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ARTICLE INFO ABSTRACT

Keywords: Accurate detection of the glottis in video sequences obtained during the vocal cords examination using Laryngeal
Vocal cords High-Speed Videoendoscopy (LHSV) is a prerequisite for the calculation of parameters describing vocal cord
Glottis . ) kinematics. This work presents the knowledge and methods related to the determination of the region of interest
Laryngeal High-Speed Videoendoscopy (ROI), which is one of the important steps in the processing of LHSV video sequences with the aim of automatic
Laryngotopography

glottis detection. ROI is defined as the area between the vocal folds and anterior and posterior commissures.
A number of methods have been published on this topic, which are used mainly in experimental LHSV video
processing systems. To determine the ROI, we decided to use a method based on frequency analysis of oscilla-
tions of the vocal cord anatomical structures, which, as we know, has not been used in this context yet. The
oscillation is represented by the change of brightness of the corresponding pixels in the LHSV images. The ROl is
then successfully detected even in the relatively heterogeneous structure of tissues and fluids and for videos of
various qualities, including luminance reflections, where the movement of the vocal cords can be detected.
These methods extend the currently used system using a thresholding method for ROI detection and improve
the success rate from 69% to 89%. These methods were tested on the LHSV video corpus, which contains 412
video sequences with different recording quality, diagnoses, and age groups of patients, obtained from ENT

Image segmentation
Discrete Fourier transform

clinical practice.

1. Introduction

Laryngeal High-Speed Video Endoscopy (LHSV) is one of the stan-
dard vocal cord examination methods today. Because LHSV video
observation alone or the use of analytical tools in proprietary software
may not always be enough to evaluate vocal cord kinematics, supporting
tools for vocal cord behavior analysis are being developed. They are
based on methods of processing and analysis of individual vocal cord
images, generally static analysis of a 2D image signal, or image se-
quences, generally, analysis of a 2D image signal distributed over time.
To evaluate the behavior of the vocal cords, a set of parameters was
defined. Some of them have a geometric basis and describe the detected
glottis obtained by segmentation of the LHSV image. Such parameters
can then be used to detect changes and irregularities during one or more
periods of vocal cord movement. Using these parameters, the criteria
used to evaluate the quality of vocal cord kinematics are further defined
[1-3,19].

The basic task of LHSV video processing is glottis detection using
segmentation tools. This segmentation is performed for each frame of
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the LHSV recording. A number of methods are used for such segmen-
tation, their detailed and current overview is given in the publication [4]
and another overview of methods is also mentioned in the publication
[5]. We use two methods for glottis segmentation, Max-Min-
Thresholding and Cluster Analysis (K-means), see [5,17,18].

The LHSV vocal cord images contain a relatively heterogeneous tis-
sue structure, fluids or light artifacts may be present, images may be
blurred, or their quality may generally vary. Therefore, it is advanta-
geous to limit image processing to a region of interest (ROI) for subse-
quent successful glottis detection. The ROI is anatomically defined by
the position of the anterior and posterior commissures and the
maximum range of the vocal folds as shown in Fig. 1.

The complete processing of LHSV videos and the analysis of the
parameters is schematically described in Fig. 1. We can specify the
following five key points of processing:

(a) vocal cord examination and LHSV video recording;
(b) determination of the ROI, this step may also include an image
preprocessing phase;
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Fig. 1. Schema of the LHSV recordings processing, the similar approach as in [22]. (a) Recording of LHSV sequence. (b) ROI detection (image preprocessing + ROI
detection methods application). (c) Glottis segmentation and detection, finding the glottis symmetry axis. (d) Computation of glottis parameters. (e) Vocal cords

kinematics evaluation.

(c) glottis detection and glottis symmetry axis estimation;

(d) computation of defined glottis parameters;

(e) computation of criterion functions and analysis with the aim of
detecting non-standard vocal cord behavior; vocal cords kine-
matics evaluation.

This article deals only with key point (b), Fig. 1(b), and presents new
methods for determining the ROI area, including a comparison with the
currently used method, called the Thresholding method, see below.
Introduced methods use only LHSV data without prior knowledge of
fundamental vocal cords oscillation frequency.

There are many publications describing automatic ROI detection in
LHSV videos. One of the methods is described in [6,8] which is based on

a region-growing algorithm with a selected seed point. Another
approach using morphological operations was presented in [7]. Publi-
cations [9,12] mentioned ROI detection based on subtraction methods
using more frames in the sequence, similar approach was used in [5],
called Thresholding method, which was used for comparison with the new
methods introduced in this article. Methods based on intensity varia-
tions of pixels are described in [10,11,13], motion estimation is then
used in [14] and [15]. Publication [16] describes the salient region
method using topological structural information. Other methods like
Deep Neural Networks and the overall summary of methods used for ROI
detection in LHSV recording or video frame were presented in [4].

It should be noted that according to the available information, the
proprietary software provided with the LHSV systems allows only
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ROI Detection by
Thresholding Method

Fig. 2. Case report with a fluid where the Thresholding method of ROI detec-
tion failed.

manual ROI settings.

In the system for automatic ROI detection, see Fig. 1(b), we use our
former method of thresholding, the Thresholding method, see [5,17]. This
method is constructed on the principle of point operations over the
sequence of frames in the LHSV video recording. This is based on the
difference between the frame with the most closed vocal cord and the
frame with the most open vocal cord to detect the part of the image
where the brightness (or color components) changes the most. The ROIL
is then detected by thresholding of differential image, see [23], and
using the Connected Component Labeling method, see [24], to find the
largest continuous area. Although this ROI detection method achieves
very good results for images with different quality, see [3,5,17,18], it
fails in some cases. For example, when there is a significant movement of
the camera, the occurrence of fluid (mucus, saliva) that moves randomly
during phonation, or in the case of light reflections. An example of such
failure can be seen in a case report with an occurrence of fluid in the left
part of the vocal cord structure, see Fig. 2. This case study is further
analyzed, see Fig. 3.

Because a well-defined ROI is a prerequisite for subsequent suc-
cessful glottis detection, we decided to test a different approach and use
the method using frequency analysis of the brightness (or color com-
ponents) change of the pixel to evaluate the oscillation of the anatomical
structure corresponding to this point. This method is called lar-
yngotopography, see [20,21,25-27]. Based on the defined decision
rules, the tested pixel is then included in the ROI or not. The methods
created in this way will be called DFT ROI detection methods.

2. Methods

High-speed video laryngoscopy is an optical indirect rigid laryngo-
scopic examination technique, which is complemented by a high-speed
camera with a frame rate of at least 1000 fps and a minimum resolution
of 256 x 256 pixels. The device is thus able to capture and store a video
sequence of the real movement of the vocal cords during their all
oscillation phases. This allows detailed analysis of the movement of the
vocal folds and the development of the glottis shape during the opening
and closing phases. During the examination, patient phonates the vowel
“{:”, which make the supraglottical space for the camera the most
accessible.

The LHSV video sequences that we process are recorded by the HSV
HRES ENDOCAM 5562 system, with parameters of 4000 fps, 256 x 256
pixels. The video recording has a length of 600-1000 frames, i.
e. 0.15-0.25s.

During the examination, an acoustic signal is recorded, the system

1 HRES Endocam, Richard Wolf GmbH, https://www.richardwolf.com, used
on department of ENT, University Hospital in Pilsen.
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also allows the recording of an electroglottography signal (EGG)? using
an external device. We do not use acoustic recording or EGG recording
for ROI detection, we only work with visual information in LHSV
images.

2.1. Principles used for DFT ROI detection methods

According to the physiology of voice formation and the character-
istics of vocal cords behavior, we can use an approach for ROI detection,
which is based on the oscillation of anatomical structures in LHSV
frames. The movement of the vocal cords is repeated regularly and the
periodicity contained in the movement of vocal folds corresponds to the
fundamental vocal cord frequency Fy (or near to Fp). This periodicity is
subsequently reflected in the brightness change of individual pixels in
the LHSV frames (value of brightness Y or the values of the color com-
ponents R, G, B), see [20,21,25].

To detect the periodicity in the pixels of LHSV images, we use the
discrete Fourier transform (DFT), defined for the finite number of
samples of the equidistantly sampled input signal, and the method of
spectral analysis of the signal using the DFT-amplitude spectrum. This
input signal is the brightness or color component value at the pixel (x,y)
of LHSV images.

The principle of ROI DFT detection methods, based on the analysis of
the oscillation of anatomical structures, is presented in Fig. 3. This figure
shows the development of the brightness change Y of LHSV mono-
chrome images together with the DFT amplitude spectrum for selected
pixels (x,y), see details (a), (d), (e). It also shows the overall distribution
of pixels with the detected fundamental frequency Fy and other, para-
sitic frequencies F,, which do not correspond to the oscillations of the
vocal cords, see detail (b), as well as the distribution of DFT-amplitude
spectrum values (power spectrum), see detail (c).

In Fig. 3 (recording of the vocal cords with dg. recurrent laryngeal n.
paresis in left), there is a case report where the vocal cords and related
structures are overlapped by a slowly moving fluid (saliva, see also
Fig. 2). This fact leads to unsuccessful ROI detection using the Thresh-
olding method. On the contrary, methods based on the analysis of the
oscillation of individual anatomical structures allow filtering out the
pixels, which oscillate at frequencies F, outside the defined frequency
range. The pixel P; (x,y) anatomically corresponds to the edge of the
right vocal fold, the pixel P, (x,y) belongs to the area representing the
fluid in the image, and the pixel marked Ps (x,y) belongs to the structure
of the outer edge of the false vocal cords on the left. There is a noticeable
difference between the oscillating anatomical structure P; (x,y) of the
glottis, where the frequency corresponds to the fundamental frequency
Fy, and the almost static anatomical structure of the false vocal cord,
where it is not possible to determine the frequency of brightness change,
see point P3 (x,y).

There is also a noticeable difference in the estimation of the funda-
mental frequency Fy at point P; (x,y) and the parasitic frequency Fy,
which is caused by the movement of the fluid, see point P3 (x,y).

For a description of the ROI detection methods, we will introduce the
following notation and assumptions:

IMV ... video sequence of LHSV frames;

(x,y) ... pixel coordinates of video sequence IMV;

IMV; ... i frame of video sequence IMV, wherei=0,1,2,..., N —1;

N ... number of frames in video sequence IMV;

pv(x,y,i) ... pixel in frame IMV; on position (x,y), pv(x,y,i) € IMV;.

We further understand the sequence of pixel brightness values pv(x,y,
i) forVi=0,1,2,...,N — 1 as a finite sequence of real input samples,
continuous in amplitude and discrete in time, the sampling period cor-
responds to the technically defined frame rate [fps] by the LHSV system.
Therefore, DFT-Fourier spectrum PV(k)y, and values of DFT-

2 Two-Channel Electroglottograph, Model EG2-PCX2, https://www.glottal.
com/Electroglottographs.html.
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Fig. 3. Pixel brightness change and DFT-amplitude spectrum values for three points. P;(x,y) is in the glottis area, P5(x,y) is in the area with fluid and P3(x,y) is the
anatomical structure of the outer edge of the false vocal cords on the left. There is an apparent difference in the most significant frequency in the glottis area (=~ Fy)
and in the fluid area (= F,). (a) Frame of video sequence IMV with marked points of individual selected anatomical structures. (b) Distribution of pixels with detected
fundamental frequency Fy and parasitic frequency F,. (c) Distribution of DFT-amplitude spectrum values (Power spectrum). (d) The development of the brightness
change Y of LHSV monochrome images for selected pixels. (¢) DFT amplitude spectrum for selected pixels.

amplitude spectrum |[PV(k)|(x,,) can be computed for such sequences of
defined brightness values of pv(x,y,i).

Let apply: for vk = 0,1,2,...,N — 1;
Vot L V(x,y) € IMV; and IMV; € IMV for Vi, wherei=10,1,2, ..., N — 1.
PV(K) ., = Ei Py (@, )¢/ ¥ Fourier spectrum @ In terms of signal spectral analysis, we will focus on the values of the

DFT-amplitude spectrum, where each point (x,y) of the IMV video
sequence will be represented by a vector of values |PV(k)|(x,y ,k=0,1,2,

|PV(R) |,y = \/ { Re [Pv(k)(m] }2+{Im [PV(k)w)] }2 ...DFT-amplitude spectrum @
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Fig. 4. Visualization of filter criteria of pixels (x,y) according to frequency fi;(x,y) and amplitude value |PV(kpax) |(xy) in DFT-amplitude spectrum, where k;ow and
kpie are indices in the DFT spectrum corresponding to the limited frequencies fiow and fuign, see Eq. (10) and T|py, is a threshold of DFT-amplitude spectrum value |

PVmaxl(x,y), see Eq. (11).

.oN—1.

To determine the periodicity, i.e. the estimate of the value of the
brightness change frequency Y (or color components R,G,B) at the point
(x,y) of the IMV video sequence, we look for the maximum value of the
DFT-amplitude spectrum for Vk = 1,2,...,N/2. The value of the DFT-
amplitude spectrum for k = 0 corresponds to the DC component of the
input signal, the choice of N/2 corresponds to the properties of the
spectrum of the real sequence pv(x,y,1).

For the index kpqy, which corresponds to the most significant fre-
quency of the change in brightness Y (or color components) in pixel (x,
¥), the following applies:

- PY(K) |y }
k= 1mzaX N/Z{ | ( ) ‘(”')

To calculate the frequency fsig(x,y) [Hz] of the brightness change we
use the relation:

f?amp[

[PV (Fmas ) | &)

xy)

f;ig(x>y) = Kkmax N = knax A f7 4)
where A f is DFT grid (frequency bin):

_ Juamnt
Af =7 ®)

fsampt .. LHSV sampling rate, i.e. frame rate [fps].
For the correct detection of pixels (x,y) as points that belong to the

ROI, we also determine the conditions of the minimum and maximum
detected frequencies fiow and fygy and the minimal value of DFT-
amplitude spectrum value |PV(k)|(x,). If these criteria are met, we will
consider the periodic movement of the anatomical structure at the po-
sition (x,y) to be significant and the point (x,y) will belong to the ROI,
see Fig. 4.

Based on such assumptions, two methods for classification of pixels
(x,y), if they are in ROI or not, were proposed: DFT General method and
DFT Geometrized method.

2.2. DFT general method of ROI detection

The general algorithm is based on the assumption that each pixel at
position (x,y) in the IMV video sequence is evaluated and decided
whether is included it in the ROI or not.

Initial parameters of IMV video sequence:

- Frame resolution ... 256 x 256 [px],
- Frame rate ... 4000 [fps],
- Number of frames (N) ... 256.

For every pixel (x,y) of LHSV recording, there is a sequence of
discrete samples pv(x,y,i), where i = 0, 1, 2, ..., N — 1. This signal is
normalized before further processing, and since it generally does not
have to satisfy the condition of periodicity, see Eq. (6), we choose to
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Fig. 5. Example of resampling the original IMV [LHSV HRES ENDOCAM 5562] frame (256x256) to an IMR frame of size (16x16), where one pixel (xg,yg) in the IMR,
elementary square point ESq(xg,yr), corresponds to the square which includes the area of 16x16 pixels (xgYyg) in the IMV frame.

adjust the signal pv(x,y,i) by multiplying by the time window w(i).
For simplicity and due to the required accuracy of the frequency
resolution Af, we choose a rectangular window® for N,, = 256.

N = Nyerioa, ¥ € N ... natural numbers, ®)

N=2", meN,

where Nperioq is the period of a discrete signal.
Then we can write for the normalized signal multiplied by the time

window, see [26]:

pv (%, i)
Vo opy (6., i)
For a normalized signal, see Eq. (7), we calculate Fourier spectrum

and DFT-amplitude spectrum values according to the formulas Eq. (1)
and Eq. (2):

PV (X539, 1) = -1 )

N-1

Pv(k)(x}') = va:/orm (X,y, i)'eijLNn i (8)

i=0

|PV(K) |,y = \/ {Re[PViK),, | }2 +{m [PVi),, | }2 ©

for vk = 0,1,2,...,.N — 1.

For each pixel (x,y) of the IMV video sequence, we further determine
the maximum value of the DFT-amplitude spectrum and determine the
index corresponding to this maximum kpqx(x,y). This index kmax(x,y),
according to Eq. (3) and Eq. (4), corresponds to the frequency of change
(periodicity) of the brightness component Y (or color components) at the
point (x,y). We obtain for V(x,y) an array of maximum amplitudes |PV
(kmax)|(x,y) and their corresponding indices kmax(x,y).

Because we work with the periodicity of the brightness Y (or color
components) change, which corresponds to the anatomical structures of
the vocal cords moving with the fundamental vocal cord frequency Fo,
we can limit the frequency spectrum to the frequencies fiow and fuicu
(Fig. 4) for further analysis and processing.

The values of the frequencies frow and fyigy are based on the phys-
iology of voice production and experience with LHSV signal processing.
The purpose of this frequency limitation is to filter the changes in
brightness caused by possible movement of the laryngoscope, light

3 It is possible to use Kaiser window {p = 0.5}, see [26], or e.g. Hamming
window {256}, see [25,27].

reflections during recording, movements of fluids, and movements of
anatomical structures outside the area of vocal folds. These frequency
limits are determined according to the Fy range, which can be achieved
during medical examination with a rigid laryngoscope and according to
the real frequency distribution and DFT-amplitude spectrum values at
pixels from the oscillating vocal cord area [21]. The publication [26]
states the value of frow = 70 Hz, the value of fyjgy is limited from above
by the standard concert pitch (A440), i.e. fyigy = 440 Hz (the idea was
also demonstrated in Fig. 2 and Fig. 3). To verify the correctness of the
frow and fyigy settings, we performed a statistical analysis of the Fy
fundamental frequency values for the used data corpus. Fy values are
included in LHSV metadata and we also did our analysis of audio re-
cordings, which are part of the LHSV recordset. Here we used the
Autocorrelation function (ACF) and the methods of frequency analysis,
Harmonic product spectrum (HPS) and Cepstrum analysis. The range of
values of the fundamental frequency Fy for the used LHSV corpus is Fyp €
(92 Hz; 420 Hz).

For the limiting frequencies determined in this way, we then calcu-
late the corresponding indices in the DFT spectrum, i.e. kzow and kggp,
see Eq. (10):

Fo € {frow; Juicn ) »

N
k = ,
LOW Srow ﬁampz (10)
N
kpicn = leGH fmmpl .

In the next step, we calculate a histogram of the frequencies of
occurrence of individual indices kpmqgy(x,y) for V (x,y) with restriction to a
defined interval of allowable frequencies (kzow, krigr), i-€. for V kpmax(x,
¥) € (krow, kuien), and the minimal achieved value |PViax|(x,y), for V (x,
y), i.e. we include in the calculation of the histogram those pixels (x,y)
for which the following will apply:

{ s (5,3) € (kzows kcar) } AND { | PV (k) L1y > Tiow) | an

where Tpy, is a threshold of value |PViax](x,).

In the histogram of the selection adjusted in this way, we then select
the most occurring index kmqx(x,y), which is understood as an index of
representative periodicity and is an estimate of Fy in IMV. This index is
labeled as ks and the resulting amplitude array [PV(kre)|(xy) is
compiled according to the original DFT-amplitude spectrum |PV(k)|(x,)
using this index k.

To determine if the pixel (x,y) belongs to the searched ROI area, we
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use the threshold criterion:

|P V (keer) |(x,y)ER01 2 Tror \I}}ff(){ |P V (krer) |(x,y) } (12)

where the threshold value Tgo; € (0;1).
The setting of the threshold values Tro; and T|py| was a result of the
extensive testing of the DFT methods.

2.3. DFT geometrized method of ROI detection

Our goal is to detect the ROI, which delimits the area of all pixels (x,
y) in the IMV video sequence corresponding to the anatomical structures
of the vocal cords so that subsequent glottis detection can be performed.
This approach can be geometrized. The aim is to decide on the inclusion
of larger geometric units in the ROI and thus achieve the inclusion of the
corresponding anatomical structure (anterior, posterior commissure, left
and right vocal folds) with certain robustness. For this purpose, we
choose to resample the original LHSV HRES ENDOCAM 5562, 256 x
256 [px] images to a geometric grid (the dimensions can be selected):

256 x 256 [px] — 128 x 128 [px], 64 x 64 [px], 32 x 32 [px], 16 x
16 [px] or 8 x 8 [px].

The individual squares, which are formed by applying the grid to
resample, are called Elementary Squares ESq(xp,yr) = ESq™. Each of
them is represented by a single point (xg,yg) in the resampled frame of
the video sequence, see example in Fig. 5, the value of these points is
calculated from the values of the brightness of the original pixels (xg,yE)
€ ESq®, see Eq. (13). Thus, the point (xg,yr) is a defined representative
of the elementary square ESq® and according to the detected frequency
of its oscillation and the value of the DFT-amplitude spectrum, the
belonging of elementary square ESq™ to the ROI is assessed, together
with all pixels (xg,yz) € ESq®. This process eliminates the influence of
noise in the DFT result and also decreases the number of computing
operations.

For elementary square ESq(xg,yr) = ESq® applies according to the
above:

IMR ... resampled video sequence IMV;

IMR; ... i frame from resampled video sequence IMR, wherei =0, 1,
2,..,N—1;

(xgyg) ... the pixel coordinates of the IMV that belongs to the
elementary square ESq® after the resampling;

pv(xgYg1) ... the brightness of a pixel belonging to an elementary
square ESq(R) with (xg,yg) coordinates in frame IMV;;

(XR,YR) ... the pixel coordinates of the IMR that represents the
elementary square ESq(R);

PVR(XR,YR,0) ... the brightness value of the pixel that represents the
elementary square ESq® in resampled frame IMRi.

Due to the nature of the ROI detection problem and the selected
resampling geometry, we choose as the value of the representative pixel
of the elementary square ESq® the average brightness, which we
calculate form all pixels (xg,yg) belonging to this elementary square. We
determine this value of the representative point in each frame of the
video sequence.

1

N ESq(R)

> pv(xE e, i) (13)

V(xg.yE) €ESq®)

PVR(XR7yR7 i) =

where Ngsq(r) is a number of pixels (xg,yg), which belong to ESq(R).

We apply a general ROI detection algorithm to the video sequence
IMR created by resampling, see Eq. (6) to Eq.(12), which can be
abbreviated in the following steps:

1) Normalization of the signal multiplied by the time window:

_ _ PlmyR D)
ﬁZﬁVQI VR (xlhva i)

2) Computation of the Fourier spectrum and DFT-amplitude

PVporm (X8, VR, 1) -1 14
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DFT general method
for ¥(x,y) € IMV
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DFT geometrized method
RESAMPLE (IMV — IMR)

for V(xr,yr) € IMR Eq. (13)

(xm,yr) € ROIO®  Eq. (15)
\\

(x,y) —> OPENINGr) (xr,.yr)—> (xe,ye) € ESq®
(Xm,ym) € ROI'™ (x,y) € ROIM
ROI - determination ROI(M

RECTANGLEmin{ ROIM}
ROI 2)

EXTENSION {ROI@}

RO| estimated

Fig. 6. Principle diagram of the procedure for obtaining the resulting ROI es-
timate (ROI®Stmated) by DFT General and DFT Geometrized methods. In the case
of the DFT general method, ROI‘® represents the initial assignment of pixels (x,y)
to the ROI according to the criterion function Eq. (12). The ROIV area is then
the result of a pixel filtering operation using the OPENING,) method. For the
DFT geometrized method, the ROI? is a set of individual elementary squares,
which satisfy the criterion function Eq. (15). ROI” is then the set of those
pixels (x,y) that belong to the individual elementary squares of ROI?). The
ROI® and ROI™ are sets of pixels that generally do not form a rectangular
area. The resulting area estimate ROI®"™d js obtained by delimiting ROI®"
with a minimum circumscribed rectangle (:ROI(Z)) and then extended by
a defined number of pixels to ensure covering whole vocal cords.

spectrum values for normalized signal, see Eq. (14);

3) Determination of the maximum value of the DFT-amplitude
spectrum and the index of this maximum kg, (xg,yr) for each point
(xg,yr) of the video sequence IMR;

4) Computation of the histogram of the frequencies of occurrence of
individual indices kmax(Xgr,yr) for V (xg,yr) with limitation to the defined
interval of allowable signal frequencies (krow, kuigu) and at the same
time the minimal achieved value |PViax|xryr), for V (xg,yr);

5) Selecting the index kfef that corresponds to the index with the
highest frequency of occurrence; kfef will be an estimate of Fp in IMR;

6) Construction of the resulting array of amplitudes that correspond
to the index kfef;
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Table 1
LHSV data corpus structure used for testing ROI detection methods.
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Table 2
Summary results of ROI detection methods for LHSV data corpus No.412.

LHSV data corpus (No. 412)

diagnosis number of persons tested video recordings

total men women total men  women

sum sum
cystis vocal 1 0 1 7 0 7
vocal polyp 17 9 8 37 15 22
chordectomy 1 0 1 5 0 5
papillom 3 3 0 7 7 0
vocal nodules 9 3 6 19 5 14
carcinoma 5 5 0 5 5 0
granuloma 1 1 0 2 2 0
Reinke‘s edema 7 1 6 12 1 11
recurrent laryngeal n. 40 8 32 107 18 89

paresis

tonsillectomy 0 0 0 0 0
hemangioma 1 0 1 1 0 1
thyroidectomy 23 2 21 39 4 35
vocal fold leukoplakia 1 1 0 4 4 0
chronic laryngitis 0 0 0 0 0 0
healthy vocal cords 21 1 20 48 2 46
dg. is not determined 52 28 24 119 58 61
total 182 62 120 412 121 291

7) Pixels (xg,yr), belonging to the target ROI, can be chosen by
thresholding criterion:

| PV,

(xR.YR) } as)

R
(x&.r) € ROI 2 Tro; 'vr(?,iz‘k){ ! PVyy

where threshold value TRor €(0;1);

8) For all pixels with coordinates (xg,yr) € IMR, which belong to the
ROI according to the threshold criterion, see Eq. (15), we assign the
corresponding pixels (xg,yg) € ESq(xg,yr); this determines the resulting
set of pixels (x,y) from the IMV that belong to the ROL

2.4. Determining of the results

We will approach the definition of the resulting ROI area in two ways
depending on whether we used the general or the geometrized ROI
detection method to determine the points (x,y) € IMV belonging to the
RO, see Fig. 6.

In the case of the DFT General method, after applying the criterion Eq.
(12) we obtain the distribution of pixels (x,y) € IMV which meet the
criteria of the frequency range Fy and the minimum value of DFT-
amplitude spectrum and form the first estimate of the ROI ~ ROI®,
Due to the heterogeneous characteristics of IMV images, pixels (x,y) are
also detected outside the anatomical structures of the vocal cords, e.g. in
the form of isolated pixels. To filter such pixels, we use a combination of
morphological transformations such as OPENING(n) (Dilatation after
Erosion, symmetrical structural element 3 x 3) to depth n. The result is
the elimination of unwanted artifacts in the form of isolated pixels (or
small groups of pixels) and protrusions outside the anatomical structure
of the vocal cords.

Setting the depth value n of the transformation OPENING,) depends
on the image data and is part of the algorithm heuristics. The result of
this modification by the morphological transformation is a set of pixels
(mYm) € IMV, which corresponds to the ROI™® area estimate. This set of
pixels is surrounded by a minimum rectangle ROI), which represents
an estimate of the ROI area. The minimum rectangle ROI® size is
further adjusted - extended by the given number of pixels [px] in all
directions to include the glottis even in special cases of limited vocal fold
movement, e.g. for recurrent laryngeal n. paresis diagnosis.

The resulting rectangle ROI®*t™@®d js then understood as an esti-
mation of the ROL, which delimits the anatomical structure of the vocal
cords between the anterior and posterior commissures and the
maximum range of the vocal folds with a certain degree of robustness.

ROI Thresholding DFT general DFT geometrized(8x8)
Detection method method method
CORRECT 285 69.17% 347 84.22% 368 89.32%
FAILURE 116 28.16% 32 7.77% 35 8.50%
FAILURE TIGHT 11 2.67% 33 8.01% 9 2.18%
TOTAL 412 LHSV data corpus No. 412

Table 3

The overall success rate of correct ROI detection using a combination of methods
Thresholding, DFT General, and DFT Geometrized (8x8).

Overall success methods:Thresholding, DFT general, DFT geometrized
(8x8)

Total number of recordings in LHSV data corpus No. 412 412 100.00%
at least one of the three methods is successful 398 96.60%
- of which all tested methods were successful 246 59.71%
- of which two of the three methods tested are successful 110 26.70%
- of which one of the three tested methods is successful 42 10.19%
neither method is successful 14 3.40%

DFT Geometrized method, created by resampling the IMV to the IMR,
comprises, according to relation Eq. (13), filtering of the isolated pixels
by averaging the brightness of the area ESq®. Therefore, no further
processing of the IMR is necessary before defining the baseline ROI®"
estimate. The initial set of pixels corresponding to ROI? is thus formed
in the IMR by all pixels (xg,yr) that belong to the IMR and meet the
condition of criterion Eq. (15). The ROI'" estimate then consists of
pixels (x,y) € IMV, which correspond to all pixels (xg,yg) for which ap-
plies (xg,yg) € ESq(xr,yr)-

As with the DFT General method, the ROI estimate in the form of the
minimum circumscribed rectangle of the ROIY is extended by the given
number of pixels in all directions to obtain a robust ROI estimate.

3. Results and discussion

A data set composed of 412 LHSV video sequences with the following
parameters was used to test the achieved results, see Table 1.

As can be seen from the corpus structure according to Table 1, the
corpus contains a diverse set of diagnoses and video recordings that are
the source of a variety of anatomical structures and case reports in LHSV
images. This diversity was useful for detailed testing of own ROI
detection methods regardless of diagnoses and subsequent glottis seg-
mentation methods. There are also multiple records of individual pa-
tients in the corpus, usually in the case of monitoring the progress of the
disease or treatment, e.g. before and after microsurgery. From our point
of view of testing ROI detection methods, such video recordings are
unique and independent.

Based on the analysis and testing of video recordings from LHSV data
corpus No. 412, the following parameters were set:

- N = 256,

- frample = 4000 Hz,

- Af =15.625 Hz ... see (5)

- krow = 5, frow = 78.13 Hz,

- kHIGH = 28, fHIGH =437.50 Hz ... see (10)
- Tror=0.50 ... see (12)

- n=2...see OPENING),

- (XgyE) € ESq(R) =8 x 8 [px],

- TRor = 0.50 ... see (15)

- signal normalization ... see (7), (14)

Complete results of comparison tests for LHSV data corpus No. 412
with parameters mentioned above are shown in Table 2. Used methods
for ROI detection are compared there:
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Fig. 7. Example of correct ROI estimation by all three methods.
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DFT general method DFT geometrized (8x8) method
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Thresholding method Thresholding method

(a) (b)

Fig. 8. Example of incorrect ROI estimation for all three tested methods.

D

Thresholdlng method

DFT geometrized (8x8) method

(b)

Fig. 9. Example of incorrect ROI estimation using the Thresholding method and correct detection by DFT general and DFT geometrized (8x8) methods.
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Table 4
Compared ROI detection methods for LHSV data corpus No.412.

Compared ROI detection methods (a)

Thresholding method — DFT general method

TRUE - unchanged TRUE - TRUE 255 61.89%
FALSE — unchanged FALSE — FALSE 35 8.50%
ROI improved detection FALSE — TRUE 92 22.33%
ROI worsened detection TRUE — FALSE 30 7.28%
Compared ROI detection methods (b)

Thresholding method — DFT geometrized (8x8) method

TRUE - unchanged TRUE — TRUE 265 64.32%
FALSE - unchanged FALSE — FALSE 24 5.83%
ROI improved detection FALSE — TRUE 103 25.00%
ROI worsened detection TRUE — FALSE 20 4.85%
Compared ROI detection methods (c)

DFT general method — DFT geometrized (8x8) method

TRUE - unchanged TRUE — TRUE 328 79.61%
FALSE - unchanged FALSE — FALSE 25 6.07%
ROI improved detection FALSE — TRUE 40 9.71%
ROI worsened detection TRUE — FALSE 19 4.61%

DFT general method

(@)
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Thresholding method ...
[5,17],

DFT general method ...
pixel (x,y),

DFT geometrized (8x8) method ... DFT method for (8 x 8) IMV pixels,
which after resampling belong to the elementary square ESq®™.

The evaluation is subjective and is based on the assessment of the
position and size of the ROI estimate with respect to the anatomical
structures of the vocal cords. In this sense, we label the correct position
and size of the ROI as TRUE and CORRECT, incorrect ROI estimate is
labeled as FALSE. For evaluating incorrect results we distinguish be-
tween completely wrong ROI location, labeled as FAILURE, and cases
where ROI location is correct but any part of vocal cords is not fully
included in the ROI estimate, labeled as FAILURE-TIGHT. For example,
the anterior or posterior commissure is not fully assigned to the ROIL
area, or the border of the ROI fits close to the left or right vocal fold. Such
cases may not negatively affect further glottis segmentation. For sum-
mary results, see Table 2. DFT methods improve the success of ROIL
detection compared to the original thresholding method from 69.17% to
89.32%.

Because we assume the usage of a combination of all three tested

the former method of thresholding from

method based on frequency analysis DFT in

Thresholding method

"

(b)

Fig. 10. Case report of failure of the DFT general method compared to the correct result of Thresholding method, Table 4(a). (a) Correct location of the ROI with a tight
boundary of the anatomical structure in the area of the posterior commissure by the DFT general method. (b) Correct ROI estimation by DFT geometrized (8x8) method.

j Thresholding method

"\

\r_:]’

DFT general method

(@)

Thresholding method

/4

¥

DFT geometrized (8x8) method

-

(b)

Fig. 11. Case report of ROI estimation using the DFT general method, where the ROI estimate did not improve against the Thresholding method, the result is also
marked FALSE, Table 4(a). (a) Correct location of the ROI with a tight boundary of the anatomical structure in the area of the posterior commissure estimated by the

DFT general method. (b) Correct ROI estimation by DFT geometrized (8x8) method.
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DFT general method
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Fig. 12. Example of DFT general and DFT geometrized
L (8x8) method failure, results marked FALSE,
compared to the Thresholding method, where the
result is marked TRUE. (a) Correct ROI localization
by DFT general method, a tight boundary in the ante-
rior commissure area. (b) Correct ROI localization
DFT geometrized (8x8) method, a tight boundary in the
area of the anterior commissure. (c) The resulting
glottis segmentation using ROI detected by the DFT
general method. (d) The resulting glottis segmentation
using ROI detected by the DFT geometrized (8x8)
method.

methods in the system for ROI detection in the future, an overview of
their overall success is also given, see Table 3. Out of a total of 412 tested
videos, ROI was correctly estimated by at least one of the three ROI
detection methods in 398 cases (96.60%). On the contrary, in 14 cases
(3.40%) none of the methods achieved the correct result. Out of the total
number of 398 successful ROI detections, correct ROI detection was
achieved by three tested methods simultaneously in 246 video re-
cordings (59.71%). The correct detection of ROI by two of three methods
at the same time was achieved in 110 video recordings (26.70%) and by
only one of the methods in 42 video recordings (10.19%).

Examples of ROI estimates according to Table 3 are in the following
figures: Fig. 7, Fig. 8, and Fig. 9.

If we analyze 14 cases of video recordings when none of the three
tested methods of ROI detection was successful (see Table 3), these were
mostly cases where the vocal cords did not move, the movement was
minimal, or a larger amount of fluid was moving in the image.

In the following, we focused on monitoring and analyzing changes in
ROI detection results, always for method pairs in the following sessions,
see Table 4:

(a) Thresholding method — DFT general method,
(b) Thresholding method — DFT geometrized (8x8) method,
(c) DFT general method — DFT geometrized (8x8) method.

When comparing the Thresholding method with the DFT general
method, see Table 4(a), in 92 cases (22.33 %) of LHSV video recordings,
the ROI estimate was improved (FALSE — TRUE), while in 30 cases
(7.28 %) was worsened (TRUE — FALSE). However, after a detailed

d

11

analysis of 30 cases of method failure in ROI estimate, it can be stated
that in 16 cases (53 %) it is always the correct location of RO, but due to
the lower frequency of vocal structures in the anterior and posterior
commissure area, the result was tight but not correct. Therefore, it is also
subjectively classified as incorrect (FALSE), see case report Fig. 10(a), a
marked part of the back commissure. It should be noted that by applying
the DFT geometrized (8x8) method to the mentioned 16 video recordings
with so-called tight ROI estimates by the DFT general method, we achieve
a correct ROI estimate in 12 cases, see example Fig. 10(b).

We also analyzed 35 cases where the ROI estimate was not improved
using the DFT general method (FALSE — FALSE). Also, in this case, there
are almost half of the recordings, in 17 cases (48 %), where the ROI was
correctly localized, but the ROI was tight or does not include all
anatomical structures of vocal cords, like in Fig. 11(a). By applying the
DFT geometrized (8x8) method to 17 videos with these tight ROI esti-
mates, the estimate was improved in 13 cases, see example in Fig. 11(b).

Using the same methodology, we also compared the Thresholding
method and the DFT geometrized (8x8) method, see Table 4(b). In 103
cases (25 %) of LHSV video recordings, the ROI estimate was improved
using the DFT geometrized (8x8) method (FALSE — TRUE), while in 20
cases (4.85 %) of LHSV video recordings, the ROI estimate worsened
(TRUE — FALSE). Among these 20 failures of ROI estimate, there are 5
cases (25 %) of video recordings, where the localization of ROI is cor-
rect, but again it is a so-called tight estimate, see Fig. 12(b).

There were 24 cases (5.83%) of cases where the use of the DFT
geometrized (8x8) method did not improve the ROI estimate compared to
the Thresholding method (FALSE — FALSE). 4 cases (17 %) can be clas-
sified as tight around commissures.
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What effect has the so-called tight ROI estimate on the resulting
glottis segmentation by the K-means cluster analysis method, see [3,5,18],
we can see in the examples on Fig. 12(c) and (d). It is clear that the
designation FALSE, spec. FAILURE-TIGHT is in many cases strict
because even for a tight ROI defined in this way, the resulting glottis is
determined correctly.

4. Conclusion

To diagnose the vocal cords using high-speed laryngoscopy (LHSV)
and calculate the required parameters, correct segmentation of the
glottis in each frame of the video sequence is necessary. Because the
images may contain several disturbing artifacts and anatomical struc-
tures that are not directly related to the vocal cords or glottis, it is
appropriate to define a Region of Interest (ROI). The ROI, if properly
defined, delimits the anatomical space around the left and right vocal
folds and between the anterior and posterior commissures.

In this work, we present two methods DFT general and DFT geome-
trized (8x8), which are based on frequency analysis of pixel brightness
oscillation, corresponding to anatomical structures of vocal cords. We
compare the results with the already used and published method, called
the Thresholding method. The presented methods are tested on a data
corpus of LHSV video recordings, containing 412 video sequences with
the various recording quality, with different diagnoses, and different age
groups of patients.

The individual ROI detection methods are thus tested on a diverse set
of LHSV data, which contains recordings without an obvious finding on
the vocal cords, recordings with smaller or more significant findings of
pathology up to findings that are close to the vocal cord dysfunction.
Significant pathology, when the dynamics of the vocal cords are
significantly disturbed, includes for example asymmetry, immobile
vocal cords, glottis affected by neoplasms, etc.

By comparing the results of the three methods for data from LHSV
corpus No. 412, methods constructed on the principle of frequency
analysis are more successful than the existing Thresholding method.
Specifically, the Thresholding method achieves successful ROI detection
in 69% of cases, the DFT general method in 84% of cases, and the DFT
geometrized (8x8) method in 89% of cases.

ROI estimation methods are used as one of the components of the
processing and analysis of LHSV videos. For this reason, in addition to
the standard manual ROI setting, we assume usage of all three tested ROI
estimation methods as possible “suggestions” for setting the resulting
ROL

In this case, the success rate of the combination of ROI detection
methods Thresholding, DFT general, and DFT geometrized (8x8) is 96.60%
(398 out of 412), where at least one of the ROI detection methods is
successful (subjectively assessed concerning the anatomy of the vocal
cords).

For bulk processing, the parameters of the estimated ROIs are then
part of the metadata for individual LHSV videos. When testing and
comparing methods on LHSV data corpus No. 412, all methods were
unsuccessful in 3.40% (14 of 412). In most cases, these are static vocal
cords or vocal cords with significantly limited movement, where the role
of the moving structure is taken over by another part of the anatomical
structures in the image, or movement of fluids or reflection of light.
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