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The swallowing process involves triggering the movements of a number of muscles in the throat that transports the food
from the mouth to the stomach successfully and at the same time prevents it from getting into the airway and the lung. In
order to detect abnormalities in the swallowing process, radiologists use a technique called videofluoroscopic swallowing
study. It is a video of X-ray images that are taken while the patient swallows food, which is later visually inspected by the
radiologist to evaluate the patient’s swallowing ability. It has been reported that measuring the movement of the hyoid bone
plays an important role in the evaluation process. However, due to the subjective nature of visual inspection, radiologists
have difficulty reaching unanimous decision about the outcome of the evaluation. In this research, a semi-automatic method
is proposed which tracks the hyoid bone and quantifies its movement. Using a classification-based approach, the proposed
method automatically identifies the region of interest before identifying the hyoid bone. This allows limiting image
processing procedures to the relevant area in the image. Results show that the proposed method identifies and tracks the

hyoid bone with significant accuracy.

Keywords: dysphagia; videofluoroscopic swallowing study; hyoid bone; object detection; Haar classifier; tracking

1. Introduction

The process of swallowing starts with chewing the food
inside the mouth and ends when the food is transported to
the stomach. It is a complex process where a number of
nerves and muscles work in a synchronised way to make
the transportation process successful.

Abnormalities in the swallowing process are not rare.
Studies in past years indicate that patients who suffer from
movement disorders (especially patients with a history of
Parkinson’s disease, head and neck cancer, myopathy or
stroke) are likely to have swallowing disorders (Stroudley
and Walsh 1991; Leopold and Kagel 1996, 1997;
Coates and Bakheit 1997; Martin et al. 1997, 2001;
Smithard et al. 1997; Han et al. 2001; Potulska et al. 2003;
Higo et al. 2005; Daniels et al. 2006; Warabi et al. 2008;
Foley et al. 2009; Suh et al. 2009).

In order to detect swallowing disorders, radiologists
use a technique called videofluoroscopic swallowing
study. In this technique, the patient is seated in front of an
X-ray machine and instructed to swallow food mixed with
barium sulphate. While the patient swallows the food, the
swallowing process is recorded in the form of a video.
Barium makes the food visible in the resulting video, and
this allows the radiologist to watch the activities inside
the patient’s throat while the patient swallows the food.
A detailed description of the protocol for this method can
be found in the work of Palmer et al. (1993).

There are a number of measures that radiologists
usually inspect when evaluating the swallowing process.
Rosenbek et al. (1996) proposed an eight-point scale to
quantify aspiration in terms of penetration. This scale was
later used by Robbins et al. (1999) to differentiate between
normal and abnormal airway protection. Kendall et al.
(2000) studied the timing of events occurring during a
normal swallow. In addition, Stephen et al. (2005) reported
the location of the bolus in a normal swallow as the
pharyngeal phase is initiated. Kendall and Leonard (2002)
investigated epiglottic movement in elderly patients.
During a normal swallow, the hyoid bone moves in an
upward and forward direction. This kind of upward and
forward movement allows the oesophagus to open up so
that the food can enter the oesophagus and continue to the
stomach. At the same time, it allows the epiglottis to close
the airway in order to prevent food from getting into the
airway. When the swallowing process ends, the hyoid
bone moves in the opposite direction, returning to its
normal position. Figure 1 shows the normal movement of
the hyoid bone and the epiglottis during swallow, where
the vertical axis is the line connecting the anteroinferior
corner of the 4th cervical vertebra (the origin) and the
anteroinferior corner of the 2nd cervical vertebra and the
horizontal axis is the line perpendicular to the vertical
axis crossing the origin (Paik et al. 2008). Paik et al.
demonstrated that the movement of the hyoid bone is
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Figure 1. Normal movement of the hyoid bone and epiglottis
during swallow (Paik et al. 2008).

significantly different from its normal trajectory for
patients with swallowing disorders (Paik et al. 2008).
Therefore, inspecting the degree of the movement of the
hyoid bone can be helpful for radiologists when evaluating
the swallowing process.

As current practice, radiologists perform this type of
evaluation by means of visual inspection. This approach
relies heavily on the expertise of the radiologist. Due to the
subjective nature of this approach, radiologists find it
difficult to reach an unanimous decision when multiple
radiologists attempt to evaluate the swallow of the same
patient (Scott et al. 1998; Stoeckli et al. 2003). Even when
the same radiologist performs the evaluation for the same
patient multiple times, the result of the evaluation tends to
vary (Kuhlemeier et al. 1998; McCullough et al. 2001).

In order to help radiologists with quantitative evaluation
of a patient’s swallowing ability, computer assistance has
been sought. In some studies, computer assistance is applied
to the evaluation process in very primitive ways, such as
going through the frames in the fluoroscopic video one by
one and identifying various landmarks using a mouse pointer
(Crary etal. 1994; Stephen et al. 2005; Dyer et al. 2008). This
approach can hardly be considered a solution to the problem
at hand, because it is labour intensive, time consuming and
prone to inaccurate results.

It is evident that, in order to assist radiologists in the
evaluation process, more objective methods are required.
Such a method should be able to determine the measures
accurately and should require the least possible amount of
expertise from the user. However, as of the writing of this
article, this particular area of research remains an open
problem.

Recently, there have been only a few studies that
attempt to meet these demands. Chen et al. (2001) proposed
computer-aided measurement of oral movement in the
fluoroscopic videos. Aung, Goulermas, Stanschus, et al.
(2010) proposed a method that automatically identifies a
number of anatomical landmarks (e.g. the hyoid bone, the

anterior and posterior laryngeal wall, the corners of the
cervical vertebrae) in the images using a 16-point active
shape model. However, automating the initial placement of
the active shape model can be challenging. In another study,
Aung, Goulermas, Hamdy, et al. (2010) determined the
transit time of the bolus. Kellen et al. (2010) devised an
algorithm to track the hyoid bone in a video sequence.
In their research, the authors manually identified the region
of interest before identifying the hyoid bone.

This research focuses on measuring the movement of
the hyoid bone since its trajectory plays an important role
in the evaluation process. In this work, a semi-automatic
method is introduced which attempts to identify and track
the hyoid bone in the fluoroscopic video. While doing so,
the cervical vertebrae are also identified and tracked so
that the movement of the hyoid bone can be expressed in
terms of a referencing system relative to the patient. This
allows isolating the movement of the head from the
movement of the hyoid bone. Prior to the identification of
the cervical vertebrae and the hyoid bone, the regions of
interest are automatically identified so that image
processing procedures can be limited to the relevant area
in the image. It is worth mentioning that the proposed
method does not deliver judgement on what the movement
of the hyoid bone implies when performing evaluation of
the swallowing process. Rather, it merely serves as a tool
that helps radiologists evaluate the swallowing process.

The rest of the paper is organised as follows: Section 2
explains the details of the proposed method. The results are
accumulated in Section 3. Section 4 draws conclusion to the
article by providing comments on the results and discussing
some drawbacks of the proposed method. A number of
directions to future work are pointed out in Section 5.

2. Proposed method

The proposed method attempts to track the hyoid bone in
the fluoroscopic videos and measures its movement. In
addition to the hyoid bone, the cervical vertebrae are also
identified in order to establish a referencing system relative
to the patient. A detailed description of the referencing
system is provided in Section 2.3. Prior to the identification,
the regions of interest are determined so that image
processing operations can be limited to a sub-region of the
image. This task is accomplished using a classification-
based approach which is fully automatic and requires no
input from the user. Objects inside the region of interest are
identified using template matching. This part requires the
user to identify templates from the video to be processed,
and hence, the overall process is a semi-automatic one.

2.1 Identifying the region of interest

Typical image segmentation techniques such as edge
detection or image binarisation do not work very well for
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identifying the cervical vertebrae or the hyoid bone
because their performance relies on the threshold values
associated with them. Selecting fixed values for these
thresholds that apply for every image can be challenging.
Corner detection is not a reasonable option either because
the number of false corners can be large. An alternative
approach was introduced by Huang et al. (2009) where the
lumbar vertebrae are detected using a learning-based
method. The advantage of the method proposed by Huang
et al. is that it is fast, requires no user interaction and can
be tuned to achieve high accuracy. In this research,
a similar approach is followed, where the region of interest
is automatically identified using the Haar classifier.

The Haar classifier, first proposed by Viola and Jones,
uses Haar features to search an image for a target object
(Viola and Jones 2001). The features comprise the
adjacent rectangular regions at specific locations in a
detection window. To detect the presence of a feature
inside a detection window, the Haar features are applied to
the window as convolution masks. The pixel intensities
inside the detection window are convoluted with the mask
and the convolution result is compared with a threshold to
determine whether the feature is present at that location.
The Haar features have advantage over pixelwise features
in terms of efficiency. In their original work, Viola and
Jones (2001) proposed an intermediate form of image
(integral image) that allows features to be detected in a
constant time. However, pixelwise features cannot be
detected in a constant time. For example, if such a feature
(e.g. line, circle or ellipse) is represented by a parametric
equation, then the time to detect the feature is proportional
to the number of parameters required to represent the
feature. In their original work, Viola and Jones proposed
three kinds of features: two rectangle, three rectangle and
four rectangle. Later on, Lienhart and Maydt (2002)
proposed an extended set of features which allows features

Figure 2. Positive images used while training the Haar classifier.

to be tilted. In this research, the extended feature set is
used for identifying the region of interest.

The classifier is trained first so that it can identify the
region of interest for the cervical vertebrae. For training
purpose, two sets of images need to be determined first:
one set containing images of the cervical vertebrae and the
other set with images that do not contain the cervical
vertebrae. Images from the former set are the positive
samples and images from the latter are the negative
samples. The optimum number of samples in a set is not
conclusive. In their original method, Viola and Jones
(2001) used 4916 positive samples and 9544 negative
samples. In another study, Lienhart et al. (2003) performed
an empirical analysis based on the training process with
5000 positive samples and 3000 negative samples, where
the positive samples are derived from 1000 images.
Currently, a large database containing images of the
cervical vertebrae that can be used as a set of positive
samples is unavailable. Therefore, in this research,
positive samples are generated from a small number of
images by applying distortion to the images. A total of
5000 positive samples are used in this work, which are
generated from 10 images (500 samples from each image)
containing the cervical vertebrae. Figure 2 shows the
images used for generating positive samples. The source
image is rotated randomly on the sagittal plane. This type
of distortion is applied in order to imitate the movement of
the head, e.g. when the patient swallows liquid food and
the cervical vertebra are tilted backward. In addition,
white noise is added to the source image to mimic the
addition of noise during the data acquisition process. The
cervical vertebrae are surrounded by soft tissue which has
a grey shade in the acquired images. Therefore, in the final
step of applying distortion, the image obtained is placed
onto a specified background colour (127 in this case). For
the negative samples, 300 high-resolution random images
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are used. Figure 3 shows some of the negative images.
From each of the negative images, 10 samples are
generated by applying distortion. A total of 3000 negative
samples are generated in this process.

The training process classifies the positive samples and
the negative samples into two classes: one containing the
samples with the cervical vertebrae and the other
containing samples without the cervical vertebrae.
A Haar feature serves as an input to a weak classifier.
To generate a strong classifier out of the weak classifiers,
the adaboost method is used. The adaboost (Adaptive
Boosting) method is an iterative process which increases
the classification performance (boosting) by combining
multiple classifiers together (Freund and Schapire 1997).

To speed up the detection process, a cascade of boosted
classifiers is utilised. The training process is performed in
multiple stages where a boosted classifier is generated in
each stage. Upon completion of the training process, the
boosted classifiers are organised in a cascaded fashion. For
a given region in the image, the cascade is applied to the
region starting with the first classifier in the cascade. If at
some point, the region is rejected by a classifier, the region
is not passed to successive classifiers in the cascade. The
target object is considered to be present in the region only if
it is passed by all the classifiers in the cascade.

To identify the location of the target object (the
cervical vertebrae in this case) in the image, a detector
window is moved across the image. Since the scale of the
cervical vertebrae can vary for different patients, the scan
procedure is done in multiple stages with various scaling
factors. The detector window starts with a size the
classifiers are trained at, and at each stage, the size of the

Some of the negative images used while training the Haar classifier.

detector window is multiplied by a scaling factor. For
scanning, the detector window is moved round(sA) pixels
where s is the current scaling factor and A is a
predetermined constant.

The region of interest for the hyoid bone can be
identified without using a separate classifier for it. It can be
inferred from the region of interest for the cervical
vertebrae. Observations reveal that in the fluoroscopic
videos, the hyoid bone is always located on the left side of
the region of interest for the cervical vertebrae. Therefore,
the region of interest for the cervical vertebrae can be
flipped to the left side and it can serve as the region of
interest for the hyoid bone. Figure 4 shows the identified
regions of interest for the hyoid bone and the cervical
vertebrae in one of the frames from the videos.

2.2 Tracking

Although the regions of interest obtained using the Haar
classifier contain the object of interest (a cervical vertebrae
or the hyoid bone), it is required to narrow the region of
interest down to the smallest rectangle that encloses the
object and tracks the object throughout the video. It should
be mentioned here that objects can vary among patients in
terms of size and structure. For this reason, basic image
segmentation techniques such as edge detection or image
binarisation do not produce good results for all the
patients. In addition, objects can get blurred due to their
motion in which case, it is even more difficult to segment
them using these methods. In this research, template
matching is used for tracking purpose which utilises
correlation instead of features to detect objects.
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Figure 4. Regions of interest for the hyoid bone and the cervical
vertebrae.

Before tracking can be started, the user has to manually
identify the regions that enclose the individual objects (C2,
C3, C4 and hyoid bone) in one of the frames from the video
where the objects are clearly visible and are not affected by
motion blur. These regions serve as the templates of the
objects to be tracked. The templates are matched inside
the corresponding region of interest for all the frames in the
video. The reason for using templates from the video to be
processed is that the shape and the size of the objects can
vary among patients and, therefore, using generic templates
of the objects for all patients does not produce good results.

At the beginning of a swallow segment, the templates
are matched in the region of interest identified in Section
2.1. Matching templates in the region of interest rather
than the entire image saves a significant amount of
computation time. It also reduces the probability of
encountering invalid match locations for the templates.
Match locations are expressed in terms of bounding boxes
that enclose the object of interest. For each object in the
later frames, the search space for template matching is
further reduced to a smaller region which is double the size
of the bounding box (the bounding box is small compared
with the region of interest and multiplying its size by a
factor of two still yields smaller area than that of the region
of interest). This approach allows the template to be
matched in the proximity of a previously found location,
which is an even smaller region than the region identified
by the classifier. Figure 5 shows this process where a
sample region of interest identified in Section 2.1 is shown.
At the beginning of the swallow, the entire region is the
search space. The white rectangle is the location of the C3
found in the current frame. In the next frame, the region of
interest for the C3 is the black rectangle.

It should be mentioned here that the patient can tilt his/
her head back and forth while swallowing. To cope with
this situation, the templates are rotated along their centres

Figure 5. Reduction of region of interest for C3.

from —10° to + 10° with a step size of 1°, and template
matching is performed for each of the rotated templates.
Twenty-one correlation maps are generated in this process.
Out of these 21 correlation maps, the highest correlation
value is selected as the best match for a vertebrae.

To ensure that the locations of the cervical vertebrae are
identified correctly, a number of heuristics are applied. The
template matching process yields three rectangles for the
cervical vertebrae, each enclosing one vertebrae. It can be
observed that the enclosing rectangles of two consecutive
vertebrae overlap with each other slightly. To be more
precise, the rectangle for C2 overlaps with the rectangle for
C3 and the rectangle for C3 overlaps with the rectangle for
C4. Also, the rectangle for C3 cannot be located above the
rectangle for C2, and the rectangle for C4 cannot be located
above the rectangle for C3 or C2. The upper left corner and
the lower left corner of the enclosing rectangle correspond to
the anterosuperior corner and the anteroinferior corner of the
enclosed vertebra, respectively. Figure 6(a) shows the ideal
arrangement of the rectangles for each of the cervical
vertebrae. Figure 6(b) shows the identified locations of the
hyoid bone and the individual cervical vertebrae inside the
regions of interest in one of the frames from the videos.

It should be mentioned here that the template matching
process is sensitive to motion blur, which can lead to
inaccurate results. Motion blur usually occurs when big
movement of the head is involved or the hyoid bone moves
too fast. By using heuristics and matching templates in the
proximity of previously found locations, this effect is
reduced.

2.3 Coordinate transformation

While swallowing, the patient can move his/her head back
and forth and this motion contributes to the motion of the
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Figure 6. Locations of objects inside the regions of interest identified using template matching. (a) Ideal arrangement of the locations of
the cervical vertebrae and (b) identified locations of the hyoid bone and the individual cervical vertebrae.

hyoid bone at the image level. To compensate for the
movement of the head, the location of the hyoid bone is
required to be expressed in terms of a referencing system
relative to the patient. Originally, locations of the objects
in the image are expressed in terms of the coordinate
system of the image, where the upper left corner of the
image is the origin, the X-axis lies in horizontal direction
and the Y-axis lies in the vertical direction. The relative
referencing system is derived from the alignment of the
cervical vertebrae. This is accomplished by selecting
the line through the anterosuperior corners of C2 and C4 as
the vertical direction (V-axis) and the line passing through
the anterosuperior corner of C4 and perpendicular to the
V-axis as the horizontal direction (U-axis). Figure 7(a)
illustrates the relative referencing system.

Figure 7(b) shows the transformation of coordinates.
Let the coordinates of the anterosuperior corners of C2, C4
and the hyoid bone be C2(x3, y»), C4(x4,y4) and H(xy, yi)
respectively, where the origin of the coordinate system is
the upper left corner of the image. Let A is the vector from
C2 to C4 and B is the vector from H to C4. The angle (6)
between A and B can be obtained by taking the dot product
of these two vectors and dividing the result by the product
of their magnitudes:

(a)

A-B
6 = arccos ———— (1
1Al 1IB]],

or

6 = arccos
(xg — x2)(xg — xp) + (4 — y2)(va — yn)
Vs =27+ (s = v2P Vs — ) + Ga — )
(@)
If r is the distance from H to C4 and (u,v) is the
transformed coordinate (expressed with respect to the

coordinate system derived from the cervical vertebrae) of
H, then u and v can be derived as follows:

u = rsin 6, 3)
v = rcos 6, 4

where
r =G — )+ (i — . 5)

Note that the movement of the hyoid bone is assumed
to be two dimensional. The patient can move his/her head
back and forth and also the hyoid bone can move in its own

(b)

Upper left v
corner of

image

C2x.2)

Ca(x,,¥e)

u

Figure 7. The relative referencing system. (a) Modified axes and (b) coordinate transformation.
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trajectory. All of these movements take place in the XY-
plane (sagittal plane). Since the patient does not move his/
her head sideways, motion along the Z-axis (coronal plane)
can be ignored.

3. Results

In this research, the picture archiving and communication
system (PACS) is utilised to acquire and store the data.
A digital X-ray machine resides at the modality end of the
PACS. Images acquired at the X-ray machine are sent to
the archive where the data are stored in the form of video
sequences (encoding scheme: MPEG-2, frame format:
YUV420P, bitrate: 9253 kb/s, frame rate: 30fps, frame
size: 720 X 480) in regular DVD media. Using the libraries
provided by the FFMPEG project (available at http://
ffmpeg.org), the images are decoded from the videos and
processed offline.

Before the proposed method is applied to the images,
certain frames are removed from the videos. A swallow
segment starts with a sequence of images which displays
information about the patient. This information concerns
the radiologists and does not play any role in the data
processing. Moreover, this information is sensitive, which
is why it is not ethical for the radiologist to disclose this
information. As a preprocessing step, these images are
removed from the videos so that the patient’s information
cannot be accessed by people other than the radiologists.
The images are removed by inspecting their variance. The
variance of images with patient information on them is low
(309.8 = 85.4) compared with the rest of the images in the
videos (2123.8 * 275.8).

The validity of the identification process of the region of
interest is verified by comparing the result of the automatic
identification with that of a manual identification process.
Three hundred and fifty sample frames are randomly
selected from multiple videos and the region of interest for
the cervical vertebrae is identified using the classifier
described in Section 2.1. For the same frames, the region of
interest is also manually identified using visual inspection.
The results obtained from both methods are compared with
each other. The region of interest is a rectangle defined by
the coordinates of two corners (the upper left corner and
the lower right corner of the rectangle). Figure 8 shows the
comparison between the coordinates obtained using the
classifier and the manual identification process. It should
be mentioned here that for the purpose of comparison,
coordinates do not need to be expressed in term of a relative
referencing system. Therefore, the coordinates for this
experiment are expressed in terms of the referencing system
of the image where the upper left corner of the image is
the origin.

Table 1 shows the result of the comparison between
automatic and manual identification of region of interest.
The last two columns show the mean square error and the

percentage error between the coordinates obtained using
automatic and manual identification, respectively.

To demonstrate the final results, seven swallow cycles
are identified from multiple videos. In one cycle, the hyoid
bone travels along its trajectory (moves forward and
upward and comes back to rest) once. The coordinates of
the hyoid bone, obtained using the proposed method, are
plotted to show the trajectories of the hyoid bone, where
the origin is that of the modified referencing system (see
Section 2.3) and the coordinates are expressed with respect
to the modified referencing system. The trajectories are
presented in Figure 9. The horizontal and the vertical axes
correspond to the horizontal and vertical displacements
of the hyoid bone, respectively. The unit for both the
horizontal axis and the vertical axis is in millimetres. To
calibrate measured distances, a coin (Canadian penny) of
known diameter is secured to the back of a patient’s
earlobe in one of the studies and its diameter in terms of
number of pixels is measured manually.

For validation purpose, the results obtained by using
the proposed method (see Figure 9) are compared with
that obtained from a manual identification method, where
the location of the hyoid bone is identified manually for
each frame in the swallow cycles. To ensure that the
manual identifications are performed correctly, the result
from the manual identification process is validated by a
speech-language pathologist. This result is then matched
with the result obtained by using the proposed method.
Figures 10 and 11 compare the two methods in terms of
the horizontal and vertical displacements, respectively,
of the hyoid bone for all the swallow cycles. In each plot,
the horizontal axis represents the frame number and the
vertical axis represents the displacement of the hyoid
bone obtained from both methods (solid line represents
the manual method and the broken line represents the
proposed method). It should be mentioned here that, for
the purpose of comparison, locations of the hyoid bone do
not require to be expressed in terms of the referencing
system described in Section 2.3. Therefore, when
comparing the two methods, the coordinate system of
the image is utilised to measure the displacement of the
hyoid bone where the origin is upper left corner of the
image. Hence, the unit for displacement is number of
pixels. Note that there is a peak in the plot of Figure 10.
This occurs because, in this case, the hyoid bone is
partially occluded by the jaw bone for a little while
during the cycle, and the template matching process finds
the best match for the template in a location close to the
desired location, but not the same. The template matching
process yields the desired result once the hyoid bone is
clearly visible again.

Table 2 shows the mean square error and the
percentage error between the two methods for both
horizontal and vertical directions of the hyoid bone. From
this table, it can be seen that the averages of both the mean
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Comparison of automatic and manual identification of region of interest. The horizontal axis represents the frame number and

the vertical axis represents the coordinates defining the region of interest.

Table 1. Mean square error and the percentage error between the
proposed method and manual method for region of interest detection.

Mean Percentage
Corners of region of interest square error error
Upper left ~ Horizontal coordinate 151.63 2.89
Vertical coordinate 481.45 10.41
Lower right Horizontal coordinate 584.31 3.78
Vertical coordinate 348.13 3.93

square error and the percentage error are low (9.75% and
0.64%, respectively, at most) for both the axes. It indicates
that the proposed method can successfully mimic the
process of manual identification.

4. Discussion and conclusion

The measurement of the movement of the hyoid bone
can be useful in a variety of medical applications,

including therapeutic use of the proposed method.
In order to cope with swallowing disorder, patients
are sometimes prescribed to go through various therapies
(e.g. chewing gum before having a meal). The proposed
method can provide feedback on the therapy and this
will allow the radiologist to investigate the results of the
therapy. The proposed method can also be utilised to
relate swallowing disorder to other diseases. Section 1
briefly discusses some of the studies conducted in this
area. So far, the current practice is based on manual
inspection. By introducing an objective method that
quantifies the measures involved with the swallowing
process, the radiologists will be able to better analyse
the data.

Although the proposed method successfully identifies
and tracks the hyoid bone, it has some limitations as well.
Although minimal, it requires some input from the user.
A fully automatic method is more preferable. However, this
can be challenging, given that the objects we are tracking
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Table 2. Mean square error and percentage error between
proposed method and manual method for various cycles.

Mean square error Percentage error

Horizontal Vertical Horizontal Vertical
Cycle no. direction direction direction direction
1 45.02 3.67 1.54 0.53
2 5.33 1.98 0.69 0.38
3 7.89 2.15 0.67 0.45
4 2.35 2.12 0.49 0.53
5 2.82 1.15 0.36 0.35
6 2.73 241 0.32 0.53
7 2.08 1.49 0.39 0.41
Average 9.75 2.14 0.64 0.45

vary in terms of shape and size among various patients. Also,
the proposed method is not applicable where big movements
are involved since they introduce motion blur to the images
and template matching is sensitive to such blur.

5. Future work

In this work, the validation process is performed by one
expert. In future work, the validation process should
involve more experts. This will allow us to have better
insight into the variation among the assessments obtained
from various sources and the degree of assistance the
proposed method provides to the radiologists.

In the proposed method, the movements are assumed
to be limited to the sagittal plane. For the data used in this
research, this assumption holds. However, the possibility
of movements in the coronal plane cannot be eliminated.
In future, the proposed method can be improved so that
motion along the coronal plane can be detected as well.

The proposed method can be further improved by
utilising techniques used to remove motion blur from
images. The proposed method employs a heuristic-based
approach to identify the hyoid bone where motion blur is
involved. By removing motion blur from the images, this
aspect can be reduced. The movement of the hyoid bone
can be measured in the existing data by using the proposed
method and these measurements can be useful while using
the motion blur removal techniques.
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