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l. Introduction

1 Motivation from asthma

Typical non—communicable disease, asthma is a chronic respiratory
problem that causes wheezing, chest tightness, and shortness of breath.
(Steen et al. 1994; Moffatt et al. 2010) Globally 235 million people
suffer from asthma currently. (WHO, November 2013) It occurs in both
developed and developing countries, but most of the deaths are related
to low— and lower—middle income countries. However, allergic
diseases such as asthma have increased in the westernized countries
than underdeveloped countries in recent decades. (Beasley et al. 1998)
The prevalence is more common to westernized societies. Poor of
developed countries and rich of developing countries have high
prevalence rate.(Wills—Karp, Santeliz, and Karp 2001) This is closely
related to lifestyle, such as the accessibility of the medical or exposure
to antigen asthma. (Akbari, DeKruyff, and Umetsu 2001) This
phenomenon is speculated due to change environment by a result of
modernization. (Etzel 2003) It can be expected to continually increase
to allergic diseases and asthma forward. The prevalence has increased
to childhood asthma and allergic diseases in westernized Korea.(Ahn et
al. 2011) Figure I .1 shows the annual fatality rate and prevalence of

asthma. Figure 1.2 shows asthma world mortality rates.

Asthma

2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014

QO = Mm wWw s v O

m fatality rate (1/10000) m prevalence (%)

Figure 1.1 Annual prevalence and fatality rate of asthma.
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Figure 1.2 Asthma mortality rate and country income group for all ages 2001-2010.
(Source:The global asthma report 2014)
Genetic studies of asthma have also been actively underway after the

Human Genome Project, not along genetic but environmental factors
influenced the etiology of asthma.(Zhang, Paré, and Sandford 2008)

Acquired genetic effects which were interacted with the environment
is regarded more stronger than innate genetic effects.(Miller and Ho
2008) There is a need to study the physical changes or influence due
changed environment factors. Many researchers have been studying
images related to asthma from CT and MRI. (Gupta et al. 2010; Aysola
et al. 2010; Thomas et al. 2009) However etiology and mechanism is

uncertainty, thus there is a limit of the therapy and diagnosis.

This study proposes a method using CT and OCT imaging analysis
with airway remodeling under methacholine provocation in rabbit model
which is different from the heat treatment study that uses OCT to take
airway images. (Lam et al. 2013; Coxson et al. 2008) Methacholine has
already been used in the diagnosis of asthma that may lead to artificial

alrway remodeling.



2 Optical coherence tomography (OCT)

Optical coherence tomography (OCT) was developed by the
Fujimoto Group of MIT in 1991. (Huang et al. 1991) Initially been
produced based on the Michelson interferometer, it could make a 2D
image. This is a non—invasive way to view the human body without
cutting the human body, or stain process similar to the X—ray. (Schmitt
1999) Early in the OCT it had taken a lot of time to create an image as
an initial X—ray film processing to take a long time. The image
processing speed was significantly raised after the OCT in the
frequency domain was developed. The medical community has an
interest in this technology because the technology enables video output
in real time. (Chinn, Swanson, and Fujimoto 1997; de Boer et al. 2003;
Leitgeb, Hitzenberger, and Fercher 2003; Golubovic et al. 1997) OCT
1s safety compared to traditional equipment, such as X—ray or MRI.
(Fujimoto et al. 1995) OCT has been developing the field of diagnostic
techniques. It’ s cheap technology compared to the other techniques.
(Puliafito et al. 1995; Fercher et al. 2003)

OCT has a limitation that can penetrate the depth direction according
to the subject by the properties of visible light. OCT is being developed
such as skin, respiratory diseases and endoscopic system using an
optical fiber.(G J Tearney et al. 1997; GAMBICHLER et al. 2005;
Guillermo J Tearney et al. 1997; Jung et al. 2007; Pitris et al. 1998;
Williamson et al. 2011; Welzel et al. 1997)

This study was effectuated to develop airway remodeling under
methacholine provocation as mentioned above to targeting the New
Zealand rabbit model to determine the potential for the diagnosis of
asthma using OCT technology. At the same time experimenter was
evaluated the size of alveoli and the overall image of pulmonary in each
inspiration and expiration state by applied the method of the ventilator
breath—hold.



Il. Materials

1 Principle of spectral-domain optical coherence tomography
(SDOCT)

SD—OCT used in this study was used 2x2 coupler based
Michelson interferometer, that consists of the sample, reference,
light source, detector arm focusing on the coupler. The light source
generated a low—coherence light and divided into fifty—fifty
through coupler. The divided light went to sample and reference
arm. The light was reflected by a perfect reflective mirror in
Reference arm. And B—mode scan generated the same distance in
sample arm by a 2—axis galvanometer. Figure II.1 shows The

schematic diagram of OCT.

Reference Arm

Light Source
850nm -

/
Galvonometer
l mirror
Pris || Camera |—{

Spectrometer D
A
\ Detector Arm \ /I

Figure 11.1 The schematic of OCT. It based on Michelson interferometer. DAQ data
acquisition.

S

Both arms had same Lens to reduce dispersion mismatch. The

reflected lights at sample and the mirror went through coupler to
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the detector arm. The light incident on the detector arm passed the
collimator to make the light into parallel light at first. And then
interference i1s made while the light passed through the
Spectrometer. The light had a different diffraction angles for each
wavelength, which was incident light on the line scan camera

through the diffraction grating.

Optical coherence tomography of the mathematical principles
were as follows. Coordinate system X, y, z can be expressed as
shown in Figure II.2 based on the end of sample arm. Y axis is
defined as an incident light parallel to the depth direction, and the
xz plane is defined as the plane perpendicular to the y—axis. A
signal incident from the light source to the coupler was called the

input signalUj,.

Figure 11.2 In the coordinate system of the OCT sample arm.

s(a))was the amplitude of the light source, w was frequency, 0

was the phase accumulation within the interferometer.
Upn(w,t) = s(w)exp[—i(wt — 6)] (1)

However, the system had considered only the relative phases of
the two optical paths. Therefore, equation (1) could be expressed

as equation (2) shows.



Uin(w,t) = s(w)exp[—i(wt)] (2)

The signal output from coupler was called Uy, sighal to make
for the reference arm was expressed U,, signal to make for sample

arm was defined U, that could be expressed as equation (3).
Uput = Uy + Ug (3)

At this time, the frequency response function of the sample and

each signal could be represented as in the following.
U (w,t) = \/%Um(a), t,) = \/%s(w) exp(—iwt) exp(i%anlr) (4)
@0 = [, a0 o t)dy 5)

= \Es(a)) exp(—iwt) H(w, t)

H(w,t) = foooa(y) exp [i%ZnS(ZS + y)] dy (6)
n, A refractive index of reference arm
ng A refractive index of sample arm
C The speed of light in air

The physical length from 2x2 coupler to a fixed

mirror on the reference arm

The physical length from 2x2 coupler to a particle

Lty of tissue the sample arm

The sum of the time for the light to reach from light

t, source to 2x2 coupler and the time for the light to
shuttle between reference arm and 2x2 coupler.
The sum of the time for the light to reach from light

ts source to 2x2 coupler and the time for the light to
shuttle between sample arm and 2x2 coupler.

U, Signal of reference arm into 2x2 coupler




Us Signal of sample arm into 2x2 coupler

a(y) Backscattering amplitude

Table 11.1 The meaning of each symbol in the above equations (4), (5) and (6)

Equation (6) had represented a frequency response function of
the sample arm. Because the light was reflected in the sample arm
that had a different accumulated phase value. [, physical length
could be adjusted to satisfy n,l. = ngl;. It satisfies the equation
meant to match the path length to the virtual image of a fixed mirror
in the reference arm and the path length to the y—axis origin in the

sample arm.

The light intensity was measured by the spectrometer, it could

be expressed as a function of the frequency and time.

T
2

106,0) = = 2 Upnye (k, DUy (e, )t (7)
2

= Lty + s ] 2knsy)d
= 250k +3 ()J0 a(y) cos(2knsy) dy

+%f0mf0ma(y)a(y/ )exp[ians (y—y/ )dydy’

I Light intensity
k Wavenumber
y A particle of tissue depth position in sample arm
y’ Another particle of tissue depth position in sample arm
T Exposure time of the spectrometer
Sk) The spectral intensity of the light source
* Conjugate complex number

Table 11.2 The meaning of each symbol in the above equation (7)

The first term in equation (7) is meant the intensity of the

reflected light from the reference arm. The light coefficient was

. 1 . . .
fixed Zbecause perfect reflection mirror in reference arm and 2x2



coupler. The third term was the intensity of light reflected from the
sample arm that was due to interference of reflected light from
another location in the sample. Two above—mentioned terms of
equation (7) were not considered because these were the light
intensity of the reference arm and interference between the
neighboring particles within a sample arm. However, the second
term was a significant signal interference phenomenon of the

reflected light from the sample and reference arms.

Increase in the y—axis depth was meant a high—frequency signal
in the frequency domain. Quantity of pixels in the camera of
spectrometer was finite according to the Nyquist sampling criterion.
Therefore, it was difficult for the camera detects more than a
predetermined high frequency. So it is necessary to minimize the

length of the particles to the y—axis origin.

If the power spectral density of the light source according to the

Gaussian distribution could be expressed as shown in equation (8).

(k—ko)?
o

S(k) = Pyexp[—4In2 (8)

ko is the center wavenumber, Ak is the width of the full width at
half maximum(FWHM) in the wavenumber, P, is the maximum
power at the center wavelength. Considering the second term in

the equation (7) it could be expressed as follow.

I(kt) = 2S(k) [, a(y) cos(2kn,y) dy 9)

The first upper surface of the sample was set as the origin of the
y—coordinate. Thus, if y is less than O, it is a(y) = 0, which means
the backscattering amplitude. Therefore, d@(y) has been introduced
to the a(y) to make an even function.

oy _ fa) _ (aly) ify=0
a) = {a(—y) B {a(—y) ify <0 (10)



In Equation (9) a(y) was carried out a Fourier transform after
substituted with d(y). Equation (11) represents the Fourier

transform domain from k to 2ngy.
F7Y[I(k, )] = s F7Y[S(k)] + SinSF‘l[S(k)]@[E(Z—ZS) (11)

n is defined as 2ngy, and F~! is the inverse Fourier transform, ©
means a convolution operator. 2 The second term of equation (11)
represented a complex signal, and it meant a reflectance distribution
according to the depth y. This could be obtained the structure of the
sample image. In addition, the inverse Fourier transform of broadband
bandwidth S (k) provides a narrow Gaussian distribution, and the FWHM

1S 81nA2—k in the 7 area. The sensitivity of system and Signal Nosie

Ratio (SNR) is calculated depth of sample using point spread function
as in Figure 2.1.2. In addition, the system sensitivity roll—off was
5.747dB at 0.5mm depth, SNR 1is represented 103.8dB. Depth
resolution is represented by the equation (12), according to the

equation system has a depth resolution of 4um (in air).

5z=¥g (12)

Ao 1s the center wavelength, 4 A is the FWHM of the light source.



2 Sample arm

The sample arm was composed two—axis scanner, four system
lens and objective lens in this study. Figure II.3 was a two—axis
scanner chamber and schematic diagram of four system lens in
sample arm. The sample arm was composed of two Relay lens and
two of the galvanometer mirrors and 45° tilted mirror, and the light

was focused on the biological tissue through the objective lens.

o ldmi

Side view,
= ! [
H

Scanner? (mirror)

CcL
|
|
|
i
-

_ . [GEEEES | AREELECEEEEIEE s :
/? :' """"""""""""""""""""""""""" !

45" inclined
Mirror

&Y Focusing
Lens

Figure 11.3 The schematic diagram of sample arm. RL relay lens, CL collimator lens, FL
focusing lens.

Figure II.4 showed the numerical aperture (NA) of the objective
lens, lateral resolution and depth of field. When the numerical
aperture was increased, depth of field and focal size was decreased,
but the lateral resolution was increased. Lateral resolution was

shown in equation (13).

4Af 211
7D 7 NA

(13)

2wy =

NA meant numerical aperture, f was the focal length of the
objective lens, 2w, was the beam spot size, the same word is the
lateral resolution in the equation (13). This showed that the higher
NA of the objective lens got better the lateral resolution. The low

NA showed an increase of b to mean a depth of field in the equation
(14).

10
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Figure 11.4 Low numerical aperture (NA) shows longer depth of field than high NA.
However, high NA has smaller beam spot size than low NA. Beam spot size associates with
the traverse resolution.

The incident light on the sample in this condition was the cause
scattering or reflection by a different index of refraction within the
sample. Some of the light scattered by the sample was lost, another
light had entered into the spectrometer that was Incident on the
numerical aperture of the focusing lens. It showed Figure II.5 A—
scan that the reflected light measured for making the graph from
the sample after the light entered y—direction as depth direction at
a point in the xz—plane of the sample. An A—scan is observed in
the longitudinal direction at one point in the xz—plane of the sample
equally above. It was defined as a B—scan, when the sample was
scanned the x—axis using one of the galvanometer in the xz—plane
as the Figure II.5 B—scan. Z—axis was scanned using the other
galvanometer mirror, then the three—dimensional image is created
through amira software, it is defined as a C—scan. It is shown in

Figure II.5 C—scan.

11
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Figure 1.5 OCT can obtain a two-dimensional or three-dimensional images. A-scan
means to measure the depth direction from a point, and B-scan obtain a flat data while A-
scan moving in one axis. Scanning once again the B-scan in a vertical axis, it is possible to

acquire a three-dimensional image, which is called C-scan.

Figure II.6 is a galvanometer mirror (Cambrige Technology Co.,
Ltd.) used in the study, Table 3 indicates the main characteristics.
Galvanometer scanner driver is controlled by the analog input board

(PCI-=6711) and Visual C ++ Software.

12



Figure 11.6 The galvanometer mirror, Model 6220H Optical Scanner

Rated Angular Excursion

40°

Rotor Inertia

0.125 gm*cm?, +/— 10%

Thermal Resistance, Coil to
Case

1°C/Watt, Max

Coil Resistance

2.79 Ohms, +/— 10%

Current, RMS

3.9A, Maximum

Current, Peak

20A, Maximum

Small Angle Step Response

200us, with appropriate CTI Y mirror

Linearity 99.9%, minimum, over 40° optical
Scale Drift 50PPM/C, Maximum

Zero Drift 15 Microradians/C, Maximum
Repeatability 8 Microradians, Maximum

Table 11.3 Indicates the main characteristics of 6220H optical scanner

13




3 Reference arm

Reference arm was organized a collimator lens, an objective lens
and mirror. That equipment make up same lenses with sample arm's
because dispersion mismatch of minimum. Focal length of the
focusing lens (achromatic doublet) by thorlabs Inc. is 35mm and
the lens correct the chromatic aberration in reference arm. Focal
length of the collimator lens by thorlabs Inc. is 11.07mm and
numerical aperture (NA) of the lens is 0.26. Figure 1.7 is
appeared reference arm. Objective lens and mirror set on
removeable rails for easy to adjust about path difference to
interference and all optic equipment was installed on the same axis

for line up.

Ll R

~m & ¥
Mi
Fccusmg —
Lens

Figure 11.7 Reference Arm.
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4 Light source (Superluminescent LED)

The light source used in the experiment is broadband light sources
based on a combination of two SLDs (Superluminescent LED, SLD) with
slightly different center wavelengths. Center wavelengths of combined
different lasers 840nm, and full width at half maximum (FWHM) is
120nm. Intensity and density of light wavelengths are shown in Figure
II.8.

-
o
o

Spectral density, dBm/nm
)
o

/
IV

o
~
(8]

-10 /’ o \
/ \ -30 / \
0.00 ] 40 / \
760 800 840 880 920 760 800 840 880 920
Wavelength, nm Wavelength, nm

o
[N}
3

Spectral intensity, a.u.
o
(8]
o

Figure 11.8 Spectral intensity and density spectrum with wavelength at 10mwW power
level.

Coherence length of light source is 4.5 m and less in air. It means
interference occurs in case optical path length gap of sample arm and

reference arm within 4.5um.

b W
Y .

Figure 11.9 Light generator shape.
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5 Spectrometer
5.1 Grating

The grating (Wasatch Photonics) is mounted on the spectrometer
whose center wavelength 1s 840nm, grating diameter is 50.8mm,

thickness is 6mm. Kind of transmission grating is a holographic type as
1800 I/mm.

a(sin §; + sin6,,) = mi (15)

Equation (15) represents the grating equation, m is the order of
diffraction through a grating, a is the gap between grids, 6; is the

incident angle, 6,, is the diffraction angle. Each parameter was applied

0; to 49.1°, a to 1/1800mm, m to 1 in the experiment. (Figure II.11)

¢m=1
| sm=0
O:I sm=1
C v m=
-"( Om=1
Qi; ¢
T Omeo
7
(

Figure 11.10 Transmission grating concept diagram.

0, depends on the wavelength of light. Provided that knowing the

wavelength of the incident, diffraction angle also can know. Figure 1I.12
1s the diffraction angle according to the wavelength of the used grating, is 49.1 ° at
840nm.

16
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Figure 11.11 Angle of diffraction on grating for 1800 line per mm.

Figure I1.13 shows the diffraction efficiency according to the wavelength of a

transmission grating. The diffraction efficiency is the highest when the center

wavelength 840nm, decreases as far from the center wavelength.

Diffraction Efficiency
o B B e E = 8 5 B
- %] w = w [=>] ~ (-~} w0 P

o

HD Grating 1800 I/mm 840 nm CWL 49.1 deg AOl =A0D

—Fp

—Favg
—Fc

800 810 820 830 840 890
Wavelength (nm)

Figure 11.12 Diffraction efficiency on grating for 1800 line per mm.
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5.2 Line scan camera

The camera is a charge coupled device (CCD, spL4096, Basler Sprint)
used in the study. Sensor of the camera is composed of two lines and
each line is 4,096 pixels. The pixel size is 10um x 10um. The maximum
line scan speed is 140kHz, the camera was set processing mode
through the camera setup program (Camera Configuration Tool Plus,
CCT +). Line processing mode is the vertical binning and the horizontal
binning. Line processing mode was used as the vertical binning in this

study.

W W

Figure 11.13 The structure of vertical binning for data process. (Source:spL4096-140km
manual)

Figure 1I.14 is a schematic diagram of a vertical binning, above all,
the first pixel values of the line A is copied to the first pixel value of
the line B. And then the signal of the two vertical pixels is processed
as a single pixel. Therefore the pixel size of the vertical processing
mode is a 10 um (H) x 20 um (V). The advantage of this mode, even if
the amount of light that enters the camera can make image ever, and the
reaction speed of the camera is fast because the processing of two lines as
one line. In addition, syncronization mode of the camera is free run.
Features of the free run mode are a method of processing information
by the internal control signals without using an external trigger signal.
The parameter which is determined by the control signal is a line period

and the exposure time.



Line Period
- >

Exposure Time
= Line Readout

Internal
Control Signal

Figure 11.14 Free run programmable mode. This operation is possible using the internal
control signal. At a constant line period, the length of the signal reduces the exposure time
was adjusted long, that increase was adjusted shorter the exposure time.

Figure 1I.14 shows the process possible programming in free run
mode. The square wave is generated inside the camera. The line period
1s defined from the first square wave generation point until the next
time the square wave generation. And the exposure time is defined the
interval between the end of the first square wave generation of next
beginning square wave generation. Equation (16) is a line rate formula,
it takes the inverse value of the line period.

1
line period

(16)

line rate =

The line speed is 5.1lum/s, and the exposure time is 2.7us in this
study. Figure II.15 shows the quantum efficiency over wavelengths.
Pixels of the camera used in this experiment were made on a silicon
substrate. Sensor made of the silicone material has a different energy
transfer efficiency according to the wavelength of incoming light.
Energy transfer efficiency is the highest when the wavelength 650nm,
and the efficiency decreases with the wavelength. The efficiency of 37%

at 840nm wavelength from the light source.
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Figure 11.15 Quantum efficiencies for various light detectors. The CCD has a quantum
efficiency of 37% at 840nm wavelength. (Source: oceanopticsbook.info)
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6 Computed tomography system

A computed tomography (CT) is a way to observe the entire image
of a rabbit. CT scan was performed for the overall image recording of
the lungs. It was taken using the product's Siemens SOMATOM
Definition Flash which 1is installed in Kosin hospital. Product
performance has slice thickness 0.6 mm as 128 slice scanner, was
scanned using the B35f Mode. CT is shown in the following Figure
m.17.
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Figure 11.16 The CT model used in this study is a product of the SOMATOM Definition
Flash made in Siemens. The B35f mode was used to apply a rabbit.

Increase the quality of the image in order to look at the reaction of
asthma in the pulmonary local part, it must be capable of repeatedly
conducted under the same conditions. The iso—pressure breath hold

method was applied in order to limit the movement of breathing in

V1iVO.
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7 Summary of ventilator

This study uses Dual mode ventilator named TOPO of Kent Scientific
Corporation. TOPO provides a variable setting of the respiration rate
from O to 199.9 breaths per minute. It is allowed to adjust the
inspiration % for inspiration of the total respiratory. The values mean
inspiration—Expiration (I:E) ratio and range from 5 to 45% in
increments of 5%. This can be changed by adjusting the respiratory
waveform. The inspiration pressure is usually set in the range of 5—

20cm of water pressure.

Figure 11.17 Ventilator TOPO (Kent Scientific) for animals.

TOPO can output a signal for Pressure through a BNC connector. And
the signal can be viewed through an oscilloscope as shown in the Figure
1I.19.

Figure 11.18 The ventilator can check the respiratory waveform with connecting an
oscilloscope by BNC cable.
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In order to perform a breath—hold, the respiratory rate was applied
temporarily to zero. When performed using the Test lung, the

oscilloscope can check the graph shown in the Figure II.20.

Figure 11.19 Oscilloscope waveform in breath-hold.



1R Methods

1 Subject preparation

The rabbits were used in the experiment New Zealand white rabbits
and weight an average of them is about 3kg. Experimental animals were
kept in individual cages where the temperature of 22 + 2T and
humidity of 55 = 5 % maintained in the laboratory. The animals divided
into experimental and control groups for experiment 3 weeks.
Experimental groups were aspirated methacholine 5m{ daily in Smg / ml
concentration. The method of aspirated methacholine was the
nebulizers using a humidifier (Ultrasonic Nebulizer, Omron). The
control groups had to aspirate normal saline as the same way.
Methacholine inhalation was conducted in the same method as in the

following Figure II.1.

Figure 111.1 Rabbit preparation of inhaled methacholine.
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2 \entilator apply and computed tomography scan

The prepared rabbits were administered an appropriate amount
(3mg/kg, IM) the anesthetic (zoletil 50) on the hip muscle for a CT
scan. The rabbit's body was spread with anesthesia for ten minutes. It
confirmed that anesthesia is normally composed, and performed
endotracheal intubation in rabbits. This is made possible intubation tube
of 3 or 4mm, determined to see the weight of the rabbit. The intubation
tube is attached to a ventilator induces tidal normal breathing. The
breathing pressure was maintained 16 ~ 17cmHZ20, the respiration rate

was maintained 20 times per minute.

The stable breathing in rabbit was led to inspiration breathing. The
respiration rate was controlled to zero per minute  after twice deep
breathing (Pressure 28 ~ 29c¢mH20), then a CT scan was conducted
immediately. The breathing was returned to normal (pressure 16 ~
17¢cmH20) after a CT scan. The new breath—hold technique is
practicable the only control respiration rate. Add simply than a
conventional breath—hold method conducted breath—hold how the

LabVIEW was applied to a ventilator breathing triggers.

Meanwhile, the CT scans conducted to B35f mode considering about
small animals. Each refers to 3 resolutions of body kernel type, version

number 5, fast scan mode.

GE mode Siemens Mode RMSD (mm?) PFD (mm™)
Soft B35f 0.01 0.00
Chest B41f 0.01 0.01
Standard B43f 0.01 0.00
Detail B46f 0.04 —0.01

Bone, Edge B75f 0.09~0.18 0.12~0.41
Lung B80f 0.03 0.00

Table I11.1 Siemens kernel to compare with GE kernel. (Source: resolveradiologic.com)

The following is a CT scan of the expiration breathing condition. The
test lung enabled the expiration condition, lives as rabbits was difficult
to make breath—hold because of functional residual capacity. But the

ventilator made a similar expiration condition using inspiration condition
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controlled pressure (5~8cmH20), that could control breath—hold. The
CT scan conducted same method of inspiration only controlled pressure.

This 1s shown in the following Figure III.2.
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Figure 111.2 Expiration condition, breath-hold waveform image.
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3 Optical coherence tomography

One day rest gave the rabbit, prepared the OCT scanning. The
method was same as the CT process that the intubation performed after
anesthesia, and the rabbit's breath made stable applying a ventilator.
OCT is difficult to pass the skin tissue for that reason made a window
on lung as shown in Figure II.3. Window refers to scrape until the

remains, only a very thin layer of skin tissue and muscle tissue.

Figure 111.3 The process of creating a window in the lungs of rabbits.

The breath—hold technique was same as the process of CT during
OCT scanning. The scan was conducted in the OCT center wavelength
1s 845nm, axial resolution is 3.5um. Roll Off is a 106dB, Scanning speed

has been conducted with 10 frames per second.
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4 Biopsy after the sacrifice of the rabbits

The rabbit was sacrificed by injecting Zoletil on hip muscle within 30
minutes, after the OCT scanned. After to sacrifice, the lungs were
extracted from the rabbit. The extracted lungs were scanned OCT to
induce inspiration state pumping air into the lungs. (Figure II.4) Finally,
the lungs were sufficiently expanded then that put fixed in formalin
solution. After which the lungs were requested pathologic examination

for correlation analysis.

Figure 111.4 The excised lungs of rabbits, while it is fixed after swelling to a CT scan.
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V. Result and Discussion

1 CT images analysis

These CT images are the experimental group and the control group
about the aspiration methacholine shown in Figure IV.1. The control
group has a uniform color of the whole lung. Part of the lungs image
with high air ratio is displayed darker, because X—ray permeability was
increased. The control group when the inspiration state alveoli shows
similar color because of uniform expansion. On the other hand the
experimental group shows a brighter image of the dorsal. The bright
part of the image is guessed tissue or blood. This hypersensitivity
reaction occurs with methacholine inhalation. It should respond to the
alveoli to shrink or increase the amount of blood. A bright portion of

the X—ray is considered above the reason.

Figure 1V.1 Control group CT images (left), Inhaled methacholine experimental group
CT images (right).

The ventilator could be utilized to obtain the state of the inspiration
animal images. In experiments with inhalation of methacholine were
only dorsal part affected. The image of the pattern similar to the entire

lung is expected to be found in diseases such as asthma.
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2 OCT images analysis

The SD—0OCT alveoli in vivo images show in Figure IV.2. Each figure
i1s the upper contour of the surface of the lung, a curly black circle at
the bottom of the image of the alveoli. The image of alveolar can be
divided based on the inspiration and expiration. Also, it is divided into
an experimental and control groups to methacholine inhalation, and thus
the alveoli sizes differ. Conventional CT or MRI had been a big help find
lesions watching the whole lung, meanwhile there were difficult to
measure the size of the alveoli unit. However, OCT was able to

distinguish each alveoli with high resolution.

Figure IV.2 OCT image of the alveoli. The experimental of inspiration state (upper left),
The experimental group expiration state (upper right), The control control of inspiration
state (lower left), The control group of expiration state (lower right).

The excised lungs after the sacrifice the rabbits were taken the image

in the injected air into the lungs. The SD—OCT scan was performed

30



under the same conditions as the previous scan with the experiment
and control groups. Acquired images could be analyzed in the xz plane
after reconstruction using the Amira three dimensions program such as
Figure 1V.3.

Figure 1V.3 The image acquired by the xz plane after three-dimensionally re-
constructed using Amira program an OCT image. The control group (left), the
methacholine experimental group (right).

Using the Amira program could acquire an image of the desired
location in depth direction y. The acquired image is confirmed very
detailed image of the alveoli that are distributed among the distal lung.
The control group showed left in the Figure IV.3 has regular alveoli
size. However, the experimental group has irregular alveoli size, and

alveolar size is small compared to the control group.

The alveolar size and volume of the lung between inspiratory and
expiratory can be know certain difference by breath—hold technique
developed through a ventilator. Image loss was generated by breathing
in such conventional animal experiments. However, this experiment
was to minimize image loss using the ventilator. It is also expected to
increase the survival rate of the animal in experiments for a long time

anesthesia.
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3 Comparison histopathology and OCT images

The excised lungs and airways after OCT scanning were requested

a pathology biopsy to determine the physiological changes.

Figure IV.4 (A) Excised airway, (b) The target area (red line) right lower lobe (RLL), ()
The control group OCT image, (d) The experimental group OCT image, (e.) The control
group pathology image, (f) The experiment group pathology image.

The image of lung edges of the experimental group (d) is bright
compared to the control group (¢c) shown in the Figure IV.4. Brighter
part of OCT image was scattered and reflected light more than darker
part. In addition, the internal structure of the experimental group (f)
inhaled methacholine is swelling compared with the control group (e)
in pathologic analysis. This change makes data through accumulating

which is expected to be a new way of diagnosis of asthma.

32



V.Conclusion

In this study, CT and OCT image studies were performed with

breath—hold using a ventilator unlike a conventional approach, which

induced airway constriction by methacholine inhalation for many people

suffering from chronic diseases such as asthma in the world.

First, the experimental group rabbits that inhaled methacholine for 3
weeks with bmg / ml concentration and the control group rabbit that
inhaled normal saline same way applied the ventilator through
endotracheal intubation after anesthesia. The ventilator led to
inspiration and expiration state from normal state, and subject scanned
using a CT at breath—hold. The control group was dark by and large,
but the experimental group was bright at dorsal part. If the alveolar had
contained air equally, X—ray image looked a steady dark. Because the
alveoli shrank irregularly and the blood circulation increased from
hypersensitivity reactions, accordingly the decline of X-ray

transmission were displayed bright images.

Secondly, it was taken of the OCT in order to verify the alveolar
image of the rabbit, which was prepared in the same way. A condition
was created making window to the lungs of rabbits that could be taken
an OCT image, and an experiment was conducted while adjusting the
breathing ventilator. As with CT images, the alveoli of the control group
were evenly distributed while the alveoli of the experimental group
were atypically distributed and whose size also was not uniform,

became uneven depending on the positions.

Third, air was injected into excised lungs after the rabbits sacrificed
which were performed again OCT scan. Acquired image confirmed the
image of the xz plane after three—dimensionally re—constructed using
Amira software. The control group had a size of uniform alveoli, the
experimental group had a size smaller non—uniform distribution of

alveoli compared to the control group similar previous experiments.
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Finally, it was compared analysis of the OCT image and pathological
examination of the excised airway. The experimental groups
overreacted to methacholine using pathological examination, it could be
confirmed that the swelled tissue cells compared to the control group.
The tissue of the experimental group appeared brighter, it was found
that the swollen tissue by pathological examination was more scatter

and reflect light.

Through a series of experiments, we confirmed the possibility of
research methods by OCT or CT image in asthma. If an image
acquisition method developed into harmless direction in the human body
and non—invasive, the method was expected to be able to present a

new direction for the asthma diagnostic method.
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A preclinical study on airway remodeling under methacholine provocation

using OCT and CT with breath—hold techniques

Yikeun Kim

Department of Biomedical Engineering, The Graduate School,

Pukyong National University

Abstract

Many asthma studies have been conducted analyzing the computed
tomography (CT) images. However, the pathogenesis of asthma has not been
clearly revealed yet. This study proposes a new methodology to study the
ventilator—simulated inhaling and exhaling pulmonary images in vivo after

breath—holding the study subject.

The imaging technologies used in this study are CT and Optical Coherence
Tomography (OCT). CT analyzes the multiple layers of X—ray images. And
the new technology OCT has proven its harmlessness to the human body and
the high resolution of the image. The study intended to use these methods to
examine the images of the lung and the alveoli in the breath—hold state. The
ventilator—simulated breath—hold technique enabled the collection and

analysis images reduced noise of respiration in animal studies.

The examiner induced methacholine to remodel the subject rabbit’ s airway.
After the anesthesia the normal breath was simulated at its maximum pressure
of 17cmHZ20; the inspiration was done at its maximum pressure of 28 cmHZ20;
the breath—hold was simulated by controlling the respiration rate from 15 to
0; then return to the normal breath. The same simulation cycle was used for
the expiration breath—hold at its maximum pressure of 7cmH20. During the
two breath—holds the CT and OCT images were taken and significant result

was observed on the lung and alveoli.
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