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Objectives:

Airway dilator muscles play an important role in the analysis of breathing-

related symptoms, such as obstructive sleep apnoea. Texture analysis (TA) provides a new
non-invasive method for analysing airway dilator muscles. In this study, we propose a TA
methodology for airway dilator muscles and prove the robustness of this method.

Methods: 15 orthognathic surgery patients underwent 3-T MRI. Computerized TA was
performed on 20 regions of interest (ROIs) in the patients’ airway dilator muscles. 53 texture
parameters were calculated for all ROIs. The robustness of the TA method was analysed by

altering the locations, sizes and shapes of the ROIs.

Results:

Our study shows that there is significant difference in TA results as the size or shape

of ROI changes. The change of location of the ROI inside the studied muscle does not affect

the TA results.
Conclusions:

The TA method is valid for airway dilator muscles. We propose a methodology

in which the number of co-occurrence parameters is reduced by using mean values from four
different directions (0°, 45°, 90° and 135°) with pixel spacing of 1 pixel.
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Introduction

Airway dilator muscles play an important role in the
analysis of breathing-related symptoms, such as ob-
structive sleep apnoea. There is insufficient knowledge
about the specificity of airway dilator muscles in ob-
structive sleep apnoea patients. In this article, we pro-
pose a texture analysis (TA) methodology for airway
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dilator muscles and provide a study of the robustness of
the method.

Airway dilator muscles

The pharyngeal airway extends from the nasal choanae
to the epiglottis and has no bony structures supporting
it except from the posterior pharyngeal wall. The airway
can be considered as a collapsible tube, meaning that
the airflow is determined by the possible collapsibility of
the tube wall, or the patency of the pharyngeal wall.'
The upper airway may be anatomically small,>® but
there are also anatomical factors influencing the volume
of the upper airway, such as excess body weight, the
amount of fat tissue and craniofacial morphology.* The
upper airway tends to be sucked closed during inspi-
ration by the negative pharyngeal pressure. The activation
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of the pharyngeal dilator muscles counteracts this.
During sleep, an increased pharyngeal resistance takes
place in all individuals, most likely owing to diminished
activity of the tonically active muscles.'

There are several muscles surrounding the pharyngeal
airway that dilate and open it. A detailed revision of
those muscles has previously been made by several
authors.”  Jordan and White® have stated that the most
important muscles are tensor veli palatini, levator veli
palatini, musculus uvulae, palatoglossus and palatophar-
yngeus (the palatal muscles), genioglossus, the pharyngeal
constrictor muscles and the hyoid muscles sternohyoideus,
geniohyoideus, thyrohyoideus and mylohyoideus.

The largest upper airway control muscle is the gen-
ioglossus. It widens the oropharyngeal airway in the
anterioposterior dimension if contracted.” During in-
spiration, the negative pressure may cause pharyngeal
collapse, and this is thought to be prevented by con-
traction of the genioglossus. If the posterior part of the
tongue comes in contact with the posterior pharyngeal
wall during sleep, it causes obstruction. The genio-
glossus also plays a role in several other functions, for
example, in swallowing.

Pharyngeal constrictor muscles are three separate
muscles, the superior, middle and inferior, and their
primary function is to promote pharyngeal closure
during swallowing. The posterior pharyngeal wall is
also stiffened by these muscles.

The position and stiffness of the palate is controlled
by the palatal muscles. The tensor veli palatini controls
the stiffness of the palate, and the levator veli palatini
controls the position of the palate.

The hyoid bone position is influenced by the hyoid
muscles. The hyoid bone is moved upward and forward
when the geniohyoideus and mylohyoideus are acti-
vated. The sternohyoideus and thyrohyoideus move the
hyoid bone caudally. Airway dilatation is thought to be
the result of simultaneous activation of both muscle
groups.'”

Texture analysis

TA is a quantitative method to classify textures in
medical images. Textures describe the relationship be-
tween image grey levels. Textures have characteristics
such as brightness, colour, shape and size.!" '* TA can
be performed using three different methods: syntactic,
statistical or spectral TA. The statistical TA is the most
reported in the medical field, and we applied it as well.
The statistical TA examines the spatial distribution of
grey values. Statistical texture parameters are extracted
from the histogram, the gradient and run-length and co-
occurrence matrices.

The muscle has been considered a good candidate
for TA in MRI because it is possible to examine fairly
large areas of uniform tissue with no partial volume
effects.!’ Only a few studies have been published related
to the classification of muscles by TA.'*!” To the best of
our knowledge, this is a novel study of a TA method for
airway dilator muscles.
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Studies by Herlidou et al'* compared TA to normal
visual analysis by radiologists for the diagnosis of skeletal
muscle dystrophy. According to their studies, the TA
method discriminated healthy volunteers and patients
with a sensitivity of 70% and a specificity of 86%, and
they concluded that TA can provide useful information
that contributes to the diagnosis of skeletal muscle
disease.

Mahmoud-Ghoneim et al'® introduced a TA method
for muscle investigation to discriminate three right-hind
limb calf muscle conditions (normal, atrophy and re-
generation) in rats. Quantitative TA results were sta-
tistically consistent with histology, and therefore the TA
method can be considered a potentially interesting, non-
destructive method for muscle examination during at-
rophy and regeneration.

Skoch et al'® evaluated a TA method for the de-
scription of MR images of healthy and diseased calf
muscles. They also compared the TA method to stan-
dard radiological evaluation. As results, they found the
classification by TA to be in 80% agreement with the
categorization made by the radiological diagnosis, and
in some cases, TA was able to describe changes not
apparent by visual inspection.

Siki6 et al'” studied the influence of exercise loading
on MR image texture of soft tissues in the thighs of
athletes. Five thigh muscles were analysed by TA at
two anatomical levels of the dominant leg. Significant
differences were found, especially between the control
and high-impact athlete groups, as well as between
the control and odd-impact athlete groups. To con-
clude, exercise loading was associated with textural
variation in the MR images of soft thigh tissues, and
TA proved to be a potential method for detecting ap-
parent structural differences in the muscle, fat and bone
marrow.

Effect of region of interest size and location

The selection of the region of interest (ROI) is an im-
portant and delicate part of the TA process, especially
when considering the clinical implementation of the TA
method in radiology. Only a very few studies related to
the ROI size, shape and location have been published.
Li et al'® performed a computerized analysis on the
effect of ROI size and location in studying mammo-
graphic parenchymal patterns. Lee et al'® carried out
performance testing of several classifiers for differenti-
ating obstructive lung diseases based on TA. To im-
plement the TA method in clinical radiology, it has to
be robust, and results have to be independent of intra-
observer and interobserver variations. Eventually, the
ROI selection has to become an automated or a semi-
automated process.

The purpose of our study
The purpose of our study is to propose a TA method-
ology for airway dilator muscles and to prove the ro-
bustness of this method.
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Methods and Materials

Patient material

15 patients (11 females and 4 males) with a mean age
of 37.2 years (standard deviation, 12.7 years; range,
19-61 years) were included in this study.” The subjects
of the study were individuals from the study “Effective-
ness of orthognathic surgical treatment” made jointly by
the University Hospitals of Tampere, Tampere, Finland
and University Hospital of Turku, Turku, Finland
(supportive statement received from the Ethics Com-
mittee of the Hospital District of Southwest Finland and
written consent received from all the patients). The sub-
jects were Finnish-speaking adult patients referred for
orthognathic surgical treatment to the Oral and Maxil-
lofacial Unit of Tampere University Hospital, Tampere,
Finland, during the year 2010.

MRI protocol

MRI was performed with a 3T Siemens Trio (Siemens
Healthcare, Erlangen, Germany). The MRI sequence
used in this study was sagittal 7, weighted 3D-SPACE
(sampling perfection with application-optimized con-
trasts using different flip angle evolution), with an iso-
tropic resolution of 0.9 mm, a repetition time of 3200 ms
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and an echo time of 407 ms. The MRI study focused on
temporomandibular joints and upper airways.

Texture analysis

In this study, the following 20 ROIs were located in five
airway dilator muscles or muscle groups: four in the
longus capitis, six in pharyngeal constrictor muscles,
four in palatal muscles, two in the genioglossus, two in
the geniohyoid and two in the mylohyoid. All the ROIs
are illustrated in Figure 1. These muscles were selected
based on the experience of radiologists and on the study
by Jordan and White;® these muscles can be detected
accurately in the MR images of all the patients; and
large enough ROIs can be drawn into them. ROIs were
paired to locate on the left and right sides of the phar-
ynx. No free-hand ROIs were used in this study, as they
are too laborious to draw in clinical use.

Image orientation and slice thickness were in-
dividually reconstructed from three-dimensional image
information. Image orientation was coronal with minor
individual variations, depending on the orientation of
the pharynx. The slice thickness was 1mm for all
patients. Image levels and ROI locations were selected
by an operator (PK) with the supervision of two expe-
rienced radiologists (JJ and PD). The ROI size

Figure 1 Region of interest (ROI) locations in MR images. The upper row represents the original images, and the lower row represents the
magnifications of ROI locations. (a) ROIs in longus capitis: 1, superior; and 2, inferior. (b) ROIs in pharyngeal muscles: 3, superior; 4, middle; and
S, inferior. (¢) ROIs in palatal muscles: 6, tensor veli palatini; and 7, levator veli palatini. (d) ROIs in hyoid muscles: 8, genioglossus;

9, mylohyoideus; and 10, geniohyoideus.
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depended on the airway dilator muscle in which it was
located. ROI sizes varied between 5 X 5 and 25 X 25
pixels. Most of the ROIs were small, from 5 X 5to 8 X 8
pixels, owing to the small size of the studied airway
dilator muscles. ROI sizes are presented in Table 1.

For validation of the TA method for airway dilator
muscles, five different sets of ROIs were selected. In
each ROI set, the location, size or shape of the ROI
were altered. ROI locations, sizes and shapes varied in
the following manner (presented also in Table 1):

A: Circular ROIs and ROI size depending on the
muscle (all the patients have ROIs of the same size in
the corresponding muscle).

B and C: Circular ROIs of the same sizes as in A, but
the exact location inside the muscles varies.

D: ROI locations the same as in A, but ROI sizes vary
among patients so that the circular ROI is always as
large as possible.

E: ROI dimensions and locations the same as in A, but
the ROI shape is a square.

An example of ROI sets is illustrated in Figure 2. The
number of ROI sets is five; because most of the studied
airway dilator muscles are so small, more than five
clearly different ROIs cannot be located.

Altogether, 53 texture parameters were calculated
for all ROIs using MaZda (Technical University of
Lodz, Lodz, Poland),21 the TA software created by
the European COST project (co-operation in the field
of scientific and technical research).!! The parameters
included grey-level histogram parameters (the first-
order parameters) and a grey-level co-occurrence ma-
trix (the second-order parameters) and were calculated
for each ROI as described by Haralick et al.*> The
histogram-based parameters that were calculated in-
cluded mean, variance, skewness, kurtosis and per-
centiles. Co-occurrence parameters from the four
directions (0°, 45°, 90° and 135°) with pixel spacing of
1 pixel were averaged to represent one texture value
for each parameter (mean angular second moment,
mean contrast, mean correlation, mean sum of squares,
mean inverse difference moment, mean sum average,
mean sum variance, mean sum entropy, mean entropy,
mean difference variance and mean difference en-
tropy). Mathias et al*®> and Kassner et al’* used this
co-occurrence parameter reduction method in their
studies, and we used the same method, as the muscles

Table 1 Region of interest (ROI) set characteristics

and ROIs studied are small, and we consider the pixel
spacing of 1 pixel the most relevant method to reduce
the amount of textural parameters in studying airway
dilator muscles. In clinical use, the reduction of tex-
tural parameters is essential.

Image grey-level normalization to w* 30 for each
ROI was applied, where p represents the mean grey
level and o represents the standard deviation. This grey-
level normalization scheme removes the dependency on
the shift of the mean value and on multiplicative change
in the image intensity. Studies by Collewet et al>> showed
that this normalization method provides the best classi-
fication results and enhances the differences between two
classes.

Statistical analysis

Statistical analysis was performed using SPSS® software
(Windows v. 20.0; SPSS Inc., Chicago, IL). For vali-
dation of the TA method in the analysis of airway di-
lator muscles, the differences of TA results from
different ROI sets were analysed using analysis of var-
iance (ANOVA). ANOVA provides a statistical test of
whether the means of several groups are all equal and
therefore generalizes t-tests to more than two groups.
Post hoc tests of ANOVA examine whether TA results
from two different ROI sets show statistically significant
differences. Results differ significantly if the p-value is
<0.05. Bonferroni correction was also taken into ac-
count in the ANOVA results. To study the reasons for
significant differences in TA results of ROIs of different
size and shape, a Pearson’s correlation of similarity was
performed. All the pairs of ROI sets were correlated to
find all correlation coefficients and to obtain a similar-
ity matrix.

Results

The change of location of ROIs inside the studied air-
way dilator muscles did not result in significant differ-
ences in TA results, as significant differences were found
in <5% of the ROIs. The change of ROI size or shape
resulted in significant differences in TA results, as sig-
nificant differences were found in >50% of the ROIs
among the following TA parameters: angular second
moment, difference entropy, entropy and sum entropy.
Results are presented in Table 2. A-E in the table are
introduced in Figure 2.

Characteristics A B C D E
ROI shape Circle Circle Circle Circle Square
Longus capitis 8 8 8 8-20 gx8
Pharyngeal muscles 5 5 5 5-9 5X5
ROI diameter (circle, pixels)/size Palatal muscles 5 5 5 5-8 5X5
in pixels (square) Genioglossus 10 10 10 10-25 10 X 10
Geniohyoid 7 7 7 7-13 7X7
Mylohyoid 5 5 5 5-8 5X5
ROI location I 11 111 I |
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Figure 2 Illustration of five region of interest (ROI) sets in MR images of hyoid muscles (Figure 1d) to illustrate ROI sets. (a) Circular ROIs and
ROI size depending on the muscle. All the patients have ROIs of the same size in the corresponding muscle. ROI location (I). (b and ¢) Circular
ROIs of the same sizes as in (a), but the exact location (II and III) inside the muscles varies. (d) ROI locations the same as in (a) (I), but ROI sizes
vary among patients so that the circular ROl is always as large as possible. (¢) ROI dimensions and locations (I) the same as in (a), but ROI shape

is a square.

The range of variation between different patients and
mean values for all the correlation coefficients of dif-
ferent pairs of the ROI sets are presented in Table 3. All
the correlation coefficients were >0.95, so we can con-
clude that all the TA results correlate and significant
differences in the TA results of ROIs of different sizes
and shapes can be explained by the variation of the ROI
area.

Discussion

In this study, we proposed a methodology for examin-
ing airway dilator muscles and proved the robustness of
the TA method. In the proposed methodology, the
number of co-occurrence parameters is reduced by using
mean values from four directions (0°, 45°, 90° and 135°)
with pixel spacing of 1 pixel. We studied TA results with
different ROI locations, sizes and shapes. The change of
location of ROIs inside the studied airway dilator
muscles did not result in significant differences in TA
results, whereas the change of ROI size or shape resul-
ted in significant differences in TA results. The signifi-
cant differences were explained by the variation of ROI
area and by the means of correlations.

Cobo et al*® evaluated the feasibility and re-
producibility of foetal lung TA using automatic ultra-
sound analysis to assess gestational age. As a result, the
association between the weeks of gestation and foetal
lung texture presented a Pearson’s correlation of 0.97.

Table 2 A summary of analysis of variance (ANOVA) results

The association was not influenced by the ROI locali-
zation or ROI size.

We obtained similar results as Cobo et al,” as the
association was not influenced by ROI localization or
ROI size, and the magnitude of the Pearson’s correla-
tion was similar in both studies. In future studies, we
could also evaluate the feasibility and reproducibility of
the TA method in differentiating patient groups by TA
of airway dilator muscles.

Li et al'® performed a computerized analysis on the
effect of ROI size and location in studying mammo-
graphic parenchymal patterns. Their results showed that
there was a statistically significant decrease in perfor-
mance of the computerized texture features, as the ROI
location was varied, but no significant decrease in per-
formance as the ROI size decreased. Lee et al'® carried
out performance testing of several classifiers for differ-
entiating obstructive lung diseases based on TA. They
studied each ROI location with various ROI sizes. They
found that ROI size had a significant effect on the
overall accuracy in classification of three different lung
disecases and healthy lungs: the overall accuracy in-
creased as the ROI size increased. Li et al'® found that
in the case of TA of mammographic parenchymal pat-
terns, the decrease of the ROI size did not decrease the
performance of the TA method, whereas Lee et al'®
found that in the case of TA for differentiating ob-
structive lung diseases, the overall accuracy increased as
the ROI size increased. These studies suggest that in
various anatomical sites, the size, shape and location of

1’25

ANOVA Avs B Avs C Bvs C Avs D Avs E Bvs D Bvs E Cvs D Cvs E Dvs E
Angular second moment ece oo ece o oo XY .
Diffusion entropy ooe o ooo
Entropy (1] oo eo0 (1] o0 o0 L]

(1] e00 eoo L] e00 (1) L]

Sum entropy

ROI, region of interest.

Statistically significant differences in texture analysis results are presented with dots in table.

*p < 0.05 (found in =50% of the ROIs).
®¢) < 0.05 (found in =70% of the ROIs).
eee)) < (.05 (found in =90% of the ROIs).
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Table 3 A summary of correlation coefficients

Sets Range of variation Average
AvsB 0.96-0.99 0.97
AvsC 0.96-0.99 0.97
A vs D 0.98-1.00 0.99
A v E 0.97-1.00 0.98
Bvs C 0.95-0.98 0.97
BvsD 0.94-0.99 0.97
Bvs E 0.95-0.99 0.97
Cvs D 0.96-0.99 0.97
CwE 0.97-0.98 0.96
D E 0.98-0.99 0.99

ROIs affect TA results in distinctive ways, as we pre-
sumed. In summary, TA protocol in different anatom-
ical sites needs to be validated carefully before the TA
process.

In our study of airway dilator muscles, the exact ROI
location inside the studied airway dilator muscle did not
result in significant differences in TA results. When the
sizes or shapes of ROIs studied are different, the results
differ significantly. This finding was explained by cor-
relations that result from the change of the ROI area.

The change of ROI size or shape resulted in signifi-
cant differences in TA results of most of the ROIs
studied among the following TA parameters: angular
second moment, difference entropy, entropy and sum
entropy. Angular second moment is a measure of
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