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Abstract

Objectives Obstructive sleep apnea syndrome (OSAS) becomes increasingly important. For diagnosis and surgery, computed
tomography (CT), and cone beam computed tomography (CB-CT) are used equally, although in most of cases, patient position-
ing differs between supine positioning (CT) and upright seating positioning (CB-CT). We measured volumetric and anatomical
changes in the posterior airway space (PAS) between upright and supine positioning in a three-dimensional set up.

Materials and methods Coherent CT and CB-CT scans of 55 patients were included in the study. Using Brainlab ENT 3.0, image
data was superimposed, and three-dimensional models were segmented. PAS height, cross-sectional area, vertical and horizontal
position of the mandible and hyoid, and volumetric analyses of the three-dimensional models were measured.

Results PAS height and cross-sectional area were significantly higher in CB-CT compared to CT scans (p < 0.001). In the vertical
dimension, the mandible and hyoid were localized more caudally in CB-CT in contrast to CT scans (p < 0.04; p <0.001). Three-
dimensional evaluation showed a greater volume of the PAS in CB-CT (p <0.0001). Pearson correlation coefficient showed a
correlation between vertical positioning of the mandible and hyoid compared to the positioning of the patient.

Conclusions Patient positioning during CT and CB-CT has an effect on the location of anatomical structures like the mandible
and hyoid and changes the dimensions and volume of the posterior airway space significantly.

Clinical relevance The radiological technique used and the positioning of the patient should be taken into account when consid-
ering further surgical therapy.

Keywords Computed tomography - Cone beam computed tomography - Obstructive sleep apnea syndrome - Posterior airway
space - Volume

Introduction

Untreated obstructive sleep apnea syndrome (OSAS) leads to
cardiopulmonary complications such as hypertension, unsta-
ble heart frequency, and economic damage due to fatigue [1,
2]. In 1993, Young et al. stated that up to 2-4% of the US
population suffer from sleep-disordered breathing [3]. Recent
studies from Western-Europe even assume a prevalence of
23.4 and up to 49% regarding OSAS [4].
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In contrast to central sleep apnea syndrome, OSAS is
characterized as an obstruction of the posterior airway
space (PAS) leading to apnea with a drop of oxygen
saturation resulting in an awakening. Direct effects are
sleepiness and lack of concentration during the day.
Major implications are hypertension, cardiovascular dis-
eases, and even diabetes mellitus type 2 [5].

Besides the STOP-BANG questionnaire as a screening
method, OSAS is assessed by sleep polysomnography calcu-
lating the apnea-hypopnoea index (AHI). An AHI >15
(events/h) or an AHI >5 with typical clinical symptoms are
considered as a manifest of OSAS [6].

One of the main risk factors of OSAS is obesity leading to a
sixfold greater risk [7]. Besides smoking [8] and hormonal
disorder [9], the anatomical structure of the PAS plays a cen-
tral role in the occurrence of OSAS. Previous studies were
able to show a correlation between OSAS occurrence and a
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small cross-sectional area of the PAS [10]. The significantly
lower PAS in OSAS patients is not restricted to obese patients,
as shown by Thapa et al. [11]. Especially adenoids, hypertro-
phic tonsils, an enlarged soft palate and the horizontal dimen-
sion of the maxilla contribute to a narrowing of the upper
airway leading to a higher risk for obstruction [12, 13]. In
the majority of OSAS patients, the obstruction of the PAS is
located retropalatal and retrolingual because of a loose soft
palate and tongue [14].

Obstructive sleep apnea syndrome therapy contains conser-
vative and invasive approaches. The most common conserva-
tive therapy implies lifestyle change to achieve weight loss
and continuous positive airway pressure (CPAP), which is
poorly accepted by patients. Custom-fitted oral appliances
for mandible protrusion serve as a second-line therapy in cases
of CPAP failure [15].

In severe or therapy-resistant cases, surgical therapy is indi-
cated. The surgical approaches like uvulopalatopharyngoplasty
(UPPP) and mandibulo-maxillary-advancement (MMA) target
the upper airway to reduce airflow resistance and obstruction
[16, 17]. Different surgical approaches target variable sites
of PAS obstruction. Mandibulo-maxillary-advancement
for example leads to an enlargement of the retrolingual
and retropalatal airway, whereas UPPP mainly addresses
retropalatal obstructions [18].

Prior to the surgical therapy, such as MMA, preopera-
tive radiological diagnostics like computed tomography
(CT) or cone beam CT (CB-CT) scans are essential to
visualize the individual anatomical structures [19, 20].
Both radiological techniques are able to evaluate the upper
airway equally [21, 22]. Despite the different recording
techniques and radiation exposures, the positioning of
the patient varies. In contrast to a CT scan, in which the
patient is in a supine position, most of the CB-CT scans
are conducted in an upright seating position. Studies show
differences in the upper airway morphology between the
supine and upright positions, assuming an impact on the
posterior airway space [23]. Differences in the upper air-
way morphology depending on the patient positioning
may lead to misdiagnosis and false treatment regarding
surgical intervention.

Whereas the PAS is defined as a volume, most of the avail-
able studies deal with two-dimensional evaluations [23] to
only give an estimation of the changes in the PAS. Studies
show differences in the upper airway morphology and posi-
tion of bony structures like the hyoid, between the supine and
upright positions, assuming an impact on the posterior airway
space [23, 24].

This study was designed to evaluate volumetric and ana-
tomical changes in the PAS between upright and supine posi-
tioning, depending on the recording technique, in a three-
dimensional setup by creating virtual three-dimensional
models of the PAS. Furthermore the influence of anatomical
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structures like the mandible and the hyoid on the PAS was
investigated.

Patients and methods

The study was approved by the local ethics committee. After
scanning the internal clinic database for patients with coherent
CT and CB-CT scans, 55 patients were included in the study.
All patients (29 women and 26 men; mean age 52 + 19.6 years)
received radiological diagnostics, CT and CB-CT scans. Mean
time difference between CT and CB-CT scans was 275 +
353 days. Investigations with insufficient image quality, trau-
ma, or abscess-formation in the represented scans and
intubated patients were excluded from the study.

Computed tomography was done with a “Somatom
Definition Flash” (Siemens, Erlangen, Germany) and a slice
thickness of 1 mm in a supine position. For the CB-CT scans,
patients were in an upright position using Galileos (Sirona,
Wals, Austria) with a voxel size of 0.3 x 0.3 x 0.3 mm.

Image registration

CT and CB-CT data were exported using Digital Imaging and
Communications in Medicine (DICOM) format and imported
into Brainlab ENT 3.0 (Brainlab, Munich, Germany). Using
the implemented “Autofusion” option, the corresponding CT
and CB-CT were superimposed. Beforehand, the maxilla, zy-
goma, and palate were, due to their immobility, selected as a
“regions of interest” for the registration process (Fig. 1).

Segmentation and cropping of posterior airway space
Following the segmentation procedure of the PAS, the

three-dimensional models were cropped. The palatal plane
from the spina nasalis anterior to spina nasalis posterior

Fig. 1 Superimposition of CT (blue) and CB-CT (orange) scans using
Brainlab ENT 3.0 showing PAS model margins (CT: purple/blue; CB-
CT: orange/yellow)
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represented the cranial margin of the PAS. The caudal bor-
der was defined as a parallel plane through the tip of the
epiglottis.

Consecutively, all PAS models were divided into an upper
and lower part by a parallel plane through the tip of the soft
palate (Fig. 2a).

The final cropped three-dimensional models of the PAS
were saved and exported in STL format.

Distance and positioning measurements

Measurements were conducted in Brainlab ENT in the mid-
sagittal plane.

The vertical position of the mandible was determined
as the rectangular distance between the palatal plane and
the most anterior point of the mandible (Fig. 2b). A
plump from the palatal plane and spina nasalis posterior
was used to measure the horizontal distance to the man-
dible (Fig. 2c). Additionally, the angle between the pal-
atal plane, spina nasalis posterior, and the mandible was
registered.

Vertical and horizontal positions of the hyoid were regis-
tered in line with the measurements of the mandible.

To evaluate changes in the upper spine in supine and up-
right positioning, the angle of inclination of the dens axis was
recorded (Fig. 2d). Therefore, the angle between the palatal
plane and a constructed line through the midpoint and tip of
the dens axis has been measured.

The height of the upper (palatal plane—tip of the soft pal-
ate) and lower (tip of the soft palate—tip of the epiglottis) PAS
was assessed in the midsagittal plane likewise (Fig. 3).

Fig. 2 a PAS model gets divided
into an upper and lower part, b
vertical position of the mandible,
¢ horizontal position of the
mandible, d angle of inclination
of the dens axis

Fig. 3 Measurement of the PAS height

Cross-sectional and volumetric measurements

STL files of the cropped three-dimensional models of the PAS
were imported into the software Geomagic Studio 2014 (3D
Systems, Rockhill, SC, USA).

The cross-sectional analysis was performed at the upper,
middle, and lower cutting surface of the three-dimensional
PAS models. After marking the corresponding cutting surface,
Geomagic Studio calculated the exact cross-sectional area.

Additionally, the volume of the imported three-dimensional
PAS models (upper and lower PAS) was computed fully auto-
mated (Fig. 4).

Statistical analysis

Student’s ¢ test and Pearson correlation coefficient were used
for statistical analysis. The level of significance was set at p <
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Fig. 4 Three-dimensional model of the PAS with marked cross-sectional
area (red)

0.05. All data are expressed as mean values + standard devi-
ation. Statistical calculations were performed under
StatPlus:mac (AnalystSoft Inc., Walnut, CA, USA) running
on a MacOS 10.12 computer.

Results

The registered mean total height of the PAS in the CT scans
(48.04 £ 8.34 mm) was significantly lower compared to the
CB-CT scans (53.33 £8.39 mm; p <0.0001) (Fig. 5).

In contrast to the lower part of the PAS (palatal plane—
epiglottal plane), which showed no significant deviation
between both recording techniques (CT, 16.07 +
7.38 mm; CB-CT, 17.71 £6.55 mm; p =0.095), the upper
part of the PAS was significantly shorter in the CT scans
(31.97 £4.66 mm) in relation to the CB-CT scans (35.62 +
5.54 mm; p <0.0001) (Fig. 5).

W P <00001 p < 0.0001
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Total Height
Fig. 5 Total and upper PAS height

Upper Height
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In addition, the vertical position of the mandible was locat-
ed significantly more cranially in the CT scans (58.6 +
6.73 mm) compared to the CB-CT scans (59.89 +7.19 mm;
p=0.04) (Fig. 6). No effect in the horizontal position of the
mandible was recorded (CT, 41.79 £ 8.57 mm; CB-CT, 42.28
+8.64 mm; p =0.49).

In line with the mandible, the vertical position of the
hyoid in the CT scans was significantly higher (64.72 +
8.52 mm) in contrast to the CB-CT scans (67.34 +
8.34 mm; p <0.0001) (Fig. 6). The horizontal position of
the hyoid did not differ between either recording tech-
nique (CT, —3.16+9.63 mm; CB-CT, —4.28 +
10.06 mm; p=0.31).

Furthermore, the angle of inclination of the dens axis was
significantly larger in the CT scans (93.76° + 8.71°) compared
to the CB-CT scans (91.42° +8.6°; p =0.026) (Fig. 7).

When comparing the cross sections between CT and CB-
CT scans, only the upper cross section showed a significant
deviation (CT, 523.58 £272.51 mm?; CB-CT, 611.23 +
251.01 mm?; p=0.001) (Fig. 8).

The measured total volume of the three-dimensional
models in the CT scans was significantly lower (11.91 +
7.4 cm?®) in relation to the CB-CT scans (15.59 +8.11 cm’;
p=0.0001) (Fig. 9). The upper volume of the PAS showed
the same distribution (CT, 7.25+3.91 cm3; CB-CT, 10.74
+6.37 cm3; p<0.0001) (Fig. 9); whereas, the lower vol-
ume did not differ between either techniques (CT, 4.66 +
4.63 ¢cm’; CB-CT, 4.84+2.73 cm?; p=0.76).
Measurements are summarized in Table 1.

The Pearson correlation coefficient was used to evaluate a
dependency between the total height and the total volume of
the PAS and the position of the mandible and hyoid.

The total height of the PAS showed a weak correlation
to the vertical position of the mandible (»=0.36;
p<0.0001) and a very strong correlation to the vertical
position of the hyoid (»=0.86; p<0.0001). In line with
the height of the PAS, the volume of the PAS showed a
weak correlation to the vertical position of the hyoid (r =
0.35; p<0.0003), whereas the vertical position of the
mandible did not (r=0.07; p =0.49).

p=0.04 p < 0.0001
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Fig. 7 Angle of inclination of the dens axis

Discussion

Obstructive sleep apnea syndrome is linked to cardiopulmo-
nary diseases and has a significant economic impact due to
fatigue and nonproductive time [1, 2].

The only chance for recovery from failing conservative
first-line therapy, like weight loss, CPAP, and oral appliances,
is surgical therapy [15]. Therefore, preoperative radiological
evaluation is essential to find the anatomical cause for airway
obstruction. Based on anatomical variations, the surgical
method has to be adapted individually. A widely used technique
for three-dimensional visualization is CT [25]. Nowadays, CT
scans are available in almost every hospital. One disadvantage
is the comparatively high dose of radiation [26].

Using modern CB-CT scanners, the level of radiation can
be reduced to one fifth with equivalent quality [22]. Due to
lower levels of radiation and almost ubiquitous availability,
the use of CB-CT scanners has become popular. Besides the
recording technique, one of the main differences between CT
and CB-CT is the positioning of the patient during the scan-
ning process. During CT scans, the patient is usually in a
supine position, whereby most of the CB-CT scans are being
conducted in an upright seating position.

The differences in patient positioning might have a crucial
effect on the location of anatomical structures like the mandi-
ble or the hyoid, especially in patients suffering from OSAS
where the position of anatomical structures influences the PAS

p =0.001
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Fig. 9 Total and upper PAS volume

fundamentally. Therefore, radiological diagnostics should re-
flect the exact conditions to minimize misdiagnosis.

Studies already showed a significant difference in PAS
cross sections between CT and CB-CT scans, even before
the three-dimensional aspect was implemented [23].

Camacho et al. were able to highlight a significant differ-
ence in PAS volume in a group of five OSAS patients only,
receiving CT and CB-CT scans [27].

In line with previous data, we showed a significant differ-
ence in PAS height comparing the supine position of patients
in CT scans and the upright seating position in CB-CT scans.
Comparing the height of the upper to the lower part of the
PAS, it becomes obvious that only the upper part significantly
contributes to the changes in height. This supports the thesis
that the anatomical location of the soft palate, as the lower
border of the upper PAS part, is highly movable especially
while switching between supine and upright positioning of
the patient.

Schwab et al. stated that airway narrowing predomi-
nantly occurs retropalatal and mainly affects the lateral
dimension of the airway [12]. Supporting these findings,
we were able to show that the upper cross section is
significantly larger in an upright seating position. The
supine position leads to a narrowing of the PAS, which
is linked to a higher upper airway resistance thereby in-
creasing the risk of an OSAS [28]. These findings may
have an impact on misdiagnosis of position-dependent
OSAS patients too. The usually narrower PAS while
sleeping in a supine position is masked by the upright
patient positioning during image recording.

The three-dimensional and the two-dimensional data re-
flect the changes in PAS in different positions. The overall
volume of the PAS increases significantly while moving from
a supine position to an upright seating position. In line with
the PAS height, the change in volume is predominantly locat-
ed in the upper part of the PAS.

Besides the changes in the PAS height and volume, we
showed significant changes in the localization of anatomical
structures. The two bony anatomical structures, which might
influence the PAS, are the mandible and hyoid.
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Table 1 Summarized

measurements of anatomical CT CB-CT p
structures and PAS
Mean SD Mean SD
Total PAS height (mm) 48.04 8.34 53.33 8.39 <0.0001
(PP-E)
Upper PAS height (mm) 31.97 4.66 35.62 5.54 <0.0001
(PP-SP)
Lower PAS height (mm) 16.07 7.38 17.71 6.55 0.095
(SP-E)
Mandible vertical (mm) 58.6 6.73 59.89 7.19 0.04
(PP-M)
Mandible horizontal (mm) 41.79 8.57 42.28 8.64 0.49
(M—SPPL_PP)
Hyoid vertical (mm) 64.72 8.52 67.34 8.34 <0.0001
(PP-H)
Hyoid horizontal (mm) -3.16 9.63 —4.28 10.06 0.31
(H-SPPL_PP)
Dens axis inclination (°) 93.76 8.71 91.42 8.6 0.026
(PP/DA)
Upper cross section (mm?) 523.58 272.51 611.23 251.01 0.001
Total PAS volume (cm3) 11.91 7.4 15.59 8.11 0.0001
Upper PAS volume (cm®) 7.25 391 10.74 6.37 <0.0001
Lower PAS volume (cm3) 4.66 4.63 4.84 2.73 0.76

PP palatal plane, E tip of the epiglottis, SP tip of the soft palate, M mandible, SPPL_PP plump from the palatal
plane and spina nasalis posterior, H hyoid, DA dens axis line

Common surgical therapy for OSAS is mandibular ad-
vancement [29]. In our findings, supine positioning has no
influence on the horizontal (anterior—posterior) position of
the mandible and hyoid in contrast to the vertical (occip-
ital-caudal) position. In an upright position, the mandible,
as well as the hyoid, are located more caudally compared
to supine positioning of the patient. The results can be
simply explained by gravity, which affects the localization
of the mandible and hyoid.

With the help of the Pearson correlation, we showed that
the height and volume of the PAS are influenced by the verti-
cal position of the mandible and the hyoid. A more caudal
position of the mandible or the hyoid leads to an enhancement
of PAS height and volume.

We are aware of the limitation due to the time differ-
ence between the CT and CB-CT scans. Furthermore, in
our opinion, this is the only way to compare CT and CB-
CT scans in such a large sample size and keeping the
ethical standard.

The presented data show that radiological CT and CB-
CT scans are able to record, process, and display anatom-
ical structures of the PAS with equal image quality.
Nonetheless, both recording methods differ in patient po-
sitioning leading to different results, especially in PAS di-
agnostics. The PAS as well as surrounding anatomical
structures like the mandible and the hyoid is significantly
influenced causing changes in shape and location.

@ Springer

These changes might have an impact on preoperative diag-
nostics for decision-making concerning surgical treatment of
OSAS.

To guarantee valid and reproducible PAS evaluation in line
with surgical interventions, it is necessary to pay attention to
consistent radiographic recordings and patient positioning.
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