of MMA 
is the main factor conditioning the subsequent decrease in AHI.

Methods. A search was made of the PubMed, EMBASE, Google Scholar and 
Cochrane databases. A total of 496 studies were identified. The inclusion criteria 
were a diagnosis of moderate to severe OSA; MMA success evaluated by poly-
somnography (PSG); reporting of the magnitude of MMA achieved; PA increase; 
and a minimum follow-up of 6 months. 

Results. Following application of the eligibility criteria, 8 articles were included. 
Meta-regression analysis showed MMA to significantly increase both pharyngeal 
airway volume (PAV) (mean 7.35 cm3 (range 5.35 – 9.34)) and pharyngeal airway 
space (PAS) (mean 4.75 mm (range 3.15 – 6.35)) and ensure a final AHI score 
below the threshold of 20 (mean 12.9 events/hour). 

Conclusion. Although subgroup analysis showed MMA to be effective in treating 
OSA, more randomized trials are needed to individualize the required magnitude 
and direction of surgical movements in each patient, and to standardize the me-
asurements of linear and nonlinear PAV parameters.

Keywords: “Orthognathic surgery”, “Obstructive Sleep Apnea Syndrome”, “Obstructive Sleep 
Apnea”, “Upper Airway”, “Oximetry”.

3.1 - Impact of MMA for the treatment of OSA 3.1 - Impact of MMA for the treatment of OSA
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INTRODUCTION

Obstructive sleep apnea (OSA) is defined as a sleep-related breathing disorder 
characterized by respiratory pauses secondary to partial (hypopneic) or complete 
(apneic) obstruction of the pharyngeal airway (PA), with a duration of at least 10 
seconds 1. The PA is occluded due to a loss of muscle tone of the dilator muscles 
during sleep, which leads to its narrowing or total obstruction 1,2. As a result, there 
are repetitive oxygen desaturations (SatO2) with snoring, unrefreshing sleep, fa-
tigue and excessive daytime sleepiness (EDS) 1,2. Systemic arterial hypertension 
and heart failure may subsequently develop, with a significant increase in morta-
lity risk 1,2. Overall, OSA may also have a social impact in terms of poor quality of 
life, days of work lost and traffic accidents 2.

It is estimated that OSA affects 5-20% 3 of the general adult population, though 
some authors report figures of up to 26% 3,4. Nevertheless, the statistics show 
that over 50% of all cases go undiagnosed 3. The disorder is three times more 
common in men than in women 3,4. 

The diagnosis of OSA requires the recording of multiple physiological signals 
during sleep 4. In this regard, polysomnography (PSG) is considered the gold 
standard for diagnosing the disease 4. Polysomnography records brain activity, 
breathing, heart rate, muscle activity, snoring, blood oxygen levels while resting/
sleeping and repeated episodes of PA obstruction, which are measured by the 
apnea-hypopnea index (AHI) 4. In addition, the guidelines of the American Aca-
demy of Sleep Medicine (AASM) 4 indicate that either PSG or home sleep apnea 
testing (HSAT) can be used for the diagnosis of uncomplicated OSA in adults, 
although standard sleep channels are not monitored in the latest devices (e.g., 
electroencephalogram [EEG]) 4.

Different methods are currently used for treating OSA patients 5. Continuous po-
sitive airway pressure (CPAP) is considered the gold standard in this regard. 
However, CPAP non-adherence rates of 46-86% have been reported 5 (adheren-
ce being defined as > 4 hours of night use of CPAP during 70% of nights) 6. Di-
fferent alternative treatments are available to expand the PA, such as uvulo-pala-
to-pharyngoplasty (UPPP), tonsillectomy, adenoidectomy, hyoid suspension (Hs) 
or hyothyroidopexy 5, though the cure rate (CR) (defined as a final AHI < 5 events 
/ hour) does not exceed 40%, and the results do not hold up over time 7,8.

3.1 - Impact of MMA for the treatment of OSA
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3.1 - Impact of MMA for the treatment of OSA 3.1 - Impact of MMA for the treatment of OSA

Since Guilleminault 7 first described maxillomandibular advancement (MMA) as 
an effective treatment for OSA patients with a retrusive facial profile in 1976, seve-
ral studies have confirmed its benefits 7,8. Many publications have demonstrated 
that MMA moves the anterior pharyngeal wall forwards, resulting in enlargement 
of the PA and, consequently, a decrease in AHI 1,3,8,9-11. Some authors have con-
cluded that the efficacy of MMA is equivalent to that of CPAP use over the long 
term 5, 7, 10. Accordingly, MMA with or without adjunctive surgical procedures is the 
most effective and predictable surgical treatment option for patients diagnosed 
with moderate to severe OSA, with a 50% and 86% cure and surgical success 
rate, respectively (SR, defined as final AHI < 20 events / hour, and its reduction 
by 50%) 8. Thus far, a mean MMA of 10-12 mm has been described as the stan-
dard advancement required to treat moderate to severe adult OSA patients 7,11-

13. Mean linear maxillary and mandibular advancements of 8.07 ± 2.60 mm and 
10.8 ± 2.34 mm, respectively, have been reported in the literature13. However, the 
magnitude of MMA required at the time of surgery in order to cure OSA depends 
on the patient dentofacial characteristics (e.g., retrognathia, maxillary hypoplasia, 
micrognathia, etc.), among other factors 5, 8,11,12.

Recent studies have evaluated PA enlargement after MMA, reporting significant 
changes in PA volume (PAV) (a mean 80.43% volume gain), related to a mean de-
crease in AHI of 83.01% (p < 0.001) 13. These volumetric parameters are usually 
quantified using cone beam computed tomography (CBCT) 2,5,8,9,10,14,15, since the 
use of three-dimensional (3D) computer-aided planning technology with CBCT 
compared to conventional planning with two-dimensional (2D) cephalometry has 
proven to be more accurate at treatment planning and follow-up and thus more 
beneficial for the patient 16. Nowadays there is an emerging interest in the 3D 
study of the impact of orthognathic surgery upon PAV, evaluating the impact of 
each single maxillomandibular movement upon the three dimensions and at each 
level of the PA in the context of OSA approach 16. 

The aim of the present systematic review and meta-analysis was to assess the impact of MMA 
upon PAV and AHI in the treatment of OSA
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MATERIAL AND METHODS

Search strategy

A systematic search was conducted of the PubMed, EMBASE, Cochrane Library 
and Google Scholar Beta databases on upper airway and polysomnographic 
changes following MMA for OSA treatment. The study was based on the following 
PICO question (population: OSA patients; intervention: MMA; comparison: 
magnitude of MMA; outcome: final PA dimensions and final AHI): How does 
MMA surgery affect PAV and consequently AHI in OSA patients? 

The PubMed search was conducted with the following Medical Subject Headings 
(MeSH) entry terms and thesaurus vocabulary for indexing articles: 
[(“Orthognathic surgery” OR “Orthognathic Surgeries” OR “Surgeries, Orthog-
nathic” OR ”Surgery, Orthognathic” OR “Maxillofacial Orthognathic Surgery” OR 
“Maxillofacial Orthognathic Surgeries” OR “Orthognathic Surgeries, Maxillofacial” 
OR “Orthognathic Surgery, Maxillofacial” OR “Surgeries, Maxillofacial Orthogna-
thic” OR “Surgery, Maxillofacial Orthognathic” OR “Jaw Surgery” OR “Jaw Surge-
ries” OR “Surgeries, Jaw” OR “Surgery, Jaw” OR “Orthognathic Surgical Proce-
dures“ OR “mandibular setback” OR “ mandibular advancement” OR “maxillary 
setback” OR “maxillary advancement” OR “bimaxillary surgery” OR” maxilloman-
dibular advancement”) AND (“Polysomnographies” OR “Monitoring, Sleep” OR 
“Sleep Monitoring” OR “Somnography” OR “Somnographies” OR “oximetry” OR 
“Oximetry” OR “Oximetries” OR “Oximetry, Pulse” OR “Oximetries, Pulse” OR 
“Pulse Oximetries” OR “Pulse Oximetry”) AND (“Sleep Disordered Breathing” OR 
“Apneas, Obstructive Sleep” OR “Obstructive Sleep Apneas” OR “Sleep Apneas, 
Obstructive” OR “Obstructive Sleep Apnea Syndrome” OR “Obstructive Sleep 
Apnea” OR “OSAHS” OR “Syndrome, Sleep Apnea, Obstructive” OR “Apnea, 
Obstructive Sleep” OR “Sleep Apnea Hypopnea Syndrome” OR “Syndrome, Obs-
tructive Sleep Apnea” OR “Upper Airway Resistance Sleep Apnea Syndrome” 
OR “Syndrome, Upper Airway Resistance, Sleep Apnea” or “Apnea Syndrome, 
Sleep” OR “Apnea Syndromes, Sleep” OR “Sleep Apnea Syndrome” OR “Apnea, 
Sleep” OR “Apneas, Sleep” OR “Sleep Apnea” OR “Sleep Apneas” OR “Sleep 
Hypopnea” OR “Hypopnea, Sleep” OR “Hypopneas, Sleep” OR “Sleep Hypop-
neas” OR “Sleep-Disordered Breathing” OR “Breathing, Sleep-Disordered” OR 
“Sleep Disordered Breathing” OR “Sleep Apnea, Mixed Central and Obstructive” 
OR “Mixed Central and Obstructive Sleep Apnea” OR “Sleep Apnea, Mixed” OR 
“Mixed Sleep Apnea” OR “Mixed Sleep Apneas” OR “Sleep Apneas, Mixed” OR 
“Hypersomnia with Periodic Respiration”)]. The same strategy was used in the 
case of the Cochrane Library, since it also employs MeSH terms.
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The EMBASE database was searched using the Emtree preferred terms and 
supplementary data: “Orthognathic surgery”/exp AND “Obstructive Sleep Apnea”/
syn.

Grey literature from the Google Scholar Beta database was also searched in or-
der to retrieve studies published in journals not indexed in the major databases. 
All duplicates from the four systematic searches were subsequently removed.

Study selection

The electronic search was conducted by two authors (MGH and AVO) to avoid 
subjectivity. Those studies that fulfilled the inclusion criteria were retrieved for 
full-text reading. 

The inclusion criteria were: intervention studies; patients > 18 years of age with 
moderate to severe OSA (AHI ≥ 15 events/hour) eligible for MMA; studies as-
sessing the effect of orthognathic surgery on PA dimensions; studies assessing 
the impact of orthognathic surgery upon PSG related parameters; a minimum 
follow-up period of 6 months; and reporting of the magnitude of advancement of 
the maxilla, mandible and chin. Studies in which patients underwent turbinectomy 
and/or septoplasty as adjunctive procedures were also included, since these pro-
cedures do not modify PA dimensions. The exclusion criteria were: case reports; 
literature reviews; and studies reporting patients undergoing setback orthogna-
thic surgery or Hs, tonsillectomy, adenoidectomy or uvulo-palato-pharyngoplasty 
as adjunctive procedures, since these procedures may modify PA dimensions.

In the event of disagreement between the authors, the identified papers were 
subjected to full-text reading, and eligibility under discussion was then assessed. 
If any doubts arose, a third reviewer (FHA) screened and read in full the included 
articles and was then discussed whether one of the authors had rejected it. The 
level of inter-rater agreement between authors was assessed by Cohen’s kappa 
coefficient (k). 

Data extraction

Demographic, surgical and methodological data were compiled from the included 
studies. Any discrepancies were resolved by consensus between the authors 
(MGH and AVO).
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Outcome measures

The following outcome measures were evaluated: AHI, PA dimensions and suc-
cess and cure rates (SR and CR, respectively). Regarding the AHI assessment, 
it was established as the final postoperative score (final AHI) and the pre- ver-
sus post-surgery difference (AHI reduction). Moreover, final AHI was assessed to 
establish “success” and “cure” rates of surgical treatment of OSA after MMA, as 
described elsewhere 1,4-6,32-39,50. A final AHI < 20 events / hour, with a reduction of 
50% postoperatively, defines surgical success 1,5,7. A final AHI < 5 events / hour is 
regarded as a surgical cure criterion 1,4-6,32-39,50.

As to PA enlargement evaluation, both 3D and 2D measures assessed by CBCT 
and cephalometric analysis, respectively were included as primary indicators of 
the anatomical changes as follows: PAV and PA space (PAS) gain (in cm3 and 
mm, respectively). Finally, as key independent variables, the magnitude of maxi-
llary and mandibular (in mm) advancement, as well as the ratio between maxillary 
and mandibular advancement, were extracted from the included studies. 

Statistical analysis

The statistical analysis included a demographic study (mean, standard deviation 
[SD], range and median for continuous variables, and absolute and relative fre-
quencies for categorical variables). Paired t-tests were used to compare pre- and 
postoperative mean values. Statistically significant differences were considered 
for p < 0.05. The R 3.0.2 statistical package was used throughout.

Study of heterogeneity and risk of bias

The Preferred Reported Items for Systematic Reviews and Meta-Analyses (PRIS-
MA) 17 statements were used as a basis to ensure transparency of the systematic 
review, comprising 27 checklist items (referred to title, abstract, introduction, me-
thods, results, discussion and funding) and a four-phase flowchart (identification, 
screening, eligibility and inclusion) 17,18. Heterogeneity among the included items 
was assessed using the I2 statistics and corresponding statistical null test. Gal-
braith plots were used to visualize the degree of heterogeneity. In situations of 
significant heterogeneity, the source was explored through sensitivity analysis.
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Subgroup analyses were made to examine the different surgical techniques of 
the studies since genioplasty (Gp), the surgical correction of the projection of the 
chin, can add an increase in the PA. Thus, two surgical factors were considered 
for the two group analyses: a) “MMA group” (n = 108), which excluded studies 
with Gp 32,35,37,39 and b) “MMA ± Gp” group (n = 159), including all articles regard-
less of Gp 32-39. Forests plots were used to show the effects. A meta-regression 
model was developed to assess the association between the largest number 
of studies regarding maxillary and/or mandibular advancement. These random 
effects were supported by the inverse variance method of DerSimonian and Laird 
19. A 95% confidence interval (CI) was pooled. 

The quality of the papers was assessed using the adaptation of the bias analysis 
used by Haas Jr, Becker and Oliveira 2015 16,20. The criteria based on sample se-
lection, blinding of the authors, comparison between treatments, statistical analy-
sis and outcome validation measured the degree of bias, definition of inclusion 
and exclusion criteria, and postoperative follow-up. They were categorized as low 
risk if all the criteria were met, uncertain risk when only one criterion was missing, 
and high risk if two or more criteria were missing according to the analysis of 
Haas Jr 2015 et al 16. With respect to publication bias, funnel plots and the Egger 
test were used. 

3.1 - Impact of MMA for the treatment of OSA 3.1 - Impact of MMA for the treatment of OSA
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RESULTS 

Search strategy and study selection 

The strategies of the main search and grey literature search were applied up to 
December 2017. A four-phase flowchart (identification, screening, eligibility and 
inclusion) is provided of each step of the systematic search, confirming the tho-
roughness of the screening process. The aim of this diagram is to help the au-
thors improve the reporting of systematic reviews (Fig. 1) 17-18.

Figure. 1. Systematic PRISMA flow chart.
* No response or inappropriate data were received from the authors of the excluded studies.

3.1 - Impact of MMA for the treatment of OSA
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The main electronic search yielded a total of 496 articles. Of these, 491 were 
found in PubMed and 5 in the Cochrane Library and EMBASE databases. The 
titles and abstracts of 111 articles were scrutinized independently by the two in-
vestigators (MGH and AVO), after the removal of duplicates. Of these studies, 43 
were subjected to full-text reading. The inter-rater agreement coefficient was k = 
0.856 (95%CI 0.773 to 1) for study selection.

Study eligibility

The same two authors independently evaluated the 43 articles subjected to fu-
ll-text reading. Of these, 20 met the criteria for inclusion. The authors of four 
studies 13,21-23 were contacted by e-mail for further information, since some doubts 
arose during the selection process. A period of four weeks was allowed for their 
reply in providing the missing data but no reply for further information was obtai-
ned from any of the authors 13,21-23.

Twelve articles 11,13,30,31,21,22,24–29 were excluded from the systematic review. Of the 
excluded studies, one 26 failed to report the magnitude of movement during or-
thognathic surgery, 8 studies 11,21,22,24–27,29 did not report PA measurements and 
three studies 27,30,31 reported setback procedures. 

Eight studies 32-39 were therefore included in the quantitative analysis. The in-
ter-rater agreement regarding study eligibility was considered excellent, with k = 
0.813 (95%CI 0.663 to 1).

Data extraction

Data from the included studies are shown in Table 1.

The included studies were mainly retrospective 32–36,39, and only two involved a 
prospective design 37,38. The meta-analysis sample consisted of a total of 159 pa-
tients from the 8 included studies. Of these, four articles assessed the efficacy of 
MMA alone (n = 108) 32,35,37,39, while four trials 33,34,36,38 evaluated the effectiveness 
of MMA + Gp as an adjunctive procedure, though not necessarily in all the pa-
tients (n = 51) 33,34,36,38. Since Gp may add an increase in PA, subgroup analyses 
were made to examine the different surgical techniques used in the studies: a) 
“MMA group” (n = 108), which excludes studies with Gp 32,35,37,39 and b) “MMA ± 
Gp” group (n = 159), which includes all articles regardless of Gp 32-39 (Tables 1 
and 2).

3.1 - Impact of MMA for the treatment of OSA 3.1 - Impact of MMA for the treatment of OSA
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Table 1. Demographic data of the included studies.

F: female; M: male; R: retrospective; P: prospective; NA: not assessed by the authors; pt: pa-
tients; SD: standard deviation; MMA: maxillomandibular advancement; Gp: genioplasty.
a: In the sample of Veys et al. 2017, only 6 patients were assessed out of 11.

3.1 - Impact of MMA for the treatment of OSA
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No gender differences were identified in any study, though the male sample was 
larger in all the included studies (total of 116 males and 28 females) 32–39. The 
mean age was 39 years (range 33 - 61) 32-39. 

All of the studies 32-39 included moderate to severe OSA patients assessed by 
PSG. In relation to the PSG parameters, most of the studies used the AHI index 
32,34,39. However, one publication 33 used the Respiratory Disturbance Index (con-
sisting of the apneas + hypopneas and arousals). Both metrics were considered 
equivalent when assessing OSA severity 5. In particular, the patients eligible for 
MMA included in this systematic review were not able to adhere to CPAP therapy 
(defined as > 4 hours of night use of CPAP during 70% of nights) 6 or failed pre-
vious adjunctive surgery such as UPPP, Hs or adenoidectomy, among others 32-39.

Regarding the imaging techniques used, the majority of the studies 32,35-38 as-
sessed the PA measurements with 3D methods (CBCT). In all studies, patients 
were scanned sitting in an upright position in the Frankfort horizontal plane. This 
position is closer to the natural head position (NHP), and is recommended for the 
baseline assessment of upper airway dimensions 8-14. Of these publications, 5 
reported 3D PA measurements (PAV) 32,35-38, and three reported 2D PA measure-
ments 33,34,39 in the sagittal plane (PAS), consisting of the minimum distance 
between the base of the tongue and the posterior pharyngeal wall 33,34,39 (Table 3).

3.1 - Impact of MMA for the treatment of OSA 3.1 - Impact of MMA for the treatment of OSA
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Table 2. Data referred to outcome measures of the included studies.

Table 3. Analyses of the included studies regarding PA, MMA and PAS.

NA: not assessed by the authors; pt: patients; SD: standard deviation; MMA: maxillomandibular 
advancement; GP: genioplasty; BMI: body mass index; AHI: apnea-hypopnea index.
* In the sample of Veys et al. 2017, only 6 patients were assessed out of 11. (Only 6 pt assessed: 
pt 1,2,3,5,7,11).
** p – values < 0.05 were accepted as significant (95%CI)

NA: not assessed by the authors; pt: patients; SD: standard deviation; MMA: maxillomandibular 
advancement; Max: maxillary; Mand: mandibular; ADV: advancement; PAS: Pharyngeal airway 
space; PA: pharyngeal airway; ADV: advancement.
* In the sample of Veys et al. 2017, only 6 patients were assessed out of 11. (Only 6 pt assessed: 
pt 1,2,3,5,7,11).
** p – values < 0.005 were accepted as significant (95%CI)

3.1 - Impact of MMA for the treatment of OSA
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Quantitative analysis

The meta-analysis estimated the effects of the PSG parameters (final AHI, AHI 
reduction, SR and CR), and PA measurements (3D PAV gain or 2D PAS gain) in 
relation to the maxillary and mandibular advancement achieved in the 8 studies 
regardless of Gp (“MMA ± Gp” group) 32-39. In a second stage, the analyses were 
replicated for the studies only reporting MMA (“MMA” group) 32,35,37,39 in order to 
evaluate the sole effect of the MMA, without Gp. Meta-regression was estimated 
at the time of assessment of the effects in terms of the magnitude of maxillary 
and mandibular advancement and the maxillary/mandibular ratio related to AHI 
as independent variables 40.

Effect of MMA upon AHI 
Data on the outcomes assessed in this meta-analysis can be extracted from 
Tables 2 and 3. 

Regarding the final AHI in both groups:

	 a) “MMA ± Gp” group 32-39: The mean postoperative AHI scores for the 
global sample of 159 patients ranged from 4.8 37 to 29.4 events / hour 33, with a 
mean final AHI of 12.4 events/hour (95%CI 7.18 to 17.6; p < 0.001) (Fig. 2a). The 
results suggest that the treatment ensures a final AHI value below the threshold 
of 20 on average. Specifically, the p-values for meta-regression of the maxillary, 
mandibular and maxillary/mandibular ratio were 0.073, 0.747 and 0.316, respec-
tively. A strong tendency was seen, though no significant effects were detected 
for any of them separately. 

	 b) “MMA” group 32,35,37,39: A global sample of 108 patients who did not un-
dergo Gp yielded a mean postoperative AHI score of 4.8 37 to 18.6 32 events/
hour. The mean final AHI score was 12.9 events/hour (95%CI 6.94 to 18.85; p 
< 0.001), which suggests that the treatment ensures a final AHI value below the 
threshold of 20 32,35,37,39. Individually, no significant effect was shown for maxillary 
advancement (p = 0.200), though a statistically significant effect was detected for 
both mandibular advancement and the maxillary/mandibular ratio (p = 0.025 and 
0.002, respectively). For every additional 1 mm of mandibular advancement the 
final AHI score was reduced by an average of 1.45 events/hour 32,35,37,39 and for 
every additional unit of maxillary/mandibular ratio the final AHI score was reduced 
by an average of 0.81 events/hour 32,35,37,39, respectively.

3.1 - Impact of MMA for the treatment of OSA 3.1 - Impact of MMA for the treatment of OSA
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On the other hand, results regarding AHI reduction were as follows:

	 a) “MMA ± Gp” group 32-39: The average reduction values ranged between 
30.9 32 and 50.6 events/hour 34. The mean estimated overall effect for AHI re-
duction was 38.0 events/hour (95%CI 31.7 to 44.3) (p < 0.001) (Fig. 2b). Me-
ta-regression analysis referred to the magnitude of maxillary and mandibular ad-
vancement and the maxillary/mandibular ratio yielded no statistically significant 
results for any of the groups (p = 0.977, 0.263 and 0.520, respectively). 

	 b) “MMA” group 32,35,37,39: The average reduction values ranged between 
30.9 37 - 50.6 events/hour 32 for the sample of 108 patients. A statistically signifi-
cant mean decrease in AHI of 39.0 events/hour (95%CI 31.5 to 46.6; p < 0.001) 
was obtained. In particular, the maxillary advancement had a significant effect on 
the reduction of AHI (p = 0.044). Hence, for each additional 1 mm of maxillary 
advancement, the AHI further decreased by 1.34 events/hour. However, no sig-
nificant effect was shown for mandibular advancement (p = 0.544) or maxillary/
mandibular ratio (p = 0.258).

Figure 2. Forest plots representing the final mean AHI (a) and AHI reduction (b) in both groups.

3.1 - Impact of MMA for the treatment of OSA
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Finally, in relation to SR, both groups achieved high surgical success rates. An 
overall SR of 87.5% (95%CI 76.8 to 98.2%) and 90.3% (95%CI > 76.8%) was 
obtained for the “MMA ± Gp” and “MMA” groups, respectively (Fig. 3). However, 
no statistically significant associations were found between maxillary, mandibular 
advancement and maxillary / mandibular ratio (p = 0.289, p = 0.901, p = 0.394) 
in any group.

Figure 3. Forest plots corresponding to success rate for both groups, (a) “MMA” and (b) “MMA ± Gp”.
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Effect of MMA upon PAS and PAV 

With regard to the 2D PAS increase, the following results were found in each 
group:

	 a) “MMA ± Gp” group 32–34,36,39: 5 studies comprising a sample of 127 pa-
tients, reported 2D PA measurements. The overall mean PAS gain was 4.75 mm 
(95%CI 3.15 to 6.35), and proved statistically significant (p < 0.001) (Fig. 4). Me-
ta-regression analysis yielded no statistically significant results for maxillary ad-
vancement or the maxillary/mandibular ratio (p = 0.211 and 0.560, respectively). 
However, mandibular advancement was found to be statistically significant in ter-
ms of PAS gain (p < 0.001). Our results suggest that the greater the mandibular 
advancement, the greater the PAS gain: each additional 1 mm of mandibular 
advancement implied a 0.5 mm gain in PAS.

	 b) “MMA” group: only two studies 32,39 comprising a total of 82 patients 
reported 2D PA measurements with a mean PAS gain of 6.48 mm (95%CI 5.31 
to 7.64; p < 0.001). Since only two papers are included in this group, a reliable 
meta-regression analysis was not possible.

On the other hand, only two studies 35,37, included within both groups (“MMA ± Gp” 
and “MMA”), reported data on absolute 3D PAV gain. The mean PAV gain was 
7.35 cm3 (95%CI 5.35 to 9.34), and proved statistically significant (p < 0.001). 
Since only two papers are included in this group, a reliable meta-regression 
analysis was not possible.

Figure 4. Forest plots representing PAS gain for both the “MMA” and “MMA ± Gp” groups.
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Correlation between PAS/PAV gain and AHI 

Regarding 2D PA measurements, only 4 studies corresponding to the “MMA ± 
Gp” group (comprising a sample of 107 patients) reported information on PAS 
gain and final AHI/ AHI reduction 32,34,36,39. A statistically significant association 
was found between PAS gain and final AHI (r = 0.41, p = 0.023), meaning that 
for each 1 mm of PAS gain, AHI was reduced in 3.58 events/hour (95%CI 0.49 to 
6.68). Therefore, a greater change in PAS would result in a lower final AHI 32,34,36,39 
(Suppl. Fig. S1).

With regard to the 3D PA measurements, two papers 35,37, included within both 
groups (“MMA ± Gp” and “MMA”), provided correlations between PAV and AHI 
reduction in a sample of 72 patients. Both studies obtained positive correlations 
(Pearson correlation coefficient (r) 0.576 according to Bianchi 35 and 0.76 ac-
cording to De Ruiter 39). The global effect estimated for the correlation was 0.75 
(95%CI 0.65 to 0.85), reflecting a strong relationship between changes in both 
variables. Therefore, the greater the volume gain, the greater the corresponding 
AHI reduction. 

3.1 - Impact of MMA for the treatment of OSA 3.1 - Impact of MMA for the treatment of OSA

Supplementary Figure S1. Meta-regression corresponding to PAS gain and final AHI (“MMA ± Gp” group).
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Analysis of publication bias

Data reporting the risk of bias are shown in Table 4. The risk of bias of the papers 
included in this systematic review was classified as high for 5 studies 32-34,36,39 and 
as medium / unclear for three studies 35,37,38. None of the studies reported blind 
assessment. 

Funnel plots were used to depict the risk of publication bias. No publication bias 
was detected for final AHI (Egger test p = 0.547 for “MMA” and p = 0.297 for 
“MMA ± Gp”) or PAS gain (Egger test p = 0.156 for “MMA” and p = 0.109 for 
“MMA ± Gp”). Sensitivity analysis of the estimates identified two publications 32,33 
as potentially being responsible for most of the heterogeneity between studies. 
Disparity between data was due to the patient sample regarding OSA severity. 
In terms of final AHI, heterogeneity accounted for 94.6% of the total variability, 
with Q = 102.9 (p < 0.001). The problem seemed to point primarily to one study 
33, with a fairly high value in comparison to the other studies. No publication bias 
was likewise suggested with respect to PAS gain. 

However, regarding AHI reduction, sensitivity analysis suggested that all the afo-
rementioned heterogeneity could be due to maxillary advancement in the “MMA” 
group, given the adjustment found (I2 = 0.0%, Q = 0.85, p = 0.357). This could 
be due to studies 32 that reported large reductions in AHI. The Egger test yielded 
a low p-value (p = 0.144), taking into account its limited power in application to 
these sample sizes. In contrast, homogeneity between studies was found on as-
sessing PA (I2 = 0%, Q = 0.64, p = 0.422).

3.1 - Impact of MMA for the treatment of OSA

Table 4. Results of the quality analysis of the included studies.
a.	 Risk of bias assessment: high = 0-4 ‘Yes’; unclear = 5-6 ‘Yes’; low = 7 ‘Yes’.
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DISCUSSION 

The aim of the present systematic review with meta-regression analysis was to 
assess the impact of MMA upon PA dimensions and AHI in the treatment of OSA, 
as there is limited evidence regarding their exact correlations 32–39. Indeed, it has 
been widely reported that MMA increases PA and decreases AHI in the context 
of OSA, but additional multidisciplinary studies assessing aspects other than PA 
and AHI are needed to determine which types of maxillary, mandibular and chin 
movements (e.g., advancement, rotation, impaction, descent) are best for en-
larging the PA in its specific compromised levels and for finally reducing AHI, as 
well as patient characterization in terms of OSA severity, comorbidities and facial 
profile, among other factors 5, 41-43. 

With regard to MMA surgery according to the analyzed articles 32-39, the positive 
effect of the intervention was clearly evidenced by the surgical success rate ob-
tained (87.5%). However, while most of the included studies 34,35,37 obtained SR 
values of 100%, Jones et al. 33 recorded the lowest rate (65%). Specifically, a 
mean final AHI of 12.4 events/hour (95%CI 7.18 to 17.6; p < 0.01) 32–39 was achie-
ved in all of the literature reviewed. Hence, orthognathic surgery in application 
to OSA ensures surgical success with a final AHI < 20 events/hour and an AHI 
reduction of at least 50% according to the criteria defined by Riley et al. 25. But 
some patients would still require ongoing CPAP treatment after MMA, since OSA 
may not be cured (AHI < 5 events / hour) 5,25, and would eventually have more 
difficulty in adhering to CPAP after surgery 44. None of the included studies repor-
ted the number of patients requiring ongoing CPAP after MMA 32-39.

However, the surgical success criterion remains subject to controversy 5, 44. In this 
regard, some authors suggest that surgical success in OSA should be assessed 
on the basis of improvement or resolution of the clinical signs and symptoms of 
OSA, the normalization of sleep, AHI reduction (AHI < 20), and quality of life 44. 
On the other hand, surgical cure rates (AHI < 5 events/hour) were only assessed 
by two studies (Fairburn et al. 32 and Veys et al. 38) with cure rates of 50% and 
40%, respectively (Table 2) 32,38. Thus, we were not able to draw definitive conclu-
sions on the impact of MMA on cure rates 32,38.

Scarce data is available on the required MMA advancement to benefit the patient 
with OSA 5,42. In terms of the amount of surgical movement achieved, to date a 
MMA of 10 mm has been considered the gold standard orthognathic surgery 
treatment in OSA patients 25. Nevertheless, the combination of MMA with coun-
terclockwise (CCW) rotation has proven to be the movement with the strongest 
impact upon PA 1,7,8,13,25,32-39,41-43. 
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However, there is not enough evidence to establish the magnitude and direction 
of maxillary or mandibular movement required in order to cure OSA 5. Our results 
in this meta-analysis showed that for each additional 1 mm of mandibular ad-
vance, the final AHI is reduced by 1.45 events / hour on average 32,37, but further 
in-depht investigations would be helpful to carry out patient tailored surgeries 
depending on their skeletal facial profile, PA shape, OSA characteristics and pa-
tients’ comorbidities 45,46.

The surgical treatment of OSA through MMA is occasionally performed in com-
bination with additional procedures such as septoplasty, turbinectomy, tonsillec-
tomy, adenoidectomy, UPPP or genial tubercle advancement (GTA) 5, 26, 41,42. As 
specified by the inclusion criteria, studies where patients underwent turbinectomy 
and/or septoplasty as adjunctive procedures were included, since it is considered 
that these procedures do not modify PA dimensions 33,34,36,38. Hs, tonsillectomy, 
adenoidectomy or UPPP as adjunctive procedures were excluded, since they 
may alter PA dimensions 33,34,36,38. Regarding GTA and Gp, these procedures were 
included provided that the magnitude of advancement was reported 33,34,36,38. 

However, in order to discard any independent effect or impact of Gp in MMA in 
terms of AHI reduction, variation in PAS and PAV gain of two group analyses as-
sessing MMA alone and MMA with Gp were carried out 32 - 39. In the last decades, 
the effectiveness of MMA in modifying PAS and PA has been evaluated using 2D 
or 3D methods, respectively 14. All of the studies 32-39 assessed PAV by means of 
CBCT or cephalometry – both techniques (2D and 3D) being considered a safe 
and predictable way to measure PA, though the former lacks the option of eva-
luating the transverse dimension 32–39. The PA was assessed two-dimensionally 
in three of the included studies 33,34,39 taking the minimum distance between the 
base of the tongue and the posterior pharyngeal wall - though not all of them 
indicated the exact landmarks / reference points used 33,34,39. A significant diffe-
rence between pre- and postoperative PAS of 4.75 mm (95%CI 3.15 to 6.35) was 
found. Particularly, mandibular advancement was seen to be statistically signifi-
cant when considering PAS gain (p < 0.001): 1 mm of mandibular advancement 
implied 0.5 mm gain in PAS 32–34,36,39. But only Hsieh et al. 37 and Veys et al. 38 
reported 3D airway measurements and were evaluated at three different levels 
with respect to the limits of the PA subregions: nasopharynx, oropharynx and 
hypopharynx 14. Taking into account that orthognathic surgery impacts three-di-
mensionally and in different subregions of the PA 14, further studies reporting 
volumetric data with different PA levels of measurement are needed, in addition 
to those included in our review 32,37,38,41,43 Thus, it is important to standardize the 
PA measurements for homogeneity purposes and thus be able to draw relevant 
conclusions 14,45.
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Regarding the correlations between changes in PAS/PAV and AHI reduction in 
terms of MMA, a statistically significant association between PAS gain and final 
AHI was found in four of the studies included in the meta-analysis (p = 0.023) 
32,34,36,39. For each 1 mm PAS gain, AHI was reduced by 3.58 events/hour 32,34,36,39. 
With regard to the 3D studies, PAV gain and AHI reduction were positively corre-
lated (r = 0.75; 95%CI 0.65 to 0.85) 35,39, reflecting a strong relationship between 
changes in both dimensions. Thus, the greater the volume gain, the greater the 
AHI reduction.

OSA severity and its clinical signs and symptoms, as well as special patient featu-
res such as comorbidities and facial profile, among others, should be considered 
when dealing with OSA patients 5. Regarding OSA severity, to date MMA is only 
indicated in moderate to severe cases and not in mild OSA cases (AHI < 5) 5. All 
of the included articles established the type of OSA as moderate to severe in their 
inclusion criteria 32–39 (Table 1). However, it should be noted that two studies 32,37 

reported AHI values at baseline that moved further away from the average (mean 
57.9 events/hour, range 35.7 ± 18.0 32 to 69.2 ± 35.8 37). Thus, further studies 
are needed in order to evaluate the impact of MMA in mild OSA patients. Another 
relevant issue is the importance of a comprehensive assessment of the global 
OSA symptoms of the patient for diagnostic and disease monitoring purposes 4. 
Excessive daytime sleepiness and quality of life can be subjectively evaluated 
through the use of multiple clinical tools and questionnaires such as the Epworth 
sleepiness scale (ESS) or the OSA Functional Outcomes of Sleep Questionnai-
re, respectively 3,5,38. Improvement of daytime sleepiness assessed by ESS was 
reported by one of the included studies 38. A significant decrease in EES from 14 
(10-18) to 6 (4-7), pre- and postoperatively, was observed (p = 0.0014) 38.

Moreover, anatomical factors such as body mass index (BMI) are relevant factors 
that compromise OSA 5,47. In our review, only two studies 32,33 addressed pre- and 
postoperative BMI. In this context, a 10% of weight loss has been associated to 
a 26% decrease in final AHI 47. Nonetheless, untreated obesity is also considered 
a major risk factor for the progression of OSA 5,47. Another crucial factor is the 
patient facial profile, since the maxillo-mandibular complex sustains the PA soft 
tissues. Facial analysis of many patients with OSA evidences maxillary or man-
dibular hypoplasia, which generally can be corrected by orthognathic surgery 48. 
Accordingly, mandibular advancement devices - apart from being an option for 
treating mild to moderate OSA - are also useful in deciding which patients may 
benefit from surgical mandibular advancement in the context of OSA. Unfortuna-
tely, no similar maxillary devices for predicting the impact of maxillary advance-
ment upon OSA are available 5.

3.1 - Impact of MMA for the treatment of OSA 3.1 - Impact of MMA for the treatment of OSA
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The importance of non-anatomical factors in relation to sleep disturbance sur-
gery outcomes has been underscored, including neuromuscular tone, rostral fluid 
shift, airway collapsibility and loop gain 46,49. Li et al. 49 attributed an average of 
61% of the recorded variation in postoperative AHI to these parameters (r = 0.47, 
p < 0.01) 49. Therefore, anatomical and non-anatomical factors are of great value 
in the diagnosis and treatment of OSA patients 45-47. Hence, the current literature 
suggests that a multidisciplinary strategy is strongly advisable, taking into ac-
count all the related factors in order to ensure the long-lasting success of surgical 
treatment 5,45,49. 

Finally, our study has a number of significant limitations: 1) The main limitation 
is the fact that none of the included studies were randomized controlled clinical 
trials (RCTs) 50; 2) Few articles were included in the meta-analysis; 3) Definitive 
generalizations cannot be made, given that of the eight studies included 32-39, only 
two were prospective. The remainder were retrospective and therefore subjected 
to the usual biases and limitations of retrospective studies 40; 4) There was a lack 
of homogeneity among the studies regarding the PA measurements (2D or 3D); 
5) Some of the studies did not directly provide mean values or standard devia-
tions – such data being calculated directly from the tables reporting individual 
patient values; 6) Regarding the PSG parameters, most of the studies used the 
AHI index 32,34,39. However, one publication 33 used the Respiratory Disturbance 
Index; 7) No firm conclusions on the impact of MMA on surgical cure rate can be 
stated since only two studies reported cure rates. 

CONCLUSIONS

There is a lack of homogeneous and detailed data in the current literature regar-
ding AHI reduction and PAS/PAV gain after MMA in patients with a retrusive facial 
profile. However, within the limitations of this systematic review, there is sufficient 
evidence to conclude that MMA significantly increases PA dimensions and en-
sures a final AHI score below the threshold of 20 events/hour, obtaining a mean 
SR of 87.5%. However, further studies are needed to individualize the required 
magnitude and direction of surgery-induced movements for each patient.

3.1 - Impact of MMA for the treatment of OSA
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ABSTRACT

The purpose of this study was to assess the relationship between the Frankfort 
Horizontal (FH) and natural head orientation (NHO), their correlation between 
patients’ malocclusion, and the impact of counterclockwise rotation (CCW) in the 
FH-NHO angle variation after orthognathic surgery. An evaluation of 187 con-
secutive patients was performed at the Maxillofacial Institute (Teknon Medical 
Center, Barcelona). FH-NHOº was measured pre- and postoperatively at 1- and 
12-months, respectively, after 3D superimposition using a software (Dolphin®). 
Patients were classified as follows: 3.2%, 48.7% and 48.1% class I,II and III, res-
pectively. Baseline FH-NHOº was significantly positive for patients with dentofa-
cial deformities (2.73º ± 4.19 (2.12-3.33º, p < 0.001). The impact of orthognathic 
surgery in FH-NHOº was greater in class II when compared to class III patients, 
with a variation of 2.04º ± 4.79 (p < 0.001) and -1.20º ± 3.03 (p < 0.001), res-
pectively. FH-NHOº increased when CCW rotational movements were performed 
(p=0.006). The results of this study suggest that pre- and postoperative NHO di-
ffers from FH in orthognathic patients. The angle between FH and NHO is signifi-
cantly larger in class III than in class II patients at baseline, which converges after 
orthognathic surgery when CCW rotation is performed. Therefore, NHO should 
be used as the real horizontal plane when planning for orthognathic surgery.

Keywords: Patient Positioning; Orthognathic surgery; dentofacial deformities; Three-dimensio-
nal imaging; Cone-beam computed tomography.
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INTRODUCTION

Head orientation is a key factor in cephalometric and facial analysis for ortho-
dontic and orthognathic surgery treatment planning, since it influences the an-
tero-posterior perception of the maxillomandibular complex and may result in an 
incorrect diagnosis (1). 

Various reference planes have been described for head orientation, both extra-
cranial and intracranial (2). One of the most commonly used is the Frankfort 
horizontal (FH) plane, which was first described in the Frankfort Craniometric 
Agreement (1882) (3), and was defined as a plane that passes through the upper 
rim of the external acoustic meatus (porion, Po) and the lowest point of the orbital 
rim (orbitale, Or) (2,3). However, a potential variability has been observed with 
the FH plane and similar planes that use only intracranial landmarks, since the 
anatomical landmarks are influenced by individual biological variability (4). The 
FH plane has been found to deviate from the true horizontal plane depending on 
head inclination, especially in patients with dental or facial deformities (5).

Extracranial reference planes, such as the natural head position (NHP) and na-
tural head orientation (NHO) are alternatives to the intracranial reference planes, 
enabling the use of true vertical and horizontal lines for clinical facial analysis (6). 
The concept of NHP was introduced in cephalometric analysis in the 1950s and is 
defined as the physiological position of the head that feels most natural to a living 
person (6,7).  Thus, NHP has been described as the ideal reference in cephalo-
metric analysis due to its reliability and reproducibility, as it focuses on a distant 
point and therefore is not influenced by cranial base variability (5,8). Although 
there are different methods for the patient to achieve NHO, the most common is 
to indicate the individual to look straight ahead at a point in front of them at eye 
level (e.g. looking into a mirror) (6). However, there is a slight subjectivity in head 
orientation since it depends on the patient who has to be told how to achieve a 
natural posture, and it sometimes requires a certain experience of the clinician 
(9).

Furthermore, NHO is influenced by other factors such as the visual and vestibu-
lar apparatus, local proprioceptors, craniocervical posture, facial and neck mus-
cles, temporomandibular joints, maxillo-mandibular relation and dental occlusion 
(10). Then, since the maxillomandibular relation is one of the defining factors of 
head positioning, NHO should theoretically change after orthognathic surgery, 
and even more when counterclockwise (CCW) rotational movements are perfor-
med, due to its effect on the accommodation of the head on the cervical column 
(11,12).
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Therefore, the main objectives of this research were to assess the relationship 
between FH and NHO and its correlation between patients’ dental class, and the 
impact of CCW rotation in the FH-NHO angle variation after orthognathic surgery. 

MATERIALS AND METHODS

To address the research purpose, the investigators designed and implemented a 
retrospective cohort study. The study population was composed of consecutive 
patients with a dentofacial deformity who underwent orthognathic surgery (either 
mono- or bimaxilar) during 2019 at the Maxillofacial Institute (Teknon Medical 
Center in Barcelona, Spain). Clinical data and 3D radiological images were obtai-
ned from the Institute’s database. Each patient provided written informed consent 
to access their cone-beam computed tomography data (CBCT). This study was 
approved by the Teknon Medical Hospital Institutional review board (IRB) (Bar-
celona, Spain) (Ref.2019/60-CMF-TEK), and was conducted in accordance with 
the ethical standards laid down in the 1964 Declaration of Helsinki and its subse-
quent amendments. All participants signed an informed consent agreement.

Patients of any gender, over the age of 18 years old with a completed growth of 
the maxillofacial complex and who underwent orthognathic surgery (mono- or bi-
maxillary) were included in the study. Patients with craniofacial syndromes or cra-
niocervical posture pathology, patients with missing follow-up photographs and 
CBCTs or not willing to sign the informed consent were excluded from the study.

Presurgical three-dimensional (3D) planning protocol, as described elsewhere, 
was performed with a three-party software and the upper incisor soft-tissue na-
sion plane (UI-STP) was used an absolute reference to guide the anteroposterior 
positioning of the maxillomandibular complex (11). Intermediate and final surgical 
splints were designed and printed in-house. Patients were operated on under 
general anesthesia by the same surgeon (FHA) following the mandible-first pro-
tocol. A mandibular bilateral sagittal split osteotomy (BSSO) was performed using 
the Dal Pont-Obwegeser method and/or a maxillary LeFort I osteotomy was ca-
rried out using the minimally invasive ‘Twist technique’ described elsewhere (14) 
Surgical data was collected regarding type of mono- or bimaxillary surgery and 
whether clockwise or CCW rotation movements were performed.

All included patients had followed the standard pre- and post-operative imaging 
workflow protocol for orthognathic surgery of the Department, which involves fa-
cial and occlusal pictures and CBCT at three time points: preoperatively (T0) and 
postoperatively at 1- (T1) and 12- (T2) months follow-up. These two postoperati-
ve time points were chosen in order to evaluate the short- and long-term effect of 
orthognathic surgery in NHO.
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The CBCT scans were performed using an i-CAT Vision system (iCAT, Imaging 
Sciences International, Hatfield, PA, USA). For both records (CBCT and photo-
graphs), patients were previously instructed by clinical trained personnel in order 
to achieve a proper head orientation: they were indicated to adopt a standing 
position and to look straight ahead at a point at eye level located on the wall in 
front of them (1m) (6). In addition, a 2 mm centric relation wax bite was placed to 
avoid occlusal interferences.

Each patient had three CBCT datasets (pre-operative (T0), post-operative at 
one-month (T1) and post-operative at 12 months (T2)). Data were primarily saved 
in DICOM (Digital Imaging and Communications in Medicine) format using a 3D 
software (Dolphin Imaging, version 11.95 premium, Chatsworth, CA, USA). Rou-
tine photographic records in NHO were used to orientate and match up the CBCT 
‘virtual patient’ (‘soft tissue layer’) as follows: a true horizontal line was traced on 
the photograph (lateral view), passing through two points: the lateral canthus of 
the eye and at some point of the helix (auricular point, which varied depending on 
each patient) (Fig.1).
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Once external orientation of the virtual patient was performed (’soft tissue layer’), 
the three CBCTs datasets were superimposed in accordance with the voxel-ba-
sed superimposition protocol described previously by the authors elsewhere (15) 
to avoid measurement error. The software orientation calibration tool was used 
along pitch (x), yaw (y) and roll (z). Orientation of both the ‘Base volume’ (original 
DICOM) and ‘2nd volume’ (duplicate DICOM) was undertaken to achieve the 
same original positions of the CBCTs (‘Hard tissue layer’). Then, superimposition 
of the preoperative CBCTS at T1 and T2 was done using the cranial base, as it 
remains stable after surgery. The software allows a proper manual adjustment 
following the superimposition three-step protocol as follows (1): Landmark based 
superimposition (‘side-by-side superimposition), (2): Voxel-based superimposi-
tion (‘overlay superimposition by volume sub-regions’) and (3): Head orientation 
export (‘Export to 2nd volume’). This means that all the three images (T0, T1, and 
T2) were in the same coordinate position after voxel-based superimposition and 
orientation were performed. Then, the FH plane was marked as a line connecting 
the right porion (Po, the upper rim of the external acoustic meatus) and right orbi-
tale (Or, the lowest point of the orbital rim) (‘Hard tissue layer’) (3).

The angle between FH and NHO (FH-NHOº) was measured by two investigators 
(MGH and AVO) before the intervention (T0), at 1-month (T1) and 12-months 
follow-up (T2). Its relationship was considered positive if the FH was located su-
perior to the NHO plane and negative if FH was inferior to it (Fig.2). In order to 
ensure truly accurate and reproducible measurements, the examiners tagged all 
virtual models independently on two separate occasions (two weeks apart), thus 
avoiding inter and intra-observer differences, respectively. Inter and Intra-class 
correlation analyses (ICC) were used to calculate examiner differences and re-
liability (16,17).
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Statistical analysis (IBM SPSS Software Version 25) was used to investigate the 
relationship between FH and NHO before, and 1-month and one-year after sur-
gery. Descriptive analysis evaluated the most relevant statistics for all analyzed 
variables, and a Kolmogorov-Smirnov test was used to check the normal dis-
tribution of FH-NHO dimensions. In order to compare measurements at diffe-
rent time points and their correlation with dental class and surgical procedure, 
an inferential analysis was performed using the ANOVA test and the Bonferroni 
correction. Two-sided p-values <0.05 were considered significant for all of the 
statistical tests. A mixed ANOVA model reached a statistical power of 98% when 
detecting mean differences in NHO between groups, with a medium effect size 
(f = 0.25) and a 95% confidence interval. The statistical power was 88% with a 
small-medium effect size (f = 0.15) for intra-observer variation and differences 
over time (T0, T1, T2).

3.2 - NHO-horizontal vs Frankfort-horizontal planes in 3D planning



74

RESULTS

A sample of 187 consecutive patients who underwent orthognathic surgery were 
included in the study. The sample comprised of 124 women (66.3%) and 63 men 
(33.7%), with a mean age of 33.9 ± 11.2 years (range 15-67). Patients were clas-
sified as dental class I (3.2%), class II (48.7%) or class III (48.1%) according to 
Angle’s malocclusion classification (18). All of the selected patients underwent 
bimaxillary (80%) or monomaxillary (20%) surgery, of whom 55.9% and 43% re-
ceived a CCW and clockwise rotation of the maxillomandibular complex, respec-
tively. No rotational movements were performed in 1% of the sample (Table 1). 
The ICC obtained for the angles was < 0.11º.

Table 1. Descriptive characteristics of the studied sample.

Abbreviations: clockwise rotation; CCW: counterclockwise rotation.
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The mean baseline FH-NHOº was 2.73º ± 4.19º (2.12-3.33º, p < 0.001). FH-NHOº 
was significantly positive for the population eligible for orthognathic surgery (p < 
0.001, t-test). In particular, regarding FH-NHOº related to Angle’s dental class, 
statistically significant differences between class II and III patients in each group 
were observed (p < 0.001, test F) (Fig. 3). 

Regarding FH-NHOº changes after surgery, there were no significant differences 
for the total sample, neither at 1-month (2.86º ± 3.12) (p = 1.000) nor at 12-mon-
ths follow-up (3.15º ± 3.19) (p = 0.539). However, a variation in FH-NHOº was 
observed between dental class II and III patients (p < 0.001) (Fig. 4). A greater 
impact of surgery was evidenced in class II compared to class III patients, repor-
ting FH-NHOº changes between T0 and T2 as follows: 2.04º ± 4.79 (p < 0.001) 
and -1.20º ± 3.03 (p < 0.001), respectively.

3.2 - NHO-horizontal vs Frankfort-horizontal planes in 3D planning
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No significant changes could be detected based on the type of surgery (mono- 
and bimaxillary surgery) (p=0.318). Nevertheless, patients who received a CCW 
rotation in the context of a bimaxillary surgery (compared to those patients with 
CW or without rotational movement), FH-NHPº increased significantly (p = 0.006) 
(Fig. 5).

A multivariate model was calculated including each single independent variable 
in order to rule out eventual bias and confounding factors. Results showed that 
FH-NHOº changes significantly depends on the dental class of the patient (p < 
0.001) and the CCW rotation performed at surgery in the bimaxillary group (p = 
0.082) (Fig. 6).
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DISCUSSION

The head positioning of the CBCT is essential for the virtual planning of orthog-
nathic surgery. The results of the present study show that FH is not equivalent to 
NHO and that a positive angle between FH-NHO exists (2.73º ± 4.19, p < 0.001, 
t-test). This implies that FH is located superiorly to the NHO plane in most cases, 
which is in agreement with the published literature (5). However, when grouping 
patients according to dental class, class II patients showed a smaller FH-NHO 
angle (1.35º ± 4.29), whereas class III patients presented an increased relations-
hip (4.15º ± 3.60) (p < 0.001) (Fig. 3). Emphasis should be placed when adjus-
ting the head position of the patient during NHO registration to avoid diagnostic 
errors, as Class II and Class III facial types tend to compensate for their head 
position (19). Class II subjects tilt their head upwards, whereas class III subjects 
do it downwards, so the FH represents an upward or downward inclination in 
relation to the true horizontal plane, respectively (19). Thus, it is plausible that 
NHO should be the ‘gold standard’ reference plane instead of FH, since a relia-
ble reference plane is necessary for a correct 3D facial analysis, which becomes 
even more evident in patients with dentofacial deformities (4). Needless to say, 
both treating orthodontists and surgeons should use the same reference plane 
in order to use a common terminology for treatment planning, and therefore align 
treatment goals, increase accuracy and improve final outcomes.

Reproducibility of NHO in the sagittal, coronal and axial planes with 3D imaging 
has been proven to be as reliable as with cephalometric radiographs (17,20,21). 
When recording NHO three-dimensionally, a CBCT in an upright position without 
external immobilizers is recommended, rather than a conventional computed to-
mography in a supine position (21).  Although it would be desirable for patients to 
undergo the scan with a proper NHO, some unexpected changes in head position 
during the recording process are unavoidable. For this reason, new tools and 
softwares have been designed to record, transfer and adjust NHO properly; such 
as stereophotogrammetry, laser surface scanner, or digital gyroscope, among 
others (17,22,23). However, the devices themselves may influence the accuracy 
of re-orientated head position, and in some cases may cause soft tissue distortion 
(20,24,25). Therefore, surgeons usually use a simple virtual skull re-orientation 
method according to NHO based on frontal and lateral photographic records (26).

As stated previously, extracranial references such as NHO allow the use of true 
vertical and horizontal lines as optimal reference planes for surgical planning 
(27,28). In this context, the authors used a soft tissue vertical line that passes 
through nasion soft tissue as an absolute reference to guide the anteroposterior 
positioning of the maxillomandibular complex, further described elsewhere (11).
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Besides, when Class I was obtained after surgery, FH-NHO angulation increased 
in class II patients (3.40º ± 3.41), while it reduced in class III (2.95º ± 3.04). Re-
markably, final FH-NHO relationship for both groups converged after treatment 
yielding to a more similar value, which was close to the overall postsurgical FH-
NHO value of the entire sample (3.15º ± 3.19), which can be considered as a clo-
se approximation to the standard FH-NHO relationship of class I patients (Fig.4). 
Therefore, this relationship was still positive, which reaffirms the earlier statement 
that FH is not equivalent to NHO.

The relationship between the final FH-NHOº and the patients’ dentofacial defor-
mity was greater in class II than in class III patients, which reverses the initial 
situation of the angle (Fig. 4). This is explained by the previous adaptation of 
the cranio-cervical posture, facial and neck muscles, temporomandibular joints, 
visual and vestibular apparatus and local proprioceptors which counteract the 
pre-surgical dental class and pattern of maxillomandibular imbalance (12,29).

To our knowledge, this is the first study to evaluate the impact of CCW rotation in 
FH-NHOº after orthognathic surgery.  Although neck and head posture changes 
after orthognathic surgery have been widely reported in the literature (30,31), 
CCW rotation of the maxillomandibular complex was significantly related to FH-
NHOº changes (p = 0.006) (Fig. 5), which suggests that occlusal plane changes 
have an impact on the cranio-cervical posture, and these differences increased 
after surgery (11). This is explained because of patients’ tendency to reduce their 
pre-surgical postural CCW adaptation after orthognathic surgery. Then, once it is 
surgically corrected, there is no need for this adaptation.

The type of surgery did not induce significant changes in the NHO, but the rotatio-
nal movements performed. Thus, when CCW rotation was performed in the con-
text of bimaxillary surgery, FH-NHO angulation increased at one-month follow up 
(from 1.83º to 2.81º) and to a greater extent at 12- follow-up (from 2.81º to 3.32º) 
(Fig. 5). Similarly, the same pattern was observed in class II patients: FH-NHOº 
increased immediately after surgery and even further at long-term follow-up (T0-
T1-T2: 1.35º - 2.84º - 3.40º, respectively). However, FH-NHOº decreased signifi-
cantly after surgery and remained stable over time in class III patients (T0-T1=T2, 
from 4.15º to 2.95º) (Fig. 4). This suggests that the period of adaptability of the 
abovementioned influencing factors in NHO is longer in class II patients when 
CCW rotation is performed, than in class III patients.
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A potential limitation to this study was on the reliability analysis of NHO determi-
nation and measurement assessment. To overcome this problem, emphasis was 
placed at landmark identifications and angle measurements. In order to ensure 
truly accurate, reproducible measurements and to avoid landmark errors produ-
ced by magnification and distortion, both of the examiners (MGH, AVO) were pre-
viously calibrated: both clinicians tagged all virtual models independently on two 
separate occasions (two weeks apart), thus avoiding inter- and intra-observer 
differences, respectively. ICC (inter- and intra-) analyses were performed throu-
ghout the present study.  With regard to NHO re-orientation reliability, 3D imaging 
techniques do not maintain the previously recorded NHO of the patient, then, 
subjective re-orientation by expert clinicians of the 3D images is needed (Fig. 1) 
(17). Given that, some authors (17) have determined a moderate reliability for 
both intra- and inter-rater reliability for re-orientating 3D images into the estima-
ted natural head position (17). In their study, the authors found a small median 
ICC difference for roll and yaw, but larger for pitch (17). This means that clinicians 
tended to position the chin posteriorly (6.3 ± 5.2 mm), reducing the perceived se-
verity of the dentofacial deformity in the antero-posterior direction. Therefore, this 
data highlights the importance of orientating the 3D images prior to measuring 
and planning. Both calibration and ICC analyses followed those from Lagravere 
et al. 2010 (16) and Zhu et al. 2018 (17) previous studies, and measurements 
were taken in the three axis (x,y,z) as abovementioned. In this study, the ICC ob-
tained by the authors for the angle variability was < 0.11º. Thus, our ICC analyses 
for this study  are in line with those previously accepted in the literature, which 
demonstrates the accuracy of the followed approach on NHO determination and 
landmark identification among different examiners (16).

CONCLUSIONS

In conclusion, the results of this study suggest that pre- and postoperative NHO 
differs from FH in orthognathic patients. The angle between FH and NHO is signi-
ficantly larger in class III patients than in class II patients at baseline, which con-
verges after orthognathic surgery when CCW rotation is performed. Therefore, 
NHO should be used as the real horizontal plane when planning for orthognathic 
surgery.
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ABSTRACT

Purpose: Most studies have focused on airway changes after maxillomandibular 
advancement (MMA), however airway size will change depending on the type, 
direction and magnitude of each skeletal movement. The aim of this study was to 
assess the effect of the maxillary and/or mandibular movements upon the phary-
ngeal airway volume (PAV) and the minimum cross-sectional area (mCSA) using 
three-dimensional cone-beam computed tomography voxel-based superimposi-
tion. 

Patients and methods: The investigators designed and implemented a retros-
pective cohort study composed of patients with dentofacial deformity subjected 
to orthognathic surgery. The predictor variable were the surgical movements per-
formed at surgery. The primary outcome variables were the PAV and mCSA me-
asured preoperatively, at 1 and at 12-month follow-up. Skeletal and volumetric 
relapse and stability were recorded as secondary outcomes at 1 and 12 months, 
respectively. Descriptive, bivariate and correlation analyses were computed. Sig-
nificance was set at P< .05.

Results: The sample was composed of 103 patients grouped as follows: bimaxi-
llary (BimaxS = 53) maxillary (MaxS = 25) or isolated mandible (MandS = 25).  
All of the surgical treatments resulted in a significant linear pattern of initial-im-
mediate increase of 33.4% (95% CI: 28.2 – 38.7%; p<.001) in volumetric (naso- 
(28.7%, CI: 22.7 34.9%; p<.001) , oro- (36.2%, CI: 29.0 – 43.5%; p<.001) and 
hypopharynx (31.5%, CI:25.7 – 37.3%; p<.001)); and mCSA parameters (BimaxS 
= 104%, (CI: 87.1 – 122.1%; p<.001), MaxS = 39.5%, (CI: 18.4 – 60.7%; p<.05)  
and MandS = 65.8%, (CI:48.1 – 83.6%; p<.05), respectively), followed by a slight 
downward trend (stabilization) at 12 months follow-up. Airway increase was favo-
red by mandibular advancement (p<.05) and mandibular occlusal plane (MOP) 
changes by counterclockwise rotation (CCW) (p<.05).

Conclusion: The results of this study suggest that there is a favorable effect of 
orthognathic surgery in the upper airway regardless of the surgical approach, 
with bimaxillary advancement and MOP changes by CCW rotation being the 
most significant contributors. 

Keywords: Orthognathic surgery; dentofacial deformities; Three-dimensional analysis; Upper 
airway; Cone-beam computed tomography.
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INTRODUCTION

The combination of orthognathic surgery and orthodontic treatment aims to re-es-
tablish facial aesthetics and optimize dental occlusion while moving the jaws. 
Although orthognathic surgery corrects bone discrepancies by means of osteoto-
mies and jaw repositioning, it also implies soft tissue changes of the facial enve-
lope (1). Similarly, repositioning of the muscles attached to jaws and pharyngeal 
walls creates significant volumetric changes in the pharyngeal airway: in general 
terms, the pharyngeal airway walls are expanded or diminished when the facial 
skeletal framework is repositioned either forwards or backwards, respectively (1). 
Thus, pharyngeal airway dimensions will change depending on the type, direc-
tion and magnitude of the skeletal movements (2). As widely reported, a mean 
10 mm maxillomandibular advancement (MMA) results in a mean increase in 
the pharyngeal airway space (PAS) of 4.75 mm (range 3.15 - 6.35) and a mean 
pharyngeal airway volume (PAV) gain of 7.35 cm3 (range 5.35 - 9.34) over the 
long term (3). Conversely, there is evidence to support a significant narrowing of 
the PAS after sole mandibular setback procedures (mean decrease of 4.46 mm 
in males and 3.20 mm in females) for treating mandibular prognathism (4). Howe-
ver, no studies have evaluated the impact of the type, direction and magnitude of 
the different skeletal movements upon upper airway size changes at long term.

Therefore, we have designed the current study considering the following gaps 
that exist in the current literature which require more in-depth evaluation: 1) Or-
thognathic surgery involves repositioning of both the maxillary and mandibular 
bones, and each individual repositioning is related to specific pharyngeal airway 
changes. Separate study is therefore required of the impact of isolated maxillary, 
mandibular (and chin) movements, as well as study of the maxillomandibular 
complex jointly; 2) Orthognathic surgery is a procedure that implies three-dimen-
sional (3D) movements (counterclockwise (CCW) / clockwise (CW) rotation, ad-
vancement / setback, impaction / descent, leveling and constriction / segmenta-
tion procedures), which behave differently at the  pharyngeal level and should be 
evaluated separately; 3) There are not clear guidelines or references to deter-
mine where the maxilla and mandible should be repositioned to simultaneously 
maximize airway volume, still not compromising facial aesthetics; 4) Orthognathic 
surgery impacts three-dimensionally upon PAV (sagittal, vertical and transversal 
planes), so linear,  volumetric and cross-sectional measurements of the pharyn-
geal airway are required, 5) Orthognathic surgery induces changes in all three le-
vels of the pharyngeal airway (naso-, oro- and hypopharynx), so all of them need 
to be assessed; and finally, 6) Pharyngeal airway changes induced by orthogna-
thic surgery may relapse over time, so long-term trials (12-months of follow-up) 
are compulsory.
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The purpose of this study was to assess the effect of maxillary and mandibu-
lar movements (isolated or jointly) upon the pharyngeal airway (naso-, oro- and 
hypo-pharynx) and the minimum cross-sectional area (mCSA) on a three-dimen-
sional basis. The authors hypothesize that each surgical movement during or-
thognathic impacts differently to increase the upper airway size. Thus, the spe-
cific aims of this study were to correlate the magnitude, type and direction of 
these skeletal movements with the airway dimension gain or impairment and their 
stability or relapse at 12 months follow-up.

MATERIALS AND METHODS

Study design/sample

To address the research purpose, the investigators designed and implemented 
a retrospective cohort study. The study population was composed of consecu-
tive patients with a dentofacial deformity who underwent orthognathic surgery 
between January 2018 and January 2019 at the Maxillofacial Institute (Teknon 
Medical Center in Barcelona, Spain). Clinical data and 3D radiological images 
were obtained from the Institute’s database. 

To be included in the study sample, patients were included as study subjects 
if they met the following criteria: (1) age ≥ 18 years, (2) good systemic health 
(ASA score I or II), (3) completed growth of the maxillofacial complex, (4) patients 
subjected to orthognathic surgery due to occlusal, skeletal or aesthetic problems 
and (5) signed informed consent.  Patients were excluded from the study if they 
presented: 1) any systemic/disease background capable of compromising bone 
healing, 2) congenital anomalies, 3) incomplete postoperative follow-up; and 4) 
missing radiological tests.

This study followed the STROBE statement guidelines (5) (www.strobe-state-
ment.org),  including a checklist of 22 items considered essential to report analyti-
cal observational studies, and Dodson 2015 (6) updated guidelines on how to 
report a patient-oriented manuscript. This study was approved by the Teknon 
Medical Hospital Institutional review board (IRB) (Barcelona, Spain), and all par-
ticipants signed an informed consent agreement (Ref. 3D-OS-VAS). The study 
was carried out in accordance with the ethical standards laid down in the 1964 
Declaration of Helsinki and its later amendments.
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Surgical protocol

All patients were operated upon under general anesthesia and controlled hypo-
tension by the same surgeon (FHA). A mandible first protocol was followed 
in all cases. Mandibular sagittal osteotomy was performed following the Dal 
Pont-Obwegeser technique and settled with a hybrid technique (one miniplate 
fixed with 4 monocortical screws and a retromolar bicortical screw) (7). Maxillary 
procedures included Le Fort I osteotomy with or without segmental maxillary os-
teotomies, and always through a minimally invasive approach using the Twist 
technique described elsewhere (8,9). All patients were extubated in the opera-
ting room, maintaining a dynamic maxillomandibular fixation with guiding elastics. 
Antibiotics, antiinflammatory drugs and a closed-circuit cold mask at 17ºC were 
prescribed during admission. Patient were discharged 24 hours after surgery. 
Functional training with light guiding elastics was prescribed for one month, with 
a soft diet during the same period of time.

Study variables

Demographic characteristics of the sample were included: age (years), gender 
and type of dentofacial deformity (I, II or III). The primary outcomes measured 
were PAV (mm3) and mCSA (mm2), the secondary outcomes measured were 
surgical movements (mm) and skeletal relapse (%), pre- and postoperatively at 
1 (T1) at 12 months (T2) after surgery. Patients were divided according to the 
orthognathic surgery procedure involved as follows: 1) BimaxS: combined sur-
gery involving segmented or non-segmented Le Fort I maxillary osteotomy and 
mandibular bilateral sagittal split osteotomy (BSSO) with or without genioplasty; 
2) MaxS: isolated segmented or non-segmented Le Fort I maxillary osteotomy; 
and 3) MandS: isolated BSSO with or without genioplasty. All these surgical te-
chniques were evaluated in linear and angular measurements - advancement, 
setback, upward, downward, centering, non-centering, clockwise rotation (CW), 
counterclockwise rotation (CCW) and mandibular occlusal plane (MOP).

3.3 - Three-dimensional analysis of surgical movements
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Data collection 

All patients followed the standard pre- and post-operative imaging workflow for 
orthognathic surgery of the Department, which involves cone-beam computed 
tomography (CBCT) at three time points: preoperatively (T0) and postoperatively 
at one (T1) and at 12 (T2) months of follow-up. The CBCT scans were performed 
using an i-CAT Vision system (iCAT, Imaging Sciences International, Hatfield, 
PA, USA) and patients were previously instructed by trained personnel in order 
to achieve the standard key-points for orthognathic surgery diagnosis and plan-
ning: the patient breathing quietly without swallowing, sitting upright in the natural 
head position (NHP) with the Frankfort and bipupilar planes parallel to the floor; 
indicating the patient to look straight ahead at a point in front of them at eye level 
(looking into a mirror), the tongue in a relaxed position and the mandible in centric 
relation with a 2 mm wax bite in place in order to avoid direct contact between 
teeth. An expert clinician paid special attention during the pre- and postoperative 
CBCT to minimize posture influence in the airway evaluation. 

Presurgical 3D planning was performed with Dolphin software and the soft tis-
sue – nasion plane was used as an absolute reference to guide anteroposterior 
positioning of the maxillomandibular complex (10). Intermediate and final surgical 
splints were printed in-house (11).

Each patient had three CBCT datasets (T0, T1 and T2) that were superimposed in 
accordance to the voxel-based superimposition protocol described previously by 
the authors (12). All CBCT scans were evaluated by the same researcher (MGH). 
Data were primarily saved in DICOM (Digital Imaging and Communications in 
Medicine) format using a 3D software (Dolphin Imaging, version 11.0, Chatswor-
th, CA, USA). The software orientation calibration tool was used along pitch (x), 
yaw (y) and roll (z). Orientation of both the ‘Base volume’ (original DICOM) and 
‘2nd volume’ (duplicate DICOM) was undertaken to achieve the same original 
positions of the CBCTs. Then, superimposition of the preoperative CBCTS at 
T1 and T2 was done using the cranial base, as it remains stable after surgery. 
The software allows a proper manual adjustment following the superimposition 
three-step protocol: (1): Landmark based superimposition (‘side-by-side superim-
position), (2): Voxel-based superimposition (‘overlay superimposition by volume 
sub-regions’) and (3): Head orientation export (‘Export to 2nd volume’) (12). This 
means that all the three images (T0, T1, and T2) were in the same coordinate 
position after the voxel-based superimposition (Fig. 1). This position is recom-
mended for the baseline assessment of upper airway dimensions (13–15).

3.3 - Three-dimensional analysis of surgical movements 3.3 - Three-dimensional analysis of surgical movements
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Data analyses

Skeletal surgical movements were assessed from angular (º) and linear measu-
rements (mm). Upper airway data were evaluated in terms of volumetric (mm3) 
and cross-sectional areas (mm2). 

Surgical movements
The following measurements were assessed in each patient: 1) angular: SNA, 
SNB, SNPg and MOP; and 2) linear: posterior nasal spine (PNS), Point A, Point 
B, pogonion (Pg), most anterior point of the hyoid body, superior incisor (Sup I), 
inferior incisor (Inf I) and transversal maxilla in frontal view. The root mean square 
displacement of all the parameters in the reference space or system was calcu-
lated according to the following formulas: 

3.3 - Three-dimensional analysis of surgical movements
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Upper airway analysis

Manual segmentation was performed to delimit the anatomical and technical 
boundaries of the upper airway at the anterior, posterior, upper and lower limits 
respectively, as reported by Swennen and Guijarro-Martínez (16). In relation to 
the upper airway dimensions, three regions of interest were defined for this pur-
pose, measuring the naso -, oro - and hypopharynx. The nasopharynx was de-
limited by the Frankfort horizontal (FH) - posterior nasal spine (PNS) - sphenoid 
bone, extended to the soft tissue pharyngeal wall contour. The oropharynx was 
defined beyond the FH/PNS extended to FH – most anterior point of the body of 
C3 – soft tissue pharyngeal wall contour. Finally, the hypopharynx was assessed 
at FH/PNS parallel – most anterior point of the body of C3 – soft tissue pharyn-
geal wall contour to FH/PNS parallel – most anterior pole of the body of C4. An 
automatic threshold value of 60 was set manually to obtain the pharyngeal airway 
dimension (mm3) and mCSA (mm2) (Fig. 2).
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Statistical analyses

The data analysis was performed using SPSS for Windows, version 25.0.0 sof-
tware (SPSS Inc, Chicago, IL). Power analysis was conducted from results of a 
pilot study carried out in n=15 patients. It was concluded that a minimum sample 
size of 50 patients for the global sample should be included to reach 80% power 
in order to detect volumetric changes, assuming a medium effect size (d=0.5) and 
95% of confidence. The descriptive analysis included the most relevant statistics 
for all analyzed variables: mean, standard deviation (SD), minimum, maximum 
and median for continuous variables and absolute and relative frequencies (per-
centages) for qualitative variables. The comparative analysis included the assess-
ment of normal distribution of the measurements using the Kolmogorov-Smirnov 
test. The inferential analysis included the following statistical methods: (1) The 
analysis of variance (ANOVA) general linear model for repeated measures was 
used to compare the evolution of the skeletal and volumetric parameters over 
follow-up. Multiple comparisons were made with Bonferroni correction to avoid 
type I error, and allowed the evaluation at short term (T1-T0), stability (T2-T1) and 
long term (T2-T0) effects; (2) Pearson’s linear correlation coefficient (r) was used 
to estimate the degree of association between volumetric and skeletal changes, 
likewise in different periods; (3) Student t-test for independent samples (t) , with 
use of the nonparametric Mann-Whitney U-test (MW) and Kruskal-Wallis test 
(KW) to assess differences in volumetric changes according to aspects of the 
patient profile and type of surgery; and (4) Exploratory factor analysis of main 
components (PCA) was performed to identify the underlying dimensions or com-
mon movement patterns of both skeletal and airway parameters between T0 and 
T2. For all analyses, the level of statistical significance was set at .05.

RESULTS

The study sample comprised a total of 103 patients, 36 males (35%) and 67 fe-
males (65%), with a mean age of 31.9 ± 10.9 years (range 18-60). Preoperatively, 
52.4% of the sample presented dentofacial deformity class II, 45.6% class III and 
2% class I dentofacial deformities. Descriptive and demographic data with regard 
to the surgical characteristics involved in each group (Bimax, MaxS or MandS) 
are presented in Table 1. The analysis regarding the linear and angular skeletal 
changes in the three groups are presented in Table 2. In turn, Table 3 displays 
the pre-, postoperative (short and long term), and final percentages of variations 
(long-term gain and relapse) in the volumetric and mCSA measurements. Overa-
ll, an immediate positive effect (T1-T0) of orthognathic surgery upon the skeletal, 
volumetric and cross-sectional parameters was observed, followed by a slight 
downward trend and stabilization over time (T2) in all the three groups.
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Bimaxillary orthognathic surgery 

Although there was a small skeletal relapse at long term (T1-T2), with statistical 
significance being reached only for SNAº (-0.6 ± 1.0º; p< .001) (Table 2), no signi-
ficant changes were observed for PAV and for mCSA. On average, the final PAV 
and mCSA gains were 41.9%, (95% CI: 33.6 – 50.2%; p< .001) and 104% (95% 
CI: 87.1-122.1%; p<.001), respectively (Table 3).
 
Correlation analysis showed volume gain (total or subregional) at T2 to be fa-
vored by certain surgical movements (versus (vs) the absence of them): maxi-
llary CCW rotation – downward displacement of PNS at nasopharynx (7,456.5 vs 
4,121.5 mm3, r = 0.045, p<.05); mandibular CCW rotation at oropharynx (9,837.7 
vs 5,845.6 mm3, t = 0.013, p<.05); centering of the maxilla at oropharynx (8,922.2 
vs 5,736.3 mm3, t = 0.041, p< .05) and sagittal mandibular advancement at hypo-
pharynx (2,500 vs 523 mm3, MW = 0.012, p< .05). The total PAV was mainly 
influenced by maxillary CCW rotation (18,652.5 vs 9,757 mm3, KW = 0.032, p< 
.05), centering of the mandible (13,313.3 vs 9,853.6 mm3, t = 0.049, p<.05) and 
MOP increase (r = 0.272, p = .049). Therefore, when quantifying major volumetric 
variations based on skeletal changes, hypopharynx volume gain was increased 
by 61.4 mm3 for every 1 mm of mandibular advancement (p < .001), and by 102.4 
mm3 for every 1 mm of downward movement of the posterior maxilla in terms of 
PNS displacement (r = 0.304, p<.05). In relation to cross-sectional parameters, 
changes in mCSA were directly correlated with a further increment in size of the 
upper airway (r2 = 0.421, p<.001). In particular, for every 1 mm2 of mCSA increa-
se, a mean gain of 31.88 mm3 in total PAV was observed (r2 = 0.177, p<.001).
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Single-jaw orthognathic surgery (MaxS or MandS)

Regarding skeletal relapse rates, the MaxS group presented significant relapse 
of final PAV when vertical movement of the maxilla without rotation was perfor-
med (23%, mean relapse of 6,850.5 mm3 KW = 0.020, p<.05), but this proved 
irrelevant compared to the total volume gain at T2 (mean 38,909.3 ± 7,421.9 
mm3). In the case of the MandS group, the greater the setback movement (Pg 
reduction), the greater the observed PAV relapse at hypopharynx level (mean 
reduction of 1,789 mm3, r2 = 0.367, p<.001) (Table 2).

Total PAV gain for single jaw surgeries was smaller when compared to the Bi-
maxS group, with a 26% increase for MaxS (95% CI: 15.7 – 35.5; p< .001) and 
25% for MandS (95% CI: 15.4 – 34.1; p< .001). In the same line as for PAV, 
the cross-sectional parameters increased significantly by 39.5% (95% CI: 18.4-
60.7%; p<.05) and 65.8% (95% CI: 48.1-83.6%; p<.05) in the MaxS and MandS 
groups, respectively. 

According to Angle’s classification, the total volume gain was greater in class II 
compared to class III malocclusion (12,958 vs 3,054 mm3; p< .05) (Table 3).

Correlations between beneficial surgical movements (versus the absence of 
them) in terms of PAV and mCSA gains were identified for both groups: 1) MaxS: 
segmentation at nasopharynx level (2,370 vs 1,594 mm3, MW = 0.032, p< .05) 
and displacement of the PNS at oropharynx level – maxilla CCW rotation with 
posterior downward displacement (6,324 vs 3,712 mm3, r=0.571, p= .003). 
The total PAV gain was positively influenced by maxillary advancement (9,107 
vs 6,724.5 mm3, r=0.605, p= .001) and by centering of the maxilla (8,156.2 
vs 6,990.8 mm3, MW=0.075, p< .05); 2) MandS: mandibular advancement at 
hypopharynx level (1,457.1 vs -613.5 mm3, MW=0.013, p< .05), CCW rotation 
(5,139.77 vs 3,457.33 mm3, MW 0.027, p< .05) and sagittal chin advancement 
(with genioplasty) (6,791.3 vs 4,585.1 mm3, MW=0.046, p< .05) at oropharynx 
level. The total PAV was enlarged by mandibular advancement (7,981.1 vs 1,009 
mm3, r=0.494, p= .012). Finally, vertical upwards (2.27 ± 5.99 mm) and sagittal 
forwards displacements (2.58 ± 5.44 mm) of the hyoid bone were correlated to 
mandibular advancement and greater PAV gain at long term (r=0.435, p= .030). 
Then, quantification analyses of relevant PAV and cross-sectional changes were 
as follows: 1) MaxS: 1 mm of maxillary advancement, implied 373.3 mm3 total 
volume gain (p= .020); 1 mm of PNS displacement implied an average total PAV 
gain of 556.9 mm3 (p= .002); 1º of SNA increase by CCW rotation of the maxilla 
implied a mean nasopharynx gain of 151.6 mm3 (p= .011) and 2) MandS: 1º of 
MOP CCW resulted in 605.4 mm3 total PAV gain (r2=0.628, p= .003). No correla-
tions between mCSA and one-jaw surgeries were found in our study.
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Table 1. Descriptive statistics for study population for the three groups (Bimax, 
MaxS and MandS) (n =103).
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Table 3. Volumetric and cross-sectional measurements and percentage variation 
in the three groups pre- and postoperatively at 1 (T1) and 12-months follow-up 
(T2). 
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DISCUSSION

The purpose of this study was to assess the effect of maxillary and mandibular 
movements upon the pharyngeal airway on a three-dimensional basis in patients 
subjected to orthognathic surgery, either bimaxillary or monomandibular. The au-
thors hypothesized that each surgical movement during orthognathic impacted 
differently to increase or decrease the upper airway dimension. Thus, to address 
this hypothesis, the authors identified three groups of patients who underwent 
bimaxillary or mono mandibular surgery (Bimax, MaxS and MandS, respectively) 
to evaluated the PAV and mCSA changes at 1- and 12-months follow-up.

Overall, the positive effect of either mono- or bimaxillary surgery was proven in all 
aspects (linear, cross-sectional and volumetric analysis): an immediate increase 
in PAV and mCSA, with bimaxillary advancement and MOP changes by CCW 
rotation were the most significant contributors. Our results show that forward sur-
gical procedures in both the maxilla and the mandible were carried out in almost 
the entire sample, regardless of the initial dentofacial deformity involved (class I, 
II or III). In fact, only four patients (2 BimaxS and 2 isolated MandS cases) recei-
ved mandibular setback surgery. This is consistent with the upper incisor-to-soft 
tissue plane (UI-STP) surgical 3D planning protocol used by the authors and 
previously described elsewhere (10), and which is used as an absolute referen-
ce to guide the anteroposterior positioning of the maxillo-mandibular complex, 
irrespective of the previous occlusal problems (class II or III). Once in class I, the 
complex is displaced and rotated so both the upper incisor and soft tissue pogo-
nion lie (1 to 5 mm) in front of this plane (10). However, the PAV gain was greater 
in class II than in class III patients (class II presenting 12% (95% CI: 10.1-22.1) 
more PAV gain than class III patients, (MW: 0.020, p< .05). This is explained 
because this population in general requires greater mandibular advancement, 
which is considered to be the main factor for increasing PAV. 

Our results are in line with those of many authors who have found that MMA in-
creases PAV, and that the effect remains stable at one-year of follow-up (17–19). 
A linear mean maxillary advancement of 6.41 ± 7.72 mm, mandibular advance-
ment of 9.92 ± 8.05 mm and a global chin advancement of 10.22 ± 10.27 mm 
(isolated chin 3.85 ± 2.06) were achieved, with a subsequent mean total PAV 
increase of 33.4% (95% CI: 28.2 – 38.7%; p<.001) for the global sample - the 
results being more significant in the BimaxS group 42% (95% CI: 33.6 – 50.2%; 
p< .001) (naso-, oro- and hypopharynx increments of 41.6%, 43.2% and 38.4%, 
respectively). When isolated maxillary or mandibular surgeries were performed, 
volume gain was obtained but to a lesser extent compared to the BimaxS group, 
with an average PAV increase of 26% (95% CI: 15.7 – 35.5; p< .001) in the MaxS 
group (naso-, oro- and hypopharynx 22.5%, 28.9% and 18.3%, respectively) and
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25% (95% CI: 15.4 – 34.1; p< .001) in the MandS group (naso-, oro- and hypo-
pharynx 12%, 29.7% and 30%, respectively) (Table 3). It thus can be affirmed that 
both maxillary and mandibular movements impact on the three levels of the PAV, 
although maxillary forward movements further widen the oro- > naso- > hypo-
pharynx, while mandibular forward movements further widen the hypo- > oro- > 
nasopharynx, in these orders. Obviously, bimaxillary surgeries that move the en-
tire maxillomandibular complex increase total PAV and cross-sectional parame-
ters even further (Fig. 3). In this regard, it is important to underscore that one-jaw 
surgeries (MaxS and MandS) yielded similar volumetric gains in our study – only 
the MandS group achieving less volume compared to the MaxS group, which is 
explained because most isolated mandibular surgeries involved only mandibular 
centering without any advancement or CCW rotation.

As previously stated, some movements significantly favored PAV gain, while 
some jeopardized it. With regard to two-jaw surgeries, mandibular advancement 
(p< .05) and CCW rotation of the mandible (p< .05) favored PAV gain at oro- and 
hypopharynx level. Hypopharynx airway volume was increased by 61.4 mm3 for 
every 1 mm of mandibular advancement. Our results suggest that 55% of the 
PAV changes after orthognathic surgery are explained by mandibular surgical 
movements (r2= 0.547, p< .001). This is in line with the literature (2,3), which 
suggests that the influence of the mandible plays a major role in widening both 
mCSA and PAV at long term. In the same way as for mandibular advancement, 
a mean 5.74 ± 4.90º reduction of the MOP (r2 = 0.272, p= .049) in terms of CCW 
rotation significantly incremented both total PAV (p< .05) and nasopharynx volu-
me (p< .05), with a 68.2% (95% CI: 42.8 – 88.3%, p< .05) more of total PAV gain 
when compared to the absence of rotation. Thus, our results support that MOP 
stabilization (p< .05) by CCW rotation determines the final volume gain. This is 
due to the advancement of the suprahyoid muscles by both the mandibular ad-
vancement and the correction of the MOP at the time of surgery, allowing further 
expansion of airway size, with a subsequent volume gain (17). Previous studies 
focused on the normalization of the MOP to achieve an increment in the upper 
airway. Our findings are in agreement with those published by Rubio et al. (17), 
who associated a 6 to 10 mm mandibular advancement with concomitant correc-
tion of MOP by CCW rotation to be essential for incrementing mCSA and PAV.

A positive effect of the downward movement of the posterior maxilla in terms of 
PNS displacement was observed in relation to total PAV and hypopharynx for Bi-
maxS and MaxS (p< .05 and p< .001), respectively. One millimeter of downward 
movement of the posterior maxilla (PNS) resulted in 102.4 mm3 of hypopharynx 
gain. The descent of the posterior part of the maxilla (PNS) together with a CCW 
rotation enlarges the pharynx, because the muscles of the soft palate are pulled 
to an anterior and downward position, which favors the upper airway space. In 
addition, segmentation / expansion and sagittal advancement of the maxilla in-
cremented naso- and total PAV gain (p< .05).

3.3 - Three-dimensional analysis of surgical movements 3.3 - Three-dimensional analysis of surgical movements
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Greater oropharyngeal and total volume were achieved when centering of the 
maxilla was performed compared to non-centering (8,922.2 mm3 vs 5,736.3 
mm3; p< .05). This occurs because maxillary asymmetry may trigger muscular 
constriction on one side of the upper airway. To our knowledge, the present study 
is the first to describe a potential relationship between maxillary asymmetries and 
constriction of the upper airway.

On the other hand, concomitant chin advancement during mandibular advance-
ment significantly improved the airway at oropharynx level (p< .05). Chin advan-
cement involves forward movement of the genial tubercles, which together with 
the hyoid movements, potentially leads to more airway flow (20). Also, a recent 
meta-analysis has evidenced that MMA together with genioplasty significantly in-
crease PAV (p< .001) (3). In this same line, there was a clear relationship between 
mandibular advancement and hyoid advancement and ascent, with a subsequent 
PAV increase (p< .05). The hyoid bone is a mobile structure anchored to both 
the pharyngeal wall and to mandibular anatomical structures, exerting a pulley 
function between them. Thus, this structure assumes a major role in widening the 
upper airway when hyoid-mandibular muscles are straightened or tensed (21). 

Finally, mention must be made of the relationship between mCSA increase and 
final PAV gain. Our results showed that for each square millimeter of mCSA in-
crease, there was a 32 mm3 of total PAV gain after bimaxillary surgery (p< .001). 
Thus, minimal CSA increase is extremely important in terms of maximizing airflow 
through the oropharynx and minimizing friction and resistance of air penetration 
to the respiratory region. It should be noted that the mCSA increase doubled in 
size (104%, (95% CI: 87.1 – 122.1%; p<.001)) in the Bimax group compared to 
the effect of isolated maxillary procedures (39.5% (95% CI: 18.4 – 60.7%; p<.05)) 
or sole mandibular surgery (65.8%, (95% CI:48.1 – 83.6%; p<.05)). An explana-
tion for this is that the pharyngeal walls are complex structures mainly composed 
of muscles (superior, middle and inferior constrictors muscles among others) that 
delimit upper airway flow. However, although monomaxillary procedures increa-
sed mCSA and increased the pharyngeal volume, bimaxillary procedures, by mo-
ving the whole maxillomandibular complex together, allow further widening of the 
airway and constriction areas. Therefore, bimaxillary surgery should be contem-
plated to secure further increase in terms of mCSA and PAV. In addition, other 
studies associated the differences in constriction areas between class II and class 
III patients with tongue position as well as adenoid and tonsillar hypertrophy (22) - 
though constriction areas are mainly found in the oro- and hypopharynx regions, 
owing to severe systemic consequences like obstructive sleep apnea (OSA) (23). 

3.3 - Three-dimensional analysis of surgical movements
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In this same line, Schendel et al. (24) observed a relationship between OSA and 
constriction areas, reporting a high probability of developing OSA when mCSA 
was < 52 mm2; an intermediate probability when 52-110 mm2; and a low probabi-
lity when > 110 mm2. Hence, 3D surgical planning in individuals potentially at risk 
of suffering from or developing OSA should be patient-tailored and considered in 
all future primary studies (3).

In contrast, other surgical movements penalized volume gain: total vertical 
downward movement of the maxilla without rotation reduced nasopharynx vo-
lume (MaxS; p< .05), and isolated setback procedures in the mandible reduced 
hypopharynx volume gain (BimaxS and MandS; p< .05 and p< .01, respectively). 
Our results are also consistent with the data found in the literature (25,26), where 
mandibular setback procedures were found to result in higher upper airway cons-
triction (p< .05) and became a risk factor for developing OSA when exceeding 
4-8 mm of setback movement of the mandible (26). Likewise, as reported by 
Lee et al. (27), isolated either maxillary (maxillary setback LeFort I osteotomy) 
or mandibular setback surgery decreased both oro- and hypopharynx volumes 
and significantly reduced mCSA (p< .05). However, no cases of isolated maxillary 
setback were reported in our study.

Overall, a linear pattern of initial-immediate increase in pharyngeal airway volu-
metric parameters followed by a slight downward trend related to skeletal relapse 
was observed during the study in all the three groups (Fig. 3). Global relapse 
was 10%, which was insufficient to offset the total PAV and mCSA gains, re-
gardless of the surgical approach involved. Greater PAV relapse occurred mainly 
at oropharynx level (-2,936.41 mm3), compared to > naso- (-809.45 mm3) and 
> hypopharynx (-762.85 mm3), though statistical significance was not reached. 
The oropharynx was probably the most relapse-prone area, due to the impact 
of both maxillary and mandibular bones relapses, apart from being the most en-
larged area after surgery. In our study, skeletal relapses referred to the different 
groups only proved significant for maxillary procedures: SNA in terms of rotation 
(p< .001) and downward vertical movement of the maxilla without rotation (p< 
.05). This is consistent with the observations of Haas Junior et al. (28), who toge-
ther with our team proposed a hierarchical pyramid to assess the stability of or-
thognathic surgery according to surgical movements. The authors found surgical 
movements in the maxilla to be more relapse-prone (‘unstable’) than mandibular 
procedures (‘highly stable’) (28,29). Hence, we highlight this pyramid as an ad-
ditional tool for helping surgeons to choose the technique with the best surgical 
outcomes, and for reducing (but not avoiding) skeletal and volumetric relapse to 
a certain degree.
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To avoid measurement error, emphasis was placed on the 3D voxel-based su-
perimposition protocol in measurement assessment throughout the study. This 
protocol was chosen because it enables unbiased analysis of surgical outcomes 
based on a software application that affords accuracy and precision, and avoids 
complex, technically demanding and time-consuming measurements (12). This 
study exemplifies the recommended method. The results of this study, however, 
should be interpreted with caution. Although many authors fail to give information 
on the protocol used for 3D skeletal and volumetric measurements in their pri-
mary studies, it is important to standardize these factors for homogeneity purpo-
ses and thus to be able to draw relevant conclusions from our studies.

A limitation to this study was that it is a retrospective study and therefore, sub-
jected to the usual biases of its nature. Then, the improvement of the clinical 
symptoms of OSA were not assessed. In particular, although our results confirm 
the use of MMA as a stable procedure to enlarge the upper airway dimensions, 
the relationship between our results and patient sleep parameters could not be 
evaluated by polysomnography pre- and postoperatively (at T1 and T2). As a 
result, we were unable to establish which surgical movement is more effective 
in terms of treating OSA, as well as to equate skeletal and volumetric changes 
with the changes in clinical symptoms of OSA. An ongoing prospective study (cli-
nicalTrials.gov ID NCT03796078 registration) regarding sleep and patient-cen-
tered parameters will determine whether there are any correlations between the 
direction, magnitude and type of surgical movement and the increase in PAV and 
cross-sectional areas with definitive curing of OSA, and whether orthognathic 
surgery should be considered part of the first-line armamentarium for OSA treat-
ment in selected patients.

3.3 - Three-dimensional analysis of surgical movements
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To summarize, taking into account the different variables analyzed, the surgical 
movements and upper airway gain correlated beyond the sample size with short 
and long-term relapse, we suggest a basic surgical protocol when the main con-
cern is the upper airway. We believe that all the surgical planning should begin 
with the idea that bimaxillary advancement with CCW rotation is necessary, and 
whenever possible, chin advancement and CCW rotation with posterior maxillary 
downward displacement must be considered to allow further airway improvement 
(Fig. 4).

Proposed surgical protocol for maximizing the upper airway

CONCLUSIONS

In conclusion, the results of this study suggest that orthognathic surgery, when 
planned and executed using soft tissue – nasion plane as an absolute reference, 
induces 3D increments at all levels of the pharyngeal airway at long term, re-
gardless the surgical technique involved, with bimaxillary advancement and MOP 
changes by CCW rotation being the most significant contributors. Conversely, 
total maxillary downward displacement without rotation and mandibular setback 
movements penalized PAV gain in the different groups (p< .05, p< .01). howe-
ver, a 10% skeletal and volumetric relapse should be expected at 12 months-fo-
llow-up. A continued research effort into the study of the diverse anatomical and 
non-anatomical factors which affect skeletal and airway size relapse after orthog-
nathic surgery will allow a better match between personalized surgery-induced 
movements and a defined protocol to achieve a long-lasting success of the sur-
gical treatment.
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ABSTRACT

Purpose: To describe a protocol for the surgical management of dento-facial de-
formities in Down syndrome (DS) patients. The present study describes a proto-
col for the surgical management of orodental and facial deformities in DS patients 
based on a series of three cases and a review of the literature. All patients pre-
sented with midface retrusion due to underlying severe maxillary hypoplasia and 
dental crowding. A mean maxillary advancement of 4.53 mm and a mean maxi-
llary descent of 3.6 mm were obtained. A mean pharyngeal airway volume gain of 
10,954.33 mm3 (50%) was recorded at the one-month follow-up visit. Non-rele-
vant skeletal and airway relapses were noted. Stable occlusion was achieved in 
all cases after postoperative orthodontic treatment, with proper chewing function, 
and the parents referred decreased snoring. The results of this study suggest that 
in selected DS patients with specific dysmorphic orofacial features, orthodontics 
and orthognathic surgery constitute the management of choice for the occlusion 
disorders and associated feeding, respiratory and related problems, and moreo-
ver contribute to resolve obstructive sleep apnea.

Keywords: Down syndrome; Orthognathic surgery; Obstructive sleep apnoea; Pharyngeal 
airway volume.
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INTRODUCTION

Down syndrome (DS) is the most frequent chromosomal disorder, occurring in 
one out of every 700 births 1. Since 1866, when the British physician John Lang-
don Down first described the disorder, trisomy 21 has gained scientific relevance 
and is currently one of the most extensively studied genetic alterations. Apart 
from intellectual disabilities of varying degrees, these patients may suffer a broad 
range of organic defects 2.

Dysmorphic cranial and orofacial features have also been widely described in DS 
patients, particularly a small cranium, a flat nose and flat malar bones with slan-
ted eyes, severe maxillary hypoplasia with a high-arched and constricted palate, 
and mandibular hypoplasia although seemingly prognathic mandible because of 
the previous issue, hypodontia, relative macroglossia because of the small maxi-
llo-mandibular framework with the tongue resting inactively between the lips due 
to muscle hypotonia in the orofacial region and, ultimately, a flattened face with 
anterior open bite and Class III dental and skeletal relationships 3. These ana-
tomical features may lead to speech, swallowing and masticatory functional im-
pairments, as well as to an increased predisposition to obstructive sleep apnoea 
(OSA) and mouth breathing 4.

Medical advances and the multidisciplinary management of DS patients have 
doubled the life expectancy of these patients in the last decade, from 30-40 to 60-
70 years, with increased quality of life and more community-involved and produc-
tive lives 5. This in turn opens new horizons for improvement of their oral, dental 
and facial functions, among others.

The present study describes a protocol for the surgical management of dento-fa-
cial deformities in DS patients based on a series of three cases and a review of 
the literature.
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PATIENTS AND METHODS

Three consecutive patients with DS were referred to our Department for dentofa-
cial deformity treatment with orthognathic surgery (OS). A retrospective evalua-
tion was made of the treatment applied in all three cases, and a review of the li-
terature was carried out in order to validate the proposed management algorithm 
(Fig. 1)

The guidelines of the Declaration of Helsinki were followed in all the treatment 
phases. Consent was requested from the legal guardians of the patients. As this 
was a retrospective analysis, Institutional Review Board approval of the study 
was not considered necessary.

Diagnostic work-up

The diagnostic work-up comprised three phases, which were also used to con-
comitantly evaluate patient and parent collaboration: a) physical intraoral and 
facial examination, with intraoral and facial photographic records and the study of 
plaster dental casts and wax bites; b) periodontal evaluation and a follow-up visit 
to check patient and parent capacity to maintain proper periodontal health; and c) 
cone-beam computed tomography (CBCT) (i-CAT, Imaging Sciences Internatio-
nal, Inc., Hatfield, USA) study to complete the facial analysis.
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Obstructive sleep apnoea diagnosis and follow-up

A thorough anamnesis is required, with quality of life evaluation in children with 
OSA 6,7. When OSA is suspected, polysomnography (PSG) should be reques-
ted. In addition, three-dimensional (3D) pharyngeal airway volume (PAV) was 
assessed by CBCT at one and twelve-months follow-up, respectively.

Pre-admission medical and anaesthesia evaluation
The anaesthetic management of patients with DS constitutes a challenge for the 
anaesthetist, due to the difficulty of the airway, the possible associated comorbi-
dities they may present, and behavioural and communication problems 8.

The airway may prove difficulty in intubation due to the following DS-related is-
sues: a) small airway size secondary to maxillary hypoplasia, micrognathia, ma-
croglossia, tonsillar hypertrophy, short neck, glottic and subglottic stenosis and 
tracheomalacia; b) atlanto-axial / atlanto-occipital instability with a high risk of spi-
nal cord injury; and c) OSA secondary to central apnoea, low muscle tone in the 
mouth and upper airway, poor coordination of airway movements, and the abo-
vementioned small airway size 4,9,10. Thus, potential disease conditions require in 
depth evaluation, as well as the management of potential complications planned 
beforehand, in order to ensure a safe anaesthetic procedure 8,11. 

Perioperative management

The patients were operated upon under general anaesthesia and with endotra-
cheal intubation, as in conventional orthognathic surgery procedures. However, 
a smaller tube than expected for the age of the patient was chosen in all cases 
in order to reduce the incidence of subglottic oedema and post-intubation stridor.

Surgery

All patients received pre- and postoperative orthodontic treatment and were ope-
rated upon under general anaesthesia by the same surgeon (FHA). A bilateral 
mandibular sagittal split osteotomy was performed using the Dal Pont-Obwe-
geser technique, with a maxillary LeFort I osteotomy using the ‘twist technique’ 
described elsewhere 14. All patients were extubated in the operating room, and 
all wore a closed-circuit cold mask (17ºC) during hospital admission. Standard 
antibiotic and anti-inflammatory medication for OS was prescribed. Functional 
training with light guiding elastics was followed for one month, together with a soft 
diet during the same period of time.
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Postoperative evaluation

Eventual surgical complications were recorded at one week and 1, 6 and 12 mon-
ths of follow-up. In addition, two control CBCT scans were performed at one mon-
th (T1) and one year of follow-up (T2) in order to assess both airway and bony 
surgical enlargement (T1-baseline [T0]) and its long-term stability after surgery 
(T2-T1). CBCT scans were obtained in DICOM (Dental Imaging Communication) 
format and processed with specific third-party software (Dolphin® 3D Orthogna-
thic Surgery Planning Software Version 11.8). A 3D volume was created with hard 
tissue reconstruction for the T0, T1 and T2 databases. Three-dimensional supe-
rimposition and dimensional comparisons were performed by means of surface 
matching between different datasets 15.
In order to evaluate surgical bony enlargement and stability, the following linear 
measurements were obtained at the maxillary midline in all three spatial planes:

	 -	 Sagittal plane: projected distance from A-point to nasion 
		  perpendicular (A-Nper) for the maxilla; and projected distance from 
		  B-point to nasion perpendicular (B-Nper) for the mandible.

	 -	 Transverse plane: distance between both greater palatine foramina
		  (PFR-PFL) for the maxilla; and distance between both gonions 
		  (GoR-GoL) for the mandible.

	 -	 Vertical plane: perpendicular distance from A-point to the Frankfort
		  horizontal plane through the nasion (A-FHN) for the maxilla; 
		  and distance from B-point to the Frankfort horizontal plane through
		  the nasion (B-FHN) for the mandible.

Lastly, PAV enlargement and its stability were assessed by measuring enlarge-
ment three-dimensionally (3D) at three different levels with respect to the limits of 
the pharyngeal airway subregions: nasopharynx, oropharynx and hypopharynx, 
following a previously validated protocol described in detail elsewhere 16.
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Statistical analysis

A descriptive analysis was made of the study variables, with calculation of the 
mean, standard deviation (SD), minimum and maximum values, and median for 
continuous variables. Absolute and relative frequencies (percentages) were re-
ported in the case of qualitative variables. The statistical analysis was carried out 
using the SPSS version 15.0.1 statistical package (SPSS Inc., Chicago, IL, USA). 
Descriptive statistics were used for quantitative analysis. Percentage variation 
referred to maxillary or mandibular surgical movements (relapse) for each pa-
tient was calculated as follows: one-year postoperative A/B-point position · 100 / 
one-month postoperative A/B-point position. Similarly, percentage variation refe-
rred to PAV (relapse) for each patient was calculated as follows: one-year posto-
perative PAV · 100 / one-month postoperative PAV.

RESULTS

The clinical cases are summarized in Table 1. The study sample comprised two 
men and a woman with a median age of 26.7 years (range 20-37). The main 
reason for consultation was the presence of patient chewing difficulties, though 
thorough anamnesis also evidenced snoring and excessive daytime sleepiness 
(EDS) in all patients. None of them were diagnosed of OSA or used night time 
continuous positive airway pressure (CPAP). No multiorgan alterations were ob-
served at the pre-admission medical evaluation.
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Mean basal PAV was 25.784 mm3 (range 15.681-42.204). Cases 1 and 3 presen-
ted an underlying constricted upper airway (15.681 mm3 and 19.467 mm3, res-
pectively). Specifically, narrowing was observed in all airway subregions: naso-, 
oro- and hypopharynx (Table 1). Case 2 presented a normal initial PAV (42.204 
mm3). 

All patients underwent maxillary surgery, but only case 2 was subjected to man-
dibular surgery for backward movement. A mean maxillary advancement of 4.53 
mm and a mean maxillary descent of 3.6 mm were obtained. Consequently, a 
mean PAV gain of 10.954.33 mm3 (50%) was recorded at the one-month fo-
llow-up visit (Table 2). 

Stable occlusion was achieved in all cases after postoperative orthodontic treat-
ment, with proper chewing function and decreased snoring as reported by the 
parents. Regarding skeletal stability, a non-relevant relapse was observed in 
maxillary bone: a mean relapse of 1.2 mm in the sagittal dimension, 0.6 mm 
vertically, and none in the transverse dimension. On the other hand, in relation to 
PAV stability, we recorded a mild mean relapse at one year of follow-up of -2.712 
mm3 (5%), though the final mean PAV gain was notorious 35.834 mm3 (45%) 
(Table 3).

DISCUSSION

The main reasons why patients seek OS and related surgical orthodontic treat-
ments are occlusal, aesthetic problems and OSA. Although DS is associated to 
altered facial dimensions, and some authors17 advocate cosmetic facial surgery 
to avoid stigmatization and ensure better social acceptance, in our opinion aes-
thetics should not be the sole indication of OS in DS patients, in view of its unfa-
vorable benefit/risk balance (Fig. 1).
On one hand, occlusal disharmonies with anterior open bite, dental Class III and 
a lack of inter-arch contacts are common in patients with DS, due to their above-
mentioned skeletal cranial and orofacial dysmorphic features 3,18. In the attempt to 
create more dental contacts these individuals protrude the mandible, which in the 
end can jeopardize temporomandibular joint function 19. Besides, such malocclu-
sion involves speech and feeding problems, which are aggravated by their inhe-
rent neuro-motor disability for articulation and chewing/swallowing, respectively. 
This severe malocclusion may have respiratory consequences such as OSA or 
the aspiration of food or fluids into the lungs 20. Thus, it is evident that DS patients 
are in need of treatment for their malocclusions. 
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On the other hand, persons with DS are prone to develop OSA due to a series 
of associated anatomical and physiological features 21: a) a small airway size 
because of underlying maxillary hypoplasia, micrognathia, relative macroglossia, 
adeno- and lingual-tonsillar hypertrophy, fat deposits in the lateral wall of the 
pharynx, glottic and subglottic stenosis and tracheomalacia; and b) low muscle 
tone in the mouth and upper airway, poor coordination of airway movements, and 
gastroesophageal reflux disease that leads to inflammation and obstruction of the 
upper airway4,9. Some studies suggest that the prevalence of OSA in children with 
DS is 30-50%, and that approximately 90% of the adults will develop OSA, which 
in such cases moreover tends to be severe 9,11,22. Apart from the typical comor-
bidities associated to OSA, such as arterial hypertension, altered blood glucose 
homeostasis, cardiovascular and cerebrovascular diseases, pulmonary hyper-
tension, cognitive deficits and even death, individuals with DS specifically suffer 
worsening of overall cognitive function - starting with weakening of neurocognitive 
development in early ages, and followed later on by deteriorated communication 
ability, behavior, functional outcomes and quality of life 23. In this regard, several 
management strategies have been described: a) positive airway support in the 
form of noninvasive ventilation (NIV) or CPAP, though this is associated to high 
dropout and non-adherence rates 24; b) weight loss, which does not cure OSA, 
but is recommended in addition to other therapies in patients who are overweight 
25; c) airway soft tissue surgery, such as adeno- and lingual-tonsillectomy, which 
are associated to high OSA persistence rates 4 (adeno- and lingual-tonsillectomy 
therefore should be indicated only when hypertrophy is clearly evidenced) 4,26; d) 
partial glossectomy, which should only be indicated when true excessive enlar-
gement of the tongue results in insufficient space for the organ 27; e) hypoglossal 
nerve stimulation, which is a promising and minimally invasive technique, though 
further studies are needed to optimize patient selection and better assess the 
long-term efficacy of the technique 28; and f) tracheostomy, which is linked to 
severe short and long-term complications and may be required only in cases of 
severe OSA not amenable to other forms of treatment.

These poor outcomes point to OS as the first line treatment option, considering 
the characteristic orofacial dysmorphic features of individuals with DS and that 
contribute to airway narrowing, such as retrusion or shortening of the mandible 
and maxillary hypoplasia 29. Although recommending OS in this population is con-
troversial, it has been demonstrated that OS procedures can be carried out with 
success rates (predictability, complications during and after the operation, and 
overall treatment stability) as high as in mentally healthy individuals 30.

3.4 Airway volume changes in Down syndrome patients



119

3.4 Airway volume changes in Down syndrome patients

Once the patient reports for maxillofacial consultation due to occlusal problems 
or OSA, a number of aspects must be taken into account. Firstly, regarding the 
craniofacial features, patients with DS have reduced head and facial dimensions 
with a brachiocephalic cranium, a shorter and flatter cranial base, reduced or 
absent frontal sinus and nasal bone, small ears, and hypertelorism with slan-
ted eyes. Thus, cephalometric landmarks such as the nasion or porion for fa-
cial analysis and head orientation purposes may be altered, making it difficult 
to properly classify the underlying dentofacial anomaly 31. For this reason, it is 
highly advisable to use 3D CBCT for facial analysis instead of 2D X-rays. On 
the other hand, the diagnosis of OSA in children is based on an association of 
PSG parameters 32,33, and on clinical symptoms based on a specific OSA quality 
of life test for children (the OSA-18 survey) 6,7,34. Apart from the cardinal mani-
festations of OSA, such as snoring, fatigue and restless sleep, children with DS 
specifically may also present with failure to thrive, hyperactivity, behavioral dis-
ruptions and poor school performance, whereas adults with DS may present with 
mood dysregulation and depression 22. Although the cases in our study did not 
undergo PSG, because their main complaint was malocclusion, it is advisable to 
systematically perform PSG in all patients presenting OSA symptoms. Besides, 
diagnostic CBCT for facial analysis may also be used to detect upper airway 
constrictions. In our study, cases 1 and 3 showed basal upper airway constriction 
(15,681 mm3 and 19,467 mm3, respectively, compared to reference normal PAV 
values of 23,400 mm3 35,36. Specifically, a narrowed airway was observed in all 
upper airway subregions: naso-, oro- and hypopharynx. Conversely, mandibular 
advancement devices, apart from being an option for treating mild to moderate 
OSA with better patient compliance than when CPAP is used 22, are also useful 
in deciding which patients may benefit from surgical mandibular advancement 
in the context of OSA. Unfortunately, similar maxillary devices for predicting the 
impact of maxillary advancement upon OSA are not available. On the other hand, 
it is essential to detect as far as possible central origin OSA cases through PSG, 
since OS would not be worthwhile in such situations.

Correct screening referred to patient eligibility for orthodontic-surgical treatment 
is essential. We thus propose the above-described diagnostic work-up in order to 
evaluate patient and parent collaboration (examination - periodontal status and 
maintenance - CBCT) regardless of the patient intelligence quotient and thus to 
refine the selection of suitable candidates for OS (Fig. 1). Equally important is 
the establishment of a good and trusting professional-patient relationship. In this 
regard it is useful to explain the planned procedures in depth and indicate the 
expected results and eventual complications to the patient and his/her relatives. 
Keeping close contact through telephone support and more frequent follow-up 
visits is also useful.
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Surgical planning differs from the regular scenario where aesthetics constitute a 
key element, and instead priority is placed on minimal surgery in terms of mono- 
rather than bimaxillary operations, with reduction of the amount of skeletal move-
ments, while always ensuring proper occlusion and sufficient PAV enlargement. 
Thus, in general, in the presence of a typical midface deficiency with high palate, 
reduction of its length, together with a narrowed oropharynx, usually imply advan-
cement, widening and antero-posterior levelling/upward maxillary movements. 
Then, the mandible may be adjusted to maxillary positioning. Regarding the spe-
cific surgical management of OSA, a maxilla-mandibular advancement of 1 cm 
is considered the gold standard in OS 37, but it should be individualized for each 
patient. Our sample of patients underwent a mean maxillary advancement of 4.53 
mm, which was enough to correct both occlusal and narrowed airway problems. 
Although one patient required mandibular setback for occlusal purposes, it did 
not adversely affect overall PAV enlargement. 

Although it has been widely demonstrated that OS is the most consistent and pre-
dictable surgical treatment option for adult patients diagnosed with moderate to 
severe OSA 38,39, its outcomes are less predictable in the DS population because, 
as previously mentioned, the causes of OSA in these patients are multiple and 
additive. Thus, a systematic sleep study based on PSG is strongly recommended 
prior to and after OS in order to check surgical effectiveness and determine whe-
ther further treatments are necessary. In cases where OSA persists after upper 
airway surgery, CPAP or NIV in the case of alveolar hypoventilation are indicated 4. 

Postoperative discomfort should be reduced as far as possible, adopting minima-
lly invasive approaches such as the ‘twist technique’ 14, the shortening of surgery 
time, the use of a piezoelectric saw when possible 40, the prescription of standard 
anti-inflammatory medication, manual lymphatic drainage for OS 41, and the wea-
ring of a closed-circuit cold mask during the postoperative period 42. Furthermore, 
whenever possible, light guiding elastics for functional training should be used 
instead of rigid intermaxillary fixation 30.

Regarding patient age at surgery, the standards advise waiting until cessation 
of mandibular growth. In the meantime, a two-phase or multiphase orthodontic 
treatment program is beneficial to assist correction of misalignment and maxillary 
transverse deficiency by means of palatal expansion or surgically assisted rapid 
palatal expansion, before and after closure of the palatal suture, respectively 
19,43. Similarly, myofunctional therapy or orofacial rehabilitation should be star-
ted during the growth period in order to favor proper maxilla-mandibular growth, 
establish an adequate resting position of the tongue behind the upper incisors, 
reinforce orofacial tonicity, encourage nasal respiration and improve swallowing 
and speech functionality 44. 

3.4 Airway volume changes in Down syndrome patients
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Besides, it also may reduce the inherent muscular imbalance that predisposes 
to an increased prevalence of relapse after OS 30. Likewise, dentofacial harmoni-
zation by means of orthodontic treatment and OS have shown significant impro-
vement in oral motor function, including mouth closure, inactive protrusion and 
positioning of the tongue in DS patients.

CONCLUSIONS

In conclusion, in selected patients with DS presenting specific orofacial dysmor-
phic features, orthodontics and OS are the management options of choice to 
address both occlusion (and its consequent feeding- respiratory- and commu-
nication-related problems) and OSA. The implementation of improved medical 
measures, minimally invasive surgery and cutting-edge technologies allows OS 
to be safely performed in patients with DS.
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ABSTRACT

The purpose of this study was to assess the success predictors and to correlate 
the effects of orthognathic surgery as the first line treatment to cure obstructive 
sleep apnea (OSA) in patients with dentofacial deformity. A prospective evalua-
tion of 23 consecutive patients diagnosed with OSA (mild, moderate or severe) 
who underwent orthognathic surgery at the Maxillofacial Institute (Teknon Medi-
cal Center in Barcelona, Spain) was carried out. Baseline AHI was 20.05 ± 9.9 
events/hour (16.7 -29.3). Preoperatively, 60.9% of the patients were diagnosed 
with mild and 39% with moderate-to-severe OSA (21.7% and 17.4%, respec-
tively). A significant total AHI reduction of 14.3 ± 2.1 events/hour (71.7%, p < 
0.001) was observed after orthognathic surgery, followed by a mean relapse of 
0.4 ± 1.6 events/hour (7.4%, p = 1.000) at 12-months follow-up. Then, 74% of 
the patients improved their severity OSA level (p < 0.001) and 60.9% cured OSA 
after one year (p < 0.001). The results of this pilot study demonstrate the positi-
ve effect of OS over AHI parameters. However, preoperative OSA severity is a 
noteworthy factor in determining the long-term clinical success to cure OSA after 
OS. Therefore, OS should be used as the first line treatment armamentarium 
when planning to cure moderate-to-severe OSA in selected patients with a facial 
retrusive pattern.

Keywords: Orthognathic surgery; Obstructive sleep apnoea; dentofacial deformities; Three-di-
mensional imaging; Upper airway; Polysomnography
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INTRODUCTION

Orthognathic surgery (OS) combined or not with orthodontics aims to reestabli-
sh the facial harmony and to correct dentofacial deformities (DFD) by means of 
different osteotomies and the maxillomandibular complex repositioning with long-
term bone and soft tissue stability (1). DFD patients with maxillary or mandibular 
hypoplasia are more prone to suffer from a chronic sleep-related breathing disor-
der; and then, inheriting the systemic consequences of obstructive sleep apnea 
(OSA) syndrome (2,3). 

There are different non-surgical and surgical methods used to treat OSA, each 
of them with the following related problems: a) Continuous positive airway pres-
sure (CPAP), although it is considered the gold standard treatment, it reports 
high non-adherence rates of 46-86% (adherence being defined as > 4 hours of 
night use of CPAP during 70% of night) (4); b) tracheotomy, which is associated 
with a high morbidity (5);  c) tonsillectomy and adenoidectomy are effective but 
only indicated in cases with a subjacent hypertrophy of tonsils and adenoids, 
respectively; (5) and d) uvulopalatopharyngoplasty (UPPP), hyoid suspension or 
hyothyroidopexy, among others, with low success and cure rates (40-80%) (5) 
(being success defined as final apnea-hypopnea index (AHI) threshold of < 20 
events/hour (e/h), and its reduction by 50%; and cure defined as a final AHI of < 
5 e/h) (6). However, since 1984 (7), maxillomandibular advancement (MMA) was 
firstly described by the Stanford group to treat OSA in retrognathic patients as an 
effective surgical procedure at long term (8). 

In this context, bone surgery implying enlargement of the maxillomandibular com-
plex also induce enlargement of the airway, introducing a significant increase of 
the posterior airway space (PAS) and  the total pharyngeal airway volume (PAV) 
(9): a mean 10 mm of maxillomandibular advancement results in a mean increa-
se in the PAS of 4.75 mm (range 3.15-6.35) and a mean PAV gain of 7.35 cm3 
(5.35-9.34) with a success rate of 86% to treat OSA patients (2). However, phary-
ngeal airway volume and minimal cross-sectional areas (mCSA) dimensions vary 
three-dimensionally (3D) at all levels (naso-, oro-, and hypopharynx) depending 
on the type, magnitude and direction of the skeletal movements (maxillary and 
mandibular), as demonstrated in a recent study of our team (10), being the man-
dibular advancement and occlusal plane changes by means of counterclockwise 
rotation (CCW) the most effective for upper airway enlargement at 12 months 
follow up (10). 
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However, rigorous data is lacking on the evaluation of OS as the first line treat-
ment to cure OSA and which patient’s profile will benefit from the optimization 
of the upper airway.  Thus, as a continued effort into the study of diverse anato-
mical and non-anatomical features, the purpose of this study was to assess the 
success predictors and to correlate the effects of OS as the first line treatment to 
cure OSA (in terms of AHI and sleep patient-centered parameters) on a three-di-
mensional image basis. 

MATERIALS AND METHODS

Study design

To address the research purpose, the investigators designed and implemented 
a clinical trial (ClinicalTrials.gov ID NCT03796078 registration). These are the 
pilot study results of an ongoing controlled clinical trial with a total sample of 100 
patients eligible for OS and undergoing polysomnography (PSG) or home sleep 
apnea test (HSAT), which is equated to PSG depending on the OSA severity 
according to the American Association of Sleep Medicine (AASM) (11). Then, 
this pilot study reports one-month and 12-months follow-up correlations between 
improvement of OSA-related parameters and airway volume changes after OS. 
It was approved by the Teknon Medical Hospital Institutional Review Board (IRB) 
(Barcelona, Spain) (Ref.OSAS-OS-2017-CMF-TEK), and conducted in accor-
dance with the ethical standards laid down in the 1964 Declaration of Helsinki 
and its subsequent amendments. All participants signed an informed consent 
agreement prior to study enrollment.

The pilot study was conducted over patients who underwent OS during 2018 and 
2019 at the Maxillofacial Institute (Teknon Medical Center in Barcelona, Spain). 
Demographic data, PSG or HSAT tests and 3D radiological images were obtai-
ned. 

Patients of any gender, over the age of 18 years old with a completed maxillo-
mandibular growth diagnosed with a DFD and suffering from mild, moderate or 
severe OSA based on PSG or HSAT, and eligible for OS (mono- or bimaxillary) 
were included in the study. Patients with craniofacial syndromes, missing PSG or 
HSAT, cone beam computed tomography (CBCT), follow-up visits, or not willing 
to sign the informed consent were excluded from the study.

3.5 - Orthognathic surgery on the long-term cure of OSA
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Treatment

The standard virtual surgical 3D planning protocol (10) was applied (Dolphin 
Imaging, version 11.95 premium, Chatsworth, CA, USA) and the upper incisor 
soft-tissue nasion plane (UI-STP) was used as an absolute reference to guide the 
anteroposterior positioning of the maxillomandibular complex (11). Intermediate 
and final surgical splints were designed and printed in-house. Patients were ope-
rated on under general anesthesia following the mandible-first protocol. A mandi-
bular bilateral sagittal split osteotomy (BSSO) was performed and/or a maxillary 
LeFort I osteotomy, which was carried out using the minimally invasive ‘twist’ 
technique (13). 

Study variables and data analyses

All included patients had followed the standard pre- and post-operative imaging 
workflow protocol (14) for OS of the Department, which involves facial and oc-
clusal pictures and CBCT at three time points: preoperatively (T0) and postope-
ratively at 1- (T1) and 12- (T2) months follow-up. These two postoperative time 
points were chosen in order to evaluate the short- and long-term effect of OS 
in optimizing both the PAV and improvement of the sleep-related parameters of 
OSA. 

The CBCT scans were performed using an i-CAT Vision system (iCAT, Imaging 
Sciences International, Hatfield, PA, USA). Moreover, household HSAT and/or 
PSG tests, treatment outcome assessment and long-term care evaluation after 
orthognathic sleep surgery were performed as indicated together with a group of 
neurophysiologists according to the AASM algorithm (15). 

The following data were collected at three time points (T0, T1 and T2 ): a) demo-
graphic: sex, age and smoking and alcoholic habits; b) anatomical: initial dental 
class according to Angle’s classification (I, II, III), body mass index (BMI (Kg/
cm2)), neck perimeter (NP (cm)); c) polysomnographic: AHI (mild: AHI ≥ 5 e/h; 
moderate: AHI ≥ 15 e/h or severe: AHI ≥ 30 e/h)), nocturnal oxymetry parameters: 
oxygen desaturation index (ODI), the percentage of time spent at arterial oxygen 
saturation (SpO2) below 90% (CT90%) and the lower minimum oxygen desatu-
ration (LSpO2);  d)  daytime drowsiness: Epworth Sleepiness Scale (ESS) score 
(normal values 0-10 out of 24 points) (16); e) airway volumetric and cross-sec-
tional parameters: PAV (total, naso-, oro- and hypopharynx) (mm3) and mCSA 
(mm2), respectively;  and f) surgical: mono- or bimaxillary surgery,  type, direction 
and amount of movements, and eventual intra- or postoperative complications. 
Data were recorded in an anonymized electronic report form (e-CRF), where va-
riables were monitored.
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Statistical analysis

The data analysis was performed using SPSS for Windows, version 25.0.0 sof-
tware (SPSS Inc, Chicago, IL). Demographics and other characteristics were pre-
sented in terms of descriptive statistics. Continuous variables were presented 
by means of number (n), mean, standard deviation (SD), minimum, maximum 
and median; and relative frequencies (percentages) for qualitative variables. The 
comparative analysis included the assessment of normal distribution of the mea-
surements using the Kolmogorov-Smirnov test. The inferential analysis included 
the following statistical methods: a) The analysis of variance (ANOVA) general 
linear model for repeated measures was used to compare the evolution of the 
skeletal and volumetric parameters over follow-up. Multiple comparisons were 
made with Bonferroni correction; b) Wilcoxon test to evaluate changes in the va-
riables resulting from the PSG. This non-parametric test was adequate due to the 
more asymmetric distribution and frequency of atypical cases of this set of varia-
bles. The Bonferroni correction was applied; c) Spearman’s nonlinear correlation 
coefficient to estimate the degree of association between the changes in the 
different groups of variables. For this same objective, nonparametric Mann-Whit-
ney (MW), Kruskal-Wallis (KW) tests and Chi2 independence test or Fisher’s 
exact test are used if any of the variables involved are expressed in catego-
ries. Two-sided p-values <0.05 were considered significant for all of the statistical 
tests. Through this pilot study, it was determined that a minimum sample size of 
48 patients (for the ongoing CCT) is needed to reach a statistical power of 80%, 
with a medium effect size (d=0.5) and 95% confidence interval (CI) in detecting 
differences in volumetric and OSA parameters over time (T0, T1, T2). 

RESULTS

A sample of 23 consecutive patients with a DFD diagnosed of OSA by PSG or 
HSAT, and eligible for OS were enrolled in this pilot study. The sample was com-
prised of 6 females (26.1%) and 17 males (73.9%) with a mean age of 42.1 ± 
11.8 years (range 18-65). No smoking and alcoholic habits were reported. Pa-
tients were classified as dental class I (8.7%), class II (65.2%) or class III (26.1%) 
according to Angle’s malocclusion classification (17). Baseline AHI was 20.05 
e/h (16.7 -29.3). Preoperatively, 60.9% of the patients were diagnosed with mild, 
21.7% with moderate and 17.4% with severe OSA (Fig.1) (Table 1). 
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Figure 1. OSA severity evolution of the sample at 1- and 12-months follow-up.

The included patients underwent bimaxillary (82.6%) or monomandibular (17.4%) 
surgery, with a mean surgical advancement of 6.8 ± 6.7 mm, 14.1 ± 9.2 mm and 
16.8 ± 7.8 mm for maxilla, mandible and chin, respectively (p < 0.001). CCW rota-
tion of the maxillomandibular complex was performed in 82.6% of the sample (all 
bimaxillary procedures), whereas no CW rotational movements were performed 
in any patient of the sample (Table 1). Globally, a 10.4% of skeletal relapse at 12 
months follow-up was reported, regardless of the surgical approach.

Table 1. Descriptive characteristics of the studied sample.
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After OS, a mean increase of 61% of the PAV (p <0.001) and 37% of the mCSA 
(p <0.001) was obtained, with a mean relapse of 9.4% and 15% at 12 months 
follow-up, respectively. In this order, oro-, hypo- and nasopharynx significantly 
increased after OS by 74%, 49%, and 43%, respectively (p <0.05) (Fig. 2). No 
significant changes were observed for both anthropometric parameters: nor BMI 
neither neck perimeter (Table 2).

Figure 2. Upper airway evolution after OS over follow-up: at 1 and 12-months follow-up.

3.5 - Orthognathic surgery on the long-term cure of OSA
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A significant total AHI reduction of 14.3 ± 2.1 e/h (71.7%, p < 0.001) was obser-
ved after OS (T1), followed by a mean relapse of 0.4 ± 1.6 e/h (7.4%, p = 1.000) 
at T2. Mean percentual differences between OSA severity subgroups (mild, mo-
derate and severe) presented mean AHI reductions of 19.9%, 69.7%, and 93.3%, 
respectively. Therefore, 74% of the patients (p < 0.001) decreased their OSA se-
verity level, and remained stable at long-term after OS (p < 0.001)) with a success 
rate of 100% (<20 e/h and an AHI reduction of 50%) and no longer in need of 
CPAP. A cure rate of 61% (AHI < 5 e/h) was obtained, so not all of them comple-
tely cured the OSA. Nocturnal oxymetry parameters (ODI, CT90%, LSpO2) and 
ESS score improved after OS at 12-months follow-up, although only significant 
for ODI (p<0.001) and ESS score (p<0.001) (Table 2).

Table 2. Type of surgery, volume and OSA-related parameters changes of the 
sample at 1 and 12-months follow-up.

Abbreviations: IQR: interquartile range (1st and 3rd quartiles); PAV: pharyngeal 
airway volume; mCSA: minimum cross-sectional area; AHI: apnea-hypopnea 
index; OSA: obstructive sleep apnea; ODI: oxygen desaturation index; ESS: 
Epworth Sleepiness Scale; CT90%: percentage of time spent at arterial oxygen 
saturation below 90%; LSpO2: lower minimum oxygen saturation.
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Despite the positive immediate effect of OS in PAV, mCSA and sleep-parameters, 
no significant correlations could be detected between the surgical parameters, 
and the changes in AHI and ESS score. However, notable descriptive trends (r 
= 0.43) were observed regarding the correlations between the clinical signs of 
OSA (AHI), PAV and type of surgery, as follows: a) patients who remained with 
a stable AHI at 12 months follow-up compared to those who did not remained 
stable at long-term, were those increasing their PAV mainly at the oropharynx 
level (p<0.15)) (Fig. 3); b) patients who underwent CCW rotation of the maxillo-
mandibular complex were correlated with a greater AHI reduction (median -21.7 
e/h, p<0.036), which represents an 8% more compared to those not receiving 
rotational movements at 12 months follow-up; and c) similarly, patients receiving 
LF1 segmented osteotomies compared to non-segmented LF1, were the ones 
who benefitted most from AHI reduction (median -26.8 e/h, p < 0.03)  at 12-mon-
ths follow-up, irrespective of their initial OSA diagnoses. 

Figure 3. OSA evolution and volumetric changes distribution of the sample after OS at short 
and long-term.

3.5 - Orthognathic surgery on the long-term cure of OSA
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DISCUSSION

The assessment of the long-term success predictors is essential to cure OSA 
after OS. This pilot study showed that there is a significant immediate positive 
effect of OS in the OSA-related parameters (AHI reduction), which remains stable 
at 12-months follow-up. Our results are consistent with those reported in previous 
studies (8,18,19). 

The majority of the sample included in this study consisted in young patients (< 
50 years) suffering from mild OSA (60.9 %) (Fig.1). This is explained because 
the most common reason for consultation at our Department was an underlying 
DFD, not a sleep disorder. In this same context, only 10 patients (43.5%) knew 
their OSA diagnosis in advance, the rest of the patients run undiagnosed until the 
enrollment stage after the sleep-screening visit with the neurophysiologist. These 
findings are in line with those found in the literature, where statistics show that 
over 50% of OSA cases go undiagnosed (2). Therefore, this young undiagnosed 
population would probably have developed a severe OSA over years, since with 
ageing PAV decreases even more (20) and OSA involving comorbidities increase  
(6). 

OSA usually arises in patients presenting a hypoplasia of the mandible (class II 
patients (in our sample, 65.2%)), but also of the maxillary bone (class III patients 
(in our sample, 26.1%)), or both of them (class I patients (in our sample, 8.7%)). 
Therefore, when evaluating the relationship between OSA and a DFD, we should 
be aware of the skeletal facial pattern (retrusive versus protrusive) instead of the 
dental class (3), as Castro-Silva et al (3) who described class I and III as having 
statistically bigger volumetric areas than class II patients (p<0.05 and p<0.001, 
respectively), and finally concluding that retrognathic patients are more prone to 
suffer from OSA (3). 

On the other hand, while all included patients denied tobacco or alcohol con-
sumption and other OSA causing comorbidities were ruled out, all of them pre-
sented an initial hypoplastic maxilla-mandibular pattern, so we can conclude that 
their sleep disorder was mainly related to their underlying DFD, and thus all of 
them were eligible for OSA management with OS. 

The positive effect of either mono- or bimaxillary OS was proven in all aspects: 
an immediate improvement of the sleep parameters (p <0.001) alongside a sig-
nificant increase of the volumetric parameters (p<0.001) at both one- and twel-
ve-months after surgery were observed. No significant anthropometric parame-
ters changes were reported (neither BMI nor NP), so it is plausible to state that 
AHI improvement was totally induced by surgery and PAV gain (Fig. 3).
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CCW rotation was the sole skeletal movement that induced a significant decrea-
se of the AHI (p<0.036). Specifically, a greater amount (8%) of AHI reduction (me-
dian -21.7 e/h, p<0.036) was observed after 12 months when CCW rotation of 
the maxillomandibular complex was performed, regardless their initial OSA diag-
nosis. Therefore, although the literature has traditionally focused on the maxillo-
mandibular advancement (2,8) in the context of OSA treatment, it is in fact the 
CCW rotation the most effective movement for this purpose (10).

Globally, a 10.4% of skeletal relapse at 12-months follow-up was reported, re-
gardless of the surgical approach (Fig.4). However, it was insufficient to offset the 
final OSA-related, volumetric and cross-sectional area parameters improvement. 
Specifically, although an evident volumetric increase was observed at the three 
levels of the upper airway (p<0.001), a mean 9.4% of volumetric relapse at 12 
months follow-up was observed. This occurs because of skeletal relapse, but 
also due to pharyngeal wall accommodation after maxillomandibular forward-pu-
lling (21).

Figure 4. Mean volumetric, skeletal and OSA related parameters relapses after OS at long-term 
to cure OSA.

3.5 - Orthognathic surgery on the long-term cure of OSA
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Figure 5. Long-term AHI reduction percentage regarding OSA severity

Our results showed that preoperative OSA severity is a noteworthy factor to suc-
cess in the management of sleep disorders: patients with severe and moderate 
OSA present higher AHI reductions (93.3% and 69.7%, respectively) than the 
mild ones (19.9%) (Fig.5). Our results showed a mean final AHI of 4.8 ± 3.7 e/h 
(p=0.001) at one-year follow-up for the overall sample, and a mean final AHI of 
4.1 ± 2.4 and 2.9 ± 0.2 e/h when focusing on moderate and severe cases, respec-
tively.  It is consistent with those values lately reported by the Stanford group (18) 
who reported a mean final AHI of  3.61±2.79 and 7.43±6.70 e/h (p=0.007) for the 
1st and 2nd years of follow-up respectively, demonstrating the long-term clinical 
treatment effect of OS upon moderate-to-severe OSA patients (18). 

Specifically, 74% of our patients decreased their preoperative OSA severity level 
while the rest 26% remained stable at 12 months follow-up, and 100% no longer 
in need of CPAP. After OS, 60.9% of the sample cured their OSA (final mean 
AHI = 4.8 (2.4-8.0 e/h, p=0.001) and improved subjective OSA parameters (final 
mean ESS = 7 (5-10), p<0.001). Although all patients finally improved both objec-
tive and subjectively, a residual mild OSA was observed in 39.1% of the sample 
(Fig.1).  Most of the patients (70%) with residual mild OSA after surgery, already 
presented an initial mild OSA. Therefore, OS shouldn’t be recommended to me-
rely treat a mild OSA, but the underlying DFD. 

Last but not least, an ongoing clinical trial with a further enlargement of the sam-
ple (n=100) (ID NCT03796078 registration) will seek to be able to state firm con-
clusions regarding non-significant but promising results obtained in the present 
preliminary report.
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CONCLUSIONS

In conclusion, the results of this pilot study demonstrate the positive effect of 
OS in the PAV, mCSA and AHI parameters at the short and long-term. However, 
preoperative OSA severity is a noteworthy factor in determining the long-term 
clinical success to cure OSA after OS. Therefore, OS should be used as the first 
line treatment armamentarium when planning to cure moderate-to-severe OSA in 
selected patients with a facial retrusive pattern.
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4.1 Rationale of the workflow of this PhD thesis

At the time this PhD thesis was set up, many authors had evaluated and asses-
sed the UA on a 3D basis. However, to date no previous studies have examined 
the relationship and correlations between the impact of 3D skeletal movements 
of OS (mono-maxillary, mono-mandibular and bimaxillary surgeries) and the PAV- 
and PSG-related parameters (in terms of AHI), of patients suffering from mild, 
moderate and/or severe OSA at long term. 

Globally, the aim of this whole investigation through a PhD project was to as-
sess the 3D-clinical impact of OS, with regard to direction, magnitude and type 
of surgical movement, on the upper airway and the clinical improvement and/or 
cure of the OSA syndrome at long term. Thus, to verify the stability of OS surgical 
movements when maximizing the PAV and the minimum cross-sectional areas 
(mCSA), results were evaluated at three time points: pre-, immediate (1-month) 
and late postoperative (12-months follow-up) throughout the whole investigation. 
These three time points allowed the authors to be able to state firm conclusions 
on identifying both the surgical and volumetric gains and possible relapses (short-
term) and the stability of OS (long-term). 

Hence, to address the global and specific research purposes, the authors desig-
ned and implemented 5 different studies as follows though this rationale:

-	 A systematic review (SR) to study the current the state-of-the art regarding 
the impact of MMA on the PAV and the AHI in the surgical treatment and defini-
tive cure of OSA. Our justification for this study was our perception that prior to 
perform the clinical work, a comprehensive review on the topic was essential to 
be able to design proper and adequate studies according to the missing gaps 
in the current literature. With this SR, the authors realized that there is a lack of 
homogenous and rigorous data regarding the assessment of the clinical and sur-
gical data and methodological validation process (3D measurement assessment) 
though the current literature (Paper I).

Assuming the scarce and lack of homogenic data on this topic:

-	 A retrospective cohort study was performed to demonstrate the relevance 
of the relationship between the head positioning through the natural head position 
(NHP) and the Frankfort Horizontal (FH) planes patients with different dentofacial 
deformities (DFD) (i.e. maxilla/mandibular retrognathia and/or prognathism) and 
malocclusions (i.e. class I,II or III), thus demonstrating which horizontal plane 
should be properly executed when planning for OS (Paper II). 
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-	 As there is no rigorous data regarding the AHI reduction and volumetric, 
linear and cross-sectional parameters gain after OS, a retrospective longitudinal 
study of consecutive patients was designed and performed to study the effect of 
maxillary and mandibular movements (isolated or jointly) on the PAV (nasophary-
nx, oropharynx, and hypopharynx) and the mCSA on a 3D basis using cone-beam 
computed tomography (CBCT). In turn, a proposed surgical planning protocol to 
maximize the UA was designed and validated through this investigation (Paper 
III).

-	 On the need of further studies to individualize a required magnitude and 
direction of surgery-induced movements to patients with DFD, a three case-se-
ries study was implemented to validate a protocol and algorithm for the surgical 
management of DFD in Down syndrome (DS) patients with OSA, when the main 
concerns are the narrowing of the UA, malocclusion, feeding and speech pro-
blems aside from aesthetics (Paper IV).

-	 Finally, the results of a pilot study of an ongoing three arm prospective 
controlled clinical trial (CCT) (ClinicalTrials.gov ID NCT03796078 registration) 
are depicted in this PhD project to correlate the magnitude, type, and direction 
of these skeletal movements with the airway dimension gain or impairment at 
12 months follow-up, to propose OS as the definitive and first line treatment ar-
mamentarium in selected patients to cure OSA (in terms of AHI and sleep pa-
tient-centered parameters) (Paper V).

All this PhD project, coordinated by prof. Dr.Federico Hernández-Alfaro and 
Dr. Adaia Valls-Ontañón at the Universitat Internacional de Catalunya, started 
in January 2018 as a three-year program, and was granted by the competitive 
predoctoral fellowship ID: FI_B200134 by the AGAUR and the social European 
Fund. 

4.2 Methodological remarks of the studies

The methodology followed by all the studies was in line and in agreement with 
those international guidelines to design and perform any type of clinical trials (i.e 
observational, cohort, case-series or CCT/RCT among others) and requires no 
further discussion. Then, methodology guidelines executed by our studies were 
as follows:

-	 SR: PRISMA (The Preferred Reported Items for Systematic Reviews and 
	 Meta-Analyses) guidelines 15
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-	 Retrospective cohort study: STROBE (Strengthening the Reporting of 
	 Observational studies in Epidemiology) guidelines 16.

-	 CCT: CONSORT (Consolidated Standards of Reporting Trials) 
	 guidelines17.

Each type of methodology and data assessment is discussed in-depth in each 
paper (Results section and/or Appendix I). However, in the following sections 
we would like to discuss on the linear, volumetric and cross-sectional 3D mea-
surements assessment and superimposition protocols that followed our clinical 
investigations, in each papers II,III,IV and V.

4.3 Superimposition protocol validation and upper airway 
measurements

Regardless of the surgical procedures protocols for OS, either mono- or bimaxi-
llary followed in our day-to-day basis and previously described elsewhere 18–21 
, we felt the perception to further discuss the two methodological protocols exe-
cuted and validated throughout this PhD investigation:

Superimposition protocol

Each patient received three CBCTs datasets (preoperative (T0), post-operative at 
1 months (T1) and postoperatively at 12 months follow up (T2). These three time-
point enabled us to be able to assess both the skeletal and volumetric relapses 
(T1) and the stability of OS at long-term (T2). The three datasets were superim-
posed in accordance to the voxel-based superimposition protocol 12. Data are 
primarily saved in DICOM (Digital Imaging and Communications in Medicine) for-
mat using a 3D software (Dolphin Imaging, version 11.0, Chatsworth, CA, USA). 
The software orientation calibration tool is then used along pitch (x), yaw (y) and 
roll (z). Orientation of both the ‘Base volume’ (original DICOM) and ‘2nd volume’ 
(duplicate DICOM) is undertaken to achieve the same original positions of the 
CBCTs (Fig.1).
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Figure 1. CBCT Head Orientation. All of the datasets are oriented according to the frontal plane 
(axial plane, mid-sagittal plane), right sagittal plane (coronal plane, axial plane) and coronal 
plane (coronal plane, mid-sagittal plane).

Then, superimposition of the preoperative CBCTs at T1 and T2 is executed using 
the cranial base. This reference (Cranial base) is chosen as an absolute referen-
ce as it remains stable after surgery 11,12. Afterwards, the Dolphin software allows 
a proper manual adjustment following the superimposition three-step protocol 
(Fig.2):  

1.	 Landmark based superimposition (‘side-by-side superimposition)

2.	 Voxel-based superimposition (‘overlay superimposition by volume 
	 sub-regions’) and
3.	 Head orientation export (‘Export to 2nd volume’) 12. In other words, this
	 means that all the three images (T0, T1, and T2) are in the same 
	 coordinate position after the voxel-based superimposition.
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Figure 2.  Voxel-based superimposition flowchart protocol (courtesy of Haas et al. 2019) 12.
Step 1: Landmark superimposition (‘side-by-side’ superimposition of the software); step 2: Voxel 
superimposition (‘overlay superimposition’, ‘volume subregion’ of the software) and step 3: Head 
orientation (‘Verify results’ + ‘Export orientation to 2nd volume’).

This position is recommended for the baseline assessment of upper airway di-
mensions 22–24.

Three-dimensional linear measurements’ assessment with Dolphin 
software

Skeletal surgical movements were evaluated in angular (º) and linear ‘3D line’ me-
asurements and landmarks (mm). Generally, the following measurements were 
assessed in each patient which enable us to depict any changes caused by OS:

-	 Linear and 3D landmarks: posterior nasal spine (PNS), Point A, Point B,
	 Pogonion (Pg), most anterior point of the hyoid body (H), superior incisor
	 (Sup I), inferior incisor (Inf I) and transversal maxilla in frontal view (Fig.3). 
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Figure 3. 3D landmarks used in Dolphin software.  Color map as follows: Sella (red), Nasion 
(green), Point A (blue), Punto B (orange), Pogonion (dark green) and Hyoid (pink)

- 	 The root mean square displacement of all the parameters in the reference
	 space or system was calculated according to the following formulas:

-	 Angular: SNA, SNB, SNPg and mandibular occlusal plane (MOP) (Fig.4)

	 · SNA angle (Sella (S) – Nasion (Na) – Point A).
	 · SNB angle (S – Na – Point B).
	 · SNPg angle (S – Na – Pg).
	 · MOP angle (Lowe first molar – Inf I – Na)
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Figure 4. Angular measurement assessment in Dolphin software.

Upper airway analysis and boundaries

Manual segmentations of the pharyngeal airway anatomical limits and techni-
cal boundaries was performed as previously described by Swennen and Guija-
rro-Martínez 25.  For this purpose, three regions of interest are defined:  naso -, 
oro - and hypopharynx. The nasopharynx was delimited by the Frankfort hori-
zontal (FH) - posterior nasal spine (PNS) - sphenoid bone, extended to the soft 
tissue pharyngeal wall contour. The oropharynx was defined beyond the FH/PNS 
extended to FH – most anterior point of the body of C3 – soft tissue pharyngeal 
wall contour. Finally, the hypopharynx was assessed at FH/PNS parallel – most 
anterior point of the body of C3 – soft tissue pharyngeal wall contour to FH/PNS 
parallel – most anterior pole of the body of C4. An automatic threshold value of 
60 was set manually to obtain the pharyngeal airway dimension (mm3) and the 
mCSA (mm2) (Fig.5).
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Figure 5. Three-dimensional graphical illustration of the minimal cross-sectional area (mCSA) of 
the pharyngeal airway (PA) (threshold value 60).
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Emphasis was placed in following this UA boundaries, proposed by Swennen and 
Guijarro-Martínez 25 in order to avoid publication bias. However, these anatomical 
limits are not the only ones currently used by different authors at PAV assess-
ment.

4.4 Key results of the investigation

Impact of OS on the PAV

In agreement with previous studies 26–33, the results of our SR led us to conclu-
de that there is a lack of homogenous data with regard to AHI reduction and PAS/
PAV gain after MMA in retrognathic patients (Paper I) 10. Nevertheless, some 
problems were detected in terms of AHI and UA assessment:

-	 Problems related to data acquisition:

	 · Few articles included the methodological validation and assessment in
	 their studies. Therefore, it is difficult for further clinicians to be able to 
	 reproduce these investigations. 

	 · There was a lack of homogeneity among the studies regarding the UA
	 measurements (2D or 3D).

	 · Due to the lack of homogeneity between outcome measurements 
	 assessment between studies, a subgroup analysis was made irrespective 
	 of the global sample (MMA + genioplasty (Gp) vs isolated MMA). Indeed,
	 quantitative analysis (meta-regression analysis) was estimated at the time
	 of assessment to avoid publication bias.

	 · Some of the studies did not directly provide mean /median values, 
	 standard deviations (SD) nor interquartile ranges (IQR) – such data being 
	 calculated directly from the tables reporting individual patient values.

	 · Regarding the PSG parameters, most of the studies used the AHI index 
	 as recommended 34. However, irrespective of AHI, some studies used the
	 Respiratory Disturbance Index (RDI).

	 · No firm conclusions on the impact of MMA on surgical cure rate (CR) can
	 be stated since only two studies reported them 26,32. 
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-	 Problems related to publication bias:

	 · There was a major limitation to thus study that none of the included 
	 studies were RCT. Only two were prospective 32,35 and the remainders
	 26–31 were of retrospective nature and, therefore, subjected to the usual
	 biases and limitations of retrospective and observational studies.

	 · However, with respect to depict publication bias and to address this 
	 aforementioned problems, funnel plots and Eager tests were used (Egger 
	 test p = 0.547 for isolated MMA and p = 0.297 for MMA + Gp). 
	 Nevertheless, homogeneity between studies was found when assessing
	 PAV (I2 = 0%, Q = 0.64, p = 0.422).

However, this SR led us to confirm that MMA increases the UA and decreases 
AHI in the context of OSA, but additional multidisciplinary studies assessing as-
pects other than UA and AHI were needed to determine which types of maxillary, 
mandibular and chin movements (e.g., advancement, rotation, impaction, des-
cent) are best for enlarging the UA in its specific compromised levels, and for 
finally reducing AHI, as well as patient characterization in terms of OSA severity, 
comorbidities and facial profile, among other factors (Paper I)  10.

Three-dimensional surgical planning and orientation protocol

On the purpose to depict which ‘real’ Horizontal plane is to be used when 3D 
planning for orthognathic surgery, this retrospective cohort study on consecuti-
ve patients led us to suggest that NHP-Horizontal plane should be used as an 
absolute reference when planning for OS (Paper II) 13. Indeed, presurgical 3D 
planning protocol was performed according to the in-house protocol of Hernan-
dez-Alfaro 2010 36 – within the upper incisor soft-tissue nasion plane (UI-STP) 
was used an absolute reference to guide the anteroposterior positioning of the 
maxillomandibular complex (Fig.6) 36. 

Hence, these two absolute references are recommended when planning for or-
thognathic surgery:
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-	 UI-STP-Vertical plane

-	 NHP-Horizontal plane

Figure 6. Courtesy of Dr.Hernández-Alfaro F, et al. 2010 36

Hernández-Alfaro F, et al. Variation between natural head orientation and Frankfort horizontal pla-
nes in orthognathic surgery patients: 187 consecutive cases, Int J Oral Maxillofac Surg (2021)13
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Hernández-Alfaro F, et al. Variation between natural head orientation and Frankfort horizontal pla-
nes in orthognathic surgery patients: 187 consecutive cases, Int J Oral Maxillofac Surg (2021)13

The methodology followed in his study was validated by two authors (MGH and 
AVO):

-	 Examiner calibration: To ensure truly accurate and reproducible 
	 measurements, the examiners tagged all virtual models independently on
	 two separate occasions (two weeks apart), thus avoiding inter and 
	 intra-observer differences, respectively.

	 · Inter and Intra-class correlation analyses (ICC) were used to calculate
	 examiner differences and reliability 37,38.

	 · ICC between angles < 0.11º 13.

-	 FH-NHOº angle was measured before the intervention (T0), at 1-month 
	 (T1) and 12-months follow-up (T2). Its relationship was considered 
	 positive if the FH was located superior to the NHO plane and negative if 
	 FH was inferior to it, as follows 13:
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In this study, the majority of the selected patients underwent bimaxillary (80%) 
or monomaxillary (20%) surgery, of whom 55.9% and 43% received a CCW and 
clockwise rotation of the maxillomandibular complex, respectively. 

Prior to surgery:

-	 FH-NHOº was significantly positive for the population eligible for 
	 orthognathic surgery (p < 0.001, t-test) showing significant differences 
	 between class II and class III patients (p < 0.001, test F) 13.

Post-operatively:

-	 A greater impact of surgery was evidenced in class II compared to class III 
	 patients, reporting FH-NHOº changes between T0 and T2 as follows: 2.04º 
	 ± 4.79 (p < 0.001) and -1.20º ± 3.03 (p < 0.001), respectively. Indeed, the
	 variation between this angle significantly increases (p = 0.006) in patients 
	 receiving a CCW rotation of the mandible 13. 

To our knowledge, this was  the first study to evaluate the impact of CCW rotation 
in FH-NHOº after orthognathic surgery, which led us to conclude that occlusal 
plane changes have an impact on the cranio-cervical posture, and these differen-
ces increased after surgery 39. Thus, extracranial references such as NHO allow 
the use of the true vertical and horizontal lines as optimal reference planes for 
surgical planning (Paper II) 40,41.

Validation of the surgical protocol to optimize the upper airway

Despite the obstacles that our SR detected on data acquisition at the time of PAV 
and mCSA assessment between studies, we were obligated to justify and to co-
rrelate the airway dimension changes depending on the type, direction and mag-
nitude of each skeletal movement – isolated or jointly (i.e. advancement (adv), 
setback, CCW or CW rotation, maxillary segmentation, etc among others) on a 
3D basis (Paper III) 14. 

The evaluation of patients who underwent monomaxillary (MaxS n=25, mono-
mandibular (MandS n=25) or bimaxillary surgery (BimaxS n=53) showed an 
immediate positive effect of OS on the upper airway followed by a slight downward 
trend (stabilization of soft tissues) at 12-months follow-up, regardless of the sur-
gical approach 14.
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On average, a linear mean maxillary advancement of 6.41 ± 7.72 mm, mandi-
bular advancement of 9.92 ± 8.05 mm and a global chin advancement of 10.22 
± 10.27 mm (isolated chin 3.85 ± 2.06) were performed, with a subsequent total 
PAV and mCSA gains were 41.9%, (95% CI: 33.6 – 50.2%; p< .001) and 104% 
(95% CI: 87.1-122.1%; p<.001), respectively at 12 months follow-up. In other 
words - both maxillary and mandibular movements impact on the three levels of 
the PAV, although maxillary forward movements further widen the oro- > naso- > 
hypopharynx, while mandibular forward movements further widen the hypo- > 
oro- > nasopharynx, in these orders. However, skeletal and volumetric relapses 
at short term (10%) were insufficient to offset the total PAV gain and stability at 
long term 14. Our results are in line with those previously reported by other stu-
dies, were OS induces positive changes in both the PAV and the mCSA 42.

Correlations between some skeletal movements which favored volume gain 
(either total or subregional) were significant for the three groups:

-	 BimaxS: CCW rotation, downward displacement of the PNS, mandibular 
	 adv, maxillary adv.

-	 MaxS: maxillary adv, max segmentation, centering of the maxilla and 
	 downward displacement of the PNS. 

-	 MandS: mandibular adv, CCW of the mandible, chin adv.

Proposed surgical protocol for maximizing the upper airway

Once these correlations were found in the study, we felt the obligation to propose 
a surgical protocol when the main concern of the patient is the obstruction of the 
upper airway. Then, a proposed surgical planning protocol to maximize the UA 
was designed and validated through this investigation (graphically depicted in 
Figure 4 Paper III) 14. Hence, in this hierarchical order:

-	 Favorable surgical movements for UA increase: CCW of the mandible,
	 mandibular adv, maxillary adv.
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-	 Further increase of the UA (bonus): downward maxillary displacement of 
	 the PNS, advancement genioplasty.

	 · This means that the descent of the posterior part of the maxilla (PNS) 
	 together with a CCW rotation enlarges the pharynx, because the muscles
	 of the soft palate are pulled to an anterior and downward position, which
	 favors the upper airway space 14. At the same time, centering of the 
	 maxilla favored naso- and oropharynx PAV gain. This is explained 
	 because maxillary asymmetry may trigger some muscular constriction on
	 one side of the upper airway. Then, to our knowledge, this study is the first
	 to describe a potential relationship between maxillary asymmetries and 
	 constriction of the UA 14.

-	 Non-favorable surgical movements for UA increase: total maxillary 
	 downward movement and setback procedures.

OS as the first line treatment to cure OSA in selected patients

Once we know which were the skeletal movements that most increased both the 
airway volume and the cross-sectional areas of the UA, a prospective three-arm 
CTT was designed and implemented with the aim to correlate the abovementio-
ned parameters with the improvement of OSA in patients with DFD. This study 
was registered at clinicalTrials.gov ID NCT03796078 (Paper V).
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The fundamental results of paper V were that all of our patients (n=25) with DFD 
reported both subjective and objective improvements of OSA after OS which re-
mained stable at 12-months follow up, with a cure and success rates oof 61% and 
100%, respectively. 

Preoperatively:

-	 60.9% of the patients were diagnosed with mild and 39.1% with 
	 moderate-to-severe OSA (21.7% and 17.4%, respectively).

Postoperatively:

-	 After OS, a total AHI reduction of 14.3 ± 2.1 e/h (71.7%, p < 0.001) was 
	 observed after orthognathic surgery, followed by a mean relapse of 0.4 ±
	 1.6 e/h (7.4%, p = 1.000) at 12 months follow-up (Figure 1 paper V).

	 · Then, most of the patients (74%, p < 0.001) improved their severity level 
	 and remained stable after one year (61%, p < 0.001) (Figure 1 paper V).

	 · However, a residual mild OSA was observed in 39.1% of the sample
	 (Figure 1 paper V). This is due to the preoperative OSA severity of the
	 sample of this study (majorly mild), where OS did not induce major 
	 changes in mild OSA patients.

	 · Severe and moderate OSA patients showed higher AHI reductions (93.3%
	 and 69.7%, respectively) than the mild ones (19.9%).

Figure 2 (paper V). Upper airway evolution after OS over follow-up: at 1 and 12-months follow-up.
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-	 A mean volumetric relapse of 9.4% at 12 months follow-up, were as 
	 expected and in agreement with those reported in other trials 14. 
	 This mainly occurs for the pharyngeal wall accommodation and soft tissue 
	 stability after MMA at long term 43. However, further follow-up and 
	 increasing if the sample is needed to clarify the related risk factor that 
	 contribute to these relapses after OS.

Despite the positive immediate effect of OS in PAV, mCSA and sleep-parameters, 
no significant correlations could be detected between the type of surgery, and the 
changes in AHI and ESS score. However, it is essential to highlight that this sis a 
pilot study, and therefore, subjected to its natural limitations that are to be addres-
sed on the ongoing CCT. However, all of these preliminary findings are in line with 
those in the latest investigations of the Stanford group 44 which demonstrates the 
long-term stability of OS to improve OSA 44. 

Taking all these parameters into account, this pilot study led us to conclude that 
AHI reduction, preoperative OSA severity and underlying DFD play a major role 
to cure OSA. Then, the results of this study demonstrates that OS is a safe, 
predictable and definitive tool when planning to cure moderate-to-severe OSA. 
However, a further enlargement of the sample (n=100) will seek to be able to 
state firm conclusions in this point.

Dentofacial deformities and OSA

OSA usually arises in patients presenting hypoplasia of the mandible (class II 
patients (in our sample, 65.2%)), but also of the maxillary bone (class III patients 
(in our sample, 26.1%)), or both of them (class I patients (in our sample, 8.7%)) 
(Paper V). Therefore, when evaluating the relationship between OSA and DFDs, 
we should be aware of the skeletal facial pattern (retrusive vs protrusive) besides 
the dental class. As Castro-Silva et al. 45, who described class I and III as having 
statistically bigger volumetric areas than class II patients (p<0.05 and p<0.001, 
respectively) state that retrognathic patients are more prone to suffer from OSA 
45. In this line, other authors have also speculated that patients with DFD  are at 
a higher risk to develop OSA and, specifically, patients with a greater mandibular 
jaw deficiency and short face would be the most vulnerable (p<0.001)46.

A diagnostic-therapeutic algorithm to treat patients with severe DFD (Down 
Syndrome patients) suffering from OSA

In addition to the previous ongoing CCT (total sample n= 100), the authors des-
cribed a protocol for the surgical management of DFD in Down syndrome (DS) 
patients (Paper IV) 47. 
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The fundamental findings of this study were as follows:

-	 An average PAV gain of 10,954.33 mm3 (50%) was recorded immediately
	 after surgery. 

-	 Non-relevant skeletal and airway relapses were noted.

-	 Stable occlusion was achieved in all cases after postoperative orthodontic
	 treatment. This means that all patients had a proper chewing function, and 
	 their parents referred decreased snoring levels.

-	 Orthodontics and OS constitute the management of choice for the 
	 occlusion disorders and associated feeding, respiratory and related 
	 problems of DS patients.

However, there are some key elements to take into account for the clinicians whi-
le treating with DS patients with specific dysmorphic orofacial features:

	 1. Anesthesia procedure - Difficult airway in intubation. This is explained 
	 because of a small airway due to maxillary hypoplasia, tonsillar 
	 hypertrophy, short neck and macroglossia, among others…

	 2. Behavioral and communicating problems - This means to establish
	 a good and trusting professional-patient relationship. In this regard it is
	 useful to explain the planned procedures in-depth and to indicate the 
	 expected results and eventual complications to the patient and his/her 
	 relatives. Keeping close contact through telephone support and more 
	 frequent follow-up visits may also be useful.

In agreement with the previous studies 10,13,14,47, all these outcomes point to OS as 
the first line treatment option, considering the characteristic orofacial dysmorphic 
features of individuals with DS which contribute to airway narrowing, such as re-
trusion or shortening of the mandible and maxillary hypoplasia 47.
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The conclusion of this PhD investigation are the following:

1. According to the current literature, there is a lack of homogenous data 
with regard to AHI reduction and PAS/PAV gain after MMA in retrognathic 
patients - However, MMA increases the upper airway volume and decrea-
ses AHI in the context of OSA, but additional multidisciplinary studies as-
sessing aspects other than UA and AHI are needed to determine which 
types of maxillary, mandibular and chin movements (i.e. advancement, 
rotation, impaction, descent) are best for enlarging the UA (Paper I).

2. With regard to the horizontal planes that should be used at the time of 
virtual surgical planning in orthognathic patients, NHO should be used as 
the real horizontal plane when planning for OS, given that pre- and posto-
perative NHO differs from FH in orthognathic patients (Paper II).

3. There is a favorable effect of OS on the upper airway regardless of the 
surgical approach, being bimaxillary advancement and MOP changes by 
CCW rotation the most significant contributors (Paper III).

4. Conversely, total maxillary downward displacement without rotation and 
mandibular setback movements penalized PAV gain at long term. Howe-
ver, a 10% skeletal and volumetric relapse should be expected at 12 mon-
ths-follow-up (Paper III).

5. In selected patients with DS presenting specific orofacial dysmorphic 
features, orthodontics and OS are the first management options of choi-
ce to address both occlusion and OSA. Then, the implementation of the 
proposed protocol together with improved medical measures, minimally 
invasive surgery and cutting-edge technologies allows OS to be safely 
performed in patients with DS (Paper IV).

6. Both the underlying type of DFD and the preoperative OSA severity are 
noteworthy factors in determining the long-term clinical success to cure 
OSA after OS, irrespective of the positive effect of OS in the PAV, mCSA 
and AHI parameters. Therefore, OS should be used safely as the first line 
treatment armamentarium when planning to cure moderate-to-severe OSA 
in selected patients with a facial retrusive profile (Paper V).
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