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Assessment of human airway lumen opening is important in diagnosing and understanding the
mechanisms of airway dysfunctions such as the excessive airway narrowing in asthma and chronic
obstructive pulmonary disease (COPD). Although there are indirect methods to evaluate the
airway calibre, direct in vivo measurement of the airway calibre has not been commonly available.
With recent advent of the flexible fiber optical nasopharyngoscope with video recording it has
become possible to directly visualize the passages of upper and lower airways. However, quan-
titative analysis of the recorded video images has been technically challenging. Here, we describe
an automatic image processing and analysis method that allows for batch analysis of the images
recorded during the endoscopic procedure, thus facilitates image-based quantification of the
airway opening. Video images of the airway lumen of volunteer subject were acquired using a
fiber optical nasopharyngoscope, and subsequently processed using Gaussian smoothing filter,
threshold segmentation, differentiation, and Canny image edge detection, respectively. Thus the
area of the open airway lumen was identified and computed using a predetermined converter of
the image scale to true dimension of the imaged object. With this method we measured the
opening/narrowing of the glottis during tidal breathing with or without making “Hee” sound or
cough. We also used this method to measure the opening/narrowing of the primary bronchus of
either healthy or asthmatic subjects in response to histamine and/or albuterol treatment, which
also provided an indicator of the airway contractility. Our results demonstrate that the image-
based method accurately quantified the area change waveform of either the glottis or the
bronchus as observed by using the optical nasopharygoscope. Importantly, the opening/nar-
rowing of the airway lumen generally correlated with the airflow and resistance of the airways,
and could differentiate the level of airway contractility between the healthy and asthmatic
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subjects. Thus, this quantitative assessment of airway opening may provide a useful tool to assist
clinical diagnosis of airway dysfunctions and understanding the mechanisms of associated

pathophysiologies.

Keywords: Optical nasopharyngoscopy; image processing; glottal aperture; bronchus opening;

airway contractility; asthma.

1. Introduction

Bronchial airways in the lungs of a human body
constantly open and narrow due to the action of
various respiratory muscles as the person breaths.
To maintain health, it is critically important to
keep the airways’ lumen open so that air can be
transported through the conducting airways to the
alveolar sacks where oxygen exchange takes place.
However, in airway disease such as asthma, the
airways can narrow excessively when being irritated
by certain irritants such as allergen, and thus
restrict the airflow through the airways and even-
tually cause breathing difficulty.! In fact, asthma is
characterized by bronchial airways that narrow too
much and too easily in response to exposure of a
variety of contractile stimuli such as histamine.
This is often known as airway hyperresponsiveness
(AHR).? The bronchial airways in asthmatic
patients are also known to dilate more than those in
nonasthmatic subjects when exposed to bronchodi-
lator, reflecting enhanced level of tone in the air-
ways in asthma. Although the opening/narrowing
of the airways is the ultimate determinant of lung
function, it has been difficult to directly assess for
pulmonary lung function test. Instead, it is usually
measured by indirect methods such as spirometry?®
and forced oscillatory technique (FOT).?

These indirect methods often provide valuable
information regarding the overall state of opening/
narrowing of all airways, but not the precise calibre
of a given individual airway. These methods have
other limitations as well. For example, spirometry,
the current standard test for pulmonary airflow,
requires active cooperation of the subject, which can
be a difficult, impractical or even unfeasible task
among certain group of patients such as young
children, elderly, paralyzed and unconscious indi-
viduals. For these patients, FOT has become the
choice of method to assess lung function.”~" But the
measurement of FOT, i.e., the respiratory impe-
dance could be affected by the motion of non-
respiratory structures such as glottis.®” During quiet

breathing, the aperture of the laryngeal glottis
widens on inspiration and narrows on expiration.
During episodic swallowing and speaking, the glottis
may also narrow or close abruptly.'!! Thus the
portion of impedance due to glottis aperture is esti-
mated to range from 20—45% of the total impedance
measured by FOT. This represents a significant level
of uncertainty associated with the method.”'?'3

To overcome the abovementioned limitations,
direct and quantitative evaluation of the airway
opening /narrowing is desired. With recent advance
in flexible optical fiber nasopharyngoscope it has
become possible to directly visualize the airway
lumen and thus observe the in vivo opening/nar-
rowing of the airways.!? Nevertheless, it has been
technically challenging to obtain quantitative as-
sessment of the dynamic process of airway opening/
narrowing due to lack of appropriate approach to
quantitatively analyze the video images recorded by
the nasopharyngoscope. Here, we describe an auto-
matic image processing method that allows for batch
analysis of the images recorded during the endoscopic
procedure, thus facilitates image-based quantifi-
cation of the airway opening. We used this method to
measure the area changes of both glottis aperture
and bronchus lumen for either healthy or asthmatic
subjects during different breathing conditions and
bronchial treatments. The results demonstrate that
the image-based method could not only accurately
measure the area of individual airway’s open lumen,
but also detect abrupt changes of the glottis aperture
during respiratory manoeuvre such as coughing and
sound-making, or bronchus opening/narrowing in
response to bronchoconstrictor/dilator exposure.
Importantly, such quantitative assessment could
differentiate the opening/narrowing behaviors of the
bronchial airways between healthy and asthmatic
subjects. These suggest that this image-based
method for quantification of airway opening may
provide a useful tool to assist clinical diagnosis of
airway dysfunction and understanding the mechan-
isms of associated pathologies.
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2. Methods and Materials
2.1. Volunteer test subjects

Twenty volunteers including both male and female
individuals were recruited as human test subjects in
this study. Among them, 10 were healthy individ-
uals, and 10 were clinically diagnosed with moder-
ate asthma, respectively. The age of these
volunteers ranged between 16 and 70 years. In ad-
dition, none of them had history of smoking, or
associated with recent respiratory tract infection.
The demographics of the volunteer subjects are
presented in Table 1. All protocols used in this
study including proper informed consent of subject
had been approved by the Institutional Review
Board of Human Test Ethics of Chongging Uni-
versity of Medical Sciences, China. All procedures of
nasopharyngoscopy for the purpose of this study
were performed by the same physician in the ENT
department of the out-patient clinic of No. 1 Hos-
pital of Chongqging, China.

Table 1. Demographics of the volunteer test subjects.

Group Healthy Asthmatic
Gender (Male/Female) 6/4 4/6

Age (yr) 34.34 £ 12.81 35.52 £ 13.86
Height (cm) 163.71 + 7.98  155.86 + 6.27
Weight (kg) 61.62 £ 8.52 64.52 4+ 18.27

Bronchoscope

Trachea

Left primary
bronchus

2.2. Visualization of the airway
opening/narrowing
by nasopharyngoscopy

In order to observe the airway opening/narrowing,
a mnasopharyngoscope (Olympus Exera CLV-180,
Tokyo, Japan) was used to visualize the cross sec-
tion of selected part of the airway such as the glottis
or bronchus as shown in Fig. 1. The tip of the scope
was fitted with a charge coupled device (CCD)
camera working in red-green-blue (RGB) color
system. The CCD camera continuously takes ima-
ges inside the airways and then sends the digital
signals of the image to be both displayed in real time
on the monitor and stored in the memory device of a
computer.

2.3. Calibration of the
nasopharyngoscopic scale

Prior to in wivo measurement, the nasopharyngo-
scope was calibrated to determine the true dimen-
sion of the image taken by the CCD camera fitted
on the tip of the scope. The calibration was carried
out as follows. First, a metric ruler was placed on
the top of a table. Then, the CCD camera at the tip
of the nasopharyngoscope was placed vertically
above the ruler and took image of the ruler at a
given height. Subsequently, the CCD camera took
images of the ruler at several different heights above
the ruler. For each height (distance between the

Monitor

Fig. 1. Tllustration of the method to visualize the airway opening/narrowing by flexible fiber optical nasopharyngoscopy. A flexible
fiber optical nasopharyngoscope is shown in the lower right panel. The tip of the optical fiber, fitted with a CCD camera was inserted
into the airway passage of the test subject through the nasal cavity, and carefully placed near the location of the airway as shown in
the left panel. Subsequently, the cross section of the airway lumen was imaged by the CCD camera on the tip of the scope, and the
digital image was viewed in real time on the monitor as shown in the upper right panel, as well as stored in the memory device of a

computer (not shown).

1350013-3



J. Innov. Opt. Health Sci. 2013.06. Downloaded from www.worldscientific.com
by 103.240.126.9 on 10/21/18. Re-use and distribution is strictly not permitted, except for Open Access articles.

L. Deng

CCD camera and the ruler, d) at which the ruler
was imaged, the number of pixels in the image
corresponding to the length of 1 cm on the ruler was
counted. Thus, a relationship between d, the dis-
tance between the CCD camera and the ruler, and
the number of pixels equivalent to 1 cm length was
established.

With this relationship, an object of unknown size
can be measured for its dimension by imaging the
object with the CCD camera at a given distance, d,
from the object and then converting the pixels of
the object’s image to dimension in length unit (cm).
During nasopharyngoscopy, however, the actual
distance between the CCD on the scope tip and the
airway cross section could not be determined
directly. To solve this problem, the scope tip was
inserted into the airway passage at different depths
and thus took images of the same airway cross
section at two or more different distances and the
relative distances between images taken were
recorded. Using the relative distances, the true
dimension of the imaged airway cross section could
be obtained by solving the two-variable function of
the above-mentioned relationship between d and
the number of pixels.

2.4. Experimental protocols

Before the procedure of nasopharyngoscopy, the
subject was given a thorough explanation of what
was to be done, the indications for the procedure,
and any alternatives, if they existed.!®'> The sub-
ject was then placed in a medical examination chair
in slightly reclined sitting position for comfort. In
order to prevent irritation and discomfort caused by
the insertion of the nasopharyngoscope into the
airway passage, the subject was given a puff of
topical anesthetic (xylocaine spray 10%) to the
nostrils. Additional topical nasal decongestant,
Otrivin (Novartis Inc., Hong Kong, China) might
also be administered to the nostril if the nasal pas-
sage of the subject was congested. Once the effect of
anesthesia was confirmed, the scope was carefully
inserted through the airway passage, while being
kept away from the airway wall, until the target
location of the airway was in view.

The scope was kept steady in the position and
observed the airway lumen until the breathing
pattern had stabilized and the respiratory move-
ments of the airway appeared to be reproducible.
Subsequently, the images of the airway taken by the

CCD camera were continuously recorded and stored
on computer. In this study, two protocols were
employed. The first protocol was carried out to
examine the glottis opening/narrowing during
either normal breathing or normal breathing with a
single cough and 5s “Hee” sound. During the pro-
cedure of nasopharyngoscopy, the scope was inser-
ted near and focused on the glottis, and then
continuously recorded images of the glottis for 1 min
while the subject breathed normally, followed by
another 1 min during which the subject was asked
to either perform 5s of “Hee” sound or act a single
cough at the given time points.

The second protocol was carried out to examine
the opening/narrowing of the bronchus either
during normal breathing or in response to stimu-
lation for bronchial constriction and dilation.
During this experiment, the scope was inserted near
and focused on the opening of the left primary
bronchus, and then continuously recorded images
of the bronchus for one minute during normal
breathing. Subsequently, the subject was asked to
breath tidally through the nebulizer mouthpiece
with which normal saline was administered for 30s.
After another 30s, the subject breathed in neb-
ulized histamine solutions for 30s with successively
increasing concentration from 0.3 to 8 mg/ml, at
90s intervals. After another 30min, nebulized
albuterol at 2.5mg/ml was delivered through the
nebulizer mouthpiece to the subject for 30s while
the bronchus was imaged and recorded continu-
ously for another 30 min.

2.5. Image processing and analysis

The original RGB images recorded were batch pro-
cessed to convert them into grayscale format. Then,
each of the grayscale images was further processed by
using a custom developed image processing method
that combined several techniques including Gaussian
smoothing filter, threshold segmentation, differen-
tiation, and Canny image edge detection. This
method allowed fast and effective detection of the
moving edge of the airway lumen, a task not possible
to accomplish by conventional image-based edge
detection method.'°~!® The algorithm software was
developed on Matlab® computing platform (The
MathWorks Inc., Nortic, MA, USA) and executed by
a computer with an Intel Pentium 4 processor at
2.8 GHz. The key components of the algorithm were
further described in the following.
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Image smoothing is a technique that averages the
image data points with their neighbors in the image.
The primary reason for smoothing is to increase the
signal to noise ratio, therefore smoothing is often
referred as filtering because it has the effect of
suppressing high frequency signal and enhancing
low frequency signal. In particular for this study,
the Gaussian smoothing filter was employed to
smooth the images. The Gaussian filter was a linear
convolution filter based on a filter kernel that was
convoluted with an image. The Gaussian width was
specified either with qualifier sigma or as a default
value of 1.5 pixels. The filter kernel itself was con-
sidered and viewed as either a curve in one dimen-
sion (1D) or an image in two dimensions (2D).

For 1D and 2D image, the mathematic formula
of the Gaussian filter was derived as follows,
respectively.

—i2

KlD = em7 (1)

Kyp = eﬁeﬁ, (2)
where SDz and SDy are the standard deviations for
the z- and y-direction, respectively.

Once being smoothed, the image was processed
by the fixed threshold segmentation technique. This
technique used fixed threshold to divide pixels
within the image into two areas. Those pixels whose
intensity values were greater than the threshold
were kept unchanged, but those whose intensity
values were less than the threshold were reset so
that their intensity values all became zero.
Depending on the brightness of the recorded image,
a threshold of 20 to 30 could separate the pixels in
the area of the airway lumen that often appeared
almost pitch black from those outside the lumen.
After the segmentation, the area of airway lumen
was turned into a uniformly black area. Sub-
sequently, the image was mathematically differ-
entiated along each row of the pixels to determine
the points at which the pixels exhibited greatest
change in intensity, and usually represented the
boundary of the airway lumen.

In order to identify a continuous and clearly-cut
edge of the open airway lumen, the image was fur-
ther analyzed by the Canny edge detection.'®
Canny edge detection applied both a low and a high
threshold to the intensity gradient of pixels in the
image. If the intensity gradient of a pixel was above
the high threshold, there was a clear edge at that
point and the pixel was therefore described as an

edge pixel. Otherwise, if the intensity gradient of
the pixel was below the low threshold, there
appeared no clear edge around this point and thus
the pixel was described as a nonedge pixel. The pixel
with intensity gradient in between could be an
edge pixel if it was connected to a definite edge
pixel either directly or via other pixel whose inten-
sity gradient was between the low and high
thresholds.'®!'? These edge pixels finally identified
the area of the open airway lumen.

2.6. Statistical analysis

All values were expressed as meantstandard devi-
ation (SD). Statistic analysis for multiple compari-
sons were performed with one-way analysis of
variance (ANOVA) followed by Tukey test using
SigmaPlot 12.0 (SysStat Software, San Jose, CA).
A level of p < 0.05 was accepted as statistically
significant.

3. Results

Figure 2 shows that calibration of the nasophar-
yngoscope resulted in a nonlinear relationship
between Y and d, where Y was the conversion fac-
tor, or number of pixels in the image corresponding

1000 ™ Expected D=23.81,
Measured D=23.61+0.56,

Unit: mm, mean+SD, n=10.

100

10

Y (pixels/em)

Y=2537d",
R?=0.9956

1 10 100 1000
d (mm)

Fig. 2. The relationship between the conversion factor (Y)
and the distance (d) of the CCD camera on the scope tip from
the object to be imaged. The conversion factor Y was defined as
the ratio of the image size or number of pixels to its actual
metric size of an object that was imaged. The image size varied
depending on the distance from which the object was imaged as
demonstrated by the images in the lower insert. In the case of
the nasopharyngoscope used in this study, Y decreased with
increasing d as a power-law function, represented by the solid
line that closely fitted the measurement data.
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to 1 cm length of the object, and d was the distance
between the CCD camera on the scope tip and the
object imaged. In this case, the object was the metric
scale on a ruler. This relationship could be closely
fitted by a power-law function, Y = 2537 d !, shown
as solid line in Fig. 2 (R? = 0.9956). The accuracy of
this calibration function was verified by imaging a
coin of which the diameter was known (D =
24.02mm). The coin was imaged by the nasophar-
yngoscope while the tip of the scope was held at
different distances from the coin. From each image of
the coin, the diameter of the coin was calculated by
the number of pixels corresponding to the centerline
of the imaged coin and the conversion factor for the
distance (d). The mean diameter of the coin as
measured by this image-based method turned out to
be 23.68 mm, which was within an accuracy of
98.59%.

Figure 3 demonstrates an example of using the
image-based method to visualize and quantify the
area of glottis opening for one subject. Figures 3(a)
to 3(d) display the grayscale image that was con-
verted from the original RGB image of the subject’s
glottis captured by the scope’s CCD camera, and
the images resulted from Gaussian smooth filtering,
segmentation, and Canny edge detection of the
grayscale image, respectively. The white line
superimposed on the glottis image in Fig. 3(d)
indicated the borderline of the glottis opening and
the area within this borderline was computed as the
area of glottis opening (A, cm?).

By analyzing the images captured continuously
by the scope in time sequence, the opening/nar-
rowing of the glottis could be quantitatively
measured and tracked with time. Therefore, the
image-based method was not only able to produce
highly accurate measurement of the opening area of
the airway structure, but also closely follow the
opening and narrowing of the airway structure such
as the glottis aperture. Indeed, the results of time
sequential analysis revealed that the area of the
glottis opening fluctuated with time even during
quiet breathing as shown in Fig. 3(e). The respir-
atory resistance measured simultaneously by forced
oscillatory technique also exhibited periodic fluctu-
ation in similar pattern during quiet breathing.
However, the time course of the measured glottis
opening area clearly shows that the aperture of the
laryngeal glottis opened on inspiration and nar-
rowed on expiration (Figs. 3(e) versus 3(f)). The
widening generally commenced before the onset of

o

(cm-H20/l/s)
L8]

o

(f)

Fig. 3. Area of glottis opening and its fluctuation with time as
measured by the image-based method. (a) Grayscale image of the
glottis, which was obtained by converting the original RDB
image captured by the CCD camera of the nasopharyngoscope.
(b)—(d) Images resulted from Gaussian smooth filtering, pixel
segmentation, and Canny edge detection, respectively, of the
grayscale image of the glottis. These image processing algorithms
together identified the edge of the glottis aperture (outlined by
the white line in (d)), from which the area of glottis opening (4,)
was computed. (e),(f) The time course of fluctuation of glottis
opening (A,), and the respiratory resistance (R,), respectively.

inspiration, whereas the narrowing preceded the
onset of expiration, respectively.

The upper panel of Fig. 4 shows representative
images of the glottis during normal breathing,
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Fig. 4. Opening and narrowing of the glottis aperture with
different breathing maneuvers. Upper panel from left to right:
representative image of the glottis during either normal
breathing, “Hee”-sound making, or coughing, respectively. The
edge of the opening glottis aperture was marked by the white
line. Lower panel: Time course of the area of glottis opening
quantified by the image-based method during the same
breathing maneuvers.

“Hee”-sound making, or coughing, respectively.
The left image shows that the glottis aperture
remained fairly open during normal breathing.
When the subject was asked to make a “Hee” sound
for about 5s or to act a single cough, the glottis
aperture immediately narrowed, and then quickly
re-opened to the state as in normal breathing.
During the period of making “Hee” sound, the
subject’s glottis kept almost completely closed up
(the middle image). The single cough, however,
induced more than half way down narrowing, but
not complete closure of the glottis (the right image).
Accordingly, the lower panel of Fig. 4 shows the
change wave of the area of glottis opening (A,) of
the subject, as quantitatively assessed by the image
processing method. It can be seen that A, fluctuated
to a certain extent during normal breathing. The

(a)

crest and the trough of the wave corresponded to
the inspiration and expiration, respectively. When
the subject made a ‘Hee’ sound, the area of glottis
opening (A,) was reduced to almost zero, reflecting
a state of nearly complete closure of the glottis for
a few seconds. In contrast, when the subject made a
single cough, the glottis area, A, was reduced to a
large extent but not near zero, reflecting a great
deal of narrowing but no closure of the glottis due to
cough. In addition, the narrowing of the glottis due
to cough lasted only momentarily and then the
glottis quickly reopened to the level of opening
during normal breathing, which corresponded to the
transient nature of the single cough.

Similarly as described above, the cross section of
the left primary bronchus was also imaged by the
flexible fiber optical nasopharyngoscope, and the
area of the bronchus open lumen was thus quanti-
tatively assessed using the image processing
method. From left to right, Fig. 5 displays repre-
sentative images of the bronchus of a test subject
during normal tidal breathing, 5 min post histamine
challenge, and 5min post albuterol treatment fol-
lowing histamine challenge, respectively. During
normal tidal breathing, the cross sectional area of
the bronchus lumen appeared to fluctuate in similar
manner as that of the glottis aperture, but on
average the airway lumen remained fairly open over
time (Fig. 5(a)). In response to challenge of inhaled
nebulized histamine, the bronchus began to narrow
down. After about 5min from inhaling histamine
the narrowing reached maximum and the area of
the bronchus lumen stabilized at a reduced level as
compared to that prior to histamine challenge
(Fig. 5(b)). In addition to the narrowing of the
bronchus lumen, the fluctuation of the cross-sec-
tional area of the bronchus was also reduced after

()

Fig. 5. Representative images of the primary bronchus with the area of bronchus opening assessed by the image-based method.
The bronchus was imaged by the flexible fiber optical nasopharyngoscope, and the area of the bronchus opening was identified
(outlined by the while line) and computed by the image processing and analysis algorithm. (a)—(c) displays the area of bronchus
opening during normal tidal breathing, 5 min after the last dose of histamine challenge, and 5 min after albuterol treatment (2.5 mg/
ml) following 30 min waiting time at the end of the last dose histamine challenge, respectively.
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the histamine challenge (data not shown). Sub-
sequent to the histamine challenge, inhalation of
nebulized albuterol caused the bronchus to reopen
up and completely recover from the contracted state
induced by histamine challenge (Fig. 5(c)).

Figure 6 shows the dose response of the bronchus
opening to challenge of histamine in increasing
concentration for either the normal or asthmatic
subjects. As the subject inhaled nebulized hista-
mine, the subject’s bronchus generally narrowed,
but the extent of narrowing depended on the con-
centration of histamine solution. For the normal
subjects, the area of the left primary bronchus was
0.53 +0.18 cm® (mean + SD, n = 10). When chal-
lenged by histamine at concentration below 1mg/
ml, the bronchus appeared to narrow only slightly,
but not significantly from that treated with saline
solution (Control). As the histamine concentration
increased to 3mg/ml, the bronchus narrowed sig-
nificantly as compared to Control. The narrowing
was further enhanced as the histamine concen-
tration increased to 6 mg/ml, and then stabilized as
the histamine concentration increased from 6mg/
ml to 8 mg/ml (gray line in Fig. 6). For the asth-
matic subjects as compared to the normal subjects,
the calibre of the bronchus appeared to be smaller

0.7 r
o - Normal
g 0.6
~ ’ ll I -8— Asthmatic
(@)
[
‘= 05
[¢B)
Q.
o
»n 04
>
=
e
S 0.3
o)
B o02f
(58]
o
< 01r

0- 10031 3 6 8

Histamine (mg/ml)

Fig. 6. Area of bronchus opening before and after histamine
challenge. The bronchus opening was quantitatively assessed
by the image-based method during tidal breathing while
inhaling either saline solution without histamine (0 mg/ml), or
with histamine at consecutively increasing concentration from
0.3mg/ml to 8 mg/ml, respectively. The results are given as
mean + SD. * # indicates p < 0.05 and 0.01, respectively for
comparison between normal and asthmatic groups at each dose,
n = 10.

even in the absence of histamine challenge (0.48 +
0.24 versus 0.53 +0.18 cmz, p < 0.05, n =10). As
challenged by histamine with increasing concen-
tration from 0.3 mg/ml to 8 mg/ml, the bronchus of
the asthmatic subjects narrowed down consistently
(black line in Fig. 6). More importantly, in the
asthmatic group, not only the bronchus calibre was
significantly smaller than that of the normal sub-
jects, but also the extent of bronchus narrowing was
greater at every dose of histamine challenge. Even
at the low dose of histamine concentration below
1mg/ml, the bronchus of the asthmatic group
already exhibited significant narrowing from that
prior to histamine challenge, indicating both greater
responsiveness and sensitivity of the asthmatic air-
ways to the challenge of histamine.

This greater responsiveness and sensitivity to
histamine challenge can be demonstrated alter-
natively by the percentage (%) of change in area of
bronchus opening as shown in Fig. 7. This was
defined as ((Ag — A;)/Ay)*100, where A, A; are the
areas of bronchus opening prior to histamine chal-
lenge and after histamine challenge at a given dose,
respectively. In this way, the relative amount of
bronchus narrowing after histamine challenge can
be equally compared between the normal and
asthmatic groups. It can be seen from Fig. 7 that
both the normal and asthmatic groups exhibited
increasing amount of airway narrowing in response
to increasing concentration of histamine. However,
the curve of % change of bronchus opening versus
histamine concentration for the asthmatic group

70

5o -@- Asthmatic
‘= 60 - -®- Normal
2.
< 50
@
S 40
=]
5 30
[
=
g 20
=
‘S 10
=
0 -

Histamine (mg/ml)

Fig. 7. Percentage of change in area of bronchus opening in
response to histamine challenge for the normal and asthmatic
groups.
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has clearly shifted both upward and leftward from
that for the normal group. Such shift in the parallel
comparison unequivocally demonstrates the greater
responsiveness and sensitivity to histamine chal-
lenge in the asthmatic subjects.

Subsequent to the histamine challenge, inhala-
tion of nebulized albuterol (2.5mg/ml) led to
relaxation and thus reopening of the bronchus in
both the normal and asthmatic groups. The
bronchus relaxation reached maximum when the
subject inhaled nebulized albuterol at 2.5 mg/ml for
30s and the bronchus opening was assessed at 5 min
post albuterol inhalation. Figure 8 displays the
results of the area of bronchus opening during either
tidal breathing, maximally contracted (5 min post-
inhalation of histamine at 8 mg/ml), maximally
relaxed (5min post-inhalation of albuterol at
2.5 mg/ml for 30s), respectively. It can be seen that
for both the normal and asthmatic groups the area
of bronchus opening recovered from the maximally
contracted level after 5min of inhaling 2.5m/ml
albuterol for 30s. In some cases, particularly in the
asthmatic group, albuterol treatment resulted in
greater area of the bronchus opening as compared to
that during tidal breathing. Considering that the
bronchus of the asthmatic group responded to his-
tamine challenge with greater narrowing, it would
be meaningful to compare the contractile scope of

Contractile scope

08 r Normal

B Asthmatic

06

04

02

Area of bronchus opening (cm?)

Tidal breath

Histamine Albuterol

Fig. 8. Comparison of the areas of bronchus opening for either
normal or asthmatic subjects in the absence or presence of
histamine/albuterol challenge. The results for the normal,
asthmatic subjects are presented as gray, black bars, and as
mean+SD, respectively. Histamine and Albuterol represent the
opening areas of the bronchus that was either maximally con-
tracted (5min post inhalation of histamine at 8 mg/ml) or
maximally relaxed (5min post inhalation of albuterol at
2.5 mg/ml for 30s). Contractile scope indicates the difference of
bronchus opening between the maximally relaxed (Albuterol)
and maximally contracted (Histamine) conditions as percen-
tage of the area of bronchus opening during tidal breathing.

the bronchus between the normal and asthmatic
groups as shown in the middle of Fig. 8. The con-
tractile scope was defined as the difference in the area
of bronchus opening between the maximally relaxed
and the maximally contracted states as relative
to that during tidal breathing, which reflected the
total contractility of the bronchus. Apparently, the
bronchus of the asthmatic group exhibited a greater
contractile scope as compared to the normal group
(72.9% versus 43.4%, respectively).

4. Discussion

The primary goal of this study was to develop an
image-based method that could quantitatively
assess the opening/narrowing of the pulmonary
airways by using flexible fiber optical nasophar-
yngoscopy. In order to do so, we took advantage of
various image processing techniques and integrated
them into the method as described in this report.
This method was capable of analyzing large amount
of image data in batch, thus quickly identifying and
computing the area of the airway lumen cross sec-
tion. We used this method to evaluate the opening/
narrowing of glottis aperture of normal subjects
during different maneuver of breathing, as well as
that of the primary bronchus of both the normal
and asthmatic subjects in the absence or presence of
bronchial challenge. We demonstrated that this
method could generate highly reproducible and
accurate measurement of the time-varying opening
area of the airway structure such as the glottis
aperture and the bronchus.

For the glottis aperture, its opening area fluctu-
ated with time even during normal quiet tidal
breathing. When the subject exercised active res-
piratory maneuver such as making “Hee” sound or
cough, the glottis aperture abruptly narrowed or
even nearly closed. The image-based method not
only captured the quick narrowing and opening of
the glottis but also accurately quantified the change
in the area of the glottis opening. The change wave
of the quantified area of glottis opening corre-
sponded well to the glottis fluctuation as observed
in the video sequence. For the bronchus, the image-
based method also demonstrated a strong capability
of identifying and quantifying the area of the
bronchus opening. Thus, the fluctuation of the
bronchus calibre during normal tidal breathing, and
the narrowing or opening of the bronchus in
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response to stimulation of either contraction or
relaxation was directly and quantitatively assessed.
Furthermore, the quantitative assessment of the
bronchus opening/narrowing was able to clearly
differentiate the bronchus behaviors between the
normal subjects and the asthmatic patients.

To our knowledge, there have been few attempts
to establish method for quantitative assessment of
the video recorded images captured by nasophar-
yngoscope, especially as a tool to quantitatively
assess the respiratory function. In the early 1961,
Rattenborg examined the respiratory movement
using indirect techniques.?’ Later, Jackson et al.
observed the movement of glottal aperture during
panting.”! England et al.'' measured glottic width
during quiet breathing. Although these studies
attempted to assess the opening of airway structure
such as glottal aperture and its influence on pul-
monary airflow, they were neither direct nor quan-
titative. And the indirect and qualitative techniques
could hardly be able to obtain accurate measure-
ment of the dimensions of the airway structure, and
follow the dynamic process of the airway opening/
narrowing.

With the image-based method reported here, the
accuracy of measurement of the airway opening
depended largely on the determination of the dis-
tance between the tip of the scope and the airway
structure to be imaged. The well-known error
sources included the resolution of the tool to
measure distance and reliability of the operator who
took the measurement. These errors could be either
controlled or well estimated. However, there could
be other error sources that were not well under-
stood, and therefore hard to manage or evaluate.
One particular factor to be considered was the angle
between the scope and the imaged target such as
the glottis.!” For example, when imaging the glottis,
the scope tip was assumed to be held in right angle
(90°) or vertical to the cross sectional plane of the
glottis, but a small tilt was almost impossible to
notice and avoid. It was estimated that the tilt
angle between a rigid endoscope and the larynx was
less than 10°.>2 The accuracy of such estimate,
however, could be questioned because the angle was
difficult to directly visualize. Nevertheless, there
have been efforts to correct the tilt effect on the
image measurement by using numerical method and
correction algorithms.??~2° Each of these correc-
tions was developed only for a specific type and
design of the scope in use, and not universally

applicable. Further solution for the tilt effect would
depend on new design of the scope, allowing easy
and precise determination of the distance between
the scope tip and the imaged airway structure.
Therefore, we only assumed in this study that the
scope tip was held in 90° vertically to the imaged
airway cross section, and thus did not correct the
images for the tilt effect. This would no doubt
contribute to limit accuracy of our measurements.
Despite the limitations, the results of our
measurements turned out to be consistent with
those reported in the literature, suggesting that the
accuracy of the presented method was acceptable.
For example, the average area of the glottis aper-
ture as measured by our image-based method with
10 healthy human subjects was 0.98cm® This
estimation was in good agreement with that from
computational calculation by Rigau et al.'® In ad-
dition, the change wave of the quantified area of
glottis aperture opening as obtained by our image-
based assessment clearly revealed that the glottis
aperture opened on inspiration and narrowed on
expiration during quiet breathing, which was in
agreement with previous visual observations repor-
ted by Baier et al.?’’ and Brancatisano et al.’” It
should be noted that while the measurement was
highly reproducible for a given individual, the
variations between individual subjects were con-
siderably large (~30%). These large variations
could be in part due to the small sample size (n =
10) used in this study, or the inherent difference in
the airway anatomies between the individuals.
When the bronchus was assessed by the image-
based method, the results not only show the nar-
rowing and reopening of the bronchus in response to
contractile, and relaxant agonist, in this case his-
tamine, and albuterol, respectively, but also clearly
differentiated the airway behaviors between the
normal and the asthmatic subjects. The dose and
time dependence of the bronchus opening on hista-
mine challenge was generally consistent with other
reports from both in vivo and in vitro studies. More
importantly, this image-based method directly
demonstrated that the bronchus of the asthmatic
subjects narrowed more easily and profoundly when
challenged by histamine as compared to their nor-
mal counterparts. This feature of airway behavior
for the asthmatics is widely known as bronchial
airway hyperresponsiveness (AHR), and is one of
the hallmarks associated with asthma. The re-
lationship between AHR and the airway narrowing
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is often inferred, based on the model of respiratory
mechanics, by the measured change of airway re-
sistance in response to stimulation of contraction.
Evaluation of AHR by in vivo measurement of the
area change of the airway lumen, on the other hand,
would provide first-hand information regarding the
structure and function of the bronchial airways.

Furthermore, it was noted that in response to
histamine challenge, not only the bronchus nar-
rowed more but the variability, i.e., the standard
deviation of the measured area of bronchus opening
also increased as the histamine dose increased for
the normal subjects. For the asthmatic subjects, the
variability of the bronchus opening was greater
than that for the normal subjects even in the
absence of histamine challenge. But the level of
variability in the asthmatics did not seem to be
influenced by the increasing dose of histamine
challenge. This observation of greater variability of
airway opening for the asthmatic subjects was
consistent with that reported by Que et al.,?® and is
thought to be a characteristic feature of asthma.
For the normal subjects, the increased variability of
bronchus opening with increasing dose of histamine
implied that the challenged normal bronchus might
alter its behavior to be more like asthmatic.
Another feature associated with asthma is the
greater contractility also known as airway tone, i.e.,
the asthmatic airways, as compared to the normal
ones, can be dilated (opened) to a greater extent in
response to relaxant agonist such as albuterol.?”
This feature was also captured by the quantitative
assessment of the bronchus opening using the
image-based method, as indicated by the different
contractile scopes between the normal and the
asthmatic subjects. The existence of great con-
tractility or tone in the airway wall of asthmatic
airways has been attributed to contribute in the
stiffening and remodeling of the airway tissues such
as airway smooth muscle,”® which may play an
important role in worsening and exacerbation of
asthma. Thus, the airway contractility or tone, as
quantitatively assessed in this study, could be a
useful indicator for monitoring the procession and
severity of asthma.

5. Conclusion

In conclusion, the image-based method presented
in this report integrated processing and analysis
algorithms to identify and quantitatively assess the

airway opening/narrowing. Using this method, not
only the area of airway opening and its fluctuation
could be accurately measured during normal quiet
tidal breathing, but also the quick and transient
events of airway opening/narrowing could be
monitored and quantitatively evaluated. The
results from tests on either the glottis aperture
or the bronchus provided a proof of concept for
this method to automatically and quantitatively
characterize the structure and functional behavior
of the airways as imaged by the nasopharyngoscope.
If further validated, this method would provide a
valuable assistance tool to liberate clinicians from
laborious manual examination of the images, and
thus help diagnosis and treatment of airway dis-
eases such as vocal cord dysfunction, and asthma.
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