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Introduction: Current diagnostic routines in obstructive sleep apnea syndrome (OSAS),
including drug-induced sleep endoscopy (DISE), provide qualitative data. Quantitative
morphometric measurements of oropharyngeal structures remain challenging. This study
aims to introduce a special linear laser projection device that can facilitate computer-
assisted digitalized analysis and provide important quantitative information for OSAS
prediction.

Materials and Methods: We used a single-wavelength green three-linear laser to provide
the scaling reference, with one at an angle of 8.5 degrees with the other two which were
parallel. The oropharyngeal images were divided into two groups: the non-OSAS and OSAS
group, after polysomnography. A minimum of three evaluations were carried out to deter-
mine the maximum cross-sectional area of the oropharyngeal inlet (CSAOI) and the retro-
palatal depth.

Results: A total of 132 subjects were enrolled in this study, with 76 subjects in the
non-OSAS group and 56 cases in the OSAS group. In the non-OSAS group, the CSAOI
was significantly larger in males than in females. There was a trend toward deeper
retropalatal region in men than in women (14.25 vs 11.76 mm). Correlation analysis
revealed that retropalatal depth is significantly related to body height and the CSAOIL.
The body weight and BMI of patients with OSAS were significantly higher than those
of participants without OSAS. The retropalatal depth and CSAOI were significantly
decreased in OSAS patients as compared to those without OSAS. Our new parameter,
the oropharyngeal index, showed the most outstanding discrimination by ROC analysis
to predict OSAS.

Conclusion: Our innovative module can provide reference parameters, which make it
possible to directly estimate the objective absolute values of relevant oropharyngeal struc-
tures. Our non-invasive approach can be used for outpatient screening, since it allows the
identification of potential OSAS patients who should be referred for polysomnography, as
many patients do not require DISE early in their evaluation.

Keywords: obstructive sleep apnea syndrome, quantitative endoscope, computer-aided

diagnostic system, retropalatal depth, cross-sectional area, oropharyngeal inlet

Introduction
Obstructive sleep apnea syndrome (OSAS) is a serious and widespread health
disorder characterized by intermittent repetitive partial or complete obstruction of
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the airway due to the narrowing of the respiratory
passages.! Techniques that are used to characterize the
obstruction in OSAS, such as physical examination with
Mallampati score or Friedman staging, fiber-optic nasal
endoscopic evaluation with Muller maneuver, and drug-
induced sleep endoscopy (DISE), provide only subjective,
qualitative, or semi-quantitative data, with considerable
inter-rater reliability.” Cephalometric roentgenogram is
cost-effective, but its use is limited due to the inherent
ambiguity of locating landmarks and surfaces on the x-ray
image.> Computed tomography (CT) scanning and mag-
netic resonance imaging (MRI) provide better information
in assessing the objective absolute value, but they are not
widely available and are associated with high costs.*’
Each of the above procedures has its unique advantages
and disadvantages, but they are all time-consuming and
patient-compliancable. Precisely identifying the sites of
upper airway obstruction can potentially help to tailor
surgical treatments, and a simpler, more objective, predic-
tive, and even quantitative method is needed to improve
surgical outcomes. Accordingly, a feasible assessment of
upper airway obstruction is still evolving.

Digital images are composed of pixels, which are not
easy to intuitively match with common measurement
units. To convert the depth and area of an oropharynx
into objective absolute values requires reliable scaling
conversion references to understand the corresponding
relationship between the image pixels and length unit. In
this study, a computer-assisted digitalized analysis of
endoscopy images with a new three-linear laser projection
module was carried out to provide objective information
on oropharyngeal structures. A special software program
was used for quick and precise measurements. The oro-
pharyngeal physiological parameters were digitalized,
analyzed and compared with the participants’ age, gender,
body height, body weight and body mass index (BMI).
Our goal was to establish an early computer-aided assess-
ment of clinical physical examination that can help direct
treatment planning and serve as a new screening tool.
This study aimed to set up a diagnostic system, by pro-
viding additional objective quantitative information, and
to evaluate whether any predictability exists between our
results and the polysomnography (PSG). Instead of the
attempt to find a substitute for DISE, the performance of
this type of outpatient screening is critical prior to obtain-
ing the consenting of a patient for an invasive airway
procedure.

Materials and Methods

Equipment

Our module comprised a rigid straight endoscope, three
laser pointers and a grating sheet that were all commer-
cially available and interchangeable. A single-wavelength
green line laser was transformed and obtained from the dot
laser (H435151D/R, 515nm) by the grating
(Figure 1A), to provide the scaling reference. The laser

sheet

marking module was designed using 3D drawing software
and constructed as a vehicle wrapping the endoscope as
one piece (Figure 1B). The laser excitation apparatus was
wrapped as a handle at the rear end to facilitate the holding
of the endoscope and reduce oral discomfort. The laser
guidance device (Figure 1C) is located at the front end.
The line-generating green laser module provided a highly
visible line projected onto a surface of oral mucosa.
A total of three line laser beams, including one at an
angle of 8.5 degrees with the other two which were paral-
lel, were used to facilitate the calculation of the target
depth (Figure 1D). After completion of the 3D drawings
according to the design requirements, the rapid prototyp-
ing technology was used to make the prototype of the
module.

Verification of the Laser Module

To verify the feasibility and reliability of the laser module,
a series of experiments were conducted. First, lens correc-
tion was performed using Computer Vision Toolbox™ on
Microsoft Windows 7. Lens correction is the process of
estimating the characteristics of the image taken by an
endoscope, acquiring the external and internal parameters
of the lens, and using these parameters to evaluate the
optical distortion and artifacts. It is an important process
for the estimation of the distance between a fixed object
and the lens, measurement of the size of the object in the
image, and enhancement of the three-dimensional con-
struction. The calibration pattern in this study is a fixed-
size checkerboard image with 25-mm length per grid
(Figure 2A). We analyzed 22 sets of images with the
lens placed at different focusing distances and visual
angles. Through multiple re-projections, the external para-
meters of the lens were calculated and the best interior
parameters of the lens were obtained. After correction, the
image lines were obviously flattened, and the area of each
grid became even, which could reduce the distortion
caused by the convex lens and make the projection of
our module more accurate (Figure 2B). Second, to verify
whether the marking module could accurately convert

submit your manuscript

1182

Dove

Nature and Science of Sleep 2020:12


http://www.dovepress.com
http://www.dovepress.com

Dove

Kuo et al

Figure | (A) A grating sheet was used to transform the dot laser into a line laser. (B) The laser marking module was designed by 3D drawing software. (C) The prototype
of our module. (D) A total of three line laser beams, including one at an angle of 8.5 degrees with the other two which were parallel.

scaling of images, we used a mockup as the testing sample
to simulate image capturing at varied positions, with dif-
ferent focusing distances and visual angles (Figure 2C-D).
The result converted from the laser projection module was
compared with the known mockup depth to calculate the
accuracy of the device (Figure 3A-B).

Human Data Acquisition and Processing

The oropharyngeal image samples were provided by the
subjects present in our institution. They were divided into
two groups: the non-OSAS and OSAS group, according to
the result of the PSG. The non-OSAS group comprised
healthy subjects or those who presented with clinical fea-
tures other than OSAS and had normal PSG results. The
patients in the OSAS group were all confirmed by PSG,
with apnea hypopnea index (AHI) >5 and oxygen desa-
turation index (ODI) >3%. The mean AHI was 30.3 (range
6.1-75.6) and the mean ODI was 36.6 (ODI range
3-105.5). The exclusion criteria included edentulous
jaws, pain from the craniomandibular system, recent
upper airway disease, history of oropharyngeal trauma or
tumor, and history of radiotherapy or any kind of neck
operations; asthmatic patients on inhalation medication
were also excluded. To acquire the oropharyngeal images,

we asked each subject to open their mouth widely, and
a tongue depressor was used only in the anterior one-third
of the tongue without eliciting a gag reflex, while leaving
the tongue base in its natural position. During this proce-
dure, the subject was also instructed to breathe normally
through the nose. A minimum of three evaluations were
carried out so the observer could acquire and determine
the maximum cross-sectional area of the oropharyngeal
inlet (CSAOI), which is bounded by the uvula, soft palate
and palatopharyngeal fold (Figure 3C). The images were
captured and processed by MATLAB. The retropalatal
depth and the CSAOI were determined and calculated
(Figure 3D). Our new parameter was defined as the fol-
lowing equation:

Oropharyngeal index = 3+/depth + v'CSA0I

Ethical Considerations

The research protocol (NO: 1-108-05-132) was reviewed
and approved by the Institutional Review Board of the Tri-
Service General Hospital, Taipei, Taiwan. All methods
were performed in accordance with the relevant guidelines
and regulations. All patients (including the healthy volun-
teers) provided written informed consents prior to
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Figure 2 (A). A fixed-size checkerboard image with 25-mm length per grid was used for lens correction. (B) The image lines were flattened, and the area of each grid
became even after correction. (C-D) A mockup was used as the testing sample to simulate image capturing at varied positions.

participation, and this study complied with the Declaration
of Helsinki.

Statistical Analysis

Data were presented as the mean + standard error of the
mean (SEM). All statistical analyses were performed using
Student’s ¢ test on GraphPad Prism 5 software (GraphPad
Software Inc., La Jolla, CA, USA); P < 0.05 was consid-
ered statistically significant. We used logistic regression to
assess the association between these two parameters (BMI,
oropharyngeal index) and OSAS. ROC analysis was used
to calculate the cutoff values in order to detect patients
with a high risk of OSAS.

Results and Validation

To verify the reliability and feasibility of the laser projec-
tion device, we first captured images of a 3D printing
mockup (Figure 3A) with a depth of 30mm and verified

them by shooting multiple angles and different distances
from it. The average depth of the mockup converted by the
projection device was 30.39 mm, and the average error
range was around 1.29%. This confirmed the reliability of
our laser projection markers.

A total of 132 subjects were enrolled in this study. The
non-OSAS group was composed of 76 subjects and the
OSAS group 56. The age range for all subjects was 20 to
75 years old. The mean age of patients with OSAS and those
without OSAS was 42.18+14.06 and 49.39+£15.21, respec-
tively. The non-OSAS group comprised 44 males and 32
females, with mean age of 46.82+17.21 and 45.81+12.45 (p
>(.05), respectively. Men were obviously taller and weigh-
tier than women (all p values <0.001), but there was no
significant difference in BMI between both genders (25.59
vs 23.95 kg/m?, p=0.228) (Table 1). The CSAOI was sig-
nificantly larger in males than in females (269.22 vs
192.06 mm?, p < 0.05). There was a trend toward deeper
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Figure 3 (A) The laser beams projected on the testing sample. (B) With a specially designed angle laser line, the depth can be calculated by our module (6=8.5 degrees). (C)
The laser beams projected on the subject to determine the maximum cross-sectional area of the oropharyngeal inlet. (D) The retropalatal depth and the cross-sectional area

were determined and calculated automatically.

retropalatal region in men than in women (14.25 vs
11.76 mm), but no statistical significance was found. We
used correlation analysis to assess the association between
age, body height, weight, BMI, retropalatal depth and
CSAOI. The retro-palatal depth was found to have
a strong relationship with body height (p=0.007) and
CSAOI (p=0.041). All the other variables were hardly
related to each other.

In the OSAS group, there were 34 males and 22 females
with mean age 41.35+14.31 and 43.45+£14.25 (p > 0.05),
respectively. No significant gender difference was noted as

Table | Characteristics and the Anthropometric Measurements
of the Control Group

regard BMI, although men were obviously taller and weigh-
tier than women (Table 2). There was a trend, but without
statistical significance, toward deeper retropalatal region and
larger CSAOI in men than in women.

The mean age of males (41.35+14.31) and females
(43.45+14.25) with OSAS revealed no significant difference
as compared to the mean of those without OSAS (46.82
+17.21 and 45.81£12.45, respectively). Body weight and
BMI of both female and male patients with OSAS were
significantly higher than those of subjects without OSAS
(all p values <0.001). For body height, there was no

Table 2 Characteristics and the Anthropometric Measurements
of the OSAS Group

Males (n=44) Females (n=32) | p Males (n=34) Females (n=22) | p
Age (years) 46.82 + 3.67 45.81 £ 3.11 0.836 Age (years) 41.35 + 3.47 43.45 + 430 0.707
BH (cm) 17041 + 1.48 158.81 + 1.43 0.000 BH (cm) 173.18 + 1.44 157.41 + 1.69 0.000
BW (kg) 7445 + 2.88 60.31 +2.53 0.001 BW (kg) 85.88 + 2.56 69.89 + 3.57 0.002
BMI (kg/m?) 25.59 + 0.89 23.95 + 1.00 0.228 BMI (kg/m?) 2874 + 1.04 28.05 + 0.97 0.632
Retropalatal depth (mm) 14.25 £ 1.36 11.76 £ 1.4 0.214 Retropalatal depth (mm) 9.07 + 0.87 8.12 £ 1.44 0.580
Cross-sectional area (mmz) 269.22 + 30.89 192.06 *+ 20.72 0.046 Cross-sectional area (mm2) 21349 + 1844 176.36 + 28.27 0.286
Nature and Science of Sleep 2020:12 submit your manuscript 1185
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significant difference between the OSAS and non-OSAS
group. The retropalatal depth was significantly decreased
in both female and male patients with OSAS (9.07+0.87
and 8.12+1.44 mm, respectively) as compared to those with-
out OSAS (14.25+1.36 and 11.76£1.41 mm, respectively)
(all p values <0.05). Men with OSAS had significantly
smaller CSAOI than men without OSAS (213.49+18.44 vs
269.22+30.89 mm?, p values <0.05). A similar trend was
observed in females (192.06+20.72 vs 176.36+28.27 mm?)
but without statistical significance.

Receiver operating characteristic (ROC) curves were used
to determine the cutoff values in order to detect patients with
a high risk of OSAS. High AUC values suggested that the
BMI was “good” at classifying a high risk for OSAS
(Figure 4), while our new parameter, the oropharyngeal
index, demonstrated outstanding discrimination (Figure 5).
Females with BMI greater than 24.18 kg/m® (sensitiv-
ity=91%) and males with BMI greater than 26.06 kg/m’
(sensitivity=82%) were found to be at a high risk for OSAS.
Both females and males with oropharyngeal index greater
than 15.46 were also found to be at a high risk for OSAS,
with the highest AUC value (sensitivity=79%, AUC=0.91).

Discussion

To our knowledge, this study is the first report with
a standardized and computer-based quantitative analysis
of the actual size of oropharyngeal structures, including
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Figure 4 ROC curve of BMI for (A) males and (B) females to predict OSAS.

the retropalatal depth and CSAOI, which are of great
clinical importance in practical medicine. In the past,
numerous examinations were used for the evaluation of
the degree or level of obstruction of the upper airway, such
as cephalometry, CT, MRI and DISE. DISE is widely
performed now with its advantage over the other methods
to dynamically observe not only the cross-sectional area,
but also volumetric changes in the upper airway.
Nevertheless, its disadvantages include invasiveness and
unignorable inter-observer variation.® Upper airway mor-
phologic analysis with DISE is still dominated by the
examiner’s judgment, which 1is largely subjective.
Computer-assisted evaluation has been conducted before,
which brought a new perspective and highlighted its
clinical usefulness.”* However, due to lack of scaling
references, those studies only provided qualitative or semi-
quantitative data.” The lack of this entity inspired our
attempt to develop a new device that can determine the
absolute value of the upper airway. Accordingly, we per-
formed an endoscopic morphometric measurement study
using a laser projection marking module to provide the
reference scaling. Oropharyngeal endoscopy can easily be
performed to directly observe pharyngeal dynamics, and
automatic measurement of airway cross-sectional area can
be achieved with our laser module. Obstruction of the
upper airways in OSAS is usually located at multiple

levels, frequently requiring multilevel surgery. Precise
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Figure 5 ROC curve of our new parameter, the oropharyngeal index, to predict
OSAS.
Abbreviation: CSAOI, cross-sectional area of the oropharyngeal inlet.

identification can potentially be used to tailor surgical
treatments and improve surgical outcomes.

Our morphological measurements in healthy subjects
revealed significant correlation between retropalatal depth
and body height. However, there were no significant rela-
tionships found between this depth and body weight, BMI,
age or sex. Many previous studies indicated the significant
impact of BMI on OSAS. Since the body height does not
change a lot as an adult, a high BMI means overweight,
and, therefore, obesity features are important risk factors
for OSAS development.'®!" Various anthropometric mea-
surements targeted at obesity, including neck circumfer-
ence, waist circumference, and waist-hip ratio, are used
throughout the follow-up of OSAS patients.'> On the other
hand, we surprisingly found that body height was an
independent predictor for retropalatal depth, which implies
that a taller person has a deeper retropalatal region, and
this finding may help to prevent upper airway obstruction.
Although there is not much that can be done by most
adults to increase their height, there are still several ways
a parent can influence the height of their child, such as
nutritional supplements or growth hormones, so as to
decrease OSAS development in the future. We also
found significant correlation between retropalatal depth
and CSAOL In the upper airway, the retropalatal region
and oropharyngeal inlet are the most collapsible areas.'
A study by Gao et al found that the volume of the retro-
palatal region increased with aging.'* The authors
hypothesized that the aging effect could reduce the tone
of the soft palate muscle, increase the soft palate length

and shrink the tonsils. In the current study, the orophar-
yngeal size showed no significant relationship with age.
Meanwhile, men had significantly larger CSAOI and dee-
per retropalatal region than women had, and both the body
weight and height of men were greater than those of
women. The correlation analysis revealed no significant
relationship between the upper airway parameters and
body weight or gender. Instead, the truly determining
factor remained the body height. Although adult males
are typically taller than adult females and have deeper
retropalatal region, females are more likely to bother
with dieting and weight loss than males. The idea of
what constitutes an ideal body shape differs between
both genders. Men show a desire to gain weight while
the great majority of women want to lose weight.'’
Therefore, our finding was still consistent with those of
previous literatures that severe OSAS is more common in
obese males.'®!"”

We found significant differences in BMI, retropalatal
depth, and CSAOI between the OSAS and non-OSAS groups.
Svensson et al indicated that the degree and level of collapsi-
bility might differ according to the BML'® Individuals with
a BMI > 28 are 8 to 10 times more likely to suffer OSAS. Our
results demonstrate a significantly increased risk of OSAS in
both males and females in the event of high BMI and weight.
The OSAS cutoff values were measured to be 24.18 kg/m” in
women and 26.06 kg/m? in men in our study (Figure 4). For
the Korean population, OSAS cutoff values were stated to be
23.05 and 24.95 kg/m? in women and men, respectively.'® The
impact of obesity on OSAS has been investigated extensively.
Instead of an increased overall body fat ratio, an increase in the
central region is suggested to have a pivotal role in OSAS."'
Upper airway changes, such as redundant soft palate, elon-
gated uvula, enlarged tonsils, and oropharyngeal crowding,
have also been reported to be associated with OSAS.*
However, morphological measurements, including retropala-
tal depth and CSAOI, which were difficult to carry out in the
past, have not been clearly established. In our study, retro-
palatal depth and CSAOI proved to be very important pre-
dictors, showing a significant decrease in OSAS patients,
especially the males. Our results showed a moderately nega-
tive correlation between OSAS and CSAOI, and a stronger
negative correlation between OSAS and retropalatal depth in
the awake state. This can be explained by the fact that
increased BMI aggravates the narrowing of the upper airway
and consequently exacerbates the severity of sleep apnea. The
thickness of the lateral pharyngeal muscular walls and the
enlargement of the parapharyngeal fat pads are both reported
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to be the predominant anatomical factors that contribute to
airway narrowing in OSAS patients.”! In addition, patients
with OSAS have an increased mobility of soft tissue in the
velo- and gloss-opharynx, which results in recurrent obstruc-
tion of the pharyngeal airway. Increased BMI often has
a parallel effect on fat accumulated over the ventral tongue
and soft palate, which pushes the uvula backward and conse-
quently decreases the retropalatal depth and increases orophar-
yngeal crowding. The clinical implication may suggest that
adequate uvula-palatoplasty and reduction of the wide volume
of the tongue base should be considered in higher AHI or BMI
patients.

Another novel finding of the study is that, for the first
time, we demonstrated the role of the oropharyngeal index
in predicting OSAS development. Previous predisposing
factors, including the BMI and airway dimensions, were
interpreted as oropharyngeal index in our result, and
should be considered as independent factors for predicting
OSAS. In the absence of scaling references, previous
upper airway endoscopic measurements were usually qua-
litative. For example, endoscopy with the Muller maneu-
ver (MM) for the evaluation of OSAS has been widely
reported in the literature.® It is a simple method with
limited use. Even with computer-assisted evaluation,
most studies have yielded only subjective or semi-
quantitative data for calculating the relative ratio of change
in upper airway dimensions.”> With the laser marking
module in our study, these parameters were easily mea-
sured, and the cutoff value of our oropharyngeal index was
found to be 15.457, which might play an essential role in
OSAS prediction. In this context, the determination of the
oropharyngeal index will allow the identification of poten-
tial OSAS patients who need referral to sleep centers for
polysomnography. The measurement of the oropharyngeal
index provides an insight into anatomical changes in the
upper airway of OSAS patients. It provides a new per-
spective for further research. However, our study was
limited by the use of static awake endoscopy, a method
that falls short of evaluating the dynamic changes in the
upper airway during sleep. In addition, our measurement
of the oropharyngeal index was not assessed in terms of
OSAS prognosis.

During validation with a mockup, our device revealed
a maximum of 1.3% error in average quality. The reasons
why we could not reach 100% accuracy might be due to
errors in the process while defining the center of the laser
lines, which might have biased the scaling references.
Enhancing laryngoscopy resolution with a full HD (high-

definition) video capture device and picture processing with
at least 300 pixels per inch may reduce this error. Our study
was performed while the patients were seated and awake,
and this situation probably did not reflect the anatomical
abnormality during sleep. However, we have provided
strong evidence that computer-based evaluation of orophar-
yngeal images could play a greater role in OSAS prediction
in the near future by offering better insight into orophar-
yngeal pathophysiology. Our screening tool is not
a substitute for DISE or PSG, but it may be crucial in
early assessment, as many patients do not require surgery
or DISE early in the evaluation. In summary, we recom-
mend this approach as a good and cost-effective method
because of its simplicity and predictability. Further work is
now needed to validate the approach in a prospective clin-
ical setting.

Conclusion

This is the first report on truly objective morphometric
measurement of oropharyngeal structures. Our innovative
module can provide reference parameters, which make it
possible to directly estimate the objective absolute values
of relevant oropharyngeal structures, which have been
interpreted as the oropharyngeal index. Our non-invasive
approach allows the identification of potential OSAS
patients who need referral to sleep centers for polysomno-
graphy. In the future, we can extend its clinical application
to measure subtle oropharyngeal changes in OSAS
patients after surgical intervention, which are often diffi-
cult to objectively quantify.
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