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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.

This PhD project, coordinated by Prof. Dr. Federico Hernandez-Alfaro and Dr.
Adaia Valls-Ontafnon at the Universitat Internacional de Catalunya, started in
January 2018 as a three-year program, and was granted by the competitive pre-
doctoral fellowship ID: FI_B200134 by the AGAUR (Agencia de Gesti6 d’ajudes
Universitaries i d’'investigacio) of the Generalitat de Catalunya.

Thus:

Approval and concession of the Fl-predoctoral fellowship received
by AGAUR is provided in Appendix II.
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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
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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
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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 .
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.



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 °. Recent studies ° suggest that patients with undiagnosed OSA
consume 3 times more resources than the general population °. These costs are
related to more days of hospital stay, more consultations in specialized care and
an increase in the prescribed pharmacological treatment ®.

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
27 . 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% &.

In this context, patients with different dentofacial deformities (DFD) — class |, Il
or Il ® 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 '°. 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%'°. 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 M.
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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 '2.
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 4. 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 '2. 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 ).

- 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 (mMCSA) 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 IlI).

- 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 lll, 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 1V).

- 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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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”.
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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 '. The PAis occluded due to a loss of muscle tone of the dilator muscles
during sleep, which leads to its narrowing or total obstruction 2. As a result, there
are repetitive oxygen desaturations (SatO2) with snoring, unrefreshing sleep, fa-
tigue and excessive daytime sleepiness (EDS) 2. Systemic arterial hypertension
and heart failure may subsequently develop, with a significant increase in morta-
lity risk 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% 2 of the general adult population, though
some authors report figures of up to 26% 3“. Nevertheless, the statistics show
that over 50% of all cases go undiagnosed 2. The disorder is three times more
common in men than in women 34,

The diagnosis of OSA requires the recording of multiple physiological signals
during sleep “. In this regard, polysomnography (PSG) is considered the gold
standard for diagnosing the disease *. 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) *. In addition, the guidelines of the American Aca-
demy of Sleep Medicine (AASM) # 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]) “.

Different methods are currently used for treating OSA patients °. 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 ° (adheren-
ce being defined as > 4 hours of night use of CPAP during 70% of nights) ©. Di-
fferent alternative treatments are available to expand the PA, such as uvulo-pala-
to-pharyngoplasty (UPPP), tonsillectomy, adenoidectomy, hyoid suspension (Hs)
or hyothyroidopexy °, 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 "%.
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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 , ;. Many publications have demonstrated
that MMA moves the anterior pharyngeal wall forwards, resulting in enlargement
of the PA and, consequently, a decrease in AHI 3811 Some authors have con-
cluded that the efficacy of MMA is equivalent to that of CPAP use over the long
term > 7% 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 "'
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 literature'®. 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 8112,

Recent studies have evaluated PA enlargement after MMA, reporting significant
changes in PAvolume (PAV) (a mean 80.43% volume gain), related to a mean de-
crease in AHI of 83.01% (p < 0.001) 3. These volumetric parameters are usually
quantified using cone beam computed tomography (CBCT) 2582101415 "gince 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 5. 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 .

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 46323950 A final AHI < 20 events / hour, with a reduction of
50% postoperatively, defines surgical success '°’. A final AHI < 5 events / hour is
regarded as a surgical cure criterion 14-6:32:39.50,

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 ltems 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) '7:'8. Heterogeneity among the included items
was assessed using the 12 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 323537:3% gnd b) “MMA + Gp” group (n = 159), including all articles regard-
less of Gp 32%°, 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
9. A 95% confidence interval (Cl) was pooled.

The quality of the papers was assessed using the adaptation of the bias analysis
used by Haas Jr, Becker and Oliveira 2015 1620, 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.



RESULTS

Search strategy and study selection

3.1 - Impact of MMA for the treatment of OSA

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) 178,

Main search
c
§ Database searching Other resources
n =491 n=5
L
£ [ |
)
s |
Duplicat |
=305 uplicates remova
Selection of studies
o
[~
€
‘g n=11 Records screened
Grey literature Excluded
n=0 n= 68
Fulltext for eligibility
n=43
£
3 Manual search Excluded
o n=1 n=24
o =
n= 20
Excluded with reasons®
n=12
Fulktext included
3 n=8
3 Selection of studies
] | |
[~

|

Qualitative analysis
n=8

|

Quantitative analysis

Figure. 1. Systematic PRISMA flow chart.
* No response or inappropriate data were received from the authors of the excluded studies.
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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
tittes 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 3212 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 132123,

Twelve articles ':13:30.3121.2224-29 \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 2122242729 did not report PA measurements and
three studies 2793 reported setback procedures.

Eight studies 32%° 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 323639 and only two involved a
prospective design 3%, 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) 32353739 while four trials 33343638 gvaluated the effectiveness
of MMA + Gp as an adjunctive procedure, though not necessarily in all the pa-
tients (n = 51) 33343638 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 323373 gnd b) “MMA =
Gp” group (n = 159), which includes all articles regardless of Gp *23° (Tables 1
and 2).



Table 1. Demographic data of the included studies.
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2017
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Hospital
Como,

llaky.San,
Raffagla

Hospital in
Milan

&
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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.
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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°. The
mean age was 39 years (range 33 - 61) 32,

All of the studies 32 included moderate to severe OSA patients assessed by
PSG. In relation to the PSG parameters, most of the studies used the AHI index
323439 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 °. 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) © or failed pre-
vious adjunctive surgery such as UPPP, Hs or adenoidectomy, among others 32,

Regarding the imaging techniques used, the majority of the studies 3235 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) 323538 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 3334 (Table 3).
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Table 2. Data referred to outcome measures of the included studies.

Type of AHI pre- AHI post-
Samp BMI pre- BMI post- surgery: mean 50 mean S0 Success  Cure
Author, year la* [Kegm) [Kgmiz) MMA or {Eventsh  (Eventsh rate rate
MMA £ Gp our) our)
Faiburnetal.  pn=20 3224147 31742 5.0 MMA 52;’; 186463 80% -
2007 {p 0.81) :
G1.41 = 24 =
Jones et al. 33985(p 34,7 £92
n=2b MMA £ Gp 186 (p > 184 (p=> 65% MA
2010 0.61) {p 0UE1) 0.01) 0.01)
587x16  B1z7A8
mhlﬂnl n=15 MA MA MMA £ Gp fp< pe< 100% MA
0.001) 0.001)
568 123+565
E“ﬂ::“h' etal n=10 MA MA MMA 16.6 {p « pe 100% MA
0.005) 0.005)
Schendel ot al. _ 428 =
2014 n=10 28.8 MA MMA ﬁp 212 5.2+83 1008 A
357+ 4844
oy Ak n=1é 2133 MA MMA 18.0p ipe 100% A
0.001} 0.001)
7T+
Veys et al. _ 85£10
2017 * il . - s },‘_‘égﬁ' {p 0.005) ok a0r%
D¢ Ruiter et al.
- 20 (2733 [p E2:10(p  16:10(p
2017 n=&2 0,600} A MKA 0.515) 0.515) s A

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 1,2,35,7,11).

** p — values < 0.05 were accepted as significant (95%CI)

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

PA pre- PA past- Max Mand Ml PAS pre- PAS post- Change in
Author, year Point  meanSD  mean 5D ADV ADY ADV ratia  Mean 5D mean S0 PAS mean
PA [em?) {emd) [ mrm} [ [mim} [mim} 8D
Fairburn et al. PAS A, NA, MNA 10 NA 11.128 16.96 583
2007
1205 + 16.23 = 255+3.18
Jones ot al. 2010 PAS A MNA a7 5.73 NA 8.5 + .66 1328572 £ >0.01)
Renchi et al. 45275
2013 PAS 2:#4_'3 m:t.iss 52245 951287 1.83 5222 05233 {0 0.74)
128 £4, LT £ 3
el PAS  (p< p< 10 10 1,00 NA NA NA
0.005) 0.005)
MEI‘M.I“ ol. PAS T 176.8 8.4 8.5 1.0 GOT +2.3 HG0 = 4.1 353=32
17170 23.2:88
Haieh et al. 2014 PAS p= lp= MNA MNA NA NA MNA NA
0.001) 0001y
28.78 = 38.97 =
Veys et al. 2017 PAS B4 ip 1507 (p BO=21 S8=18 1.23 A A A
0.002) 0.002)
De Ruiter et al. T222 7237
27 PAS A MNA P 1.00 7137 14xd.4 T+4.05
0.164) 0.248)

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 1,2,35,7,11).

** b — values < 0.005 were accepted as significant (95%Cl)
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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) %2%. In a second stage, the analyses were
replicated for the studies only reporting MMA (“MMA” group) 323%3739 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 “°.

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%°: The mean postoperative AHI scores for the
global sample of 159 patients ranged from 4.8 37 to 29.4 events / hour %, with a
mean final AHI of 12.4 events/hour (95%CI1 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 323>37:39: A global sample of 108 patients who did not un-
dergo Gp yielded a mean postoperative AHI score of 4.8 3 to 18.6 * 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 32353739 |ndividually, 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 32353739 gnd for
every additional unit of maxillary/mandibular ratio the final AHI score was reduced
by an average of 0.81 events/hour 3233739 respectively.
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On the other hand, results regarding AHI reduction were as follows:

a) “MMA = Gp” group 32%: The average reduction values ranged between
30.9 * and 50.6 events/hour 4. 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 %2%>3739: The average reduction values ranged between
30.9 ¥ - 50.6 events/hour 2 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).
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Figure 2. Forest plots representing the final mean AHI (a) and AHI reduction (b) in both groups.
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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.
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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 32-343639; 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.
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Figure 4. Forest plots representing PAS gain for both the “MMA” and "MMA + Gp” groups.

b) “MMA” group: only two studies 3% 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 *%7, 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.
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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 32343639 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 AH| 32:34.36.:39
(Suppl. Fig. S1).
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Supplementary Figure S1. Meta-regression corresponding to PAS gain and final AHI (“MIMA + Gp” group).

With regard to the 3D PA measurements, two papers %%, 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 % and 0.76 ac-
cording to De Ruiter *). 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

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 33433° gnd
as medium / unclear for three studies %27, None of the studies reported blind
assessment.

Fairburn Jones at al, Ronchi et Schendelat  Bianchi et Hsieh at Vays at al. D Ruiter at

Guality criteria oy 4, 2007 2010 al. 2013 al. 2014 al.2014  al 2014 2017 al. 2017
Sample
randomization No Ko Na No o No o Ko
Comparison
babyean Moy Mo Mo Yas Mo Moy Mo Mo
treatrments
Blind

.8 " Mo No Nao Mo Ko Yes Yies No
Description of

rements Yes Yas Yes Yes Yas Yes Yies Yas
Statistical
analysis Yes Yes Yes Yes Yes Yes Yes Yes
Delined
inclusion/exclusi Yas Yes Yes s Yes Yas Yes Yes
on criteria
:;p-url Lo Yes Yas Yes Yes Yas Yes Yies Yas
Risk of bias® High High High Unclear High Unclear Unclaar High

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’.

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 3233
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 (12 = 0.0%, Q = 0.85, p = 0.357). This could
be due to studies 22 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 (12 = 0%, Q = 0.64, p = 0.422).
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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 3>, 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 4143,

With regard to MMA surgery according to the analyzed articles 329, 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 34337 obtained SR
values of 100%, Jones et al. 3 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) %2*° 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. 2. 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 “*. None of the included studies repor-
ted the number of patients requiring ongoing CPAP after MMA 3239,

However, the surgical success criterion remains subject to controversy *“4. 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 .
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. ) with cure rates of 50% and
40%, respectively (Table 2) 3238, Thus, we were not able to draw definitive conclu-
sions on the impact of MMA on cure rates 3238,

Scarce data is available on the required MMA advancement to benefit the patient
with OSA 542, 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 2°. 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 °. 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 *>%’, 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 4546,

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) 5264142 Ag
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 3334338 Hs  tonsillectomy,
adenoidectomy or UPPP as adjunctive procedures were excluded, since they
may alter PA dimensions 3334338 Regarding GTA and Gp, these procedures were
included provided that the magnitude of advancement was reported 33:3436:38,

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 ¥-%°, |n the last decades,
the effectiveness of MMA in modifying PAS and PA has been evaluated using 2D
or 3D methods, respectively . All of the studies 3%3° 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 %%, The PA was assessed two-dimensionally
in three of the included studies 333*3° 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 343, 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 3%-34363% Byt only Hsieh et al. ¥ and Veys et al. %
reported 3D airway measurements and were evaluated at three different levels
with respect to the limits of the PA subregions: nasopharynx, oropharynx and
hypopharynx 4. Taking into account that orthognathic surgery impacts three-di-
mensionally and in different subregions of the PA ', further studies reporting
volumetric data with different PA levels of measurement are needed, in addition
to those included in our review 3287384143 Thys_ it is important to standardize the
PA measurements for homogeneity purposes and thus be able to draw relevant
conclusions 445,

59



3.1 - Impact of MMA for the treatment of OSA

60

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)
32343639 For each 1 mm PAS gain, AHI was reduced by 3.58 events/hour 32343639,
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) 3539, 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) °. All
of the included articles established the type of OSA as moderate to severe in their
inclusion criteria -3 (Table 1). However, it should be noted that two studies 3237
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 “.
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°%. Improvement of daytime sleepiness assessed by ESS was
reported by one of the included studies *. 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 %47, In our review, only two studies %2 addressed pre- and
postoperative BMI. In this context, a 10% of weight loss has been associated to
a 26% decrease in final AHI . Nonetheless, untreated obesity is also considered
a major risk factor for the progression of OSA *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 “.
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 °.
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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 “64°. Li et al. *° attributed an average of
61% of the recorded variation in postoperative AHI to these parameters (r = 0.47,
p <0.01) “. Therefore, anatomical and non-anatomical factors are of great value
in the diagnosis and treatment of OSA patients 4%. 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 54549,

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) *°; 2) Few articles were included in the meta-analysis; 3) Definitive
generalizations cannot be made, given that of the eight studies included 3%3°, only
two were prospective. The remainder were retrospective and therefore subjected
to the usual biases and limitations of retrospective studies #°; 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 3233% However, one publication 32 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.
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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-NHO® 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 |,Il and lll, res-
pectively. Baseline FH-NHO® was significantly positive for patients with dentofa-
cial deformities (2.73° + 4.19 (2.12-3.33° p < 0.001). The impact of orthognathic
surgery in FH-NHO® was greater in class || when compared to class Il patients,
with a variation of 2.04° + 4.79 (p < 0.001) and -1.20° + 3.03 (p < 0.001), res-
pectively. FH-NHO® 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 lll than in class |l 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 | 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 (TO) 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).

Fig. 1. Extracranial truc horizontal line used by the clinicians to orient the cone-beam computed tomography. A true horizontal line was traced on
the photograph (lateral view), passing through two points: the lateral canthus of the eye and at a determined point of the helix (auricular point,
which varied depending on cach patient).
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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-NHO®) 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).

Fig. 2. Assessment of natural head orientation (NHO) and Frankfort horizontal (FH) in class 11 and class 111 patients. In these cases, NHO with
respect to FH (highlighted in red) were set at 2.6° (negative) and 7.5 (positive) in class 1T and class 111 patients, respectively.
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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 (TO, T1, T2).
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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 | (3.2%), class Il (48.7%) or class Il (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 < 0.11°.

Table 1. Descriptive characteristics of the studied sample.

n=187 %o

Gender

Male 63 33.7

Female 124 £6.3
Type of dentofacial deformity

Class | 6 3.2

Class Il =l 487

Class Il a0 48.1
Type of interventions

Bimaxillary surgery 149 7.6

Monomaxillary surgery a8 20.4
Rotational movements

cw 80 43

CCw 104 55.9

Mo rotation 3 1.1
Age (mean £ SD) 339+£11.2

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

NHP (©) according to dental class

Mean £
o o
N

-

..
——

w

Cass| Casl Cass v

Fig. 3. Mean angle between Frankfort horizontal and natural head orientation (FH-NHO?) for
class 1, IT and IIT patients. NHP, natural head position.

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

—4—Cms 1l
Impact of dental class on NHP changes —A—Cams

v Oams |

Mean

T0 T1 T2

Fig. 4. Impact of dental class (1. [ and I11) on the angle between Frankfort horizontal and natural
head orientation (FH-NHO?) over time (TO, T1 and T2). NHP, natural head position.
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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-NHP® increased significantly (p = 0.006)

(Fig. 5).

Impact of CCW rotation on NHP 0 rotaticn

Mean

T0 T T2

Fig. 5. Impact of counterclockwise (CCW) rotation on Frankfort horizontal and natural head
position (FH-NHP”) over time (TO, T1 and T2).

A multivariate model was calculated including each single independent variable
in order to rule out eventual bias and confounding factors. Results showed that
FH-NHO® 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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NHP changes according to dental class, surgery and
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Fig. 6. Multivariate analysis of changes in the angle between Frankfort horizontal and natural
head orientation (FH-NHO?) over time according to dental class (I, 11 or III), type of surgery
(mono- or bimaxillary) and rotation [no rotation (NR) or counterclockwise (CCW)], in the short
and long term.
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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 (2.73° + 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 Il patients showed a smaller FH-NHO
angle (1.35° + 4.29), whereas class Ill patients presented an increased relations-
hip (4.15° + 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 Il and Class lll facial types tend to compensate for their head
position (19). Class Il subjects tilt their head upwards, whereas class Ill 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 | was obtained after surgery, FH-NHO angulation increased
in class Il patients (3.40° + 3.41), while it reduced in class Ill (2.95° + 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 (3.15° + 3.19), which can be considered as a clo-
se approximation to the standard FH-NHO relationship of class | 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-NHO® and the patients’ dentofacial defor-
mity was greater in class Il than in class Ill 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-NHO® 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-
NHO° 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 1.83° to 2.81°) and to a greater extent at 12- follow-up (from 2.81° to 3.32°)
(Fig. 5). Similarly, the same pattern was observed in class Il patients: FH-NHO®
increased immediately after surgery and even further at long-term follow-up (TO-
T1-T2: 1.35° - 2.84° - 3.40°, respectively). However, FH-NHO® decreased signifi-
cantly after surgery and remained stable over time in class Il patients (TO-T1=T2,
from 4.15° to 2.95°) (Fig. 4). This suggests that the period of adaptability of the
abovementioned influencing factors in NHO is longer in class Il patients when
CCW rotation is performed, than in class lll 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 < 0.11°. 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 Il patients than in class |l 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 (mMCSA) 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%, Cl: 22.7 34.9%; p<.001) , oro- (36.2%, Cl: 29.0 — 43.5%; p<.001) and
hypopharynx (31.5%, Cl:25.7 — 37.3%; p<.001)); and mCSA parameters (BimaxS
= 104%, (Cl: 87.1 — 122.1%; p<.001), MaxS = 39.5%, (Cl: 18.4 — 60.7%; p<.05)
and MandS = 65.8%, (Cl: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 | or 1l), (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 | 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 17°C 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, Il or Ill). 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 | maxillary osteotomy and
mandibular bilateral sagittal split osteotomy (BSSO) with or without genioplasty;
2) MaxS: isolated segmented or non-segmented Le Fort | 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).
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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 (TO) and postoperatively
atone (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 (TO, 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 (TO, 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).
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FIGURE 1. A, Preoperative and postoperative color map superimposition —front view. Color legend as follows: Pink, preoperative CBCT (TO);
Green, postoperative CBCT (T1 or T2).8, Preoperative and postoperative color map superimpoasition — lateral view. Color legend os follows:
Pink, preoperative CBCT (T0); Green, postoperative CBCT (T1 or T2),

Giralt-Hernando of al. Three-Dimensional Analysis of Surgical Movements. | Oval Maxtllofac Surg 2020

Data analyses

Skeletal surgical movements were assessed from angular (°) 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 ),
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:

A(T1-TO0) w/(xz —X%)2+ (2 —y1)? + (2, — )
A(T1-T2) = w/(xz —X%1)2+ (2, —y1)? + (2, — z1)?

A(T2-T0) = \/(xz —X%)2+ (V. —y1)? + (2, — )3
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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-Martinez (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).

oy

FIGURE 2. A, 3dimensional total PAV assessment occording 1o Guijerro and Swenen, 2013 (16) PAV boundaries. 8, 3-dimensional PAV
boundaries— Delimitotion of the nasopharynx PAV boundary (16).C, 3dimensional PAV boundaries —Delimitation of the oropharynx PAV
boundary (16).D, 3-dimensional PAV boundaries — Delimitation of the hypopharynx PAV boundary {16). Abbreviation: PAV, pharyngeal airway

volume

Giralt-Hernando et al. Three-Dimensional Analysis of Surgical Movements. | Oval Maxillofac Surg 2020
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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 | error, and allowed the evaluation at short term (T1-T0), stability (T2-T1) and
long term (T2-TO) 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 TO 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 Il, 45.6% class Ill and
2% class | 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-
I, 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 SNA® (-0.6 + 1.0°; 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%
Cl: 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
mma3 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 |l
compared to class Il 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 mmg3, 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); 1° of SNA increase by CCW rotation of the maxilla
implied a mean nasopharynx gain of 151.6 mm3 (p= .011) and 2) MandS: 1° 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).

Bimax (n =53) MaxS (n=25) MandS (n=25)
n %o n %o n %o
Gender
Male 15 283 12 48 16 84
Female 38 7.7 13 52 9 36
Type of dentofacial
deformity
Class | 0 0 2 B 0 0
Class Il as 60.4 0 0 22 as
Class Il 21 39.6 23 g2 3 12
Maxilla
Segmented LeFort | 28 52.8 9 36 - -
Non-segmented LeFort | 25 472 18 B4 - -
Advancement 53 100 25 100 - -
setback 0 0 a] o - -
Upwards (impaction) 16 30.2 4 16 - -
Downwards (descend) 11 20.8 iz 48 - -
Mo vertical movement 26 49.1 g a6 - -
Centering 21 398 5 20 - -
No centering 32 60.4 20 80 - -
Mandible
BSSO 43 81.1 - - 23 g2
Setback 2 3.8 - - 2 8
Centering 27 50.8 - - 17 68
Mo centering 28 491 - - 8 32
Chin
Advancement
genioplasty 26 491 - - 3 12
Mo sagittal genioplasty
27 50.9 - - 22 B8
Downwards (descend) 5 a9.4 - - 2 8
Mo vertical genioplasty 48 90.6 - - 23 a2
Rotational movements
Ccw 4 7.5 0 0 0 0
CCw
49 82.5 25 100 3 12
No rotation 0 0 0 0 22 88
Age (mean + SD) 296+9.4 39.7 £9.2 291212

Abbreviations: BimaxS: bimaxillary surgery; Max5: maxillary surgery; MandS: mandibullary surgery; CW: clockwise
rotation; CCW: counterclockwise rotation; BSS0: bilateral sagittal split osteotomy.
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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

Lang
TO ™ T2 term 95% CI pevalue
goin (%)
73970 s 11,426.3 + 10,475.7 &
Nasopharynx 19734 32188 28833 M8 apg-s23 pe0.00
Graph 16.200.6 + 26,850.0 = 23,1802 % 43.2 32.1 -54.3 I
rophanynx 5,397 6 75395 6.510.7 Pt
Bimaxs 41115 6.700.8 5,682.0
11162 JO3B = BE20 e -
Hypopharynz 1,274.2 1,471.3 1310.7 3|4 mF-4r2 p<0.001
27,7206 2 44,9058 £ 25,3368+ -
Total PAV 23.6-502 -
ot £,534.3 8,881.0 8.338.1 4.8 p0.001
mESA 12084503 20909 +065  247.4:768 104 8711221 P
89802 11,7451 + 11,000.2 -
h 22, 126-31.4 001
Nasopharynx 15459 2.637.2 19289 s a6 P<0.00
" 17.648.2 23,0884 & 22,7553+ . . R
Oropharynx 45621 6.632.8 6.030.0 9 §= P<0.00
Max5
43566 51537 5 5,049.5 £
H _ "
Ypopharynx 8449 8716 1,040.3 es o aa-2ms pe0.001
30,966.2 & 41,1430 £ 38,9083 & -
Total PAV 15.7 - 355 -
o 6,010.3 8,680.7 7.421.9 2 peon
mCSA 168.2+67.1  2308+B0.2 2347 £ B6.2 305 64007 pe0.05
86026 + 10,2100 + 96352 2
Nasopharyns 1812.1 24838 20482 12 22-218 p=0.001
16,6036 & 24,666.7 & 21,5415+ B
Orapharyng 41878 8985 1 5484 4 8.7 16,1 - 43.4 p0.001
Mands
41748 6.208.5 + 5.466.2 & 18.1 — 3.
Hypopharyns 9487 18131 1,267.1 0.8 B1-438 pelom
20,3811 + 41,085.3 & 36,643.0 &
Total PAV S 8001 g pptiind 25 15.4 - 341 p<0.001
mGSA 1365544 231569  2265:588 B5E  4B.1- B35 e 05

Nobe: "p<0.05; *"p<0.01; "*"p<0.001: mean + S0 (standard deviation).

Abbreviations: PAV: pharyngeal airway volume: Bimax$: bimaxillary group: MaxS: monomaxilary group:
Mand5: isolated mandibular groug; mCSA: minimum cross-sectional anea; Cl: confidence interval.

*volumes are given in mm? and areas i mme.
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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,
[l or 1). 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 Il or Ill). 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 Il than in class Il patients (class Il presenting 12% (95% CI: 10.1-22.1)
more PAV gain than class Ill 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% Cl: 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 mmg3 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
mMCSA and PAV at long term. In the same way as for mandibular advancement,
a mean 5.74 + 4.90° 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).
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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 mma3 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% ClI: 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% Cl1:48.1 — 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 |l and class
Il 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).
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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 | 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 mmg3), 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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Giralt-Hernando et al. Three-Dimensional Analysis of Surgical
Movements. | Oral Maxillofac Surg 2020.

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.
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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

FIGURE 4. A, Surgicol planning protocol for maximizing the upper cirway. Hierarchical grophic representation of the increcse/decrecse in
upper oirway as per surgical movements in orthognathic surgery. llustration of the favoring surgical movements o increase upper airway [CCW
rotation, mandibular and maxillary advancements [green arrows]); movements to further increase PAY for chin advancements and posterior
maxillary displacement of the PNS (blue arrows}.B, Nonfavorable surgical movements (total maxillary downward and setback mandibular
movements) which jeopardize the upper cirway (red arrows). Abbreviations: CCW, counterclockwise; PAV, pharyngeal airway volume.

Giralt-Hernando et al. Three-Dimensional Analysis of Surgical Movements. | Oval Maxtllofac Surg 20200

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.



3.3 - Three-dimensional analysis of surgical movements

REFERENCES

1. Christovam 10, Lisboa CO, Ferreira DMTP, Cury-Saramago AA, Mattos CT. Upper
airway dimensions in patients undergoing orthognathic surgery: a systematic review and me-
ta-analysis. Int J Oral Maxillofac Surg [Internet]. 2016;45(4):460-71. Available from: http://dx.doi.
org/10.1016/j.ijom.2015.10.018

2. Hernandez-Alfaro F, Guijarro-Martinez R, Mareque-Bueno J. Effect of mono- and bimaxi-
llary advancement on pharyngeal airway volume: cone-beam computed tomography evaluation.
J Oral Maxillofac Surg. 2011 Nov;69(11):e395-400.

3. Giralt-Hernando M, Valls-Ontafion A, Guijarro-Martinez R, Masia-Gridilla J, Hernan-
dez-Alfaro F. Impact of surgical maxillomandibular advancement upon pharyngeal airway volu-
me and the apnoea-hypopnoea index in the treatment of obstructive sleep apnoea: Systematic
review and meta-analysis. BMJ Open Respir Res. 2019;6(1):1-13.

4. Mattos CT, Vilani GNL, SantAnna EF, Ruellas ACO, Maia LC. Effects of orthogna-
thic surgery on oropharyngeal airway: A meta-analysis. Int J Oral Maxillofac Surg [Internet].
2011;40(12):1347-56. Available from: http://dx.doi.org/10.1016/j.ijom.2011.06.020

5. von ElIm E, Altman DG, Egger M, Pocock SJ, Getzsche PC, Vandenbroucke JP. The
strengthening the reporting of observational studies in epidemiology (STROBE) statement: Gui-
delines for reporting observational studies. Int J Surg. 2014;12(12):1495-9.

6. Dodson TB. Writing a Scientific Paper Is Not Rocket Science! J Oral Maxillofac Surg.
2015;73(12):5160-9.

7. Obwegeser H. The indications for surgical correction of mandibular deformity by the
sagittal splitting technique. Br J Oral Surg. 1963;1(C):157-71.

8. Hernandez-Alfaro F, Guijarro-Martinez R. “Twist technique” for pterygomaxillary dys-
junction in minimally invasive Le Fort | osteotomy. J Oral Maxillofac Surg. 2013 Feb;71(2):389—
92.

9. Raffaini M, Hern F, Paredes-de-sousa-gil A, Magri S, Guijarro-marti R. Three-Dimensio-
nal Analysis of Long-Term Stability After Bilateral Sagittal Split Ramus Osteotomy Fixed With a
Single Miniplate With 4 Monocortical Screws and 1 Bicortical Screw : A Retrospective 2-Center
Study. 2017;1036-45.

10. Hernandez-Alfaro F. Upper incisor to Soft Tissue Plane (UI-STP): A new reference for
diagnosis and planning in dentofacial deformities. Med Oral Patol Oral Cir Bucal. 2010;15(5):8-

103



3.3 - Three-dimensional analysis of surgical movements

104

11. Aboul-Hosn Centenero S, Hernandez-Alfaro F. 3D planning in orthognathic surgery:
CAD/CAM surgical splints and prediction of the soft and hard tissues results - our experience in
16 cases. J Craniomaxillofac Surg. 2012 Feb;40(2):162-8.

12. Haas Junior OL, Guijarro-Martinez R, Sousa Gil AP de, Méndez-Manjon |, Valls-Otafién
A, de Oliveira RB, et al. Cranial Base Superimposition of Cone-Beam Computed Tomography
Images. J Craniofac Surg. 2019;00(00):1.

13. Solow B, Sandham A. Cranio-cervical posture: A factor in the development and function
of the dentofacial structures. Eur J Orthod. 2002;24(5):447-56.
14. Lin X, Edwards SP. Changes in natural head position in response to mandibular ad-

vancement. Br J Oral Maxillofac Surg [Internet]. 2017;55(5):471-5. Available from: http://dx.doi.
org/10.1016/j.bjoms.2017.01.007

15. dos Santos RMG, De Martino JM, Haiter Neto F, Passeri LA. Influence of different setups
of the Frankfort horizontal plane on 3-dimensional cephalometric measurements. Am J Orthod
Dentofac Orthop. 2017;152(2):242-9.

16. Guijarro-Martinez R, Swennen GRJ. Three-dimensional cone beam computed tomogra-
phy definition of the anatomical subregions of the upper airway: A validation study. Int J Oral
Maxillofac Surg. 2013;42(9):1140-9.

17. Rubio-Bueno P, Landete P, Ardanza B, Vazquez L, Soriano JB, Wix R, et al. Maxillo-
mandibular advancement as the initial treatment of obstructive sleep apnoea: Is the mandibular
occlusal plane the key? Int J Oral Maxillofac Surg. 2017;46(11):1363-71.

18. Veys B, Pottel L, Mollemans W, Abeloos J, Swennen G, Neyt N. Three-dimensional vo-
lumetric changes in the upper airway after maxillomandibular advancement in obstructive sleep
apnoea patients and the impact on quality of life. Int J Oral Maxillofac Surg. 2017;46(12):1525-
32.

19. Camacho M, Noller MW, Del Do M, Wei JM, Gouveia CJ, Zaghi S, et al. Long-term Re-
sults for Maxillomandibular Advancement to Treat Obstructive Sleep Apnea: A Meta-analysis.
Otolaryngol Neck Surg [Internet]. 2019;019459981881515. Available from: http://www.ncbi.nim.
nih.gov/pubmed/30598047%0Ahttp://journals.sagepub.com/doi/10.1177/0194599818815158
20. Dicus Brookes CC, Boyd SB. Controversies in Obstructive Sleep Apnea Surgery. Oral
Maxillofac Surg Clin North Am [Internet]. 2017;29(4):503-13. Available from: https://doi.or-
g/10.1016/j.coms.2017.07.005



3.3 - Three-dimensional analysis of surgical movements

21. Ayappa |, Rapoport DM. The upper airway in sleep: Physiology of the pharynx. Sleep
Med Rev. 2003;7(1):9-33.

22. Iwasaki T, Sato H, Suga H, Takemoto Y, Inada E, Saitoh I, et al. Relationships among
nasal resistance, adenoids, tonsils, and tongue posture and maxillofacial form in Class Il and
Class Il children. Am J Orthod Dentofac Orthop. 2017;151(5):929-40.

23. Prinsell JR. Primary and secondary telegnathic maxillomandibular advancement, with
or without adjunctive procedures, for obstructive sleep apnea in adults: A literature review and
treatment recommendations. J Oral Maxillofac Surg [Internet]. 2012;70(7):1659-77. Available
from: http://dx.doi.org/10.1016/j.joms.2011.03.064

24, Schendel SA, Jacobson R, Khalessi S. Airway growth and development: A compute-
rized 3-dimensional analysis. J Oral Maxillofac Surg [Internet]. 2012;70(9):2174-83. Available
from: http://dx.doi.org/10.1016/j.joms.2011.10.013

25. Yang Y, Yang K, Zhao Y. Three-Dimensional Changes in the Upper Airway of Skeletal
Class Il Patients After Different Orthognathic Surgical Procedures. J Oral Maxillofac Surg [Inter-
net]. 2018,;76(1):155-64. Available from: https://doi.org/10.1016/j.joms.2017.06.025

26. Gandedkar NH, Chng CK, Por YC, Yeow VKL, Ow ATC, Seah TE. Influence of Bimaxillary
Surgery on Pharyngeal Airway in Class Il Deformities and Effect on Sleep Apnea: A STOP-BANG
Questionnaire and Cone-Beam Computed Tomography Study. J Oral Maxillofac Surg [Internet].
2017;75(11):2411-21. Available from: https://doi.org/10.1016/j.joms.2017.05.028

27. Lee JY, Kim Y I, Hwang DS, Park SB. Effect of maxillary setback movement on upper
airway in patients with class Il skeletal deformities: Cone beam computed tomographic evalua-
tion. J Craniofac Surg. 2013;24(2):387-91.

28. Haas Junior OL, Guijarro-Martinez R, de Sousa Gil AP, da Silva Meirelles L, Scolari N,
Mufioz-Pereira ME, et al. Hierarchy of surgical stability in orthognathic surgery: overview of sys-
tematic reviews. Int J Oral Maxillofac Surg. 2019;

29, Haas Junior OL, Guijarro-Martinez R, de Sousa Gil AP, da Silva Meirelles L, de Oliveira
RB, Hernandez-Alfaro F. Stability and surgical complications in segmental Le Fort | osteotomy:
a systematic review [Internet]. Vol. 46, International Journal of Oral and Maxillofacial Surgery.
Elsevier; 2017 [cited 2017 Jul 2]. p. 1071-87. Available from: http://www.ncbi.nlm.nih.gov/pub-
med/28601432

105






3.4 Paper four

Airway volume changes after orthognathic surgery
in patients with down syndrome:

A diagnostic-therapeutic algorithm

Hernandez-Alfaro F, Montes-Fernandez-Micheltore-
X ] N Journal of Otolaryngology -
na P, Molins-Ballabriga G; Giralt-Hernando M, Head and Neck Surgery

Mayoral-Trias A, Valls-Ontandn A. _
Otorhinolaryngology

Journal of Otolaryngology - Head & Neck Surgery

yest quartile

J Otolaryng Head Neck Surg 7: 054. 5
SJR 2019 -
1.03

powered by scimagojr.com

DOI: 10.24966/0HNS-010X/100054
ISSN: 1916-0216




3.4 Airway volume changes in Down syndrome patients

108

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 Il 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)
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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%, 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 3.

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 | osteotomy using the ‘twist technique’
described elsewhere . All patients were extubated in the operating room, and
all wore a closed-circuit cold mask (17°C) 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 [T0O]) 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 TO, T1 and T2 databases. Three-dimensional supe-
rimposition and dimensional comparisons were performed by means of surface
matching between different datasets '°.

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-GolL) 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 .
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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 authors'” 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 Il and
a lack of inter-arch contacts are common in patients with DS, due to their above-
mentioned skeletal cranial and orofacial dysmorphic features 38. In the attempt to
create more dental contacts these individuals protrude the mandible, which in the
end can jeopardize temporomandibular joint function . 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 . 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 2': 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 airway*°. 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 °'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; ¢) airway soft tissue surgery, such as adeno- and lingual-tonsillectomy, which
are associated to high OSA persistence rates * (adeno- and lingual-tonsillectomy
therefore should be indicated only when hypertrophy is clearly evidenced) #%¢; d)
partial glossectomy, which should only be indicated when true excessive enlar-
gement of the tongue results in insufficient space for the organ ?7; 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 #; 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 2°. 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 *°.
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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 3'. 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 %233 and on clinical symptoms based on a specific OSA quality
of life test for children (the OSA-18 survey) 734 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 353¢, 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 ¥, 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 383 jts 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 “.

Postoperative discomfort should be reduced as far as possible, adopting minima-
lly invasive approaches such as the ‘twist technique’ %, the shortening of surgery
time, the use of a piezoelectric saw when possible “°, the prescription of standard
anti-inflammatory medication, manual lymphatic drainage for OS #!, and the wea-
ring of a closed-circuit cold mask during the postoperative period *2. Furthermore,
whenever possible, light guiding elastics for functional training should be used
instead of rigid intermaxillary fixation .

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
1943 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 *4.
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Besides, it also may reduce the inherent muscular imbalance that predisposes
to an increased prevalence of relapse after OS . 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 (mMCSA) 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.
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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 | 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 (TO) 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 (TO, 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, 1ll), 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 (Sp0O2) 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; ¢) 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 (Cl) in detecting
differences in volumetric and OSA parameters over time (TO, 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 | (8.7%), class Il (65.2%) or class Il (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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OSA severity evolution

100
G
435 9.1
75 n7? Modeeate
% 50 (]
No OBA
2 609 65 60,9
0
Pre (TO) 1mo(TY 12mo (12)

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.

Pre (T0)
n=23 (%)

Age (mean = SD) 421 £11.8 years
Gender
Male 17 (73.9)
Female & (26.1)
Type of dentofacial deformity
Class | 2 (8.7)
Class || 15 (65.2)

Class Il 6 (26.1)
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Type of interventions

Bimaxillary surgery

Monomaxillary surgery

sagittal movements (mean + SD)
Maxillary adv

Mandibular adv

chin adv

Rotational movements

Cw

cow

Mo rotation

19 826
4 17.4

6.8 + 6.7 MM
14.1 £ 9.2 mm

16.8 £ 7.8 mm

0 0
19 826
4 17.4

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).

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

Pre (TO) Post 1-manth (T1)  Post 12-menths (T2) p value
n= 23 (IGA)
Total PAY (mm3] 27092677262 408688 £ 114684 449026+ 8056  Pe0.001%
nasopharynx 82475+ 23895 13,0074 =3681.1 11780.2 =+ 2889.4
oropnanyToe 152260 + 56049 POPGA9+ 83015  PR4R34+TISET
Hypopharyr 4518.2+ 13546 75925 + 17881 67189 £ 1106.4
mCSA (mm2) 12112389 3321+ 1131 2821 £102.1
Final AHI (&™) 20.05+9.89 4537 4.8+ 3.7 p=0.001%*
OSA severity p=0.001%=*
< 5 a/h No OSA 0 (0%) 13 (56.5%) 14 (50.9%)
=5ah 14 [60.99%) 10 (43 55 & (36.1%)
=15eh 5 (21.7%) 0 (0%) 0 (0%}
2 30eh 417.4%) 0 (%) 0 {0%)
oDl 10,5 {7.0-27.8) 4,3 (2.5-5.9] 4.1 (3.4-8.6) p<0.001%**
ESS score 12 (10-18) 4 (6-10) 7 (5-10) p=0.001%=*
CTa0% 0.4 (0.0-2.2) 0.0 (0.0-0.6) 0.0 (0.0-0.9) p=0.768
LEPO? E8 (B3-92) 90 (87-93) 20 (86-93) p=1.000
"pel 05 *Tp<0,0y; "EEn0, 0002 median (IR interguartile range) and Wilcowan test with Bonferrond camection

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.

135



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

136

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.

| ﬂ DVF Masapharys T3 1

| .nvu,m-.‘ "
| I O TsAeway whume_T)

DIF. OSA T3

Figure 3. OSA evolution and volumetric changes distribution of the sample after OS at short
and long-term.
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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 Il
patients (in our sample, 65.2%)), but also of the maxillary bone (class Il patients
(in our sample, 26.1%)), or both of them (class | 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 | and Il as having
statistically bigger volumetric areas than class |l 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).

% mean relapse after OS

\ﬂ 6,6
mODlrelapse
9,4
12-mo volumetric relapse
(T2)
5 10,4 Skeletal relapse
AHI relapse
7,
0 2 4 6 10 12

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

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 +2.4and 2.9 +0.2 e/h when focusing on moderate and severe cases, respec-
tively. Itis 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).

AHI evolution after OS

® AHI redu ‘ ion for
mild OSTA 19,9
AHI reduction for
oderate OSA
12-mo ‘ 69,7
(T2) AHI reduction for
% severe OSA 93,3
tBtaI AHI reduction
71,7
0 20 40 60 80 100

Figure 5. Long-term AHI reduction percentage regarding OSA severity

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 OSAin
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 LIl or Ill), thus demonstrating which horizontal plane
should be properly executed when planning for OS (Paper II).



- 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
).

- 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 Hernandez-Alfaro and
Dr. Adaia Valls-Ontafnén 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 ltems for Systematic Reviews and
Meta-Analyses) guidelines '
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- Retrospective cohort study: STROBE (Strengthening the Reporting of
Observational studies in Epidemiology) guidelines ®.

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

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 ILIILIV 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 "2, 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 2224,

Three-dimensional linear measurements’ assessment with Dolphin
software

Skeletal surgical movements were evaluated in angular (°) 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 1), inferior incisor (Inf [) and transversal maxilla in frontal view (Fig.3).



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:

A(T1—-T0) = \/(x; — %)% + (2 — ¥1)? + (2, — 2)?
A(T1—-T2) = (x; — %)% + (¥, — y1)? + (2, — 2,)?
A(T2-TO0) = \/(xz — %)%+ (V2 = ¥1)* + (2, — 7)?

- 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 | — 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-Martinez 2. 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).



A B
!.: !

c D
! oy i ! !

FIGURE 2. A, 3dimensional 1olal PAV assessment occording 1o Guijorro and Swenen, 2013 (16) PAV boundaries. 8, 3-dimensional PAV
boundaries — Delimitotion of the nasopharynx PAV boundary (16).C, 3dimensional PAV boundaries — Delimitation of the oropharynx PAV
boundary (16).D, 3dimensional PAV boundaries — Delimitation of the hypopharynx PAV boundary {16). Abbreviation: PAV, pharyngeal girway
volume

Giralt-Hernando et al. Three-Dimensional Analysis of Surgical Movements. | Oval Maxtllofac Surg 2020

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-Martinez 2 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 1) 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,
guantitative 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.



- 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 (12 = 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 1) .

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 Il) 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:

153



154

UI-STP-Vertical plane

Fig. 1. A vertical line or Soft Tissue Plane (STP) is drawn passing
through the soft tissue nasion (N'), and descending perpendicular to
the base of the photograph. The sagital (Antero-posterior) relation
with the anterior limit of the upper incisor is evaluated.

Figure 6. Courtesy of Dr.Hernandez-Alfaro F, et al. 2010 3¢

NHP-Horizontal plane

Fig. 1. Extracranial true horizontal line used by the clinicians to orient the cone-beam computed tomography. A true horizontal line was traced on
the photograph (lateral view), passing through two points: the lateral canthus of the eye and at a determined point of the helix (auricular point,

which vaned depending on cach patient)

Hernandez-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)



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 37:3.

- ICC between angles < 0.11° ™3,

- FH-NHO® angle was measured before the intervention (T0), at 1-month
(T1) and 12-months follow-up (T2). lts relationship was considered
positive if the FH was located superior to the NHO plane and negative if
FH was inferior to it, as follows '3:

Fig. 2. Assessment of natural head orientation (NHO) and Frankfort horizontal (FH) in class 11 and class 111 patients. In these cases, NHO with
respect to FH (highlighted in red) were set at 2.6” (negative) and 7.57 (positive) in class 11 and class 111 patients, respectively.

Hernandez-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)
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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-NHO® was significantly positive for the population eligible for
orthognathic surgery (p < 0.001, t-test) showing significant differences
between class Il and class Il patients (p <0.001, test F) ™.

Post-operatively:

- A greater impact of surgery was evidenced in class Il compared to class Il
patients, reporting FH-NHO® changes between TO and T2 as follows: 2.04°
+4.79 (p <0.001) and -1.20° + 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 3.

To our knowledge, this was the first study to evaluate the impact of CCW rotation
in FH-NHO® 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 *. 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) 4041,

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 Ill) ™.

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 ™.



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 4. 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 2.

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 lll) '*. 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 '*. 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 ™.

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

FIGURE 4. A, Surgicol planning protocol for maximizing the upper airway. Hierarchicol grophic representation of the increase/decrease in
upper oirway os per surgical movements in orthognathic surgery. llustration of the favoring surgical movements to increase upper airway (CCW
rotation, mandibular and maxillary advencements [green arrows]); movements to further increase PAV for chin advancements and posterior
maxillary displacement of the PNS (blue arrows.B, Nonfavorable surgical movements (fotal maxillary downward and setback mandibular
movements) which jeopardize the upper cirway (red arrows). Abbreviations: CCW, counterclockwise; PAV, pharyngeal airway volume.

Giralt-dHernando et al. Three-Dimensional Analysis of Surgical Movements. | Oval Maxtllofac Surg 2020

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).



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%).

OSA severity evolution
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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 ™.
This mainly occurs for the pharyngeal wall accommodation and soft tissue
stability after MMA at long term #3. 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 ** which demonstrates the
long-term stability of OS to improve OSA .

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 I
patients (in our sample, 65.2%)), but also of the maxillary bone (class Il patients
(in our sample, 26.1%)), or both of them (class | 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 | and Il as having
statistically bigger volumetric areas than class Il patients (p<0.05 and p<0.001,
respectively) state that retrognathic patients are more prone to suffer from OSA
4 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)%.

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) .



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 ©'31447 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 *’.
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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 Iil).

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 IlI).

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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Impact of surgical maxillomandibular
advancement upon pharyngeal airway
volume and the apnoea-hypopnoea
index in the treatment of obstructive
sleep apnoea: systematic review

and meta-analysis
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ABSTRACT

Background A systematic review was carried out on the
effect of surgical maxilomandibular advancemant (MMA)
on pharyngeal airway (PA) dimensions and te apnoea—
hrypopnoea index (AHT) in the freatment of obstructive
slaep apnoea (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 tolal of 496
studies wena identified. The inclusion critera werz a
diagnosiz of moderate to severs DSA, MMA success
evaluated by palysemnography, reporting of the magitude
of MMA achieved, PA increase and a minimum follow-up
of & months.

Results Following application of the eligibility criteria,
eight articles were included. Metaregression analysis
showed MMA to significantly increase both pharyngeal
airway volume (PAV) (mean 7.35cm? (range 5.35-8.34))
and pharyngeal airway space (mean 4,75 mm (range 3.15=
6.35)) and ensure a final AH| score below the threshold of
20 (mean 12.9 eventshow).

Conclusions Although subgroup analysis showed MMA
to be effective in tneating OSA, more randomised trials
are neadad 1o individualiss the required magnitude and
direction of surgical movements in each patient, and lo
standardize the measurements of linear and nonlinear PAV
parametars,

STUDY IMPACT

Continuous positive airway pressure (CPAP)
is acknowledged to be the gold standard treat-
ment for obstructive sleep apnoca (O8A),

though the adherence (defined as >4 hours of

night use of CPAP for 70% of nights) failure
rate reportedly reaches 46%-83% over the
long term. Different surgical procedures have
therefore been proposed, of which maxillo-

mandibular advancement (MMA) has been

shown to be the most ellective option lor
treating OSA in selected patients, with an 86%
success rate (defined as a linal apnoea-hypo-
proea index value of <20 events hour and a
reduction of 50% postoperatively). However,
o our knowledge, no studies have examined
the relationship between the impact of MMA
surgery and the pharyngeal airway volume-re-
lated and polysomnography-related parame-
ters of patients with moderate 1o severe OSA.

INTRODUCTION

Obstructive sleep apnea (OSA) is defined
as a sleeperelated breathing disorder char-
acterised by respiratory pauses secondary to
partial (hypopnovic) or complew (apnocic)
obstruction of the pharyngeal airway (PA),
with a duration of at least 105 The PA is
occluded due o a loss of muscle wne of the

dilator muscles during sleep, which leads
. . T

to its narrowing or total obstruction.' * As a

result, there are repetitive oxygen desatu-

rations (Sar(),) with snoring, unrefreshing
sleep, fatigue and excessive daytime sleepi-
ness (EDS)"* Systemic arterial hypertension
and heart failure may subsequently dﬂ'elo&
with a signilicant increased in mortality risk.” ®
Owerall, OSA may also have a social impact in
terms of poor gquality of life, days of work lost
and traflic accidents.®

It is estimated that OSA affects 5%-20% of
the general adult population, thnuﬁh sOMme
authors report figures of up to 26%." ' Never-
theless, the statistics show that over 50% of
all cases go uIId:iilH‘[lUStd.& The disorder is
three times more commaon in men than in
women." 1
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The diagnosis of OSA requires the recording of
multiple physiological signals during .-ill'.l'.pn.I In this
regard, polysomnography (P5G) is considered the gold
standard for diagnosing the disease.' PSG 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
apnoca-hypopnoca index {AHT). Y In addition, the E’uitlu-
lines of the American Academy ol Sleep Medicine” indi-
cate that either PSG or home sleep apnoea testing can be
used for the diagnosis of uncomplicated OSA in adulis,
although standard sleep channels are not monitored in
the latest devices (eg, l::lm'.lr-:w.nrr..frph.=|f|-::|g:|'£u:|'|.:I.J|

Different methods are currently used for  treating
patients with 05A° Continuous positive airway pressure
(CPAP) is considered the gold standard in this regard.
However, CPAP non-adherence rates of 46%-86% have
been |11:|.11.:J'lv|:|‘1r‘L (adherence being defined as >4 hours
of might use of CPAP during T0% of nighu).ﬁ Dhifferent
alternative treatments are available o expand the PA,
such as wulopalatopharyngoplasty (UPPP), tonsillec-
tomy, adenoidectomy, hyoid suspension (Hs) or hyothy-
ruiduptx}',r’ though the cure rate (CR) (defined as a final
AHI of <5 events/hour) does not exceed 40%, and the
resulis do not hold up over time.”®

Since Guilleminault et af first described maxilloman-
dibular advancement (MMA) as an effective treatment for
patients with OSA with a retrusive lacial profile in 1976,
several studies have confirmed its benefits.”® Many publi-
cations have demonstrated that MMA moves the ante-
rior pharyngeal wall forwards, resulting in enlargement
of the PA and, consequently, a decrease in AHL' * %1
Some authors have concluded that the efficacy of MMA
is equivalent 1o that of CPAP use over the long erm.* 710
Accordingly, MMA with or without adjunctive surgical
procedures is the most effective and predictable surgical
treatment option for patients diagnosed with moderate
to severe O5A, with a 509 and 86% CR and surgical
success rate (SR), respectively (SR, defined as final AHI
of <20 evenis/hour, and s reduction by 51'!%).3 Thus
far, a mean MMA of 10=12 mm has been described as the
standard advancement required 1o reat adult patienis
with moderate to severe OSA.” """ Mean linear maxil-
lary and mandibular advancemenis of 8.07£2.60mm and
10,822,534 mm, respectively, have been reported in the
literature.'”” However, the magnitude of MMA required
at the time of surgery in order to cure O5A depends on
the patient’s dentofacial characteristics (eg, retrognathia,
F;::(::];?r: .I.'rﬂ)ophum and micrognathia), among other

Recent studies have evaluated PA enlargement afier
MMA, reporting significant  changes in  pharyngeal
airway volume (PAV) (a mean 830.43% vol gain), related
to a mean decrease in AHI of 83.01% (p<0.001)." These
volumetric parameters are usually quantified using cone
beam CT (CBCT),* **" " " since the use of threedi-
mensional (30) computeraided planning wechnology
with CBCT, compared with conventional planning with

mwo-dimensional (2D) cephalometry, has been proven wo
b more accurate at treatment planning and follow-up
and thus more beneficial for the patient.' Nowadays,
there is an emerging interest in the 30D study of the
impact of orthognathic surgery on PAV, evaluating the
impact of cach single maxillomandibular movement on
the three dimensions and at each level of the PA in the
context of O8A appﬂmc:h.lﬁ'

The aim of the present systematic review and meta-anal-
ysis was to assess the impact of MMA on PAV and AHI in
the treatment of OS5A,

MATERIALS AND METHODS

Search strategy

A systematic search was conducted of the PubMed,
Embase, Cochrane Library and Google Scholar Beta
databases on the upper airway and polsomnographic
changes following MMA for OSA reatment. The study
was based on the lollowing PICO question (population:
patients with O5A, intervention: MMA, comparison:
magnitude of MMA, outcome: final PA dimensions and
final AHT): how does MMA surgery affect PAV and, conse-
quently, AHI in patients with OSA?

The PubMed search was conducted with the following
Medical Subject Headings (MeSH) entry terms and
thesaurus vocabulary for indexing articles: ((*Orthog-
nathic surgery” OR “Orthognathic Surgeries” OR
“Surgeries, Orthognathic”™ OR "Surgery, Orthognathic”
OR “Maxillofacial Orthognathic Surgery” OR *Maxillofa-
cial Orthognathic Surgeries” OR “Orthognathic Surgeries,
Maxillofacial® OR “Orthognathic Surgery, Maxillofacial”
OR “Surgeries, Maxillofacial Orthognathic™ OR “Surgery,
Maxillofacial Orthognathic™ OR “Jaw Surgery™ OR “Jaw
Surgeries” OR “Surgeries, Jaw™ OR “Surgery, Jaw™ OR
“Orthognathic Surgical Procedures” OR “mandibular
sethack”™ OR * mandibular advancement® OR “maxil-
lary sethack” OR “maxillary advancement” OR “bimax-
illary surgery” OR” maxillomandibular advancement™)
AND (*Polysommaographies™ OR “Monitoring, Sleep” OR
“Sleep Monitoring” OR “Somnography” OR “Somnogra-
phies™ OR “oximetry™ OR “Oximety” OR “Oximetries”
OR “Oximetry, Pulse” OR “Oximetries, Pulse” OR “Pulse
Ohiimetries” OR "Pulse Oximetry™) AND (“Sleep Disor-
dered Breathing” OR “Apneas, Obstructive Sleep” OR
“Obstructive Sleep Apneas™ OR "Slecp Apneas, Obstruc-
tive” OR “Obstructive Sleep Apnea Svndrome” OR
“Ohstructive Sleep Apnea™ OR “OSAHS™ OR “Syndrome,
Sleep Apnea, Obstructive” OR “Apnea, Obstructive Sleep”
OR “Sleep Apnea Hypopnea Syndrome” OR “Syndrome,
Ohstructive Sleep Apnea” OR “Upper Airway  Resis-
tance 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 Hypopneas® OR “Sleep-Disordercd Breathing”

2 Giralt-Hemando M, f al. G Cpen Resp Fes 2019;6::000402. dot:10.1136/bmjresp-2019-000402
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OR “Breathing, Sleep-Disordered” OR “Sleep Disor-
dered 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 emplovs MeSH terms,

The Embase database was searched using the Emitree
preferred terms and supplementary daa: “Orthognathic
surgery”/exp AND “Obstructive Sleep Apnea”™/syn.

Grey literature from the Google Scholar Beta database
was also searched in order o retrieve studies published
in journals not indexed in the major databases. All dupli-
cates from the four systematic scarches were subsequently
removed,

Study selection

The electronic search was conducted by two authors
{MG-H and AVAY) to avoid subjectivity. Those studies
that fulfilled the inclusion criveria were retrieved for full-
text reading.

The inclusion  criteria  were  intervention  studics;
patients =18 years of age with moderate o severe OSA
{AHI 215 events/hour) eligible for MMA; studies
assessing the effect of orthognathie surgery on PA dimen-
sions; studies assessing the impact ol orthognathic surgery
on PSGerelated parameters; a minimum follow-up period
of G months; and reporting of the magnitde of advance-
ment of the maxilla, mandible and chin. Studies in which
patients underwent rbinectomy and for seproplasty as
adjunctive procedures were also included, since these
procedures do not modify PA dimensions, The exclusion
criteria were case repors; literature reviews; and studies
reporting  patients undergoing  setback  orthognathic
surgery or Hs, tonsillectomy, adencidectomy or UPPP
as adjunctive procedures, since these procedures may
modify PA dimensions.

In the event of disagreement between the authors,
the identificd papers were subjected o fullext reading,
and eligibility under discussion was then assessed. If any
doubts arose, a third reviewer (FH-A) screened and read
in full the included anicles, and it was then discussed
whether one of the authors had rejected it

The level ol 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 smdies. Any discrepancies
were resolved by consensus between the authors (MG-H
and AV-0Y).

Qutcome measures
The following outcome measures were evaluated: AHI,
PA dimensions, and SEs and CRs, respectively.

Regarding the AHI assessment, it was established as
the final postoperative score (final AHI) and the presor-
gery versus postsurgery dilference (AHI reduction).
Moreover, final AHI was assessed 1o establish the “SRs”
and “CRs’ of surgical weatment of OSA alter MMA, as
described elsewhere,! Y* 17 A final AHI of <20 evenis/
hour, with a reduction of 50% postoperatively, defines
surgical success.,! ¥ 7 A final AHI of <5 evenis,/hour 1s
regarded as a surgical cure criterion. ! H 1R

As o PA enlargement evaluation, both 3D and 2D
measures assessed by CRCT and cephalometric anal-
ysis, respectively, were included as primary indicators of
the anatomical changes as follows: PAV and pharyngeal
airway space (PAS) gain (in cm® and mm, respectively).

Finally, as key independent variables, the magnitdes
of maxillary and mandibular {in mm) advancement,
as well as the ratio between maxillary and mandibular
advancement, were extracied from the included siudies,

Statistical analysis

The statistical analysis included a demographic study
{mean, 51, range and median lor continuous variables,
and absolute and relative frequencies for categorical vari-
ables). Paired t-tests were used o compare preoperative
and postoperative mean values, Statistically significant
differences were considered for pei05. The R V.3.0.2
statistical package was used throughou.

Study of heterogeneity and risk of bias

The Preferred Ragﬁorting Items for Systematic Reviews
and Meta-Analyses™ statements were used as a basis o
ensure transparency of the systematic review, com prising
27 checklistitems (referred to title, abstracy, introduction,
methods, results, discussion and funding) and a four-
phase flowchart (identification, screening, eligibility and
il]l:]llﬁil)!!:’.gﬁz: Heterogeneity among the included items
was assessed using the 19 statistics and a corresponding
statistical null west. Galbraith plos were used 1o visualise
the degree ol heterogeneity. In situations of signilicant
heterogeneity, the source was explored through sensi-
tivity analysis.

Subgroup analyses were made 1o 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: (1) "MMA
group’ (n=108), which excluded studies with Gp, TR
and (2) 'MMGIE'qgrDUP (n=159}, including all articles
regardless of Gp. ™ Foresis plots were used 1o show the
ellects, A metaregression model was developed 1o assess
the association between the largest number of studies
regarding maxillary and/or mandibular advancement.
These random effects were supported by the inverse vari-
ance method of DerSimonian and Laird.*™ A 95%, CI was
pooled.

The quality of the papers was assessed using the adapta-
tion of the bias analysis used by Haas ¢ al" ™ The criteria

{Garall-Herrando M, af al BM. Open Resp Res 201 8060000402, doi: 10.1136/bmjresp-2019-000402 3
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Figure 1 Systematic Preferrad Reporting Items for Systematic Reviews and Meta-Analysas flowchart. "No response or
inappropriate data were received from the authors of the excluded studies.

based on sample selection, blinding of the authors,
comparison between treatments, statistical analysis and
outcome validation measured the degree ol bias, defini-
tion of inclusion and exclusion criteria, and postopera-
tive follow-up. They were categorised as low risk ifall 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 « al'® With
respect to publication bias, lunnel plots and the Egger
test were used,

RESULTS
Search strategy and study selection
The strategies of the main search and grey literature
search were applied up to December 2007, A four-phase
flowchart (identification, screening, cligibility and inclu-
sion) is provided of cach step of the systematic search,
confirming the thoroughness of the screening process.
The aim of this diagram was to help the authors improve
the reporting of systemalic reviews (figure 1.9

The main electronic scarch yielded a total of 496 arti-
cles. Of these, 491 were found in PubMed and 5 were

found in the Cochrane Library and Embase databases,
The titles and abstracis of 111 articles were serutinised
independently by the two investigators (MGH and AVO)
after the removal of duplicates. Of these studies, 43 were
subjected to ulltext reading. The inter-rater agreement
coefficient was K=0.856 (95% CI 0.773 1w 1) for study
selection.

Study eligibility

The same two authors independently evaluated the 435
articles subjected o full-text reading. OF these, 20 met the
criteria for inclusion. The authors of four studies' *=*
were contacted by email for further information, since
some doubts arose during the selection process. A period
of dweeks was allowed for their reply in providing the
missing data, but no reply for further information was
obtained from any of the authors,***

Twelve articles' '* ** were excluded from the
svstematic review, OFf the excluded studies, one™ Failed
to report the magnitude of movement during orthog-
nathic surgery; eight studies' ™ ** did not report FA

4 Giralt-Hemando
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- %6 AR 80
measurements; and three studies

i}]’lb{:l'.l[lll'{!ﬁ.

Eight studies’ ™" were therefore included in the quan-
titative analysis. The interrater agreement regarding
study eligibility was considered excellent, with k=0.813
(95% CI0.663 o 1.0).

reported sethack

17-24

Data extraction
Data from the included studies are shown in able 1.

The included  studics mainly  retrospec-
tve, ™™ ™ and only two involved a prospective
tll.‘.!i.i.gll.ﬂ 2 The meta-analysis sample consisted of a
total of 159 patients [rom the eight included studies, OF
these, four articles assessed the efficacy of MMA alone
(n=108)," * **' while four wials'" " *' * evaluated the
effectiveness of MMA+Gp as an adjunctive procedure,
though not necessarily in all the patients (n=51)."% "=
Since Gp may add an increase in PA, subgroup analyses
were made to examine the dilferent surgical techniques
used in the smdies: (1) MMA :g"ruup (n=108), which
excludes studies with Gp," ™ ® *' and (2) MMA<Gp
group (n=158), which includes all articles regardless of
Cp”"” (tables 1 and 2.

No gender differences were identified in any study,
though the male sample was larger in all the included
studies (total of 116 men and 28 woa'nen}.” * The mean
age was 39 years [rar_:_lg: 3351 17

All of the studies'”™ included patients with moderate
o severe O8SA assessed by PSGL In relation o the PSG
parameters, most of the swudies used the AHL'" "
However, one publication' used the respiratory distur-
bance index {consisting of the apnoeas+hypopnoeas and
arousals). Both metrics were considered equivalent when
assessing OSA severity.” In particular, the patients eligible
for MMA included in this systematic review were not able
tor aclhere to CPAP therapy (delined as >4 hours of night
use of CPAP during 70% of nights)”® or failed previous
adjunctive surgery, such as UPPF, Hs or adencidectomy,
among others. T

R:'Hartliuﬁ the imaging technigues used, the majority of
the studies'” % qssessed the PA measurements with 3D
methods (CBOT). In all stodies, patients were scanned
sitting in an upright position in the Frankfort horizontal
plane. This position is closer w the natural head posi-
tion and is recommended for the baseline assessment of
upper airway dimensions.>" OF these E}uhlit:ati{}tls, five
reported 3D PA measurements (PAV),” ™" and three
reported 2D PA measurements'™ ™ in the sagittal plane
{PAS), consisting of the minimum distance between
the base of the ongue and the posterior pharyngeal
wall™ "™ * (1able 3).

were

Quantitative analysis

The meta-analysis estimated the effects of the PSG param-
eters (final AHI, AHI reduction, SR and CR) and PA meas-
urements (30 PAV gain or 21 PAS gain) in relation o
the maxillary and mandibular advancement achieved in

the eight sindies regardless of Gp (MMA+Gp ﬁn:nup.}.IT “
In a second stage, the analyses were replicated for the
studies reporting only MMA (MMA group)'” ™ #*' in
order to evaluate the sole effect of the MMA, without Gp.
Metaregression 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 o AHID as independent variables. ™

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

Regarding the final AHT in both groups: (1) MMA=Gp
g‘rmlp”“'*".' the mean postoperative AHI scores for the
global sample of 159 patients ranged from 4.58™ 10 29.4
:'\'{rulﬁ,-"lmur,m'wit}l amean final AHI of 12.4 evenits//hour
(955 CI 7.18 to 17.6, p<0.001) (figure 2A). The resulis
sugpest that the wreatment ensures a final AHI value
below the threshold of 20 on average. Specilically, the p
values for metaregression of the maxillary, mandibular
and maxillary:mandibular ratio were 0.073, 0.747 and
0.5316, respectively. A strong tendency was seen, though
no significant effects were detected for any of them sepa-
rately. (2) MMA gmup" BEH L global sample of 108
patients who did not unde;;p;o Gp yielded a mean post-
operative AT score of 4.8 w0 18.6'7 eventshour. The
mean final AHI score was 12.9 evenis/hour (95% CI
6.94 1o 18.85, p<0.001), which suggests that the treal-
ment ensures a final AHI value below the threshold of
2|7 BN Incividually, no significant effect was shown
for maxillary advancement (p=0.200), though a statis-
tically significant effect was detected for both mandib-
ular advancement and the maxillaryimandibular ratio
(p=0.025and 0.002, respectively). For every additional
I mm of mandibular advancement, the final AHI score
was reduced by an average of 1.45 evenis/hour,"” ™ =¥
and for every additional unit of maxillary:mandibular
ratio, the final AHI score was reduced by an average of
0.81 evenis/hour, T2 respectively.

On the other hand, results regarding AHI reduction
were as follows: (1) MMA=Gp grmli}__l “H: the average
reduction values ranged between 30.9'" and 50.6 events,/
hour."” The mean estimated overall effect for AHIT reduc-
tion was 58,0 events,/ hour (95% C1 31.7 1o 44.3) {p<0.001)
(figure 2B}, Metaregression analysis referred (o the
magnitude of maxillary and mandibular advancement,
and the maxillarvimandibular ratio yvielded no sanisi-
cally significant resulis for any of the groups (p=0.977,
0.263 and 0.520, respectively). (2) MMA group™ ™ =™
the average reduction values ranged between 30,9 and
50.6 events,/hour'” for the sample of 108 patients, A statis-
tically significant mean decrease in AHI of 39.0 events/
hour (95% CI 315 1w 46.6, p<0.001) was obained. In
particular, the maxillary advancement had a signilicant
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 evenis/hour. However, no
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Table 2 Data refemed to outcome measures of the included studies

Type of
surgery:  Pre-AHI Post-AHI

Pre-BMI Post-BMI MMA or meanz3D mean+3D Success Cure
Author, year Sample” I,'hgfnﬁ llig.i'm’l MMA=Gp  [events/hour)  [events/hour) rate rate
Faibum et  n=20 3224247 3174450 MMA 69.2+35.8 18.616.3 20% 50%
al' 2007 {p=0.61)
Jones af al,"® n=20 33.9:85 34.7+92 MMA+Gp  B1.41+£19.6 20.4=10.4 65%
2010 {p=0.61) (p=0.81) (p=0.01) {p=0.01)
Ronchi af n=15 MA MA MMALGp  SB.T+16 B.1z7 .8 100% MA
al"" 2013 (p<0.001) {p<0.001)
Bianchi et n=10 WA MA MRLA 56.8+16.6 12.3£5.5 100% MA
al ™ 2m4 (p=<0.005) (p<0.005)
Schendel ef  n=10 286 MA MMALGp 4204212 52:83 100% WA
al® 2014
Hsieh et &l n=16 22+3.3 MA MMA 35.7+18.0 4.8=4.4 100% MA
2014 {p<0.001) (p=0.001)
Veysetal™ nali MA MA MMALGp 277147 85210 (p=0.005) TO% 40%
2mv ® {p=0.003)
de Ruiter et n=62 20 (27-33) MA MMA, 52210 (p=0.515) 16410 (p=0.515) 71% MA
al™zomr {p=0.609)

“In the sampke of Veys of al,™ only six pts were assessed out of 11 (pts 1, 2, 3, 5, 7 and 11).

1P values «0.08 wera conslidered as significant (98% CI).

AHI, apnosa-hypopnoea indax; BMI, body mass index; Gp, genioplasty; MMA, maxillomandibular advancemant;NA, not assessed by the

authors; pt, patient.

significant effect was shown for mandibular advancement
(p=0.544) or maxillaryimandibular ratio (p=0.258).

Finally, in relation 1o SR, both groups achicved high
surgical SRs. An overall SR of 87.5% (95% Cl 76.8% to
98.2%) and 90.3% (95% CI >76.8%) was oblained for
the MMA+Gp and MMA groups, respectively (figure 3).
However, no statistically significant associations were
found between  maxillary, mandibular  advancement
and maxillarvmandibular ratio (pe0.289, p=0.901 and
p=0.394, respectively) in any group.

Effect of MMA on PAS and PAV
With regard wo the 2D PAS increase, the following results
were found in each group: (1) MMALGp group’ 1,
five studies comprising a sample of 127 patienis reported
2D PA measurements. The overall mean PAS gain was
4.75mm (95% C1 3.15 1w 6.35) and proved o be statis-
tically signilicant {p=<0.001} (ligure 4). Metaregression
analysis yielded no statistically signilicant resulis Tor
maxillary advancement or the maxillary:mandibular ratio
(p=0.211and 0.560, respectively). However, mandibular
advancement was found to be statistically signilicant in
terms of PAS pain (p<0.001). Our results suggest that the
greater the mandibular advancement, the greater the
PAS gain: each additional 1 mm of mandibular advance-
ment implied a 0.5 mm gain in PAS,

(2) MMA group: only two stuclies'” comprising a total
of 82 patients reported 2D PA measurements with a mean

PAS gain of 6.48mm (95% CI 5.31 w 7.64, p<0.001}.

Since only two papers are included in this group, a reli-
able metaregression analysis was not possible.

On the other hand, only two studies,™ = included
within both groups (MMA+Gp and MMA), reported
data on absolute 30 PAV gain. The mean PAY gain was
7.35cm” (95% Cl 5.35 to 9.34) and proved to be satis-
tically significant {p<0.001}. Since only two papers are
included in this group, a reliable metaregression analysis
was not possible,

Correlation between PAS/PAV gain and AHI

Regarding 20 PA measurements, only four studies corre-
sponding o the MMA=Gp group (comprising a sample
of 107 patients) reported information on PAS gain and
final AHI/AHI reduction,'” @205 4 statistically signifi-
cant association was found between PAS gain and final

AHI (r=0.41, p=0.023), meaning that for cach Tmm of

PAS gain, AHI was reduced in 3.58 evenis/hour (95% CI
0.49 1o 6.68). Therelore, a greater change in PAS would
result in a lower final AHI' ™ *' * (online supplementary
figure 51).

With regard to the 30 PA measurements, wo
E}H'H.‘I‘.i.,w = included within both groups (MMA=Gp
and MMA), provided correlations between PAY and
AHI reduction in a sample of 72 patients. Both studies
obtained positive correlations { Pearson correlation coefTi-
cient (r) 0.576 according to Bianchi™ and 0.76 according
to de Ruiter e al™ The global effect estimated for the
correlation was 0.75 (95% CI 0.65 1o 0.85), reflecting a

Giralt-Hemanda M, ef al BM. Open Besp Aes 2019:6:6000402. dot:10.1136/bmjresp- 2019-000402 7

“WyBuAdos
A perainig senb £q 6102 ‘01 J18qma0 uo woofwy saidsauadolugytdny wou papeojumed "6 LOZ J8q0IT0 6 U0 Z0F000-6L0Z-0saluq/ag L L0 S8 paysignd 1s.y :say dsey uedg rNg



&=
£ L= 1 a g
7] = Y
& H ; E o i S0 Moan FE%CH
E E ‘3 # o ﬁ § ey - "
5 g o 'ﬂ 2 a 8 & - $061 438 310 3891 >
wr e o § =f — T ]
o3 § 5 rtl % - . BTN IR §
A
2% ; =y Bt ' - R Lith. 2180 o
$8E|8 iz 3 £ - - S, o ]
ﬂc: gE E g ﬁ o< % of _mmh. —— B . R E
-0 Z g3 E g 52001 0950, 3441 -]
g % . g O Pl J7 . Te00] 2030, K288T] =
T & "‘—“’g o o z e e e g
& EE =929 5 *‘: —— B
- @ g = § § ] g AN TAFT, i 48] 5
E_g ~ é —— -
Faborn 3907 L | ==
- Eo L]
HIEr e = | = == :
- Z - =] - § g g E —— LA S
Ea - - vimh T S
= Bt 984 e ]
2 B 3B 2TH1 .
E i T —_
§ th“ § : o erm.- —_— RGN,
e e " —— P V01 M a8
gf ﬁ L] - = E s Rl 301 T i e
sE|lod¢ n TP g e (D, 2|
— Rl g E g E g :ﬁ : MLB60] 11 4T, 48083 %
2 B
- ——
E ] §- = g T v BN HN ) g
HPLE IR =l 3
E _ - igure 2 Forest PR S
SE[Sa B e 3 3 o - iA) and AHI red plots representing th ©
2 < uh uction g the final mean
2 & EE BRI hypopnoea index (B} for both groups. AHI AR a8
: g 8 < 3 roee: 3%
j = £ st )
3|28 A strong relaionhip between &
& 2 w B = re, the N anges in bo . =
=587 o Fg _ greater the th variabl a
z E H @ 'i H B = correspondi volume i £s.
o & §.:_:, ! 5 § E g E gz 5 % é wding AHI reduction. gain, the greater the ;
2 o _
nalys - L
'§ g = g i Damyr:_-s;: publication bias g
= I=] T . rung the risk .
8 3 g A - § risk of bias of the smulfh‘,"' are shown in table 4 g
; % = review was classi papers included i . . The =
=] assified as hi in this syste \
g = as . high £ LT,
TIPS M TR Dt
< 1 b ies ) e studies ™ =32 an @
g|sE8[2 2 SSEFg 3 Eié i"l.lnn:-'TI;:c{rl;d blind asscssment. *Noneofthe
E = e i ton has otz were used to de B i
. - - 1cL T p
| 3 L fpi he sk of punics 3
,,'E. E g o E E Q g') a or PAS gai 547 for MMA and p=0_" final AHI — 4
© B % Bﬂ g for Mmf " (Egger test p=0 15[1.:3 ).297 for MMA+Gp) E:
- g 5 fied +0p). Sensitivity analysi “_' MMA and p=0.109
o - ed two publications’ lysis of the esti
o 2 - = = E f L) ications TR & estimates id N
g . & a g 8= 5 33 £ 1:’ most of the heterog n"‘_P":‘Tf“tiﬁll? being rﬁﬁnnn'gr-
= - tween daka we erogeneity boetw y ? sible -
i : = %. gn W = g % Eg (154 "_ “Eu was due o the s ween stuclies. Disparit k=
@ ez s % W ?;a % b E? ncmum;nr}r. In terms of I!-"“U!tur. sample r-:gaudin; ]
— o = E o 3 nted for 94.6 I J'\.HI.‘ h . =
g 3 1 :E siss HE g8 (p<0.001). The % of the toral variabiliey, with (11029 =
€22 ad? g < EE-E study," with o roblem scemed to point ty, with Q=102.9 =
£ 5224 other studies airly high value in co primarily 1o one 2
8 e sdies No publication bias comparison with the &
— o PAS g‘ain. Tkewise ﬂlw,_ﬂml ]
Hermanda
M, el al. BM.J Open
Resp Flas 2018;6:0000402 E
' . doi: -
10.11360mpesp-2010000402

181



A uthor Mean f25%00 .
]
3
e F ¢ e LG aEr .0 1 T
- HEEESE R §
g, 1L L] A 1 | i
M
Buarncin %4 L] A ] "i E
Sl22858385
O Pl 20T - ODTH[Oe OTM]
: i
B e e B[R AT i
£5(228 83885
B A Mleoan [35% 0 5
) E
Farbam 0T e AR AT E _5
Jowm 00 B QS [B80 , 0NT| Eaﬁ 5 g E ﬁ g ﬁ ; ]_:
R 241 L] EERIE. LE] E
i - B 1 500, B ]
5 a
T Y - 001100, VD | E‘E o E o ﬁ g E g E
f— . 1001801001 B%|= = 5
LA — [ TRL T "i
D Faaiiee 2997 - ATM[RASE OTM] E
g
g5(22288¢882
[ e | — AR, |
s
mo:-.:m-:m §§_oao££ﬂ£f”
Figure 3 Forest plots comesponding to the success rate 35|z z = =
for both groups, (A) ‘MMA’ and (B) MMAxgenioplasty”. -
MMA, maxillomandibular advancemeant. e
=
£ £
f5(22288882y
5
: ;
3 g
F T 200 — S000 | 448s T15) E 1;
ey TR e TR LM NM] 5 &
H g
Wdnvtts 2013 & . 4500|210, S082] o
[
Sahersiel 3014 —_— JEMH[ 1847, 5543] % m 'm 'F:
B lskes 20147 — T80 15982, B M0A] £ E £ % %
3 g E 5 )
2 5 = 2 £
= g
RE lodsi " | —— Tl X T3E, 8 340 ] E ﬁ E g
— 2 e EE FrEs ; §
O INN AWO RN REOD MR nii Eggg‘gg%égm
i va i Chnana, (1] . = = ta =
Flgure 4 Forest plots representing pharyngeal alrway ; E ‘3, g E‘g E § B|®
space gain for both the ‘MMA' and ‘MMAzgenioplasty’ = 3 §§E ﬁg E S8
groups, MMA, maxillomandibular advancement. e a @ o o |E

Girall-Hemando M, of al. EWU (pan Resp Res 201962000402, doi: 10,1136 bmjresp-2019-000402 ]

182

“WyBuAdos
&g pepaiond 1sent Ag 6102 ‘0L JeqoieQ o /woolwg seidsauadofuedy diy Wwoy pepeOlUME "6 LOZ J8goId0 & U0 Z0F000-6 LoZ-dsadluq/ae L 1 '0L S8 paysygnd 151y (sey dsey wadQ MNg



However, regarding AHI reduction, sensitivity analysis
sugpested that all the aforementioned  heterogeneity
could be due to maxillary advancement in the MMA
group, given the adjustment found (1 =0.0%, =0.585,
p=0.357). This could be due o sudies' that reported
large reductions in AL The Egger test vielded a low p
value (p=0.144), taking into account its limited power in
application to these sample sizes. In contrast, homoge-
neity between studies was found on assessing PA (I°=0%,,
O=i),64, p=0.422).

DISCUSSION
The aim of the present systematic review with metar-
egression analysis was to assess the impact of MMA on
PA dimensions and AHI in the tremtment of OSA, as
there is limited evidence regarding their exact correla-
tions.'™*! 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 AHIT are necded to determine which
types of maxillary, mandibular and chin movemenis (eg,
advancement, rotation, impaction and descent) are best
for enlarging the PA in its specilic compromised levels
and lor finally reducing AHI, as well as patient character-
isation in terms of OSA severity, comorbidities and facial
profile, among other factors.” -4

With regard 1o MMA surgery according to the analysed
articles,"™* the positive effect of the intervention was
clearly evidenced by the surgical SR obtained (87.5%).
However, while most of the included studies™ * =
obtained SR values of 100%, Jones e al'® recorded the
leowest rate (65%). Specifically, a mean final AHI of
12.4 events/hour (95% CI 7.18 10 176, p<001)"7 was
achieved in all of the literaure reviewed. Henee, orthog-
nathic surgery in application to OSA ensures surgical
success with a final AHI of <20 events/hour and an AHI
reduction of at least 50% according to the criteria defined
by Riley & al* However, some patienis would sill require
ongoing CPAP reatment alter MMA, since OSA may not
be cured (AHI <5 mnu.,.-'huur}," * and would eﬂ.'emunlﬁy
have more difficulty in adhering 1o CPAP after surgery."'
None of the included studies reported the number
of patients requiring ongoing CPAP alter MAMA T
However, the surgical success eriterion remains subject 1o
controversy.” ' 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
svimploms of O5A, the normalisation of sleep, AHI reduc-
tion (AHI <20} and quality of life." On the other hand,
surgical CRs (AHI <5 events/hour) were assessed by only
o studies (Fairburn # af” and Veys «f al™ with CRs of
50% and 40%, respectively (table 2).77 % Thus, we were
not ahle to draw definitive conclusions on the impact of
MMA on CRs.'"*

Scarce data are available on the required MMA advance-
ment to benefit patients with OSA"* In terms of the
amount of surgical movement achieved, w date, an MMA

of 10mm has been considered the gold standard orthog-
nathic surgery treatment in patients with 084 Never-
theless, the combination of MMA with counterclockwise
rotation has proven o be the m ent with the stron-
gestimpact on PA,' 75 MUS However, there is not
enough evidence o establish the magnitude and direc-
tion of maxillary or mandibular movement required
in order o cure OSA" Our results in this meta-analysis
showed that for each additional 1lmm of mandibular
advance, the final AHI is reduced by 1.45 events/hour on
average,””  but further in-depth investigations would be
helpful to carry out patient-tailored surgeries, depending
on their skeletal facial profile, PA shape, O5A character-
istics and patients” comorbidities. ™ *

The surgical treatment of OSA through MMA is occa-
sionally  performed  in combination with  additional
procedures such as septoplasty, rhinectomy, tonsillec-
tomy, adenoidectomy, UPPP or genial tubercle advanee-
ment (GTA).* "% As specified by the inclusion eriteria,
studies where patients underwent wrbinectomy and/or
septoplasty as adjunctive procedures were included since
it is considered that these procedures do not modify PA
dimensions." "™ * * Hs tonsillectomy, adenoidectomy or
UPPP as adjunctive procedures were excluded since they
may alter PA dimensions." "' ** Regarding GTA and Gp,
these procedures were included, provided that the magni-
tude of advancement was rcr|n||'lcrt|.'8 1922 However, in
order to discard any independent effect or impact of Gp
in MMA in terms of AHI reduction, variation in PAS and
PAV gains of the two group analyses assessing MMA alone
and MMA with Gp were carried our.'™*!

In the past decades, the effectiveness of MMA in modi-
fring PAS and PA has been evaluated |:|5ir|¥ 21y or 3D
methods, respectively.'” All of the studies'™" assessed
PAY by means of CROCT or cephalometry, both techniques
(2D and 3D) being considered a safe and prediciable
way o measure PA, though the former lacks the option
of evaluating the transverse dimension.'™ The PA was
assessed two dimensionally in three of the included
studies,' " ** wking 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 519 4 significant difference of
4.75mm (95% C1 3,15 1o 6.35) between preoperative PAS
and postoperative PAS was found. Particularly, mandib-
ular advancement was seen to be statistically significant
when considering PAS gain (p<0.001): 1mm of mandib-
ular advancement implied 0.5mm gain in PAS -7
However, only Hsich o af* and Viys &t al reported 30
airway measurements, and these were evaluated at three
different levels with respect (o the limits of the PA subre-
gions: nasopharynx, oropharynx and hypopharynx.'*
Taking into account that orthognathic surgery impacts
three dimensionally and in dilferent subregions of the
PAY further studies reporting vilumetric data with

dilferent PA levels of measurement are needed, in addi-
TEBAS

tion (o those included in our review
is important to standardise the PA measurements for

10 Girall-Hemanda M, el al. BMJ Open Hesp Ries 2019:5:0000402. dok101135/mjresp-2019-000402
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homogeneity purposes and thus be able 1o draw relevant
conclusions.

Regarding the correlations beiween changes in PAS/
PAY 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-anal-
ysis (p=0.025)."" "2 ¥ For each | mm PAS gain, AHI was
reduced by 3.58 evenis/hour'” 2 Wi regared to the
3D studies, PAV gain and AHI reduction were positively
correlated (r=0.75, 95% CI 0.65 1o 0.85), ™ reflecting a
strong relationship between changes in both dimensions.
Thus, the greater the volume gain, the greater the AT
reduction.

OSA severity and its clinical signs and symptoms, as
well as special patient features such as comaorbidities and
facial profile, among others, should be considered when
dealing with patients with 08A" Regarding OSA severity,
to date, MMA s indicated only in moderate o severe
cases and not in mild OSA cases (AHI of c.'i}.:' All of the
included articles established the type of OSA as moderate
to severe in their inclusion criteria’™' (1ahle 1).
However, it should be noted that two studies'”  reported
AHI values at baseline that moved further away from the
average (mean 57.9 events/hour, range $5.7+18.0" 10
f'lﬂ.2+l'i.ﬂ:l.ﬂ Thus, further studies are needed in order o
evaluate the impact of MMA in patients with mild OSA.
Another relevant issue is the importance of a comprehen-
sive assessment of the global OSA symproms of the patient
for diagnostic and disease monitoring purpl.m.'s.“ EDs
and quality of life can be subjectively evaluated through
the use of multiple clinical waols and questionnaires, such
as the Epworth Sleepiness Scale (ES5) and the OSA Func-
tional Outcomes of Sleep Questionnaire, respectively.*
Improvement of daytime sleepiness assessed by ESS was
reported by one of the included studies.”™ A significant
decrease in EES from 14 (10-18) o 6 (4-7), preo
tively and postoperatively, was observed (p=0.0014)."

Maoreover, anatomical factors such as body mass index
(BMI) are relevant factors that compromise 084 In
our review, only two studies'” '® addressed preoperative
and postoperative BMIs. In this context, a 10% of weight
loss has been associated with a 26% decrease in final
AHL" Nonetheless, untreated obesity is also considered
amajor risk factor for the progression of 05A"Y Another
crucial factor is the patient’s [acial profile, since the
maxillomandibular complex sustains the PA soft (isoes,
Facial analysis of many paticnts with O5A evidences
maxillary or mandibular hypoplasia, which generally
can he corrected by orthognathic surgery."" Accord-
ingly, mandibular advancement devices—apart from
being an option for reating mild 0 moderae OSA—
are also wseful in deciding which patients may benefit
from surgical mandibular advancement in the context
ol OSA. Unlortunately, no similar maxillary devices lor
predicting the impact of maxillary advancement on 0OSA
are available.”

The importance of non-anatomical factors in rela-
tion to sleep disturbance surgery outcomes has been

underscored, including neuromuscular wne, rosiral
fluiel shifi, airway collapsibility and loop g:lln.ﬁ'g Li el al™
attributed an average of 617% of the recorded variation in
postoperative AHI to these parameters (r=0.47, p=0.01)."
Therefore, anatomical and non-anatomical factors are of
great value in the diagnosis and treatment of patients
with OSA."™" Hence, the current literature suggests that
a multidisciplinary strategy is strongly advisable, aking
into account all the related factors in order to ensure the
long-lasting success of surgical reatment.” ***

Finally, our study has a number of signilicant limita-
tions: (1} the main limitation is the fact that none of the
included studies were randomised controlled clinical
trials™; (2) few articles were included in the metaanal-
ysis; (3) definitive generalisations cannot be made, given
that of the eight smdies included,"” ™" only two were
prospective; the remainder were retrospective and there-
fore subjected o the usual biases and limitations of retro-
spective studies'; (4) there was a lack of homogeneity
among the studies regarding the PA measuremenis (2D
or 311); (5) some of the studies did not directly provide
mean values or SD, such data being calculated directly
from the tables reporting individual patient values; (6)
regarding the PSG parameters, most of the siudics used
the AHI " however, one imhlirr.'ll!i{:ln'st used the respi-
ratory disturbance index; and (7} no firm conclusions on
the impact of MMA on surgical CR can be stated since
only two studies reported CRs,

CONCLUSIONS

There is a lack of homogeneous and detailed data in the
current literature regarding 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 o conclude thar MMA signif-
icantly increases PA dimensions and ensures a final AHI
score below the threshold of 20 evenis,/ hour, obtaining a
mean SK of 87.5%. However, further studies are needed
o individualise the required magnitude and direction of
surgery-induoced movements for each patient.

Author athilialions

"Department of Oral and Maxillotacial Surgery, Universital Internacional de
Catalumya Facultal de Medicina | Ciencies de |a Salul, Sani Cugal del Valles,
Spain

*Dapartmant of Oral and Maxillotacial Surgary, Gentro Medico Teknon,
Barcelona, Spain

Acknowhedgements The authors hank Juan Luis Gomez-Martinez for his help
with the statistical analysis and Luls Avares - Requera and Dorin Nevovici for their
kind contribution 1o the entire study procass,

Contribrtors Allof the authors hase seen and approved the manuscript and
Thawe given license for publication. All of e authors have contribuled o planning,
conduct and reparting of the work described in the artcie.

Funding The authars have not declared a specific grand for this ressanch from any
handing agency in the pubdic, commercial or nol-for-profil sachors,

Disclaimer Al of e authors have seen and approved this mamescripl and give
licensa for publication.

Competing interests Mone dectaned.

Giralt-Hemanda M, ef al. BMJ Open Siesp Aos 2019:6:000402. dok-10.1136bmjresp-2019-000402 1

JyBuddoo
A peraeong wenb A9 6102 01 Jequia0 uo jwod [wasaldsaiuadoluaydiy wo pepeouMog “ELOZ JIBQ0IN0 6 U0 ZOKOD0-6 L0Z-dsalwqag L LDl 5| paysiand 151y sey dsey uadQ rNg



Patient consent for publication Not required.
Provenance and peer review Nol commissioned; exfernally peer reviewed.

[Data availahility statement Daka are availabla in a public, open sccess
repasilory,

Open access This i an open access artick distributed in accordance with the
Creative Commons Aftribution Non Commencial (G0 BY-NC 4.0) license, which
permits ofhers fo distribuie, remix, adapd, buikd upen this work non-commercially,
and Beense their derivative works on different ferms, provided the oniginal work is
property cited, appropriate credil is gien, any changes made indicated, and the
usa i non-commenczl, See; hitp:iorealvecommons,orglicensssy-nctd I,

ORCID D
Maria GiraR-Hemando hittp.oncid, org/0000-0003-3320-4845

REFERENCES
1 Knudsen TB, Laulund AS, Ingersiav J, st al. Improved

Oral Maxilolac Swg 2015, 73:T18-26.

2 Lioberes P, Durdan-Canfolla J, Martinez-Garcia Miguel Angel, et al
Dragnosis and treatment of sleep apnea-hypopnea syndiome,
Spanish Sociaty of pulmonology and thoracic surgary. Arch
Bronconewumaod 2011;47:143-58,

3 Dwrdn J, Esnaola S, Rubio R, ef al. Obstructive skeep Apnea-
Hypopnea and related clnkcal faatures in a population-based
sample of subjects aged 30 to 70 Yr. Am J Respir Crit Cane Med
2001;183:685-9,

4 Fapur VI, Auckley DH, Chowdhori 5, of al. Clinkcal Practice
Guideline for Dlagnostic Testing for Adult Obstructive Sleep Apnea :
An Amencan Academy of Sleep Madicing Chinical Practica Guidaling
2017, 13:4T9=-504,

5 Dicus Brookes CC, Boyd 5B. Controversies in obstructive sheep
apnea surgary. Oral Maxilofas Surg Giin North Am 2017:28:503-13,

& Weaver TE, Grunstein RR. Adherence to continuous posiive airway
pressure therapy: the challenge to effective treatment. Proc Am
Thorac Soc 2008;5:173-8.

T Guilleminault C, Tikian &, Dement WE. The slkeep apnea syndromes.
Anny Rev Med 19762746584,

B Haolty J-EC. Guilleminault C. Maxillomandibular advancement for the
treatment of obstructive sleep apnea: a systematic review and meata-
analysis, Sleap Med Hev 2010;14:287-97.

8 Hemdndaz-Alfaro F, Guijamo-Martinez R, Mareque-Buana J. Effect of
mono- and bimaxillary advancement on phanymgeal ainway volume:
cone-beam compatad tomagraphy evaluation. J O Maxiloine
Surg 2011;88:6385-400,

10 Guijprro-Martinez R, Swennen GRU. Cone-Baam compulerized
tamagraphy iMmaging and analyais of tha URPEr AiRaY: A Bystematic
review of the iterature. Inf J Ol Maxcillofsc Surg 2011, 4001227=37.

11 Prinsell JA. Cbstructive sheep Aprea—Surgical treatment. in: current
therapy in oral and maxilofacial surgery, Elsevier 201 2:1048-63,

12 Prinsall JA. Maxillomandibular advancemant sungery in a sita-
specific treatment approach for obstructive slesp apnea in 50
consecutive patients. Chest 1999 116:1519-29,

13 Butterfisld KJ, Marks PLG, McLean L, of al. Linear and volumsetric

14 Guijarro-Martinaz B, Swennen GRJ. Throe-Dimensional cona beam

of tha upper airway: a validation study. inf J Oral Maxilolse Sung
2013;42:1140-9.

15 Cheistovam 10, Lisboa CO, Femeira DMTR, ef ai. Upper ainaay
dirnanaions in patiants undergoing arthognathic sungeny: a
syslematic review and meta-anahrsis. Inf J Oral Mioollofec Sung
2016;45:460-T1,

16 Haas .Jr. 0L, Backer OF, da Oliveira BB, Computar-Aldad planning in
orthognathic surgeny—systematic review. ind J Ol Maciiofac Surg
20154432942,

17 Fairburn SC, Waite PD, Vilos G, et al. Three-Dimensional changes
In upper airways of patients with obstructive sleep apnea
following maxillomandibular advancement. J Ol Masifofac Surg
2007 85:6-12.

18 Jones R, Badiani J, Maxillary JC. Mandibular and chin
advancemant surgary for tha freaiment of obstnective lasp apnaas
2010;55:314-21.

18 Aonchi B Cinguinl V, Ambrosoli A, et &, Maxillomandibular
advancamant in abstructive slisep apnaa syndroms patients: a

21

25

a1

k)

40

41

restrospective study on the sagitial cephalometric variabées. JOMR

201485,

Bianchi A, Befti E, Tarsitano A, & &l Volumetnc three-dimensional

computed tomographic evaluation of the upper airsay in

patienis with obstnctive slsep apnoaa syndromea fraated by

maxillomandibular advancement. Br J Oral Maxiolsc Swg

2014;52:831-T,

Schandel 5S4, Broujerdi JA, Jacobson RL. Three-Dimensional

upper-girway changes with maxillomandibular advancement for

obstructive sheep apnea treatrment. Am J Orthod Denlofecial Orthop

2014;146:385-53.

Hsieh -J, Liao Y-F, Chen M-H, et al. Changes in the calibre of the

upper airgay and the surmounding structures after maxillomandibular

advancemant for obstructive skeep apnosa. Br J Oral Maxiiofac Surg

2014;52:445-51.

Veys B, Pattal L, Mollamans W, af 8. Three-Dimensional volumatnic

changes in the upper airway after maxllomandibular advancement in

obstructive sleep apnoea patients and the impact on quality of life.

Int J Oral Mavillofac Sung 2017:46:1525-32.

de Ruiter MHT, Apperioo AC, Mistein DM, of al. Azssessment

of obstructive sleep apnota treatment success or failure after

maxillomandibular advancemant. ind J Orad Maxitofiac Sung

201T,46:1357=-62.

Schulz KF, Altman DG, Mobher D, of &, Consort 2010 staternent:

updated guidelines for reporting paraliel group randomized trials.

Ann Intern Med 2010152:726.

Moher D, Liberati A, Tetzlaff J, of al. Prefemed reporting tems for

systematic reviews and meta-analyses: the PRISMA staternentl.

prefamed raporting fams for systematic reviews and mela-analyses.

BM.J Br Med J 20108,

Liberati A, Altman DG, Tetziaff J, at al. Tha PRESMA statemant for

reporting systomatic reviews and meta-analyses of studies that

evaluate health care interventions: explanation and elaboraticn,

PLas Mad 2008628 1000100.

DerSamonian H, Laind N, Meta-Anahrsis in clinical trals. Confrol Chin

Triss 1996,7:177-88,

Higgins JPT, Altman DG, Gotrscha PC, af al. The Cochrans

collaborations ool for assessing risk of bias in randomised rals.

BMJS 2011:343:d5928-9,

Susarla 5M. Abramison ZR, Daodson TB, et al. prsruwaylan;m

decreases after maxillomandibular advancement in

MMMWJWWMHIIEHH-E

Giarda M, Brucoli M, Arcuri F, of al. Efficacy and safety of

maxillomandibular advancerment in treatment of obetructive sleep
apnoea syndrome. Acta Otarhinolanmgsl It 2013;33:43-6,

Ahuﬂacnz.ﬁmahsu Lawhar B of al. Thres-Dimensional

compauted tomographic ainay analysis of patients with cbstructive

slaap apnaa fraafed by maxillomandibular advancement. J Cral

Maxiiofsc Surg 2011,88:677-B6.

Waite PD, Woolen V, Lachner J, of al. Maxillormandibular

advancemant surgery in 23 patients with abatructive sisep

apnea syndrome. Jowenal of Ol and Maxolofacial Surgery

oA T 256-61.

Rilery RV, Powell NB, Li KK, of al. Surgary and obstructive skep

apnea: long-term clinical outcomes., Ctolanmgol Head Neck Sug

2000;122:415=-20.

Abrahdio M, Gregorio LC, Gregario LC, of &, Genioplasty for

gensoglossus muschs advancement in patients with obstructive sheap

syndrome and mandibular retrognathia. Braz J

Oiorinolanmgal 2007, 73:480-6.

Hasabe D, Kobayashi T, Hasegawa M, &f al. Changes in

oropharyngeal airway and respiratory function during sleep after

orthagnathic surgery in patients with mandibular prognathism. i J

Oval Maciliofac Surgy 2011;40:584-52.

Basmera JE. Virbual surgical planning improves surgical outcome

maasuras in obatructive alaap apnea sungery. Lanmgoscops

2014;124:1259-88.

Gokoe SM, Gorgulu 5, Gokoe HS, of &, Evaluation of pharyngeal

ainway space changes after bimaxillary orthognathic sungeny with
a J-chmensional simulation and modeling program. .ﬂ.rrrJﬂ"l.I‘u:d

Dentolacial Orthop 2014146477 -92.

Uesugi T, Kobayashi T, Hasebw D, of al. Effacts of orthognathic
surgery on phanyngeal ainway and respiratory function during sheep
in patients with mandibular prognathiam, Int J Cral Maxillalae Surg
2014:43:1082-90.

Thompson 53, Higgins JFT. How should

b undartakan and imterprated? Star Mad 2002;21:1558-T3,

Tan SK, Leung WK, Tang ATH, &f ai. How does mandibular
advancement with or without maxillary procedunes affect
pharyngaal airways? an avariew of systematic reviews, PLoS Ona
2T 12:e0161148=-20.

12 Giralt-Hernando M, ef al, BM. Open Resp Res 2019:5:0000402. doi:10.1136bmjresp-2019-000402

JyBuddoo
Ag paeiong senb Ag 6102 '01 J8qo00 uo auoy g sasdsauuadolugdiy wo pepeoUMOg 6 LOZ J8qoia0 6 UD Z0F000-610Z-0saulug/ae | L'0L se pausignd 151y say dsay wadO rng

185



186

42 Bartolucel ML, Boriolottl F, Faftasll E, af al. Tha afftectivenass of 46 Sin DOMND, Fitzgerakd F, Parker JD, af ai. Rizk factors for cantral and
different mandibular advancermnent amounts in O5A patients: a obstrective slesp apnea in 450 men and women with congestive
syslemaltic review and meta-regression analysis. Skep Broath bt failure, Am J Respir Cril Care Mod 199916001101 -6,
2018;20:911-9, 4T Romeo-Corral A, Caples EM, Lopez-Jimenez F, of @, Interactions

43 Sher AE, Schechtman KB, Piccrillo JF. Tha afficacy of surgical patwesn obasity and obatructive slesp apnas: mplcations for
madifications of the upper ainvay in adulls. Sleap 1976;19:158. trestment. Chest 201001237:711=5.

44 Hobson JC, Robingon S, Antic MA, of al. What is “Sucoess” 48 Ristow O, Rickschiol T, Berger M, of al. Short- and long-term
following surgery for obstructive sleep apnea? The effect of changes of the phanymgeal airway after surgical mandibular
differant polysomnographic sconing systems. Lanmgoscane advancemant in class Il patients— a three-dimensional retrospective
2012;122:1878-51. study. Journal af Cranio-Maxlofacial Surgery 2018;48:58-62

48 American Academy of Sheep Medicine, Time for surgeons to think 49 UTWJMDNHWMMMM
oulside the anatomical box. JCSM 201 7;13:1023-4. surgical treatment cutcome fior obstrective sleep apnea. J Ciin Sheep

Mead 201 7,13 1029-37.
Girait-Hermanda M, of &l BM Open Hesp Res 200 5600000402 dok:10.1136bmjresp-2019-000402 13

wbufdos
A pepainig sanb £q 6102 ‘01 J18qma0 uo /woofwy saidsauadolwgTdny wouy papeojumed "6 LOZ J8q0IT0 6 U0 Z0F000-EL0Z-0sMluq/ag L L0l S8 paysignd 15y :say dsey uedg Mg



YIIOM-4648; No of Pages 7

Int J Cval Mavillofc, Sarp. JOUP s xo-xxy
Btpsdolorg 10L 1006/ Lijom 202102011, available online at bitps://'www.sciencedirect.com

Variation between natural head
orientation and Frankfort
horizontal planes in
orthognathic surgery patients:
187 consecutive cases

It worns! Jusrmas! of

Oral &
Maxillofacial
Surgery

Research Paper
Orthognathic Surgery

F. Hernandez-Alfare™", M.
Giralt-Hernando™”, P. J. Brabyn®,
0. L. Haas Jr.%, A. Valls-Ontanon™"
*Department of Oral and Maxillofacial
Universitat Internacional de
Catalumya (UIC), Barcelona, Spain; “Institute
of Maxillotacial Surgery, Teknon Medical
Center, Baroalona, Spain “Department of
Oral and Masillofacial Surgery, Pontifical
Catholic University of Rio Grande do
Sul - PUC/RS, Rio Grande do Sul, Brazi

F. Hermindez-Alfare, M. Giralt-Hernando, P. J. Brabyn, O. L Haas Jr. | A, Valls-
Otasicn: Variation between natural head orientation and Frankfort hovizental planes
in arthogmathic surgery patients: 187 consecutive cases. Int. J. Oval Maxillofac. Surg.
2009 xxe: wov-xex. @ 2021 Intemational Association of Oral and Maxillofacial
Surgeons. Published by Elsevier Inc. All rights reserved.

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) on the FH-NHO angle variation after orthognathic surgery. An evaluation of
187 consccutive patients was performed at the Maxillofacial Institute (Teknon
Medical Center, Barcelona). FH-NHO® was measured pre- and postoperatively at
I and 12 months, after three-dimensional (3D) superimposition using a software
(Dolphind ), Patients were classified as follows; 3.2%, 48, 7% and 48, 1%, class 1, 11
and 111, respectively. Bascline FH-MHO" was significantly positive for patients with
dentofacial deformities (2.73% + 4,19 (2.12-3337, P < 0.001). The impact of
orthognathic surgery in FH-NHO® was greater in class [1 when compared with class
Il patients, with a variation of 2.04° £ 4,79 (P < 0.001) and —1,20° £ 3.03

(P < 0.001), respectively. FH-NHO” increased when CCW rotational movements
were performed (P = 0.006). The results of this study suggest that pre- and

postoperative NHO differs from FH in orthognathic patients. The angle between FH
and NHO is significantly larger in class 11 than in class [ patients at bascline, which
converges after orthognathic surgery when COW rotation is performed. Therefore,
WHO should be used as the real horizontal plane when planning for orthognathic
SUrgery.

Keywords: Patient positioning, Orhognathic
surgery; Dentofacial deformities, Thres-dimen-
sional imaging; Cone-beam compuied tomo-
graphy
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Head orientation is a key factor in cepha-
lometric and facial analysis for orthodon-
tic and orhognathic surgery treatment
planning, because it influences the ante-
roposterior perception of the maxilloman-
dibular complex and may result in an
incorrect diagnosis.’

Warious reference planes have been de-
seribed for head orientation, both exira-
cranial and intracranial.” One of the most
commonly used is the Frankfort horizontal
(FH) plane, which was first described in
the Frankfort Craniometric Agreement
(1882)," and was defined as a plane that
passes through the upper rim of the exter-
nal acoustic meatus (porion, Po) and the
lowest point of the orbital rim {orbitale,
Or).”" However, a potential variability has
been observed with the FH plane and
similar planes that use only intracranial
landmarks, because the anatomical land-
marks are influenced by individual biolog-
ical variability." The FH plane has been
found to deviate from the true horizontal
plane depending on head inclination, es-
pecially in Eatienu with dental or facial
deformitics.

Extracranial reference plancs, such as
the natural head position (NHP) and natu-
ral head orientation (WHO)) are alterna-
tives o the intracranial reference planes,
enabling the use of true vertical and hori-
zontal lines for clinical facial analysis.”
The concept of NHP was introduced in
cephalometric analysis in the 19505 and is
defined as the physiological position of the
head that feels most natural o a living
person.™” Thus, NHP has been described
as the ideal reference in cephalometric
analysis due to its reliability and reproduc-
ibility, as it focuses on a distant point and

therefore is not influenced by cranial base
variability.” Although there are different
methods for the patient to achieve NHO,
the most common is to indicate the indi-
vidual 1o look straight ahead at a point in
front of them at eve level (eg., looking
into @ mirror).” However, there & a slight
subjectivity in head orientation as it
depends on the patient who has to be old
how to achieve a natural posture, and it
sometimes requires certain experience of
the clinician.”

Furthermore, NHO is influenced by oth-
er factors such as the visual and vestibular
apparatus, local proprioceplors, craniocer-
vical posture, facial and neck muscles,
temporomandibular joints, maxillo-man-
dibular relation and dental occlusion.'
Consequently, because the maxilloman-
dibular relation is one of the defining
factors of head positioning, WHO should
theoretically change after orthognathic
surgery, and even more when counter-
clockwise (CCW) rotational movemenis
are performed, due to its effect on the
accommodation of the head on the cervi-
cal column,'""

Therefore, the main objectives of this
research were o assess the relationship
between FH and WHO and its correlation
between patients” dental class, and the
impact of CCW rofation on the FH-
NHO angle variation after orthognathic
SUTRETY.

Materials and methods

To address the research purpose, the
investigators designed and implemented
a retrospective cobort study. The study
population consisted of  consecutive

patients  with dentofacial  deformities
who underwent orthognathic surgery {(ei-
ther mone- or bimaxilary at the Maxillo-
facial Institwte {Teknon Medical Centre in
Barcelona, Spain) during 2019, Clinical
data and three-dimensional (3D radiolog-
ical images were obtained from the Insti-
tute’s database, Each patient provided
written informed consent to access their
cone-beam  computed  tomography
(CBCT) data. This study was approved
by the Teknon Medical Hospital Institu-
tional review board (IRB) (Barcelona,
Spain)  (Ref2019/60-CMF-TEK)and
was conducted in accordance with the
ethical standards laid down in the 1964
Declaration of Helsinki and its subsequent
amendments. All participamts signed an
informed consent agreement,

Patients of any gender, over the age of
18 vears with completed growth of the
maxillofacial complex and who under-
wenl orthognathic surgery (mono- or
bimaxillary) were included in the study.
Patients with craniofacial syndromes or
craniocervical posture pathology, patients
with missing follow-up photographs and
CBCTs or those who were not willing to
sign the informed consent were excluded
from the study.

Presurgical 3D planning protocol, as de-
scribed elsewhere, was performed with a
three-party software and the upper incisor
soft-tissue nasion plane (U1-STP) was used
as an absolute reference to guide the ante-
roposterior positioning of the maxilloman-
dibular complex.'® Intermediate and final
surgical splints were designed and printed
in house. Patients were operated on under
general anaesthesia by the same surgeon
(FHA) following the mandible-first proto-

Fig. 1. Extracranial true horizontal line used by the clinicians to-orent the cone-beam computed tomography. A true horizontal line was traced on
the photograph (lateral view), passing through two points: the lateral canthus of the eve and at a determined point of the helix {(auricular point,

which varied depending on each patient).

Please cite this article in press as: Hemdndez-Alfaro F, et al. Variation between natural head orfentation and Frankforn horizontal planes
in orthognathic surgery patients: 187 consecutive cases, Int J Oral Maxillofae Surg (2021), hips:fdoi.org/ 10,1016/ ijom. 202102011
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col. A mandibular bilateral sagittal split
ostectomy (BSS0) was performed using
the Dal Pont-Obwegeser method and/or a
maxillary LeFort T osteotomy was camied
out using the minimally invasive “twist
technique” described elsewhere. ' Surgical
data was collected regarding type of mono-
or bimaxillary surgery and whether clock-
wise or COW rotation movements were
performed,

All included patients had followed the
standard pre- and postoperative imaging
workflow protocel for orthognathic sur-
gery of the Department, which involves
facial and occlusal pictures and CBCT at
three time points: preoperatively (T0) and
postoperatively at 1- (T1) and 12- (T2)
months follow-up. These two postopera-
tive time points were chosen in order to
evaluate the short- and long-term effects
of orthognathic surgery in NHO.

The CBCT zcans were performed using
an HCAT Vision system (ICAT, Imaging
Sciences  Intermnational, Hatfield, PA,
USA). For both records (CBCT and photo-
graphs),  patiems  were  previously
instructed by trained clinical personnel
in order 1o achieve a proper head orienta-
tion: they were indicated to adopt a stand-
ing position and to look straight ahead at a
point at eye level located on the wall in
front of them (1 m away)." In addition, a 2-
mm centric relation wax bite was placed to
aveid occlusal interferences.

Each patient had three CBCT datasets
(preoperative (T0), postoperative at |
month (T1) and postoperative at 12
months (T2)) Data were primarily saved
in DICOM (Digital Imaging and Commu-
nications in Medicine) format using 3D
software (Dolphin Imaging, version 11,95
premium, Chatsworth, CA, USA). Routine
photographic records in NHO were used to
oricnt and maich 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 eve
and at a determined point of the helix
(auricular point, which varied depending
on each patient). Then, this true horizontal
line from the photographs were transferred
to the CBCT *soft tissue virtual patient”,
resulting in a re-onented CBCT *virtual
patient”, This true horizontal line was used
to orient the CBCT ‘virtual patient’ in
NHO (Fig. 1). The software orientation
calibration tool was used along pitch (x),
yvaw (y) and roll (z). Orientation of bath
the *Base volume’ (original DICOM) and
“Ind volume' (duplicate DICOM) was
undertaken to achieve the same original
positions of the CBCTs (*hard tissue lay-
er').'” Then, the FH plane was marked as a
line connecting the night porion (Po, the
upper rim of the external acoustic meatus)
and right arbitale (Or, the lowest point of
the orbital rim) (*hard tissue layer’).

The angle between FH and NHO (FH-
MNHO") was measured by two investigators
(M.G.H. and A.V.0.) before the interven-
tion (TO), at | month (T1) and 12 months
follow-up (T2). Itz relationship was con-
sidered positive if the FH was located
above the NHO plane and negative if
FH was below it (Fig. 2). In order to ensure
truly accurate and reproducible measure-
ments, the examiners tagged all virtual
maodels independently on two scparate
occasions (2 weeks apart), thus avoiding
inter- and intra-observer differences, re-
spectively. Inter- and intra-class cormrela-
tion amalyses (ICCs) were used to
calculate examiner differences and reli-
ability. 7

Statistical analysis (IBM SPSS Seatis-
tics for Windows, version 25; IBM Corp.,
Amonk, NY, USA) was used to investi-
gate the relationship between FH and
MNHO before, and 1 month and 1 vear after
surgery. Deseriptive analysis evaluated
the most relevant statistics for all analysed
variables, and a Kolmogorov-Smimov
test was used to check the normal distmi-
bution of FH-NHO dimensions. In order to
compare measurements at different time
points and their correlation with dental
class and surgical procedure, an inferential
analysis was performed using the analysis
of variance (ANOVA) test and the Bon-
ferroni comection. Two-sided P-values
<0.05 were considered significant for all

Fig. 2. Assessment of natural head orientation (WHO) and Frankfort horizontal (FH) in class 11 and class 111 patients. In these cases, NHO with
respoct to FH (highlighted in red) wene set at 2,67 (negative) and 7.5 {positive) in class 11 and class 111 patients, respectively.

Please cite this article in press as: Herndndez-Alfaro F, et al, Variation between natural head orientation and Frankfort horizontal planes
in onthognathic surgery patients: 187 consecutive cases, It J Oral Maxillofae Surg (2021), hitps://doi org/ 10,1016/ ijom.2021.02.011

189



190

YLUOM=4648; No of Pages 7

4  Hermandez-Alfaro et al,

of the statistical tests. A mixed ANOVA
model reached a satistical power of 98%
when detecting mean differences m NHO
between groups, with a medium effect size
(f=0.25) and a 95% confidence interval,
The statistical power was 88% with a
small 1o medium effect size (F=0.15)
for intra-observer variation and differ-
ences over time (TO, T1, T2),

Results

A sample of 187 consecutive patients who
underwent orthognathic surgery were in-
cluded in the study. The sample comprised
124 women (66.3%) and 63 men (33.7%),
with a mean age of 33.9% 11.2 years
(ramge 15-67). Patients were classified
as dental class 1 (3.2%), class 11 (48.7%)
or class 111 (48.1%) a.cmrdmg o Angle's
malocclusion classification.”” All of the
selected patients underwent bimaxillary
(80%a) or monomaxillary (20%) surgery,
of whom 55.9% and 43% received a CCW
and clockwise mtation of the maxilloman-
dibular complex, respectively. No rota-
tipnal movements were performed in 1%
of the sample (Table 1). The ICC obtained
for angle measurements was <0117,

The mean baseline FH-NHO® was
2737 £ 419 (2.12-333°, P < 0.001).
FH-NHO" was =significantly positive for
the population eligible for orthognathic
surgery (P < 0,001, #test). In particular,
regarding FH-NHO® related to Angle's
dental class, statistically significant differ-
ences between class 1T and 1T patients in
each group were observed (7 < 0,001, test
F) (Fig. 3).

Regarding FH-NHO" changes after sur-
gery, there wene no significant differences
for the total sample, neither at l-month
(286" £ 3.12)(P = 1.000ynorat | 2-months

follow-up  (3.15° £ 3.19)  (P=0.539)
{Table 2). However, a vanation in FH-
MNHO" was observed between dental class
I and 11 patients (7 < 0.001) (Fig. 4), A
greater impact of surgery was evidenced in
class 1 compared with class Il paticmts,
reporting  FH-NHO" changes  between
T0 and T2 as follows 2047 £ 479
(P<0001)  and  —1.20° £3.03
(= 0.001), respectively.

Mo significant changes could be
detected based on the type of surgery
(mono-  and  bimaxillary  surgery)
(P=107318), Mevertheless, patients who
received a CCW rotation i the context
of a bimaxillary surgery (compared with
those patients with CW or without rota-
tional movement), FH-NHP® increased
significantly (F = 0.006) (Fig. 5)

A multivariate model was calculated
including each single independent vari-
able in order to rule out eventual bias
and confounding factors, Results showed
that FH-NHO changes significantly de-
pend on the dental class of the patient
(P < 0001} and the CCW rotation per-
formed at surgery in the bimaxillary group
(P=10.082) (Fig. 6).

Discussion

The head positioning of the CBCT is
essential for the wirtual planning of
orthognathic surgery. The resulis of the
present study show that FH is nod equiva-
lent to WHO and that a positive angle
between FH-NHO exists (2.73" = 4.19,
P < 0001, t-est). This implies that FH
is located superior to the WHO plane in
most cases, which is |.r| agreement with the
published literature.” However, when
grouping patients according to dental
class, class 11 patients showed a smaller

Table 1. Descriptive chamcteristics of the studied sample.

n=187 %
Gender
Male 63 337
Female 124 [ ]
Type of dentofacial deformity
Class | 3 32
Class 11 a1 48,7
Class 11 w0 481
Type of nterventions
Bimaxillary surgery 145 To.6
Monomaxillary surgery 38 20.4
Rotational movements
W &0 43
CUW 104 359
Mo matation 3 1.1
Age (mean £ 5D) 339£112

CW, clockwise rotation; OCW, counterclockwise rotation; SD, standard deviation,

FH-NHO angle (1.35° 4+ 4.29), whereas
class 111 patients presented an increased
relationship (4,15 + 3.60) (P < 0.001)
(Fig, 3). Emphasis should be placed when
adjusting the head position of the patient
during NHO registration (o avoid diagnos-
tic errors, as Class 11 and Class 111 facial
iypes tend o compensate for their head
position,'” Class 11 subjects tilt their head
upwards, whereas class 111 subjects tilt
their heads downwards, thus the FH repre-
sents an upward or downward inclination
in melation to the true horizontal plane,
respectively,'” Thus, it is plausible that
NHO should be the ‘gold standard® refer-
ence plane instead of FH, because a reli-
able reference plane is necessary for a
correct 3D facial analysis, which becomes
even more evident in patients with dento-
facial deformitics.” Needless 1o say, both
treating orthodontists and surgeons should
use the same reference plane in order to
use a commaon lerminology for treatment
planning, and therefore align treatment
goals, increase accuracy and improve final
CUICOMES,

Reproducibility of NHO in the sagittal,
coronal and axial planes with 3D imaging
las been proven to be as reliahle as with
cephalometric radiographs.'™™" When
recording NHO  three-dimensionally, a
CBCT in an upright position without ex-
ternal immobilizers is recommended, rath-
er than a conventional computed
tomography in a supine position.” Al-
though 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 unavoid-
able. For this reason, new tools and sofi-
wares have been designed 1o record,
transfer and adjust NHO properly; such
as stereophotogrammetry, laser surface
scanmer, or digital gyroscope, among
others.' """ However, the devices them-
selves may influence the accuracy of re-
origntated  head position, and in some
cascs: may cause soft tissue distor-
tion,”"**** Therefore, surgeons usually
use a simple virual skull re-orientation
method according to NHO based on fron-
tal and lateral photographic records.”®

As stated previpusly, extracranial refer-
ences such as NHO allow the use of true
vertical and horizontal lines as upllma.l
reference planes for surgical planning,”
In thiz context, the authors used a soft
tissug wvertical line that passes through
nasion soft tissue as an absolute reference
1o guide the anteropostenior positioning of
the maxillomandibular complex, further
described elsewhere.''

Besides, when Class | was obtained
after surgery, FH-NHO angulation in-

mmmmmmmmrunWMnmmmﬂmmm




YUOM-4648; No of Pages 7

Variation between natural head arientation and Frankfors hovizontal planes in orthognathic surgery patients: 187 consecutive
Cases 5

NHP (?) according to dental class

Oz | Qs il Cmsin

Fig. 3. Mean angle between Frankfont horizontal and natural bead orientation (FH-NHO®) for
class 1, 11 and TN patients. WHP, natural head position.

creased inclass 11 patients (3.40° £ 341),
while it reduced in  class 111
(2.95° £ 3.04). Remarkably, final FH-
WHO relationship for both groups con-
verged afier treatment vielding to a more
similar value, which was close to the
overall postsurgical FH-WHO value of
the entire sample (3.157 £ 3.19), which
can be considered a close approximation
to the standard FH-NHO relationship of
clasz 1 patients (Fig. 4). Therefore, this
relationship was still positive, which reaf-
firms the earlier statement that FH is not
equivalent to NHO.

The relationship between the final FH-
MNHO" and the patients” dentofacial defor-
mity was greater in class 11 than in class 111
patients, which reverses the initial situa-
tion of the angle (Fig. 4). This is explained
by the previous adaptation of the cranio-
cervical posture, facial and neck muscles,
temporomandibular jointz, visual and ves-
tibular apparatus and local proprioceptors
which counteract the presurgical dental
class and !:lallcm of maxillomandibular
imbalance. '

To our knowledge, this is the first study
to evaluate the impact of CCW rotation on
FH-NHO" afier orhognathic surgery. Al-
though head and neck posture changes
after orthognathic surpery have been
widely reported in the literature,™" our
study has demonstrated that CCW rotation
of the maxillomandibular complex is sig-
nificantly related to FH-NHO® changes
(F=0.006) (Fig. 5), which suggesis that

occlusal plane changes have an impact on
the cranio-cervical posture.'' This is
explained by the patients’ tendency to
adapt iheir cervical spine based on their
specific underlying dentofacial deformity.
Then, once it is surgically cormected, there
is no need for this adaptation,

The type of surgery did not induce
significant changes in the NHO, but the
rofational  movements  performed  did,
Therefore, when COW rotation was per-
formed in the context of bimaxillary sur-
gery, FH-NHO angulation increased at -
month follow-up (from 1.83% 0 281"y and
1o @ greater extent at 1 2-month follow-up
{from 2.81° o 3.32°) (Fig. 5). Similarly,
the same pattern was observed in class 11
patients: FH-NHO® increased immediate-
Iy after surgery and even further at long-
term follow-up (TO-T1-T2: 1.35°-2.84"~
3.40°, respectively). However, FH-NHO®
decreased significantly after surgery and
remained stable over time in class 111
patients (T0 —T1=T2, from 4.15 10
2.95") (Fig. 4). This suggests that the
period of adaptability of the abovemen-
tioned influencing factors in NHO is lon-
ger in class 11 patients when CCW rotation
15 performed than in class 111 patients.

A potential limitation to this study was
the reliability analysis of NHO determina-
tion and measurement assessment, To
overcome this problem, emphasis was
placed on landmark identification and an-
gle measurement. In order to ensure truly
accurate and reproducible measurements,

and to avoid landmark errors produced by
magnification and distortion, both exam-
mers (M.GH. and AV.0) previously
calibrated each virtual model by indepen-
dently tagging landmarks on two separate
occasions (2 weeks apart), thus avording
nter- and intra-observer differences, re-
spectively. ICC (inter- and intra-) analyses
were performed throughout the present
study,

With regard to NHO re-orientation re-
liability, 3D imaging techniques do not
maintain the previously recorded NHO of
the patient; therefore, subjective re-orien-
tation by expert clinicians of the 3D
images is needed (Fig. 1)."" Considering
this, some authors'” have determined a
moderate reliability for both intra- and
inter-rater reliability in re-orientating 3D
images 1o the estimated natural head posi-
tion.'” In their study, Zhu et al."” found a
small median ICC difference for roll and
vaw, but larger for pitch. This means that
clinicians tend to position the chin poste-
riorly (6.3 £ 5.2 mm), reducing the per-
ceived  severity of the dentofacial
deformity in the antero-posterior direc-
tion, Therefore, this data highlights the
importance of onemating the 3D images
prior 1o measuring and planning. Both
calibration and 1CC analyses followed
those from Lagravere et al.,'” and Zhu
et al,'" previous studies, and measure-
ments were taken in the three axes (x, »,
z) as mentioned above, In this study, the
10C obtained by the authors for the angle
variability was <0.11°, Thus, our 1CC
analyses for this study are in line with
those previously accepled in the literature,
which demonstrates the accuracy of the
followed approach on NHO determination
and landmark identification among differ-
ent examiners.'®

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 15 sig-
nificantly larger in class 111 patients than
in class 11 patients at bazeline, which
comverges after orthognathic  surgery
when CCW rotation is performed. There-
fore, WHO should be used as the real
horizontal plane when planning  for
orthognathic surgery.

Table 2. Mean changes in the angle between Frankfont horizontal and natural bead orientation (FH-NHO® ) short term (T1-T0), stability (T2-T1)
and long term (T2-T0) for dental ¢lass 11 and 111 patients,

T Tl T2 T1=T0 T2-T1 T2-T
Class 1l 135 £420 2844322 340341 148 2408 P <0001***  056£ 277 P=0121 204 £ 479 P < 0001%**
Class Il 415 £3.60 2952308 20954 304  —1.20:£ 280 P = 0.004% 001 £ 242 F=1000 —1.20£ 3,03 P=0015*

Statistically significant results are presented in bold; P < 0.05. Mean + SD and -test from analysis of varance (ANOVA) and Bonferroni

COMmection.
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Fig. 4. Impact of demal class (1, 11 and 11T) on the angle between Frankfort horizontal and natural
head orientation (FH-MHO®) over time (TO, T1 and T2). NHP, natoral head position.
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Fig. 5. Impact of counterclockwise (CCW) rotation on Frankfort horizontal and nataral head
pasition (FH-NHF} over time (T0, T1 and T2}
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Fig. 6, Multivariate analysis of changes in the angle berween Frankfort horizontal and natural
head orientation (FH-NHO® ) over time according 1o dental class (1, 1T or 1), type of surgery
(mona- or bimaxillary) and rotation [no rotation (NR ) or counterclockwise (CCW)), inthe short
and long term,
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CRAMNIOMAXILLOFACIAL DEFORMITIES/SLEEP DISORDER

ISMETIC SURGERY

What are the Surgical Movements in
Orthognathic Surgery That Most Affect
the Upper Airways? A
Three-Dimensional Analysis

Meria Giralt-Hernando, DOS, MSc, © Adaia Valls-Ontanon, MD, DS, PR,
Chrfenny Leeiz Hevas frondor;, DS, MSC, Phid ;o
Jorge Masia-Gridifia, MID, Phid, | and Federico Hernandez-Alfaro, MID, D5, Phid

Purpose: Most studics have focused on airway changes after maxillomandibular advancement; however,
airway size will change depending on the type, direction, and magnitude of cach skeletal movement. The
aim of this study was 1o assess the effect of the maxillary and/or mg ular movements on the pharvngeal

airway volume and the minimum crosssectional area using 3-dimensional cone-beam computed tomogra-
phy voxelbased superimposition,

Patients and metheds: The investigators designed and implemented a retrospective cohort study
composed of patients with dentofacial deformity subjected o orthognathic surgery, The predictor vari-
ables were the surgical movements performed at surgery. The princry outcome variables were the pharyne-
geal airway volume and minimum cross-sectional area measured preoperatively, at 1-and 1 2-month follow-
up. Skeletal and volumetric relapse and stability were recorded as secondary outcomes at 1 and 12 months,
respectively. Descriptive, bivariate and corrclation analyvses were computed. Significance was set at
P< 05

Results: The sample was composed of 103 patients grouped as follows: bimaxillary (55, maxillary (253,
or solated mandible (250 All of the surgical treatments resulted in a significant linear pattern of initial im-
mediate increase of 33.4% (95% confidence interval [Cl]: 28.2 w0 38.7%; P < 001 in volumetric (naso-
pharynx [287%, CI: 22.7 34.9%; P < 001), oropharynx [36.2%, CI: 290 to 45.5%; P < .001], and
hypopharynx [31.5%, CI: 25.7 to 37.3%; P < 000 and minimum crosssectional area parameters (himax-
illary = 104%, [CI: 87,1 w0 122,1%; £ < .001], maxillary = 39.5%, [CL 184 w 60.7%; P < 05], and
mandible = 65.8%, [CL 48.1 to §3.6%; P < 05, ollowed by a slight downward trend (stabilization) at
1 2-month follow-up. Airway increase was favored by mandibular advancement (F < .05) and mandibular
occlusal plane changes by counterclockwise rotation (F < 05).
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THREE-DHMENSIONAL ANALYSIS OF SURGICAL MOVEMENTS

Conclusions: 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 mandibular
occlusal plane changes by counterclockwise rotation being the most significant contributors,

£ 21200 Amerfcan Association of Oval and Maxfllofacial Surgeons

J Ol Mexiltofoc Surg W:1-13, 2020

The combination of orthognathic surgery and ortho-
dontic tremment aims o reestablish facial esthetics
and optimize dental occlusion while moving  the
jaws, Although orhognathic surgery cormects bonge
discrepancics by means of osteotomics and jaw reposi-
tioning, it also implics soft tissue changes of the facil
l:l'n't.'krpl.'.' similarly, repositioning of the muscles
attached o jaws and pharngeal walls creates signifi-
cant volumetric changes in the pharyngeal airway: in
general terms, the pharyogeal airway walls are
cxpanded or diminished when the facial skeletal
framework is repositioned either forward or back-
ward, respectively.” Thus, pharyngeal aireay dimen
sions will change depending on the wpe, direction,
and magnitude of the skebetal movements.” As widely
reported, a mean 10-mm maxillomandibular advance-
ment (MMA)Y results in a mean increase in the pharyn-
geal airway space of 4.75 mm (range 3.15 to0 6.35) and
a mean pharvogeal airway volume (PAV) gain of
7.5 cm® (range 5.35 o 934 over the long-term,”
Conversely, there is evidenoe 1o suppor a s

narrowing of the pharyngeal airway space afier sole
mandibular sethack procedures (mean decrease of
440 mm in men and 320 mm in women) for treating
mandibular prognathism.” However, no studies have
evitluated the impact of the type, direction, and magni-
tude of the different skeleal movements on upper
airway size changes in the long4erm.

Therefore, we have designed the present study
considering the following gaps that exist in the current
literature which require more in-depth evaluation: £
Orthognathic surgery involves repositioning of both
the maxillary and mandibular bones, and each individ-
wal repositioning s related 1o specific pharvongeal
airway changes. Separate study s thercfore required
of the impact of isolated maxillary, mandibular Cand
chin) movements, as well as study of the maxilloman-
dibular complex jointlyv; 2) Orthognathic surgery is a
procedure that implies  3dimensional (G0 move-
ments (counterclockwise [COW /clockwise rotation,
advancement/setback,  impaction/descent,  leveling,
and constriction/segmentation  procedures), which
behave differently it the pharyogeal level and should
be evaluated separately; 3) There are not clear guide-
lines or references o determine where the maxilla
and mandible should be repositioned to simulta-
neously maximize airway volume, still not compro-
mising facial esthetics; <) Onthognathic  surgery
impacts 3-dimensionally on PAY (sagital, vertical,

and transversal planes), so lincar, volumetric, and
cross-sectional  measurements  of the  pharvngeal
airway are required; 5 Orthognathic surgery induces
changes in all 3 levels of the pharyngeal airway (naso-
pharvnx, oropharvx, and hvpopharyns), so all of
them need o be assessod; and finally, 63 Pharyngeal
airway changes induced by orthognathic surgery may
relapse over time, so long-term trals (12 months of
follow-ap) are compulsory.

The purpose of this study was 1o assess the effect of
maxillary and mandibular movements (isolated or
jointlyy on the pharyngeal airway  (nasopharynx.,
ompharvnx, and hyvpopharynx) and the minimum
cross-sectional arca (mCSA)on a 30 basis. The authors
hypothesize that cach surgical movement during or-
thognathic surgery impacts differently (o increase
the upper airway size. Thus, the specific aims of this
study were to correlate the magnitude, tvpe, and direc-
tion of these skeletal movements with the airway
dimension gain or impairment and their stability or
relapse at the 122-month follow-up,

Materials and Methods
STUDY DESIGM,/SAMPLE

Tor adddress the research purpose, the investigators
designed and  implemented a retrospective cohort
study. The study population was composed of conscc-
utivee patients with a dentofacial deformity who under-
wient orthognathic surgery between January 2008 and
January 2009 ar the Maxillofacial Institute (Teknon
Medical Center in Barcelona, Spain). Clinical data
and 3D radiological images were obtained from the in-
stitute's database,

To be included in the study sample, patients were
included  as  study  participants i they . met  the
following criteria: £) age = 18 vears, 20 good systemic
health (American Socicty of Ancsthesiologists score |
or 1D, 30 completed growth of the maxillofacial com-
plex, <0 patients subjected o orthognathic surgery
because of occlusal, skeletal, or esthetic problems,
and 5 signed informed consent. Patients  were
excluded from the study if they presented 70 any svs-
temic/discase background capable of compromising
bone healing, 20 congenital anomalies, 3) incomplete
postoperative  follow.up: and 4 missing  radiolog-
ical tests,

This study followed the STROBE (Strengthening the
Reporting of Obscervational studies in Epidemiology)
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statement guh.k'lim.'.'iJ' (wwwestrobe-statement.org),
including a checklist of 22 items considerncd essential
o reprort analvtical observational studies, and Dodson
2015" updated guidelines on how to report a patient-
oriented manuscript. This study was approved by the
Teknon Medical Hospital Institutional Review Board
(Barcelona, Spaind, and all participants signed an
informed consent agreement (Ref. 30-05VAS), The
study was carried out in accordance with the ethical
standards Iaid down in the 1964 Declaration of Hel-
sinki and its later amendments,

SURGICAL PROTOCOL

Al patients were operated under generml anesthesia
and controlled  hypotension by the same  surgeon
(FHA). A mandible first protocol was followed in all
cases. Mandibular saginal osicotomy was perdormed
following the Obwegeser  technigue and scttled with a
hyvbrid technigue (1 miniplate fixed with 4 monocortical
serews and a retromaolar bicomical screw ). Maxillary pro-
cedures included Le Fort | osteotomy with or without
segmental maxillary osteotomics and alwavs through a
mininually invasive approach using the twist technigue
deseribed elsewhere™ All patients wene extulzited in
the operting room, maintaining a dynamic intermaxil
lary fixation with goiding clastics,  Antibiotics, anti-
inflammatory drogs, and a closed-circuit cold mask at
17°C were prescribed during admission. Patients were
discharged 24 hours after sugery, Functional trining
with light guiding elastics was prescribed for 1 month,
with a soft dict during the same period of time.

STUDY VARIABLES

Demographic chamacteristics of the ample were
incladed: age (vears), gender, and type of dentofacial
deformity (I, 11, or 1D, The primary  outoomes
measured were PAV (mm*) and mCSA (mm®); the sec-
ondary outcomes measured were surgical movements
(mm) and skeletal relapse (%), preoperatively and
postoperatively at 1 (T at 12 months (T2) after sur-
goery. Patients were divided as per the orthognathic sur-
gery procedure involved as follows: £ Bimaxs:
combined surgery involving scgmented or nonseg-
mented Le Fort | maxillary osteotomy and mandibular
hilateral sagittal split osteotomy with or without genio-
plasty; 23 Maxs: isolated segmented or nonsegmented
Le Fort I maxillary osteotomy; and 31 MandS: isolated
hilateral sagittal split osteotomy with or without genio-
plasty. All these surgical technigues were evaluated in
lincar and  angular  measurements—advancement,
sethack. upward, downward, centering, noncenter
ing, clockwise rotation, COW rotation, and mandibular
occlusal plne (MOP),

DaATA COLLECTION

All patients followed the standard preoperative and
postoperative imaging workilow for orthognathic sur-
gery of the department. which involves conebeam
computed omography (CBCT) at 3 time points: pre-
operatively (T0) and postoperatively at 1 (T and at
12 (T2) months of follow-up. The CBCT scans were
performed using an -CAT Vision svstem (GCAT, Imag-
ing Sciences International, Hathield, PA), and patients
were previously instructed by trained  personnel o
achicve the standard key points for orthognathic sur
gery diagnosis and planning: the patient breathing
guictly without swallowing, sitting upright in the nat-
ural head position with the Frunkfort and bipupilar
planes parallel o the Qoor; indicating the paticnt o
look straight ahead at a point in front of them at eve
level (Jooking into a mirrer), the tongue in a relaxed
position, and the mandible in centric relation with a
22mm wax bite in place o avoid direct contact be-
tween teeth. An expert clinician paid special attention
during the preoperative and postoperative CRCT 1o
minimize posture influence in the airway evaluation.

Presurgical 3D planning was performed with Dol-
phin software and the soft tissue-nasion plane was
wsed as an absolute reference to guide anteroposierion
positioning of the maxillomandibular complex.'” In-
termediate and final surgical splints were printed
in-house. "'

Each patient had 3 CBCT data sets (TO, T1, and
T2y that were superimposed in accordance  with
the voxekbascd superimposition protocol described
previously by the authors.'” All CBCT scans were
evaluated by the same researcher (MGIH). Data
were primarily sved in DICOM  (Digital  Imaging
and Communications in Modicine) format using a
A software (version 11.0; Dolphin Imaging, Chats-
worth, CA). The software orientation calibration
ool was used along pitch (x), vaw (v), and roll
(z). Orientation of both the base volume (original -
COM) and sccond volume (duplicate DICOM) was
undertaken to achicve the same original positions
of the CBCTs. Then, superimposition of the preoper-
ative CHCTS at T1 and T2 was performed using the
cranial base, as it remains stable after surgery. The
software  allows  a proper manual  adjusiment
following the supenmposition  3-step protocol: /)
Landmark-based superimposition (side-by-side super-
impaosition), 23 Voxel-based superimposition (overlay
superimposition by volume  subregions), and 3
Head orientation  export (export to sccond  val-
ume).'” This means that all the 3 images (T0, TI.
and T2y were in the same coordinate position after
the voxel-based superimposition (Fig 1), This posi-
tion is recommended for the hascline assessment
of upper airway dimensions,"™"”



FIGURE 1. A, Freoperative and postopero
Grean, tive CBCT [T1 or T2).B, Preaperative and
Pink, precperative CBCT [T0); Green, postoperative CBCT [T1 or T2).
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five cake impasifion— frent view. Coler legend as follows: Pink, preaperafive CBCT (TO);
jve and pasiopara 'xcdur mv;?supefim:gﬂionnilmml '.'i::r. gdnr hgam a8 Fnllnrrv?:'.
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DrATA AMNALYSES

Skeletal surgical movements were assessed from
angular (o) and linear measurements (mm). Upper
airway data were evaluated in terms of volumetric
(mm™y and cross-sectional areas (mm z}.

Stuergical Movemenits

The following measurements were assessed in
cach patient: 1) angular; sella-nasion point A (SNA),
selli-nasion point B (SNB). sclla-nasion pogonion
(SNPg), and MOP; and 2) lincar: posterior nasal spine
(PN3), point A, point B, pogonion, most anterior
point of the hvoid body, superior incisor, inferior
incisor, and transversal maxilla in fronal view, The
root mean sguare displacement of all the parameters
in the reference space or svstem was calculated as
per the following formulas:

4(T1-T0)= ,/{.n )40 -+ (m-n)

4(r-=12)= \/{.r; - F+ (2 -n)l+(@m-a)

A(T2-T0)= ,/ (=-x)V +0: =3 +(-n)

Lipper Afraay Anelysis
Manual segmentation was performed 1o delimit the
amatomic and technical boundaries of the upper

airway at the anterior, posterior, upper, and lower
limits, respectively, as reported by Sweereen anel G-
Jervo-Martines."" In relation to the upper airway di-
mensions, 3 regions of interest were defined for this
purpose, measuring the masopharynx, oropharmx,
and hvpopharmx. The nasopharvonx was delimited
by the Frankfort horzontal (FH)—PNS—sphenoid
Fone, extended o the soft tissue pharyngeal wall con-
tour. The oropharynx was defined bevond the FHAPNS
extended o FH—most anterior point of the body of
Ci—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 1o 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 (mm* and mCSA (mm®) (Fig 2).

STATISTICAL AMALYSES

The data analvsis was performed using SPSS for Win-
dows, version 25,000, software (3P58 Inc, Chicago, 1L).
Power analvsis was conducted from results of a pilot
study carricd out on 15 patients, T was concluded
that a minimum sample size of S0 patients for the
global sample should be included o reach 8005 power
1o detect volumetric changes, assuming a medium cf-
fect size (d = 0.5) and 95% of confidence. The descrip-
tivie analysis included the most relevant statistics forall
analveed varibles: mean, standard deviation, mini-
mum, maximum and median for continuous variables
and absolute and relative froquencics (percentages)
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FIGURE 2. A, 3dimensional total PAV assessment eccording to Guijarre and Swenan, 2013 [14) PAY boundaries. B, 3-dimensional PAY

boundaries —Delimitation of the nosopharynx BaY boundary (16).C, 3dimensional FAY bouw

ins—Delimiotion of the oropharymne PAY

boundary [14). D, 3-dimensional PAV bou rigs —Delimilation of the hypqpl'mr:rnx PAN bq-wldur:r- [14). Abbroviation: PAY, pharyngeal airsay

walume

Cefralt-Herandoe of af. Thoee-Dimensfomal Analysis of Surghoal Movennents. J Owal Maoxodfofac Saeg 20260,

for qualitative variables, The comparative analvsis
included the assessment of normal distribution of
the measurcments using the  Kolmogorov-Smirnoy
test, The inferential analvsis included the following sta-
tistical methods: £) The analvsis of variince general
linear model for repeated measures was used 1o
compare the cvolution of the skeletal and volumetric
parameters over followup. Multiple comparisons
weere made with Bonferroni correction to avoid owpe
I error and allowed the evaluation at short-term

(T1-T0), stability (T2T1), and longterm (T2-T0)
cffects; 20 Pearson’s lincar correlation cocficient ()
wis used to estimate the degree of asociation be-
tween volumetric and skeletal changes, likewise in
different periods; 30 Smadent ¢ test for independent
smples (1), with use of the nonpammetric Mann-
Whitney Ustest (MW) and Kruskal-Wallis test (o assess
differences in volumetric changes as per aspects of the
patient profile and tvpe of surgery; and 40 Exploratory
factor analvsis of main  components  {principal



&

component analysis) was performoed w identify the un-
derlving dimensions or commaon movement patterns
of both skeletal and airway parameters berween T
ane T2, For all analyses, the level of statistical signifi-
cance was set at 05,

Results

The study sample comprised a toal of 103 paticnis,
30 men (35%) and 67 women (65%), with a mean age
of 31.9 £ 109 vears (range 18 to 60). Preoperatively,
52.4% of the sample presented dentofacial deformity
Class 11, 45.6% Class 111, and 2% Class | dentofacial de-
formitics. Descriptive and demographic data with re-
gard to the surgical characteristics involved in each
group (Bimax, MaxS, or Mand%) are presented in

THREE-DIMENSIONAL ANALYSIS OF SURGICAL MOVEMENTS

lar

Table 1. The analysis regarding the linear and ang
skeletal changes in the 3 groups are presented in
[able 20 In turn, Table 3 displays the preoperative,
postoperative (short- and longterm), and final per-
centages of variations (ongaerm gain and relapse) in
the volumetric and mCSA measurcments. Overall, an
immediate positive effect (T1-T0) of orthognathic sur-
pery on the skeletal, volumetric, and cross-sectional
parameters was obscerved, followed by a slight down-
ward trend and stabiliztion over tme (T2) in all the
3 groups,

BIMAXILLARY ORTHOGMATHIC SURGERY

Although there was a small skeletal relapse at the
longterm (T1-T2), with statistical significance being

Table 1. DESCRIPTIVE STATISTICS FOR STUDY POPULATION FOR THE 3 GROUPS [BIMAXS, MAXS, AND MANDS)

(N =103)
Bimaxs (n = §3) Max% (n = 25) Mands (n = 25)

Doemographic Variables n % n T n %
Gender

Male 1% M35 12 s 10 (31

Fenale i 7.7 13 52 9 36
Type of dentofackal deformine

Clas=s 1 i 1] 2 8 (1]} 1]

Class 11 32 )4 [ o 22 b

Class 111 21 300 I3 92 3 12
Muxilla

Sepmented LeFort 1 .| 518 o A6

Nonsegmented LeFort 1 5 47.2 (143 i3

Advanoement 53 (L] 25 (LL1]

Sethack 0 0 [ o

Upward (impaction) 16 30.2 i 16

Devwnwward {descendy 11 s 12 .1

Mo verical movement 2y 491 9 36

Centering " 30 6 5 2

Mo centering 2 A M) b 1]
Mandible

BRSSO 43 H1.1 - 23 a2

Sethack 2 38 2 H

Centering 27 5.9 - 17 R

Mo centering 2 449.1 8 32
Chin

Advancement gonioplasty 26 9.1 3 12

Mo sagittal genioplasty 27 50.9 22 o

Downwank (descemd) 5 LE 2 5

Mo verticl genioplasty 48 . 23 92
Rotational movemenits

W 4 7.5 LU LU LU 0

W 44 925 25 11X} 3 12

Mo rotaton 0 0 [\ [} 22 i
Ape (mean £ 50X 290 £ 04 T 92 29.1 £ 12

Abbreviations: Bimaxs, bimaxillry surgery; BSS0O, bilateral sagittal split osteotomy; W, clockwise rotation; COW, counterclocks
wise rotation: Mands, mandibullary sungery; Maxs, maxillary sungery: S0, standard deviation.
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Table 3. VOLUMETRIC

THREE-DIMENSIONAL ANALYSIS OF SURGHCAL MOVEMENTS

AND PERCENTAGE VARIATION IN THE 3 GROUPS PRE-

CROSS5-SECTIONAL MEASUREMENTS
OPERATIVELY AND POSTOPERATIVELY AT 1-(T1) AND 12-MONTH FOLLOW-UP (T2)

Long Term

PAN Subregions” o Tl T2 Caim (%) 5% (1 PNalue
Bimaxs
Nasoplorynx TIOTO & 19734 114264 &= 32199 1757 &= 28831 3 416G 00,9 1o 524 <= (W5
Oropharymx 1620006 £ 53976 2685000 £ 75305 231992 £ 6510.7 43.2 321 w543 < AWM
Hypopharynx 41115 £ 1274.2 6T0AE = LiTL3 56920 £ 1310.7 384 20.7 10 47.2 <M 5
Tunal PAY 277200 £ 65343 449058 £ 98B0 393308 £ B338.1 419 33610 50.2 <AH5
misA 1209 £ 59.3 2909 £ %.5 2474 £ THY LIS ] B7.1 w1221 < (M E
MaeS
MNasoplarynx BUS0LE = 15459 1174%.1 £ 2637.2 110002 = 19289 225 13,6 v 304 < (M E
Oropharynx ITOAD2 = 46621 2308H.4 £ 66328 227553 = 6039.0 89 14.8 1o 431 < AWM &
Hypopharynx 43566 £ B9 51857 £ 9716 SO40.5 & 10603 18,3 9.1 o 27.5 LN
Total PAV 309862 £ 601035 411430 £ 86807 389093 £ T421.9 26 15.7 1o 35.5 <15
misA 168.2 £ 67.1 2398 £ 89.2 2347 £ 8.2 305 18.4 1o 60.7 <.05]
Mands
Nasoplarynx BHOZG £ 16121 102100 £ 24638 W35.2 £ 2048.2 12 2.2t 28 < AHM
Crropharymx 166030 £ 41579  24060606.7 £ 6355.1  21541.5 £ 544 29.7 16,0 1o 434 <0015
Hypopharynx 41748 £ 948.7 G085 = 16131 546062 £ 1297.1 RIAH 18,1 1o 43.8 < AMHE
Total PAV Z3H1.1 £ 58031 410853 £ 86807 3606:43.0 £ 66565 25 15.4 1o 4.1 <M
misA 1365 = 54.4 231 £ 5649 226.5 £ 589 658 48.1 1o 83,6 <.05]

Neate: Values are presented as mean 2 standard deviation unless indicated.

Abbreviations: Bimax$, bimaxillary group; Cl, confidence interval; MandS, isolited mandibular groupy, mOSA, minimom cross-
sectional arca; MaxS, monomaxillary group; PAV, pharyngeal alrway volume,

* Nasopharynx, oropharmx, hypopharynx, and total PAV are given in mm® and mOSA are ghven in mm®,

| P< 05
{ P < 0l
§ P < 001,

Cefralt-Hermando of al. Three-dXmensional Analysis of Saegical Movemenids, [ Orad Maxi@ofac Surg 20200

reached only for SNAo G006 £ 1.07; P < 000; Table 23,
no significant changes were observed for PAV and for
meSA, On average, the final PAV and mOSA gains
were 4 1,9%, (95% CL 3306 to 30.2%; P < 0001 and
104% C95% CL 871w 122,1%; P < (01), respectively
(Table 3).

Correlation analysis showed volume gain (total or
subregional) at T2 1o be fivored by certain sungical
movements (vs the absence of them): maxilkry COW
rotation —downward displacement of PNS at naso-
pharynx (7,4565 vs 4,121.5 mm®, ¢ = 0.045,
P < 05y mandibular COW rotation at oropharvnx
(D.837.7ve 5 8456 mm™, t = 0013, P< 05); centering
of the maxilla at oropharynx (89222 vs 5.736.3 mm’®,
t=00M1, P < 05 and sagittal mandibular advance-
ment  at hypopharynx (2,500 vs 523 mm®,
MW = 00012, # = 05), The otal PAV was mainly influ-
cnced by maxillary CCW rotation (18,6525 vs
9757 mm®. Kruskal-Wallis test = 0.032, P < 05),
centering of the mandible (13,3133 vs 9.853.06 mm?,
= 0049, P < 05), and MOP increase (r = 0,272,
P = 049). Therefore, when quantifying major volu-
metric variations hased on skeletal changes, hyvpophar-
ynx volume gain was increased by 61.4 mm?® for every
I mm of mandibular advancement (F < 0013 and by

1024 mm* for every 1 mm of downward movement
of the posterior maxilla in terms of PNS displacement
(r = 0404, # < 05). In relation o cross-sectional pa-
rameters, changes in mOSA were directly correlated
with a further increment in size of the upper airway
(r* = 0421, P < 001, In particulr, for every 1 mm?®
of mCSA increase, a mean gain of 31,88 mm? in total
PAV was observed (7° = 0,177, P < 001),

SINGLEJAW ORTHOGMATHIC 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 per-
formed (23%, mean relapse of 68505 mm”® Kruskal-
Wallis test = (00020, < 005), but this proved irrelevant
comparcd with the total volume gain at T2 (mean
38,9093 + 7.421.9 mm*). In the case of the Mands
group, the greater the sethack movement (pogonion
reduction)., the greater the observed PAY relapse at hy-
popharvnx level (mean reduction of 1,789 mm®,
rF = 0367, P < 001; Table 2).

Total PAY gain for single-jaw surgerics was smaller
when compared with the Bimaxs group, with a 26%
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increase for Maxs (95% C1 15.7-5.5; P< 000 and 25%
for Mands (95% CL 15.4-34.1; P < 001 In the same
line as for PAY, the crosssectional  parameters
increased significantly by 39.5% (95% CL 184
G0.7%; P < 05) and 65.8% (95% CL 481 10 83.0%;
P 053 in the Maxs and Mands groups, respectively,
As per Angles classification, the ol volume gain
was greater in Class 11 than in Class 1T malocclusion
(12,958 vs 3,054 mm™ P < 05; Table 3.

Correlations between  beneficial  surgical  move-
ments (vs the absence of them) in terms of PAV and
mCSA gains were identificd for both groups: ()
Max5s: scgmentation ot nasopharynx level (2,370 vs
1.594 mm®, MW = 0.032, P < .05) and displacement
of the PN at oropharynx level—maxilla COW rotation
with posterior downward displacement (6,324 vs
3712 mm®, r = 0.571, P = 003). The total PAV gain
was positively influenced by maxillary advancement
(9,107 vs 6,724.5 mm®, r = 0,605, P = 0017 and by
centering of the maxilla (81562 vs 69908 mm”,
MW = 0.075, P < 05) and 2) Mands: mandibular
advancement at  hypopharynx level (14571 vs
6135 mm®, MW = 0013, P < .05), CCW rotation
(5.139.77 vs 3,457.33 mm®, MW 0.027, P < .05), and
sagittal  chin  advancement  (with  genioplastv)
(6.791.3 vs 4,585.1 mm®, MW = 0.046, P < 05) at
oropharynx level. The total PAY was cnlarged by
mandibular advancement (7,981.1 vs 1,009 mm®,
ro= 04%i, £ = 012 Finaly, vertical upward
(2,27 4 599 mm) and sagittal forwand disphoemenis
(2,58 4 544 mm) of the hyoid bone were correlated
to mandibular advancement and greater PAY gain an
the longaerm (r = 00435, P = 030), Then, gquantifica-
tion analyses of relevant PAV and  cross-sectional
changes were as follows: £) Max%: 1 mm of maxillary
advancement implicd 3733 mm® total volume gain
(F = 020y 1 mm of PNS displacement implicd an
average total PAV gain of 5569 mm” (P =002y 1° of
SMA increase by COW rotation of the maxilla implicd
a mean masopharyny gain of 1516 mm® (P = 011)
and 20 Mands: 17 of MOP CCW  resulted in
6054 mm” wtal PAV gain (" = 0,628, P = .003), No
corrclations between mCSA and 1-aw surgerics were
found in our study.

Discussion

The purpose of this study was to assess the cffect of
maxillary and mandibular movements on the pharyvn-
geal airway on a 30 basis in paticnts subjected o o
thognathic  surgery,  cither  bimaxillary or
monomandibular. The awthors  hypothesized  that
cach surgical movement during orthognat hic surgery
impacted differently o increase or decrease the upper
airway dimension. Thus, o address this hypothesis,
the authors identificd 3 groups of paticnts who under-

s

went bimaxillary or monomandibular surgery (Bimax,
Maxs, and Mands) to evaluated the PAY and mOSA
changes at 1- and 12-month follow-up.

COwverall, the positive effect of cither monomandibu-
lar or bimaxillary surgery was proven in all aspects
inear, crosssectional, and volumetric analysisy; an im-
medine increase in PAV and mCsSA, with bimaxillary
advancement and MOP changes by COW rotation,
wias the most significamt contributor, Our results
show that forwand surgical procedures in both the
miaxilla and the mandible were carried out in almost
the entire sample, regardless of the initial dentofacial
deformity involved (Class 1, 11 or 0D In fact, only 4
patients (2 Bimaxs and 2 isolated MandS  cases)
received mandibular setback surgery. This is consis-
tent with the upper incisor-to-soft tissue plane surgical
Al planning protocol used by the authors and previ-
ously deseribed elsewhere” and which is used as an
absolute reference o guide the anteroposterior posi-
tiening of the maxillomandibular complex, irrespecs
tive of the previous occlusal problems (Class 11 or
Iy, Once in Class 1, the complex is displaced and
rotated so both the upper incisor and soft tissue po-
gonion lie (1 to 5 mm) in front of this plane."’ Howev-
er, the PAV gain was greater in patients with Class 11
occlusion than in paticnts with Class 1 occlusion (pa-
tients with Class I occlusion presenting 12% [95% CI:
1001 1o 22,1 ] more PAV gain than paticnts with Class 111
occlusion, [MW: 0,020, P < 05]). This is explained
because this population in general reguires greater
mandibular advancement, which is considered o be
the main factor for increasing PAV,

Cur results are in line with those of many authors
s have found that MMA increases PAV and that the ef-
fect remains stable at 1 vear of follow-up.' ™" A lincar
mean maxillary advancement of 641 £ 7.72 mm,
mandibular advancement of 992 4+ 505 mm, and a
global chin advaincement of 10022 £ 1027 mm
(isalated chin 385 4+ 2000 were achieved, with a
subseguent mean toial PAY increase of 33,4% (95% C1;
282 o 3R.TH P 001) for the global sample—the
results being more significant in the BimaxS group
42% (9% O 33,0 10 50.2%; < 001) (nasopharynx,
ompharmx. and hvpopharynx increments of 41.6,
43.2, and  38.4%, respectively). When  isolated
maxillary or mandibukar surgerics were performed,
volume gain was obtained but to a lesser extent
compared with the BimaxS group, with an average
PAY increase of 26% (95% CI: 15.7 w0 35.5; P < 001)
in the MaxS group (nasopharvnx, omopharyonx, and
hypopharvns: 2205, 289, and 18.3%, respectively) and
25% (95% CL 154 w 3.1 P < 0013 in the Mands
group (nasopharynx. oropharynx, and hyvpopharyns:
12, 29.7, and 3%, respectively; Table 3). It thus can
be affirmed that both maxilkry and mandibular move-
ments impact on the 3 levels of the PAY, although
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FIGURE 3. Total upper airway evolution as per type of surgery at
long-term (T2-T0) in the 3 groups, Abbreviation: PAY, pharyngeal
airway volume
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maxillary  forward movements  further widen  the
oropharynx > nasopharynx = hypopharynx, whereas
mandibular forward movements further widen the
hypopharynx = oropharynx = nasopharnx, in these or-
ders, Obwiously, bimaxillary surgeries that move the
entire maxillomandibular complex increase otal PAY
and crosssectional parameters even further (Fig 3, In
this regard, it is important o underscore that 1-jaw sur-
gerics (Maxs and Mands) vielded similar volumetric
gains in our study—only the Mands group achicving
less volume compared with the MaxS group, which is
expliined because most isolated mandibular surgeries
involved  only - mandibular  centering withoum any
advancement or CCW rotation.

As previously stated, some movements significantly
favored PAV gain, whereas some jeopardized it. With
regand to 24aw surgerics, mandibular advancement
oF < 05 and CCW rotation of the mandible
(P < 05) fvored PAV gain at oropharynx and hypo-
pharynx level. Hyvpopharvnx airway volume was
increased by 61.4 mm® for every | mm of mandibular
advanoement. Our results suggest that 55% of the PAY
changes after orthognathic surgeny are explained by
mandibular  surgical  movements  (FF = 0,547,
P < 001} This is in line with the literature, ™ which
sugpests that the influence of the mandible plavs a ma-
jor role in widening both mOsA and PAV in the long:
term. In the same way as for mandibular advancement,
amean 5.74 + 4.90° reduction of the MOP (r* = 0,272,
P= 049 in terms of COW rotation significantly incre-
mented both total PAV (P < 05) and nasophannx vol-
ume (P < 05), with a 68.2% (95% CI 42.8 1o 858,3%,
P < 05) more of total PAV gain when compared with
the absence of rotation. Thus, our results suppaort
that MOP stabiliztion (F < 05) by COW rotation deter
mines the final volume gain. This is owing o the
advancement of the suprahyoid muscles by both the
mandibular advancement and the correction of the
MOP at the time of surgery, allowing further expansion

THREE-DIMENSIONAL ANALYSIS OF SURGICAL MOVEMENTS

of airway size, with a subseguent volume gain. " Previ
ous studies focused on the normalization of the MOP
1o achieve an increment in the upper airway, Our find-
ings are in agreement with those published by Rubio
et al,'” who associated a 6w 10mm mandibular
advancement with concomitant correction of MOP
by COW rotation o be essential for incrementing
mCSA and PAV,

A positive effect of the downward movement of
the posterior maxilla in terms of PNS displacement
was ohserved in relation o total PAY and hypopharynx
for Bimaxs and Max3 (F < 05 and £ < .001),
respectively. One millimeter of downward movement
of the posterior maxilla (PNS) resulted in 1024 mm® of
hvpopharynx gain. The descent of the posterior part
of the maxilla (PNS) together with a COW rotation en-
Larges the pharynx because the muscles of the soft pal-
ate are pulled o an anterior and downward position,
which favors the upper airway space. In addition, scg-
mentation/expansion and sagittal advancement of the
maxilla incremented nasopharynx and total PAV gain
(# = 0% Greater oropharyvogeal and total volume
wiere achieved when centering of the maxilla was per-
formed compared with noncentering (8,.922.2 mm® vs
5,736.3 mm”; P < 05), This occurs because maxillary
asymmetry may trigger muscular constriction on 1
side of the upper airway, To our knowledge, the pre-
sent study is the first to describe a potential relation-
ship  between maxillary asvmmetries and
constriction of the upper arway.

On the other hand, concomitant chin advancement
during mandibular  advancement  significantly
improved the airway at oropharynx level (F < .05,
Chin advancement involves forward movement of
the genial wbercles, which together with the hyvoid
movements, potentially leads to more airway flow. "
In addition, a recent meta-analyvsis has evidenced that
MMA together with genioplasty significantly increase
PAV (# < 00127 In this same line, there was a clear
relationship between mandibular advancement and
hyvoid advancement and ascent, with a subseguent
PAY increase (F < 05). The hyoid bone is a mobile
structure anchored o both the pharyngeal wall and
1o mandibular anatomical structures, exerting a pulley
function between them. Thus, this SEroctune assumes a
major role in widening the upper airway when hvoid-
mandibular muscles are straightened or tensed.

Fimally, mention must be made of the relationship be-
woen mOSA increase and final PAY gain. Our results
showed that for cach square millimeter of mCSA in-
crease, there was a 32 mm?® of total PAV gain after binax-
illary surgery (F < 001 Thus, minimal CSA increase is
cxtremely important in terms of maximizing airflow
through the oropharynx and minimizing friction and
resistance of air penetration w the respiratory region.
It should be noted that the mCSA increase doubled in
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sige (104%, [95% CL 87,1 w0 122.1%; P < 001 ) in the
Bimaxs group comparcd with the effect of isolated
maxillary procedures (39.5% [95% CL 184 1o 60.7%;
£ = 053] or sole mandibular surgery (65.8%, [95% 1
48.1 1o 83.60%; F < 05]) An explanation for this is
that the pharvngeal walls are complex structures mainly
composed of musces (superior, middle, and inferior
constrictors muscles among others) that delimit upper
airway flow. However, although monomaxillary procede
ures increased mOsA and increased the pharvngeal vol-
ume, bimaxillary procedures, by moving the whaole
maxillomandibular complex together, allow  further
widcning of the airway and constriction arcas. There-
fore, bimaxillary surgery should be contemplated o
secure further increase in terms of mOSA and PAV, In
addition, other studics associated the differences in
constriction arcas between patients with Class 1T and
Class 111 occlusion with tongue  position as well as
adenoid and tonsillar hypertrophy”™” —though constric-
tron areas are mainly found in the omopharnx and hyvpo-
pharynx regions,  owing (0 Severe  svslemic
conscquences such as  obstructive  sleep apnea
(08A). " In this same line, Schendel et al.”™ observed a
relationship between O5A and constriction ancas, re-
porting a high probability of developing O5A when
mCSA was < 52 mm®; an intermediate probabdlity
when 52 w 110 mm* and a low probabdlity
when = 110 mm®, Hence, 31 surgical planning in indi-
vidugals potentally at risk of suffering from or devel
oping 054 should be paticnttailored and considered
in all future primary studies,”

In contrast, other surgical movements penalized vol
ume gaine total vertical downward movement of the
maxilla without rotation reduced nasopharynx volume
(Maxs; # < 05, and isolated sethack procedures in the
mandible reduced hvpopharvnx volume gain (Bimaxs
andd Mands; P < 05 and P <= 01, respectively), Our re-
sullts are also consistent with the data found in the liver-
ature,” " where mandibular sethack procedures were
found o result in higher upper airway constriction
(#* = 05) and became a risk factor for developing O5A
when excecding 4-8 mm of sethack movement of the
mandible. ™ Likewise, as reponted by Lee o al ™, iso-
Latedd either maxillary (maxillary sethack Le Fort 1 osteot-
on) or nandibular scthack surgery decreased both
oophanynx and hyvpopharmx volumes and  signifi-
cantly reduced mOsSA (P = 05 However, no cases of
isolated maxillary sethack were reported in our study,

Owerall. a linear partern of initial immediate increase
in pharyngeal airway volumetric pammeters followed
by a slight downward trend related o skeletal relapse
wias ohserved during the study in all 3 groups (Fig 3.
Global relapse was 1P, which was insufficient to offset
the total PAV and mCSA gains, regardless of the surgical
approach  involved. Greater PAY  relapse  occurred

mainly  at  oropharynx  level (=2930.41 mm*),

11

comparcd with > nasopharynx (=809.45 mm*y and >
hypopharynx (— 76285 mm®), though statistical signif-
icance was not reached. The oropharynx was probably
the most relapse-prone arca, owing o the impact of
hoth maxillary and mandibular bones relapses, apan
from being the most enlarged area after surgery. In
our study, skeletal relapses referred o the different
groups only proved significant for maxillary proced-
ures: SNA in terms of rotation (F < 001 and downward
vertical movement of the maxilla without rotation
(P = 05), This is consistent with the observations of
Haas Junior et al.,™ who together with our team pro-
posed a hicrarchical pyramid to assess the stabidlity of or-
thognathic surngery as per surgical movements, The
authors found surgical movements in the maxilla to be
more relapse-prone (unstable) than mandibular proced-
ures Chighly stable),”™ ™ Hence, we highlight this pyra-
micd ax an additional ool for helping surgeons 1o
choose the technigque with the best surgical outcomes
and for reducing (but not avoiding) skeletal and volu-
metric relapse toa certain degree.

T avoid measurcment crror, cmplhasis was pliced on
the 3D voxelbased superimposition protocol in mea-
surement assessment throughout the study, This proto-
col was chosen because it enables unbiased analysis of
surgical outcomes based on a software application
that affords acourcy and precision and avoids complex,
technically demanding, and ime-consuming measune-
ments.'” This study exemplifics the recommended
method, The resulis of this study, however, should be in-
terpreted with caution, Although many authors fail o
give information on the protocol used for 30 skeletal
andd volumetric measurements in their primary studics,
it is important 1o standardize these fctors for homoge-
neity purposes and thus to be able w draw elevant con-
clusions from our studies.

Alimitation to this study is that it was a retrospective
study and therefore subjected o the usual biases of its
nature. Then, the improvement of the clinical svmp-
toms of O5A was not assessed. In particular, although
our results confirm the use of MMA as a stable proced-
ure to enlange the upper airway dimensions, the rela-
tionship between our  results and  patient sleep
parameters could not be evaluated by polysomnogra-
phy preoperatively and  postoperatively (at T1 and
T2y, As a result, we were unable 1o establish which sur
gical movement is more effective in terms of treating
OsA, as well as o equate skeletal and volumetric
changes with the changes in clinical symptoms of
O8A, An ongoing prospective study (Clinical Trials gov
I NCTOFTRO0TE registration) regarding sleep and
patient-centered parameters will determine whether
there are any correlations between the direction,
magnitude, and type of surgical movement and the in-
crease in PAYV and crosssectional arcas with definitive
curing of O05A, and whether orthognathic surgery
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FIGURE 4. A, Sl.llgic!ﬂ pln:lming prolwd for mood mizing the u

girway. Hierarchical graphic represeniolion of the increass/decrease in

upper airway as per surgical mevements in orhognathic surgery. lustration of the favoring surgical movements io increase upper airway [COW
ralation, mandibular and m-u:ﬂiur; advancements [green amaws]]; movements o further increase PAV for chin advancements and posterior

maxillary displacement of the PNS [blue arrows].B, Mon

surgical movements [lotal masillary dewnword and setback mandibular

mavamants) which jeopardize the upper airway [red arrows). Abbreviafions: CCW, counterclackwise; PAY, pharyngeal airway voluma.
Ceiraalt-flermanade of al, Three-E8nwrnsiornal Analysis of Surefcal Mewwvrnends, § el Maoxadlfofie Soarg 2020,

should be considered part of the first-line armamen-
tarium for O8A treatment in selected patients.

To summarize, taking into account the different
variables analyeed, the surgical movements and up-
per airway gain correlated bevond the sample size
with short- and long-term relapse, we suggest a basic
surgical protocol when the main concern s the up-
per airway, We believe thar all the surgical planning
should begin with the idea that bimaxillary advance-
ment with COW rotation is necessary, and whenever
possible, chin advancement and CCW rotation with
posterior maxillary downward  displacement  must
be considered w allow further airway improvement
(Fig 4).

In conclusion, the results of this study sugpest that
orthognathic surgery, when planned and executed us-
ing soft tssue-nasion plane as an absolute reference,
induces 30 increments at all levels of the pharmngeal
airway in the long-term, regardless the surgical wech-
migue involved, with bimaxillary advancement and
MOP changes by COW rotation being the most signifi-
cant contributors, Conversely, total maxillary downe
ward displicement without rotation and mandibular
sethack movements penalized PAV gain in the different
groups (P < 05, P < 013 However, a 10% skeletal and
volumetric relapse should be expected at the 12-
month follow-up. A comtinued research effort into
the study of the diverse anatomic and nonanatomic
factors that affect skeletal and airway size relapse after
orthognathic surgery will allow a betier match be-
twoen personalized surgeryv-induced movements and

a defined protocol to achicve a long-lasting success
of the surgical treatment.
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Abstract

Background: Down syndrome (D5) patents tend o suffer savere
dentofacsal and skelolal deformeties leadmng 1o sevene occhesal,
speach and respiratory problams. The increase m life expectancy
of thise subjects opens naw horizons for improverment of thaar oral,
dental and facial funclions, among olhers, Howewsr, no surgical
trotrmend probocol is described alsowhoene in B erabure. Then, the
prasent study proposes a protocol for the surgical management of
orodental and facial delormities in DS patients based on a series of
threa cases and a review of the itarabune

Methods: The protocol contemplates dentofacial  deformaty
diagnostic work-up, obstructive sleep apnoea diagnoses and follow-
up, pre-admession medical and anaesthebc avahation, reatmeant
plan, and penoperative management,

Results: All patients presented with midface melrusion due o
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undrlying Sovere maxilary hypoplasia and dental crowding. A mean
maxllary advancement of 4,53 mm and a mean maxillary descent
of 3.6 mm were obtained. A mean pharyngeal sanway VoL Qi
of 10,954 33 mm3 (50%) was recorded al the ong-month follow-up
visil. Non-relevant skeletal and aireay relapses wore noled, Stable
occlusion was achieved in all cases after posioperative orthodontic
discreased SHOMng.

Conclusion: In selecled DS pabonts with spechic dysmorphic
treatment o improve the occlusion disorders and associated
feeding, respiratory and sleep-disorder problems. Therefore, the use
of this algonthm represents the first e surgical reatment for DS
tha surgical ireatment 1o each patient’s needs

Keywords: Down syndrome; Orthognathéc surgery; Obstnuctive
sleap apnoea; Phanmgeal asmway volume

Abbreviations

D&: Down Syndrome

O5A: Obstmective Sleep Apnea

05 nﬂhngn:ﬂlic surgery

CBCT: Cone-Beam Computed Tomography
PSG: Polysomnography

AD: Three-Dimensional

PAV: Pharyngeal Airway Volume

SD: Standard Deviation

EDS: Excessive Daytime Sleepiness

Introduction

Daown syndrome (15) 15 the most frequent chromosomal disorder,
oceuming i one out of every 700 births [1]. Since 1566, when the
Brtish physician Jolm Langdon Down first described the disorder.
risomy 21 has gained scientific relevance and is cwrrently one of the
most extensively studied genetic alterations. Apart from intellechpal
disabilities of varying degrees. these patients may suffer a broad range
of crganic defects - the most common being cardiac abnonmalities.
gastroesophageal reflux. celiac disease. hypothyroidism. hearing
and vision problems, leukemda and early Alshemmer's disease [2].
Drsmorphic cramial amnd orofacial features have also been widely
deseribed in DS patients, particularly a small cranium, a flar nose
and flat malar bones with slanted eves, seviere maxillary hypoplasia
with a high-arched and constricted palate. and mandibular hypoplasia
although seemingly prognathic mandible because of the previous
issue, hypedontia, relative macroglossia because of the small maxillo-
mandibular framewerk with the tongue resting inactively between the
lips due to musele hypotonia in the orofacial region and. ultimately. a
flattened face with anterior open bite and Class 111 dental and skeletal
relationslips |.i-]. These anatomical features may lead 1o speech,
swallowing and masticatory functional impainuents, as well as 1o
an increased predisposition 1o obstmictive sleep apmoea (OSA) and
mouth breathing [4]. Medical advances and the multidisciplinary
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management of IS patient's have doubled the life expectancy of these
patients in the last decade, from 30-40 1o 60-T0 years, with increased
quality of life and more commmmity-invelved and productive lives
[5]. This in tirn opéns new horzons for improvement of their oral,
dental and facial functions, among otlers.

The present study describes a protocol 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,

Patients and Methods

Three consecutive patients with DS were refemred 1o our
Department for dentofacial deformity treatment with orthognathic
surgery (O5) A retrospective evaluation was made of the treaturent
applied in all three cases, and a review of the literature was cammied o
in order to validate the proposed management algorithm (Figure 1).

The guidelines of the Declaration of Helsinki were followed in all
the treatment plases. 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 concomitantly evaluate patient and parent collaboration:

a) physical intraoral and facial examination, with intracral 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 ¢)
cone-beamn computed tomography (CBCT) (1-CAT, Imaging Sciences
Intemational, Inc., Hatfield, USA) smdy to complete the facial
analysis,

Obstructive sleep apnoea diagnosis and follow-up

A thorough anamnesis is required. with quality of life evaluation in
children with OSA [6.7]. When O5A is suspected. polysomnography
(PSG) should be requested. In addition, three-dunensional (3D
pharmgeal arway volume (PAV) should be measured with CBCT
(o).

The three tests (quality of life evaluation, PSG and CBCT) should
be repeated afier one month and one year of follow-up in order to
assess the clinical and radiclogical changes and their long-tenn
stability in relation 1o the O3 procedure.

Pre-admission medical and anaesthetic evaluation

The anaesthetic managearent of patients with DS constitules a
challenge for the anesthetist, due to the difficulty of the airway, the
pessible associated comorbadities they may present, and behavioral
and conunucation problems [8].
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The airway may prove difficult due to the following DS-related
issnes: a) small adrway size secondary to maxillary hypoplasia,
micrognathia, macroglossia, tonsillar  hypertrophy, short  neck,
Eto'llil: anwd :ul.lglnlli.t stenosis and iracheomalacia; b} atlamto-axaal’
atlanto-occipital instability with a high risk of spinal cord injury;
and ¢} OSA secondary 1o central apnoea, low muscle tone in the
moath and upper amrway, poor coordimation of MrWAY movemenls,
and the abovementioned small airway size [4.9,10]. On the
other hand, associated comorbidities may develop in any body
systeml]. The most frequent and relevamt conditions are congenital
cardiac alterations (40-50% of all patients). such as intératrial /
imterventricular comanunications, transposition of large vessels
and tetralogy of Fallot. which are generally diagnosed in advance.
However. there are also other cardiac diseases such as valve defects
or arrhythmias (with increased susceptibility to bradycardia) that
l.‘:,l‘pi.rtﬂ]l}- are not djap»sod and should be evaluated Ptupﬂ'ﬂ.lil'ely.
Other alterations that are also oflen seen i this pﬁpllﬂ.linn
comprise gastroesophageal reflux disease (with an increased risk of
bronchoaspiration), obesity, diabetes, hypolonia, aniune suppression
with susceptibality to pulmonary infections, antommmune alterations
such as hypothyroidism, and mod 16 savers tal retardation
Thus, potential disease conditions require in depth evaloation. as well
as the management of potential complications planned beforehand. in
order o ensure a safe anaesthelic procedure [3.11].

Treatment plan

If bath patient and parent collaboration proved good enough in all
phases, the orthodontic-surgical treatment plan was established and
orthodontic meatment was started. Omce again. provided cooperation
with the orthodontic treatment was adequate, surgery was virtually
planned using specific software (Dolphin® 30 Onbhognathic Surgery
Planning Software Version 11.8) [12,13].

Perloperative management

In order 10 mcrease comfort and relaxation of the patients. a
caregiver accompanied them 1o the anaesthetic induction area. and
1o the recovery room. The patients were operated upon under general
anesthesia and with endotracheal mtubation, as n conventional
orthognathic surgery procedures. However, a smaller tobe than
expected for the age of the patient was chosen in all cases in order
to reduce the incidence of subglotic cedema and post-inmbation
stridor. As mentioned above, airway management of DS patients is
considered 1o be highly complex. so trained anaesthesia personnel
and a difficult airway cart were ready for both induction and eduction
procedures [].

There are po perioperative dmg contraindications or medications
specifically recommended for patients with D5: nevertheless,
perioperative  treatment was  patient-taflored  according to  the
comorbadity present in each case.

Surgery

A balateral manchibalar Hgil‘l:l split osteolomy was pﬁrformed
1.|.'5i.1|5 the Dal Pnnl-Ol.mtgzser technique, with a maxillary LeFont
I osteotomy using the -rwist technique™ [14]. All patients were
extbated in the operating room. and all wore a closed-circuit cold
mask {175C) during hospital admission. Standard antibiotic and anti-
inflamniatory medication for OS was preseribed. Functional training
with light guiding elastics was followed for one month, together with
a soft diet during the same period of time.

*Page 3af9 e

Postoperative evaluation

Evental :n.n'g'lca'l complications were recorded at one week and 1,
& and 12 months of follow-up. In addition, two control CBCT scans
were performed at one month (T1) and one vear of follow-up (T2)
in order to assess both airaay and bony surgical enlargement (T1-
baseline [TO]) 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 Orthognathic Surgery Planning Software Version 11.8). A 3D
volume was created with hard tissue reconstruction for the T0, T1 and
2 databases. Three-dimensional superimposition and diansnsional
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 mdline
in all three spatial planes:

- Sagillal p]ane: |.n'u,¢d¢d distance from lri.-|.1l¢1'i.|1.l BO  mEAsLOn
perpendicular (A-Nper) for the maxilla; and ptbjﬂ.lud distance
from B-point to nasion perpendicular (B-Mper) for the mandible.

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

+ Vertical plane: perpendicular distance from A-point 1o the
Frankfort horizontal plane through the nasion (A-FHN) for the
maxilla; and distance from Bepoint to the Frankfort horizomntal
plane through the nasion (B-FHN) for e mandible,

Lastly. PAV enlargement and its stability were assessed by
measuring enlargement three-dimensionally (3D) at three different
levels wath respect to the himits of the phanmgeal airway sub regions:
nasopharynx, oropharynx and ypopharynx, following a previously
validated protocol described in detail elsewlvere [16].

Statistical Analysis

A descriptive analysis was made of the study vanables, with
caleulation of the mean, standard devistion (SD), minimom and
maximum valwes, and median for contimsous vamables. Absolute
and relative frequencies (percentages) were reported in the case of
qualitative variables. The statistical analysis was cammied oul using
the 5P55 version 15.0.1 statistical package (SPS55Inc., Chicago,
IL. USA). Descriptive stalistics were used for quantitative analysis.
Percentage variation referred to maxillary or mandibular surgical
movenrents (relapse) for each patient was calculated as follows:
one-year postoperative AB-point position + 100/ one-month
p-o&lnpﬂ'ﬂ.lil'z ,-i,."ﬂvpuin! p¢:ilinn. Sinli.'l:n'l}', percentage Varsation
refermed to PAV (relapse) for each patient was caleulated as follows:
one-year puxbopeﬂ!h'\e PAY = 100 [ oase-month po:.'lope:rlli'l.'z PAL,

Resulis

The clinical cases are sunmumarized in (Table 1). The shudy 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 ¢I1|:wi.1|_g difficulties, II1.¢|LFI1. Ehun:uq{h anapmyesis also
evidenced snoring and excessive daytime slespiness (EDS) i
all patients. Mone of them were diagnosed of OSA or used night
time CoOntimbois positive airway préssure (CPAP). No multi ongan
alterations were obzerved at the pre-admission madical evaluation.
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The salient feature in the facial analysis was midface retrusion
due 1o underlying severe maxillary hypoplasia, and dental crowding
in all cases. These findings are comsistent with the characteristic
orofacial dysmorphic features of DS that contribute to OSA. Basal
PAV was quantified {3D) based on the préoperative CBTC study, with
a mean value of 25,784 mm’ (range 15.651-42.204). Cases 1 and 3
presented an underlying constricted upper airway (15,681 mmn3 and
19,467 man’, respectively). Specifically, nammowing was observed in
all airway sub regions: naso-, oro- and hypophanymx (Table 1), On the
other hand, case 2 presented a normal initial PAV (42,204 mum®).

All patients received pre- and postoperative crthodontic treatment
and were operated upon under general anesthesia by the same surgeon
(FHA All underwent maxillary surgery using the minimally invasive
"pwist technique”14, but only case 2 was subjected 1o mandibalar
surgery for backward movement (Table ).

There were no surgical complications in the form of dental, nerve or
vascularinjuries, or poor split osteotomy. All patients were extubated in
the operating reom, and ansesthetic perioperative management provied
uneventiul. All patients wore a closed-cirenit cold mask (17°C) during
hospital admission and were discharged 24 howrs after surgery, with
pain control using commen analgesics, Standard antibiotic and anti-
inflanmatory medication for 05 was prescribed. Functional training
with light guiding elastics was followed for one month, together with
a soft diet during the same peried of fime. The inmediate and long-
term (one year of follow-up) postoperative courses were wmeventful.
Surgical skeletal movement and PAV gain was assessed through
CBCT superimposition {comparison between TO and T1). A mean
maxillary advancement of 4.53 mun and a mean maxillary descent of

3.6 mm were obtained. Consequently, a mean PAV gain of 10.954.33
mna’ (50%) was recorded at the one-month follow-up visit (Table
2). Stable occlusion was achieved in all cases after postoperative
orthodontic treatment. with proper chewing function and decreased
snoring as reported by the parents. The stability of both bony and
PAV gain was assessed based on two postoperative CBCT evaluations
(T1 and T2). 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 mum vertically. and none in the transverse dimension.
Om the other hand, in relation 1o PAV stability, we recorded a mild
mean relapse at one year of follow-up of -2.712 mm' ($%%), though
the final mean PAY gain was notorious 35,834 mm? (45%) (Table 3).

Lastly, the degree of satisfaction with the fanctional outcome and
quality according to the patients, family and surgeon was excellent,
with a very good professional-patient relationship.

Mscussion

The main reasons why patients seek OS5 and related surgical
orthodontic treatments are occlnsal and assthetic problams, and OSA.
Although DS is associated to altered facial dimensions, and some
authors advocate cosmetic facial surgery to avoid stgmatization
and ensure better social acceplance [17]. in our opinion aesthetics
should not be the sole indication of OS5 in DS patients, in view of its
unfavorable benefitrisk balance. This means that when orthedontic
treatment suffices to comrect the malocclusion, or when OSA is well
controlled with CPAP in DS patients with balanced occlision, surgery
should be ruled oot even though cosmetic skeletal disharmony may
peersist.
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Meverthalass, OS5 iy e the best management np!b¢u1 51
other carefully selected patients (Figure 1), On one hand, occlusal
dishanmonies with anterior open bite. dental Class 111 and a lack of
imter-arch contacts are common in patients with DS, due to their
abovementioned skeletal cranial and orofacial dysmorphic featres.
Moreover. other dental anomalies such as oligodontia. periodontal
disease, tooth agepesis, taurodontism, micredontia and altered
enuption of primary and permanent dentition are often present in this
population [3,18]. In the attenpt to create more dental contacts these
individnals protmde the mandible, which in the end can jeopardize
temporomandibular joint function [19]. Besides. such malocclusion
invelves speech and feeding problems, which are aggravated by
their inherent neuro-motor disability for articulation and chewing’
m‘ﬂ]luwing. rupﬁlil'l‘.'!l}-. Mloreover, this severs malocchison may
have respiratory consequences such as O5A or the aspiration of food
or fluids into the higs [20]. Thus, it is evident that DS patients are in
need of treatment for their malocclusions. Om the other hand, persons
with D% are prone to develop O5A due fo 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 phanmx, glottic and subglottic stenesis and
racheomalacia: and b) bow muscle tone in the mouth and upper
airway, poor coordination of airway movemsents, and gastroesophageal
reflux disease that leads to inflammation and obstruction of the
upper airway4.9. Some stadies suggest that the prevalence of OSA
in children with DS is 30-50%, and that approximately S0 of the
adults will develop O5A. which in such cases moreover tends to be
severe [9,11,22]. Apant from the typical comorbidities associated
to O5A, such as arterial hypertension. altered blood glucose
homeostasis, cardiovascular and cerebrovascular diseases, pulmonary
hypentension, :Q_p'rili't% deficits and even death, individuals with DS
specifically suffer worsening of overall cognitive function - starting
with weakening of neurccogmitive development in early ages, and
followed later on by deteriorated communication ability, behavior,
functional owtcomes and quality of life [23].0In this regard, several
management strategies have been described: a) positive airway
support in the form of noninvasive ventilation (NI'V) or CPAF, though
this is asseciated 10 high dropout and non-adherence rates [24]: b)
weight loss, which does not cure OS5 A, but is recomunended in addition
to other therapies in patients who are overweight [25]: ¢) amway
soft Heape SUTZery, such as adeno- and Ihgua]dnmiill.«.lnm}', whach
are associated to high O5A persistence ratesd (adenc- and lingual-
tonsllectomy therefore should be imdicated only when hyperrophy
is clearly evidenced) [4,26]: d) partial glossectomy, which should
only be indicated when true excessive enlargement of the tongue
results m insufficient space for the organ [27]; ) hypoglossal nerve
stimnlation, which is & promising and mininally mvasive techmigue.
hough further smdies are needed to oplimize patient selection
and better assess the long-term efficacy of the technique [28]; and
) tracheostomy, which is linked to severe short- and long-term
complications, including decannulation, bleeding or infection among
others. and may be required only in cases of severe O5A not amenable
to other forms of treatment.

These poor oubcomes point o 05 as the first line treatment option,
considering the chamactenistic orofacial dysmorphic features of
individnals with DS and that contribute to airway narrowing, such as
retmusion of shortening of the mandible and maxillary hypoplasia [29].
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Alﬂ'luugh m;mnmmd.ing 05 in thas pqnﬂa'l:imiscnnl:mr:rsi:l. il has
been demonstrated that OF procedures can be carmied out with success
rates (predictability, complications during and after the operation.
and overall treatment stability) as high as in mentally healthy
individoals [30]. Monetheless, the overall complexity of patients
with DS calls for a multidisciplinary team comprising primary care
physicians, maxillofacial surgeons, orthodontists and other dental
professionals, anesthetists, medical rehabilitators. physiotherapisis,
speech therapists, pulmoenclogists and newrophysiologists, among
others. Once the patient reports for maxillofacial consultation due to
ecclusal problems or O5A. a number of aspects must be taken mto
account. Firstly, regarding the craniofacial features, patients with
DS have reduced head and facial dimensions with a brachiocephalic
cranium, a shorter and Aatter cranial base, reduced or absent frontal
sinus amnd nasal bone, small ears. and hypertelorism with slanted
eyes, Thus, cephalometric landmarks such as the nasion or porion for
facial analysis and head orientation purpeses may be altered, making
it difficult to properly classify the underlving dentofacial ancmaly
[31]). For this reason, it is highly advisable to wse 3D CBCT for facial
analysis instead of 2D X-rays. On the other hand, the diagnosis of
O%A in children is based on an association of PSG parameters when
the apnoca-hypopnea index is = 5 episodeshour. though the SpO2
and PreCO2 levels are also taken into account [32.33] and on clinical
symptoms based on a specific O5A quality of life test for children
(the OSA-18 survey) [6,7,34], Apart from the cardinal manifestations
of OSA, such as snoring, fatigue and restless sleep, children with DS
specifically may also presenmt with fadlure 1o thrive, hyperactivity,
behavieral dismptions 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. becanse 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 npper
airway constriction (15.651 mm3 and 19467 mun3). respectively
(Table 1), compared to reference nomal PAYV values of 23, 400num
[35.36]. Specifically, a nammowed airway was observed in all upper
airway sub regions: naso- oro- and hypopharymx. Conversely,
mandibular advancement devices, apart from being an option for
treating mild to moderate O5A with better patient compliance than
when CPAP is used 22, are also useful in deciding which patients
meay benefit from surgical manlibular advancenrent in e context
of OSA. Unfortunately, similar maxillary devices for predicting the
impact of maxillary advancement upon OS5A are not available. On
the other hand. it is essential to detect as far as possible central origin
O%A cases through PSG, since 05 would not be worthwhile in such
situations.

Thus, comrect screening referred to patient eligibility for
onthodontic-surgical treatorent is essential. We thus propose the above
descnbed d.iapm‘lir 'mou'l:-l:p n arder to evahiate pal:in:n'l and parent
collaboration (examination - penodontal stams and maintenance -
CBCT) regardless of the patient intelligence quotient (1) and thus to
refing the selection of suitable candidates for OS5 (Figure ). Equally
mnportant is the establishment of a good and tusting professional-
patient relationship. In this regard it is useful to explain the planned
procedures in depth and indicate the expected results and eventeal
complications to the patiznt and hisher relatives. Keeping closs
contact through telephone support and more frequent follow -up visits
is also useful.
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Surgical planning differs from the regular scenaric where
aestherics constilme a key element, and instead priority is placed on
mmimal surgery in tenms of mono- rather than by maxillary operations,
with reduction of the amount of skeletal movenents, 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 namowed oropharyns,
usually implies advancement. widening and antero-posterior leveling'
upward maxillary movements. Then, the mandible may be adjusted 1o
maxillary positioning. Regarding the specific surgical management
of 05 A, 2 maxilla=-mandibular advancenwent of 1cm is considered the
gold standard in OS5 [37]. Neventheless, there is not enough evidence 1o
establish the magnitude and direction of maxillary and'or mandibalar
mavements required in order to cure OSA, which additionally shounld
be idividualized for each patient. Our sample of patients underwent
a mean maxillary advapcement of 4,53 mm, which was enough to
comrest both occlusal and pamrowed airway problems. Although
one patien! required mandibular setback for occlusal purposes. it
did not adversely affect overall PAV enlargement. Occasionally,
where required, procedures concomitant to O5 are recommended
to opiimize airway permeability and prevent open bite relapse,
such as tongue reduction [27] or adeno- and lingual-tonsillectomy
[4.26]. Although it has been widely demonstrated that OS is the most
consistent and predictable surgical treatment option for adult patients
diagnosed with moderate to severe O%A [35.39]. its outcomes are less
predictable in the DS population becanse, as previously mentioned,
the canses of O5A in these patients are multiple and additive. Thus, a
systematic sleep smdy based on PSG is strongly recommiended prior
tor amd after 05 in order to check surgical effectiveness and determine
whether further treatments are necessary. In cases where OSA persists
after upper airway surgery. CPAF or NIV in the case of alveolar
hypoventilation are indicated [4].

Postoperative discomfiort should be reduced as far as possible,
adopting minimally iovasive approaches such as the “twist
techmique 14, the shortening of surgery time, the wse of apieroelectric
saw when possible [40], the prescription of standard anti-inflamumatory
medication. mansal lymphatic drainage for 05 [41], and the weanng
of a closed-cirenit cold mask during the pestoperative period [42].
Furthermore, whenever possible, light guiding elastics for functional
training should be used instead of rigid intermaxillary fixation [30].

Rtg,:.n!.ing patient age al surgery, the standards advise w:iling
] cessation of mandibular an'wlh. In the meantime, a two-phase
or multiphase onthodontic treatment program is beneficial to assist
comection of misalignment and maxillary transverse deficiency
by means of palatal expansion or su.rgit:l.'ly assisted rapid palatal
expansion, before and after closure of the palatal suhure, respectively
[19.43]. Simalarly, myofunctional therapy or orofscial rehabilitation
should be started during the growth period in order to favom proper
maxilla-mandibular growth, establish an adequate resting position
of the tongue behind the upper incisors, reinforce orofacial toniciry,
Encourge nasal respiration and mmprove swalluwhg amd speech
functionality [44]. Besides, it also may reduce the inherent muscular
imbalance that predisposes to an increased prevalence of relapse
after OS5 [30]. Likewise. dentofacial harmonization by means of
orthodontic treatment and OS5 have shown significant improvement in
oral meotor fumction, :i.|1.¢|1.|di.1|5 moanth closure, imactive protmson and
puril:inning of the tongue m D% p.i!beul!s.

Conclusion

In selected patients with DS presenting specific  orofacial
dysmorphic features, orthognathic surgery is an effective and secure
treatment 1o address both occlusion (and s consequent feeding-
ltspinbou'}'- amd comprnmication-related thlums} and OSA, The
implementation of this algorithm, tegether with minimally invasive
STgery and :ullingvadgt 'Iachm.’dngin, allows OS5 10 be safel)'
p-erﬂm:led i pal!i.tnls with DS, Thas a.'IFnr.iIIm:l allows clmicians o
tailor the surgical treatment to cach patient” s needs. consider in
gage. comorbidities and bamriers to treatment adherence. However.
further clindcal shudies are peeded to determine whether OS in DS
patients with OSA is able 1o reduce cardiovascular rnisks, mortality
and long-term owtcomes after surgery.
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la investigacidn, no imphica ningun nto relacio con la dignidad humana, trato dtico para los animales, ni
atenta contra o modio amblente, ni Bene implcaciones econdmicas ni conficto de intereses, pero no se han valorado
50 doldgicos del proy de investigacién debido a que tal andlisis corresponde a otras Instancins,

Por estos motivos, el Comité dEtica do Recorca, RESUELVE FAVORABLEMENTE, emitic este CERTIFICADO DE
APROBACION, para que pueda ser presentado 2 las instancias que asi lo requieran.

mwwuaumamummmmmmmmm
ded e 2 ks y aprobacion del

Atentamente,
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8.5 Approval of the PhD Thesis project by the Teknon Medical Center
Ethics Committee of Clinical Investigation (Comité Etico de Investigacion
Clinica, CEIC).

Qquironsalud

La salud persona a persona
PROB, D 1} CO DE 1
Dr. José Luis Simén Riazuelo, Presidente del Comité Etico de la Investigacién del Grupo Hospitalario
Quirén en Barcelona,
CERTIFICA

Que este Comité ha evaluado la propuesta realizada por el promotor: Servicio Maxilofacial Centro
Médico Teknon — Grupo Quirénsalud cédigo de protocolo: OSAS-OS titulado: “Impacto de la cirugia
ortognatica sobre el sindrome de apnea-hipopnea obstructiva del suefio (SAHOS)". Protocolo
Versién 1.0 de fecha 30 de octubre de 2017 y considera que:

Se cumplen los requisitos necesarios de idoneidad del protocolo en relacién con los objetivos
del estudio y estdn justificados los riesgos y molestias previsibles para el sujeto.

La capacidad del investigador y los medios disponibles son apropiados para llevar a cabo el
estudio.

Son adecuados los procedimientos previstos para obtener el Consentimiento Informado.

El alcance de las compensaciones econdmicas previstas no interfiere con el respeto a los
postulados éticos.

Y que este Comité acepta que dicho estudio sea realizado por la Dra. Adaia Valls como Investigador
Principal del Centro Médico Teknon - Grupo Quirénsalud

En Barcelona, a 3{] de noliembre de 2017.

Fdo.: Dr. José Luis Si
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8.6 International PhD mention approval certificate by the Pontifical Catho-
lic University of Rio Grande do Sul (PUCRS), coordinated by the tutor prof.
Dr.Rogerio Belle de Oliveira

Pontificia Universidade Catdlica do Rio Grande do Sul
Curso de Odontologia

ESCOLA DE CIENCIAS
DA SAUDE E DA VIDA

International University of Catalonia
San Cugat del Valles
Post-graduation Program Ph.D - International Ph.D

Dear Coordinator,

| hope to find you and all your staff safe and well. During all this period of COVID-19
pandemic, Maria Giralt Hernando . started on January of 2020 until now, has
been working on-line in a multicentric study about the tridimensional effects of Orthognatic Surgery
over the superior airway and facial soft tissues. Title in Spanish:" Impacto de la cirugia
ortognatica en las vias aéreas en 3D.”
As the Coordinator of this multicentric study in the Oral and Maxillofacial Department at the
Pontifical Catholic University of Rio Grande do Sul (PUCRS), I'm affirming that she is achieving high
skills of critical thinking and research in our field of interest. As soon as possible Giralt-Hernando’s

effort will pay off with papers in the best indexed Oral and Maxillofacial Surgery journals:

Best regards,

il

Rogerio Belle de Oliveira, DDS, MsC, Ph.D

Pontifical Catholic University of Rio Grande do Sul (PUCRS)
School of Health and Life Sciences (SHLS)

Professor of Oral and Maxillofacial Surgery (SHLS/PUCRS)
Head of the Research Group Biomaterials (PUCRS/CNpQ)
Scientific Director of the Brazilian College of OMFS

Member International Association OMFS
http://lattes.cnpq.br/1563355910847568
https://orcid.org/0000-0002-4661-3377

Phone: +55-51-33203562

Av. Ipiranga, 6681 — Prédio 81 — 7° andar — Sala 705 | CEP 90619-900 | Porto Alegre, RS — Brasil
Fone: (51) 3320-3545 | E-mail: saude(@pucrs.br | www.pucrs.br/saude
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With the support of the Secretariat of Universities and Research of the
Generalitat de Catalunya and the European Social Fund.

Agencia v
\IHI Generalitat de Catalunya - de Gestio ' . Unié Europea
AllZ Departament d'Empresa | Coneixement o d'Ajuts ] Fons social europeu
Secretaria d'Universitats i Recerca S RN Universilaris LFSE invertaix en el feu futur
i de Recerca
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