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ABSTRACT OF THE DISSERTATION
OPTICAL COHERENCE PHOTOACOUSTIC MICROSCOPY (OC-PAM)
FOR MULTIMODAL IMAGING
by
Xiaojing Liu
Florida International University, 2017
Miami, Florida
Professor Shuliang Jiao, Major Professor

Optical coherence tomography (OCT) and Photoacoustic microscopy (PAM) are two
noninvasive, high-resolution, three-dimensional, biomedical imaging modalities based on
different contrast mechanisms. OCT detects the light backscattered from a biological sample
either in the time or spectral domain using an interferometer to form an image. PAM is sensitive
to optical absorption by detecting the light-induced acoustic waves to form an image. Due to their
complementary contrast mechanisms, OCT and PAM are suitable for being combined to achieve
multimodal imaging.

In this dissertation, an optical coherence photoacoustic microscopy (OC-PAM) system was
developed for in vivo multimodal retinal imaging with a pulsed broadband NIR light source. To
test the capabilities of the system on multimodal ophthalmic imaging, the retina of pigmented rats
was imaged. The OCT images showed the retinal structures with quality similar to conventional
OCT, while the PAM images revealed the distribution of melanin in the retina since the NIR PAM
signals are generated mainly from melanin in the posterior segment of the eye.

By using the pulsed broadband light source, the OCT image quality highly depends on the

pulse-to-pulse stability of the light source without averaging. In addition, laser safety is always a

Vil



concern for in vivo applications, especially for eye imaging with a pulsed light source. Therefore,
a continuous wave (CW) light source is desired for OC-PAM applications. An OC-PAM system
using an intensity-modulated CW superluminescent diode was then developed. The system was
tested for multimodal imaging the vasculature of a mouse ear in vivo by using Gold Nanorods
(GNRs) as contrast agent for PAM, as well as excised porcine eyes ex vivo.

Since the quantitative information of the optical properties extracted from the proposed NIR
OC-PAM system is potentially able to provide a unique technique to evaluate the existence of
melanin and lipofuscin specifically, a phantom study has been conducted and the relationship
between image intensity of OCT and PAM was interpreted to represent the relationship between
the optical scattering property and optical absorption property. It will be strong evidence for

practical application of the proposed NIR OC-PAM system.
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CHAPTER 1. BACKGROUND

1.1 Optical Coherence Tomography (OCT)

Optical coherence tomography (OCT)[1, 2] is a low-coherence, interferometry-based, three-
dimensional imaging modality. In OCT, the contrasts are provided by the photons backscattered
from the biological tissues, which carry information about mainly their scattering properties. OCT
can thus provide imaging of the micro-structures of biological tissues like the layered structures of
the retina.

OCT was first reported by Huang et al.[1] in 1991 and demonstrated to produce a two-
dimensional image of microstructure in retina and coronary artery in vitro. Since then, the
development of OCT has greatly changed the landscape of diagnosis and patient care in
ophthalmology. In vivo measurements of human retinal structure with OCT was first described by
Swanson etal. in 1993.[3] Hee et al. demonstrated its capability of quantitative assessment of retinal
thickness with high resolution in patients with macular edema[4]. They also used OCT to study the
morphology of eye with age-related macular degeneration (AMD) and Choroidal
neovascularization (CNV).[5] First commercialized OCT was licensed to Carl Zeiss Meditec,
Incorporated for ophthalmic applications in 1996. OCT has been used to evaluate posterior vitreous
detachment caused by aging[6], and it also improved understanding of pathogenesis, staging, and
management of macular hole[7]. Medeiros et al. has demonstrated the ability of OCT to
differentiate between healthy eyes and eyes with glaucoma by measuring the retinal nerve fiber
layer (RNFL), the optic nerve head, and macular thickness parameters.[8] OCT has also been used
for measurement and imaging of water concentration in the human cornea in vitro.[9] Furthermore,
several studies have used OCT to evaluate the efficacy and safety of different therapies for ocular

diseases.[10-12]



Besides ophthalmology, the clinical applications of OCT have also been demonstrated in a
variety of areas, including dermatology[13, 14], cardiology[15-20], gastroenterology[21-24],
oncology[25, 26] and more[27-30]. Currently, more research on OCT has been focus on the
improvement of light source, bean delivery instruments, detection schemes and multimodal

application so as to improve imaging quality, imaging speed and imaging contrast.

1.1.1 Time-Domain OCT (TD-OCT)

Scanning reference mirror

Light Source

Beam splitter
v

| Detector I

Figure 1.1 Schematic of Time-Domain OCT

Conventional OCT detects the interference signal caused by the back-scattered light from
sample and the reflected light from a scanning reference mirror.[1] This interference signal carries
the information about the reflectivity and the location of the structure within a sample and it is
detected by an interferometer to form a reflectivity profile of the sample. By using a low-coherence
broadband light source, the light will only coherently interfere within its coherence length, thus the
depth of the structure can be determined by the location of the scanning reference mirror. When
the light is scanning laterally on the sample, a two or three- dimensional image of the reflectivity

profile can be obtained. Figure 1.1 shows a schematic of conventional Time-Domain OCT.



As a Gaussian spectral distributed broadband light source used in TD-OCT, the power density

can be expressed as:

2v/In2 v — 17)2] L1
Av\/E Av '

where v is the frequency of light source, v is the center frequency, and Av is the bandwidth.

Gv) = exp [— (ZM

The complex amplitude of the electromagnetic field in the reference arm and the sample arm
can be expressed as:

E, = E.elkl—0t+d1) | = | pilklr—wt+$s) 1.2
where E and E,. are the magnitude of the electromagnetic field at the detector reflected from the
sample arm and reference arm, respectively; k is the free space wave number; [, and L, are the
roundtrip optical path length in the sample arm and reference arm, respectively; ¢, and ¢, are the
initial phase of the electromagnetic field in the sample arm and reference arm, respectively.

The light source is divided into the reference arm and sample arm by a beam splitter and the
reflected light beams from the reference mirror and sample are recombined at the beam splitter. So
the intensity of the light collect by detector can be expressed as[31]:

I=|E|? = [Es + E,][Es + E,]"

= (B ei(kls—0t+d) 4 | oilklr—0t+d2)y . (F oilkls—wt+d) 4 | oilklr—wt+dz)y «

= E; + E,* + 2E E,cosA¢ 1.3
where the phase differenceis: A¢p = k(l; — 1) + (1 — ¢2) = 27” (s —=1) +Agy

Equation 1.3 can be written as:

1
I = EP(RS +R,) + P«/RerJ G(v) cos(2mvt) dv, 1.4



where P is the power of light source; R, and R, are the intensity reflectivity of the sample and
reference mirror, respectively. In this Equation, the first term is the DC component and the second
term is the interference. By using Equation 1.4, the detected interference signal can be expressed

as:

v —7\?
” ) ]cos(var) dv

Vin2 v —7\?
= /RsR, —J- exp [— (2\/ln2 ) l exp(i2nvt) dv 1.5
AT v

JRR, l TAVT
exp |— (
2\2m 2V In2

The depth resolution can be derived by the FWHM (full width at half maximum) of the

) l cos(2mvT)

interference signal as[32]:

21n2 22 044,15 e
AL AL '

Alpywuy =

where A is the center wavelength and A2 is the bandwidth of the light source.

1.1.2 Spectral-Domain OCT (SD-OCT)

A major limitation of TD-OCT is its relatively slow imaging speed because a mechanical scan
is required in the reference arm.[33] However, in Spectral-Domain OCT the axial scan can be
implemented by Fourier transforming the spectrum of light, which improves its imaging speed and
sensitivity. By using a linear array detector such as a CCD camera, the spectral-domain signal
reflected from a fixed reference mirror and sample arm can be detected.[33, 34] The spectral

density of the combined reference and sample light can be expressed as[35]:



Ga(v) =G (v){1+ Z R, +?2 Z VRpRy, cos[2mv (T, — 1)1

nm

+ZZ\/R_ncos[2m/(Tn - 1)1} 1.7

where v is the light frequency, R,,and R,,, are the reflectivity of the nth and mth scatterer,
respectively, the reflection of the reference arm is treated as unity, G, (v) is the spectral density of
the light source; 7,, and t,,, are the propagation time of the light reflected by nth and mth scatterer,
respectively and z,. is the propagation time of the light reflected by reference mirror.
The spectral-domain signal can be transformed to the time-domain by using the Wiener-
Khinchin theorem[36]:
rit) =<E@®)E*(t+ 1) >=FTG,(v)] 1.8
where T'(7) is the autocorrelation function of the light source, E(t) is the amplitude of the
electromagnetic field of light, FT~'denotes the inverse Fourier transform and the angle brackets
denote integration over time. By taking inverse Fourier transformation of Equation 1.7, the time-

domain intensity signal can be obtained as:

I(t) = I'(0) + I'(0) Z R,

+2 Z JRRT[t +2(z, — 1,)] + zz JRiMt+2(t,—7)] 1.9

nm n

In Equation 1.6 and 1.8, the third terms are the mutual interference for light scattered within
the sample and the last terms are the interference between sample and reference arm, which can be
used to derive the reflectivity profile of the sample.

The depth resolution of SD-OCT is the same as TD-OCT:



2In2 22 22

where A is the center wavelength and A2 is the bandwidth of the light source.
1.2 Photoacoustic Microscopy (PAM)

Photoacoustic microscopy (PAM)[37-41] is a novel microscopic three-dimensional
noninvasive imaging modality that is used for imaging the microvasculature and the associated
blood oxygenation of biological tissues[42]. PAM is based on the optical-absorption properties of
biological tissues. When irradiated by a short laser pulse, the optical energy absorbed by a
substance, such as hemoglobin or melanin in tissue, is converted to heat, which induces localized
thermo-elastic expansion and leads to the generation of wideband ultrasonic waves. The ultrasonic
waves can be detected with an ultrasonic transducer to reconstruct an image mapping the location
and absorption strength of the absorbers.

The photoacoustic effect was first reported by Alexander Graham Bell in 1880[43] while its
application in biomedical area began in the 1970s[44]. Since then, the progress of photoacoustic
technique was very slow until a reconstruction algorithm was demonstrated and photoacoustic
tomography (PAT) was developed in 1995.[45, 46] In vivo functional imaging of rat brains by PAT
was reported in 2003.[47] With the rapid development of PAT in the past decade, the applications
of PAT have been demonstrated in a variety of areas, including dermatology[48, 49],
cardiology[50, 51], gastroenterology[52, 53], oncology[54, 55], neurology[47, 56, 57] and
ophthalmology[39, 58].

Currently, major PAT modalities can be classified into: photoacoustic computed tomography
(PACT) [59-61], photoacoustic microscopy (PAM) [38, 62] and photoacoustic endoscopy (PAE)

[50-53]. InPAM, focused laser excitation or focused ultrasonic detection is implemented to achieve



better sensitivity. The axial resolution of PAM is determined by the time-resolved acoustic
detection. Depending on the method used to determine the lateral resolution, there are two types of

PAM: acoustic-resolution PAM (AR-PAM)[62] and optical-resolution PAM (OR-PAM)[38].

1.2.1 Acoustic-Resolution PAM (AR-PAM)

In AR-PAM, a focused ultrasonic transducer is used to detect the acoustic signal generated
within its focal zone under diffusive illumination of a pulsed laser source.[63] AR-PAM is more
desirable for deep-tissue imaging because the acoustic scattering is relatively small compared with the
optical scattering in biological tissues and a focused ultrasonic transducer can suppress signals
generated outside its focal zone. [46] A dark-field AR-PAM system was developed and
demonstrated to achieve a 45 um lateral resolution and 3 mm imaging depth at 50 MHz ultrasonic
frequency.[62] With a transducer of lower frequency as 5 MHz, AR-PAM has been proved to be
able to image as deep as 38mm.[64] The lateral resolution of AR-PAM is determined by the ultrasonic

focal spot and the axial resolution is determined by the ultrasonic center frequency and bandwidth.[65]

1.2.2 Optical-Resolution PAM (OR-PAM)

To improve the resolution of AR-PAM, an ultrasonic transducer with higher frequency can be
used. However, the severely attenuated acoustic signal limits the imaging depth even lower than
the optical penetration. [66] Different from AR-PAM, optical focusing is used in OR-PAM to
provide better lateral resolution for PAM imaging and both focused transducer and unfocused
transducer can be used. OR-PAM can provide lateral resolution ranging from a few hundred
nanometers to a few micrometers determined by the optical focal spot. Same as many other optical

imaging techniques, the image depth is limited by optical scattering in biological tissue within the



ballistic regime, but OR-PAM still benefits from its absorption-specific imaging contrast.[67]

Thus, OR-PAM is promising to image low scattering tissues such as eye.[39, 63]

1.2.3 Wave Equation and PAM Fundamentals
In response to a heat source H (7, t), without considering thermal diffusion and kinematical
viscosity, the pressure p(r, t) at position r and time t in an acoustically homogeneous liquid-like

medium obeys the following wave equation[68]:
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where p(r, t) is the wave pressure at position r and time t, c is the speed of sound, g is the
isobaric volume expansion coefficient, C,, is the heat capacity and H (r, t) is the heating function
defined as the thermal energy deposited by the electromagnetic radiation per unit time and per unit
volume.

We can rewrite Equation 1.11 in terms of a velocity potential ¢ as:
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wherep = —p9d¢/dt, Py is the fluid density.

Based on Green’s function, the solution to the wave equation for the velocity potential can be

expressed as:
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where g(r, t|r’, t") is the Green’s function for an infinite medium.
The heating function can be written as the product of a spatial absorption function of objects

A(r) and a temporal illumination function for stimulating I (t):



H(r,t) = A(r)I(t), 1.14
Particularly, if I(t) = &(t), the initial photoacoustic pressure at position r equals
Po(r) = I'(MA(™), 1.15
where I'(7) is the Griineisen parameter equal to ¢28/C,,.
The axial resolution of PAM is determined by the center frequency and bandwidth of the

ultrasonic transducer, which can be expressed as:

c
Raxial = 2 _f 'BW’
Cc

1.16
where c is the speed of sound, f;. is the center frequency of the ultrasonic transducer and BW is the
bandwidth. For example, in our original PAM system an ultrasonic transducer with center
frequency of 30 MHz and —6 dB bandwidth of 53% was used. The axial resolution of this
transducer was 46 um. As the Equation 1.16 shows, the ultrasonic transducer with higher center
frequency will produce better axial resolution. However, considering the propagation of
photoacoustic signal in tissues, the acoustic attenuation coefficient o is defined as:
ar = aof ", 1.17

where « is a constant equal to the attenuation coefficient at 1 MHz, f is the acoustic frequency
and n is a frequency-dependent parameter. For many biological tissues, n = 1 and «y ~ 0.5 dB -
MHz ' - cm~1 [69] Therefore, higher frequency components of photoacoustic signal will
attenuate more than lower frequency components.
1.3 Combination of OCT and PAM

Multimodal imaging with combined OCT and PAM is able to provide both the optical
scattering and optical absorption contrasts of a sample. Previous studies about integrated OCT and

PAM imaging have demonstrated the complementary nature of the contrasts provided by the two



imaging technologies.[67, 70] The combined OCT and PAM is thus potentially able to provide
more comprehensive imaging of a subject. As an example, combined OCT and PAM is able to
provide simultaneous imaging of the retinal structures, retinal vasculature, and melanin in the
retinal pigment epithelium.[38, 71] By combining Doppler OCT and multi-spectral PAM it is also
possible to quantify the metabolism of Oxygen in biological tissues in vivo. [72, 73]

These two technologies, however, have different requirements for their light sources. OCT
needs a broadband light source to achieve depth resolution. PAM requires a pulsed laser to deposit
the light energy in the absorber in a time scale shorter than the requirements of thermal and stress
confinement.[74] Thus, two different light sources are usually used to achieve simultaneous OCT
and PAM imaging.[67]

1.4 Optical Coherence Photoacoustic Microscopy (OC-PAM)

Using a single light source to achieve simultaneous OCT and PAM imaging was first reported
in 2012, in which a dye-laser-based pulsed broadband light source centered at 580 nm was
used.[75] The technique was termed optical coherence photoacoustic microscopy (OC-PAM)
because OCT and PAM are an integral part of the technology. To demonstrate the feasibility of
imaging biological tissues the system was successfully used to image a mouse ear in a transmission
mode. Lee et al. described an OC-PAM system in the near infrared (NIR) spectral range.[76]
However, no in vivo imaging of biological samples was presented in their report.

Because of its better penetration depth and better tolerance of the subject, NIR light is more
suitable for imaging the retina. Most ophthalmic OCT systems are in the NIR and have a center
wavelength of ~830 nm.[1, 3, 35] As a result, we believe an OC-PAM system at a center
wavelength of around 830 nm will be more suitable for retinal imaging. Since the optical absorption

coefficient of hemoglobin in the NIR is much smaller than that within the visible spectrum, a PAM
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in NIR would not be expected to provide good contrast for imaging the retinal vasculature. In
contrast to hemoglobin, melanin in the retinal pigment epithelium (RPE) cells and in the choroid
has broad absorption spectrum extending from the visible to the NIR.[77, 78] As a result, we expect

that melanin will be the major contributor to the signals of the NIR-PAM imaging.

1.5 Significance and Aims of the Study
1.5.1 Significance

The RPE is a monolayer of pigmented cells between the photoreceptors and choriocapillaris in
the eye. There are two major pigments in RPE, melanin and lipofuscin. RPE melanin has a
photoprotective role by absorbing radiation and scavenging free radicals and reactive oxygen
species (ROS).[79, 80] On the other hand, lipofuscin is a by-product of phagocytosis of the
photoreceptor outer segments, which accumulates with aging of the retina. Excessive levels of
lipofuscin accumulation could compromise essential RPE functions and contribute to the
pathogenesis of age-related macular degeneration (AMD)[81], a leading cause of blinding diseases
in developed countries. Hence, in vivo imaging of melanin and lipofuscin can provide important
aging information of the retina, which is important for AMD research and clinical diagnosis.[82]

In the NIR spectrum range, PAM is able to provide melanin-specific imaging of the retina and
OCT is able to image scattering contrast, which is related to the amount of lipofuscin accumulated
in the RPE layer. Thus, the proposed OC-PAM system is potentially able to provide a unique
technique to image melanin and lipofuscin specifically, which will benefit the diagnosis and

research of AMD.
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1.5.2 Aims of the Study
Aim 1. To develop optical coherence photoacoustic microscopy (OC-PAM) for in vivo
multimodal retinal imaging with a pulsed broadband NIR light source.

Since the OC-PAM system with pulsed visible light source has been developed and its
feasibility of imaging biological tissues was demonstrated, to provide melanin-specific imaging of
the retina, a pulsed NIR light source would be used instead in the proposed OC-PAM system.
Aim 2: To develop OC-PAM for in vivo multimodal imaging with an intensity-modulated
continuous-wave light source in the NIR.

Previous OC-PAM systems used a pulsed broadband light source in which each light pulse
generates one depth scan (A-line) for both OCT and PAM. In this configuration the OCT image
quality highly depends on the pulse-to-pulse stability of the light source without averaging. In
addition, laser safety is always a concern for in vivo applications, especially for eye imaging with
a pulsed light source. Therefore, a continuous wave (CW) light source is desired for OC-PAM
applications.

Aim 3: In vivo application of NIR OC-PAM on small animals.

To demonstrate the feasibility of the NIR OC-PAM system in imaging living animals would
provide evidence for further applications in clinical and disease diagnosis. Therefore, the system
will be used for in vivo imaging of rats or mice.

Aim 4: To conduct a phantom study and extract quantitative information of the optical properties
from OC-PAM.

The quantitative information of the optical properties extracted from the proposed NIR OC-
PAM system is potentially able to provide a unique technique to evaluate the existence of melanin

and lipofuscin specifically. Thus, to conduct the phantom study and convert the relationship
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between image intensity of OCT and PAM to the relationship between the optical scattering
property and optical absorption property would be strong evidence for practical application of the

proposed NIR OC-PAM system.
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CHAPTER 2. EFFECT OF CONTACT LENS ON OPTICAL
COHERENCE TOMOGRAPHY IMAGING OF RODENT
RETINA[83]

2.1 Introduction

Since the development of spectral-domain (SD) detection technique, OCT is rapidly becoming
an indispensable non-invasive imaging modality for the diagnosis and treatment monitoring of
various ocular diseases in human.[33, 34] SD-OCT has also been widely used to image the eye of
animals including small animal models of various retinal diseases.[84-90] By providing
unprecedented in vivo high resolution visualization of the retinal structures small animal
ophthalmic OCT has enabled the study of the time course of retinal diseases using the same animal.
We anticipate that with the development of automatic segmentation software and more user
friendly interface OCT will play a more and more important role in ophthalmic research. However,
the diagnostic capability of OCT in both clinical applications and research highly depends on its
image quality.

In addition to the dependence on the technology of an OCT machine, the imaging quality of
retina, e.g. lateral resolution and signal-to-noise ratio (SNR), also depends on the optical properties
of the anterior segment of the eye including its optical aberrations and transparency. Optical
aberrations have been recognized as the ultimate limiting factor for the achievable lateral resolution
of retinal images. To improve the lateral resolution of retinal imaging many groups are working on
adaptive optics to correct the optical aberrations of the eye.[91-94] Studies have shown that rodent
eyes have high amplitude of various orders of optical aberrations.[95-98] Application of adaptive
optics has successfully improved the lateral resolutions of rodent retinal imaging.[94]

There is an additional hurdle in achieving high quality imaging of rodent retina: cataract

formation when the animal is anesthetized. To keep the eye transparent during imaging,
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examination time is required to be short, and artificial tears need to be applied to the cornea
repeatedly.[84] However, even with the application of artificial tears in our experiments cataract
can still occur when the imaging time lasts longer (e.g. more than 10 minutes). To solve this
problem powerless contact lenses have been used in imaging rodent retina with various imaging
modalities.[99, 100]

Contact lenses may have additional benefits for imaging the rodent retina. Gesine et al. used a
custom-made contact lens (focal length: 10 mm) to reduce the risk of corneal dehydration and
edema and to act as a collimator.[101] In a previous human study, prescribed contact lens was used
to partially compensate for corneal aberrations of human eye for adaptive optics scanning laser
ophthalmoscopy.[92, 102] Srinivasan et al. found that imaging small animal eye with a ‘contact
lens” made from a flat microscope coverslip and Hydroxypropyl Methylcellulose can effectively
remove the refractive power of the air—corneal interface and the aberrations from irregularities in
the cornea while maintaining corneal hydration and clarity during imaging.[98] However, since
this type of “‘contact lens’ is used to cancel the refractive power of the eye it is incompatible with
standard retinal imaging techniques.

We used a powerless contact lens on rat’s eye to slow cataract formation in OCT imaging
experiments. We found that the retinal OCT images had better quality after applying a contact lens.
The purpose of this study is to verify our observations by directly compare the OCT images of rat
retina acquired with and without a contact lens.

2.2 Methods
2.2.1 Experimental System
A schematic of the experimental system is shown in Figure 2.1. A three-module

superluminescence diode (SLD, T-840 Broadlighter, Superlum Diodes Ltd. Moscow, Russia) with
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a center wavelength of 840 nm and full-width-half-magnitude (FWHM) bandwidth of 100 nm was
used in the system, which can achieve a depth resolution of ~3um in tissue. In the sample arm, the
light was collimated, scanned by an X—Y galvanometer scanner, and then focused by an
achromatic lens (L1, f = 75 mm). For imaging the retina in vivo, an ocular lens (L2, f = 19 mm)
was added. The light beam was collimated after the ocular lens and focused onto the retina by the
anterior segment of the eye. In the detection arm, the reflected light from the sample and reference
arms was collimated and detected by a spectrometer, which consists of an 1200 line/mm
transmission grating, a multi-element imaging lens (f=150 mm), and a line scan CCD camera
(AVIIVA EM4 2k 4x12bits, 2048 pixels with 14 micron pixel size, e2V). An image acquisition
board (NI PCI-1429) was used to acquire the image captured by the CCD camera and transfer the

data to a computer for signal processing and image display.

Spectrometer

Figure 2.1 Schematic of the experimental OCT system. M: Mirror; C1, C2: Collimator;
L1, L2: Lens; PC: Polarization controller.

2.2.2 Animal Imaging
To evaluate the effect of contact lens on OCT retinal imaging, the system was applied to

imaging the normal rat retina in vivo. The animal (Sprague Dawley rat, body weight: 450 g, Charles
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Rivers) was anesthetized by intraperitoneal injection of a cocktail containing ketamine (54 mg/kg
body weight) and xylazine (6 mg/kg body weight). The pupil was dilated with 10% phenylephrine
solution. All experiments were performed in compliance with the guidelines of the University of
Southern California’s Institutional Animal Care and Use Committee. When no contact lens was
used, drops of artificial tears were applied to the eyes every 2 minutes to prevent dehydration of the
cornea and cataract formation. After anesthetization, the animals were restrained in a mounting
tube, which was fixed on a five-axis platform. The light power in front of the eye was about 900
uW, which is below the ANSI safety limits for eye imaging.[103] The rat eye was first imaged
without contact lens. The image quality on the real-time display was optimized by adjusting the
ocular lens. Immediately after the imaging, we put a few drops of artificial tears onto a powerless
contact lens (Cantor + Nissel, PMMA 2.70/5.20, radius of curvature of the central optic zone:
2.70mm; diameter: 5.20mm) and put it on the imaged eye gently. During this procedure, we tried
our best to keep the eye in the same position. We then acquired another set of retinal OCT images.
With contact lens we put no artificial tears on the eye during the imaging procedure. After all the

images were acquired, we post-processed them for analyses.

2.3 Results
2.3.1 Image Overview

Figure 2.2(a-d) shows two pairs of en-face images (OCT fundus image) of the acquired three-
dimensional dataset for the retina of two rats with and without contact lens, respectively. The
images cover an area of 1.5 x 1.5 mm?, consisting of 512 (horizontal) x128 (vertical) pixels, and
are displayed in grayscale. According to the retinal blood vessel pattern, we can see that the position
of the eye is almost the same before and after putting on the contact lens. Compared with the fundus

image without contact lens, the one with contact lens obviously provides higher resolution (sharper
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blood vessel image) and shows more small blood vessels. The contrast and sharpness of blood

vessels increase significantly after applying contact lens.

Figure 2.2 OCT fundus images generated from the acquired 3D OCT datasets for the
retina of rat 1 (a and b), rat 2 (c and d) and rat 3 (e and f), with (b, d, f) and without (a,
C, €) contact lens, respectively. (Bar: 150 um)

Figure 2.3 shows two pairs of B-scan images for the retina of two rats with and without contact
lens, respectively. The images consist of 2048 A-lines and are displayed in grayscale with the same
dynamic range. From the brightness of these images we can see that the signal intensity of the B-
scan images with contact lens is higher than that without contact lens. The retinal layers in the OCT

images also become clearer after applying contact lens.
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Figure 2.3 Two pairs of OCT images for the retina of two rats with and without contact
lens. (a) and (b): OCT images of rat 1 without and with contact lens. (c) and (d): OCT
images of rat 2 without and with contact lens. The images consist of 2048 A-lines. (Bar:
200 um)

2.3.2 Spatial Resolution

We evaluate the improvement of lateral resolutions of the OCT images by comparing the
sharpness of the retinal blood vessels on the corresponding OCT fundus images. To compare the
sharpness of retinal blood vessels, we manually identified the OCT cross-sectional images with
and without contact lens that contain the same blood vessels at the same location. Figure 2.3 shows
two pairs of the OCT images for two rats (a and c: rat 1 and 2 without contact lens; b and d: rat 1
and 2 with contact lens). We then calculated the vessel profile by summing the pixel intensities in
the depth direction, which are shown in Figure 2.4. As shown in Figure 2.4, the vessel profiles in
the images with contact lens are sharper than that without contact lens for both rats. The central
peak (higher reflection) in the vessel profiles is caused by the specular reflection of the vessel wall
in the central region of the vessels. The retinal blood vessel profiles are typical when extracted from

fundus images acquired by imaging technologies like fundus camera, SLO or OCT.[104, 105]
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Figure 2.4 Blood vessel profiles generated by summation of the OCT signal along the
depth direction. (a) The profile of blood vessel 1 in the area marked red in Figure 2.3
(a-b); (b) The profile of blood vessel 2 in the area marked yellow in Figure 2.3(c-d).

2.3.3 Signal to Noise Ratio

We compared the signal-to-noise ratio (SNR) between the OCT images with and without
contact lens. We manually chose several pairs of B-scan images at the same location of the retina
in the corresponding dataset. Figure 2.5(a)-(b) show one pair of corresponding B-scans chosen
from the location marked as a white line in Figure 2.2(a)-(b), with and without contact lens,
respectively. A-line signals (or OCT signal) strength at locations marked as white lines on the B-
scan images are shown in Figure 2.5(c)-(d). The A-line signals are displayed in linear scale. We
can see that at the same location the OCT signal is much stronger with contact lens than that without

contact lens.
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Figure 2.5 OCT signals at the same location of the retina chosen from a pair of OCT
images with and without contact lens, the locations of which are marked as white lines
in Figure 2(a) and Figure 2(b). (c) OCT signal without contact lens at the location
marked in (b). (Bar: 200 um)

Table 2.1 SNR Calculation of OCT A-lines with and without contact lens

No lens With lens

ASNR
SNR (dB)
(dB)

signal noise
strength  strength
(counts)  (counts)

signal noise
strength  strength
(counts)  (counts)

SNR
(dB)

A-line#1  2.11x10° 531.93 11.98 4.84x10°  509.92 19.54 7.56

F“qdus Adine#2 2.03x10° 58514 10.79 596x10° 597.09 19.98  9.19
Aline#3 271x10° 54879 13.87 6.13x103 60164 2016  6.29
Aline#4 3.13x10° 55558  15.01 591x103 561.86 20.44 5.3
Funzdus Adine#5 3.12x10° 53173 1537 4.43x10° 54053 1827  2.90
Aline#6 3.90x10° 564.10 16.80 7.08x103  611.34 2127 447
Aline#7 3.05x10° 55851 1474  7.85x10° 60012 2233  7.59
F“gdus Aline#8 2.47x10° 57037 12.73 751x103 54496 2278  10.06

A-line#9 3.26x10° 609.55 14.57 6.54x10°  612.62 20.57 5.99
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We calculated the SNR of nine pairs of A-lines from three pairs of OCT images of three

different rat eyes. The results are shown in Table 2.1. The SNR is calculated by using the formula

SNR = 20log,, % In the calculation we determined the noise level by averaging the OCT

signals before the top surface of the retina and that below the choroid, while the signal is determined
by averaging the OCT signals between the RNFL and the choroid. From the results we can see that
the SNR increased 2.9 dB to 10 dB after applying contact lens on the rat eyes.

2.4 Discussion

From the experimental results we can see that both the spatial resolution and SNR of the OCT
images were improved significantly after applying contact lens on the rat eyes. The results suggest
that after applying contact lens the probing beam was focused better on the retina (smaller focal
spot). Since the contact lens used in our experiments is powerless and each OCT image was
acquired by adjusting the ocular lens to achieve the best image quality, we believe that the
improvement of image quality is not caused by focus change.

We hypothesize that the image quality was improved as a result of smaller wave-front error of
the anterior segment of the eye with contact lens. We all know that the corneal surface of rodent
eyes frequently has various defects. These defects induce wave-front errors, which will add to the
aberrations of the rodent eye. Since we added artificial tears in the contact lens before put it on the
eye, the defects of the corneal surface may be smoothed out by the post-lens tear film. As a result,
the aberrations of the eye may be partially compensated by the contact lens and lead to better OCT
image quality. Since we do not have a wave-front sensor to measure the aberrations of the rodent
eyes the hypothesis was not verified in our lab. Further experiments using a wave-front sensor may

help verify the hypothesis.
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Figure 2.6 Typical OCT images of rat’s cornea. (a)-(c) Cornea images of Sprague
Dawley rats in different ages, the red arrows indicate the location of cornea defects. (d)
and (e) Cornea images of Long Evans rats in different ages, the red arrows indicate the

location of cornea defects. (f) The rat’s cornea with contact lens, the white arrow

indicates the front surface of contact lens and red arrow shows the interface between
rear surface of contact lens and rat’s cornea. The images consist of 2048 A-lines.

As a follow-up study of this topic, another OCT system was built to image the anterior segment
of rat’s eye in order to observe the condition of cornea. Totally 26 rats in different ages and different
strains were imaged, among which 16 were Sprague Dawley rats and 10 were Long Evans rats.
Different levels of defects were found on almost every rat’s cornea. Figure 2.6 shows some of the
typical cornea images. Figure 2.6(a)-(c) show cornea images of Sprague Dawley rats in different
ages and the red arrows indicate the location of cornea defects. Figure 2.6(d) and (e) show cornea
images of Long Evans rats in different ages and the red arrows indicate the location of cornea
defects. The defects found on rat cornea are most likely some raised or sunken areas on the surface

of cornea. Figure 2.6(f) shows the rat’s cornea with contact lens, the white arrow indicates the front
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surface of contact lens and red arrow shows the interface between rear surface of contact lens and

rat’s cornea. Table 2.2 summarizes the strains, ages and body weight of the rats shown in Figure

2.6.
Table 2.2 Summarized information of rats shown in Figure 2.6
Figure No. (a) (b) () (d) (e) U
Rat strain Sprague Sprague Sprague Long Long Sprague
Dawley Dawley Dawley Evans Evans Dawley
Age 7 weeks 3 months 9 months 4 weeks 6 weeks 9months
Body weight 330g 385¢g 6529 2339 300g 6269

The results in this study show the structure of anterior segment of rat eye, and cornea defects
were observed on most of the rats” eye. These uneven surfaces of cornea may induce severe
aberrations to the eye when performing optical imaging such as OCT on the eye. After applying
contact lens, the surface of eye became smooth and even, which improves the optics system of
anterior segment of rat eye. This supplement study is a support of our previous hypothesis that the
improvement of OCT image quality by applying contact lens is a result of compensation of the
optical aberration caused by the defects of rat cornea.

2.5 Conclusion

In conclusion, we have for the first time investigated the effect of powerless contact lens on
OCT imaging of rodent retina. By comparing the OCT images of rat retina with and without contact
lens, we have demonstrated that using contact lens on rat eyes can significantly improve the lateral
resolution and SNR of OCT images. This work demonstrated that contact lens can not only help
prevent cataract formation in rodent eyes during imaging but also significantly improve the image

quality of rodent retina.
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CHAPTER 3. OPTICAL COHERENCE PHOTOACOUSTIC
MICROSCOPY FOR IN VIVO MULTIMODAL RETINAL
IMAG ING[106]

3.1 Introduction

Optical coherence tomography (OCT)[1, 2, 34, 84, 98] is a low-coherence interferometry-
based three-dimensional imaging modality, which has been widely used in ophthalmology and
animal research for high-resolution imaging of the retina. In OCT, the contrasts are provided by the
photons backscattered from the biological tissues, which carry information about mainly their
scattering properties. OCT can thus provide imaging of the micro-structures of biological tissues
like the layered structures of the retina. The development of OCT has greatly changed the landscape
of diagnosis and patient care in ophthalmology clinics.

Photoacoustic microscopy (PAM)[37-41] is a novel microscopic three-dimensional
noninvasive imaging modality that is used for imaging the microvasculature and the associated
blood oxygenation of biological tissues.[42] PAM is based on the optical-absorption properties of
biological tissues. When irradiated by a short laser pulse, the optical energy absorbed by a
substance, such as hemoglobin or melanin in tissue, is converted to heat, which induces localized
thermo-elastic expansion and leads to the generation of wideband ultrasonic waves. The ultrasonic
waves can be detected with an ultrasonic transducer to reconstruct an image mapping the location
and absorption strength of the absorbers.

Multimodal imaging with combined OCT and PAM is able to provide both the optical
scattering and optical absorption contrasts of a sample. Previous studies about integrated OCT and
PAM imaging have demonstrated the complementary nature of the contrasts provided by the two
imaging technologies. The combined OCT and PAM is thus potentially able to provide more

comprehensive information of a subject.[67, 70] As an example, combined OCT and PAM is able
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to provide simultaneous imaging of the retinal structures, retinal vasculature, and melanin in the
retinal pigment epithelium.[39, 71] By combining Doppler OCT and multi-spectral PAM it is also
possible to quantify the metabolism of Oxygen in biological tissues in vivo.[72, 73]

The two technologies, however, have different requirements for their light sources. OCT needs
a broadband light source to achieve depth resolution whereas PAM requires a pulsed laser to
deposit the light energy in the absorber in a time scale shorter than the requirements of thermal and
stress confinement.[74] Thus, two different light sources are usually used to achieve simultaneous
OCT and PAM imaging.

Using a single light source to achieve simultaneous OCT and PAM imaging was first reported
in 2012, in which a dye-laser-based pulsed broadband light source centered at 580 nm was
used.[75] The technique was termed optical coherence photoacoustic microscopy (OC-PAM)
because OCT and PAM are an integral part of the technology. To demonstrate the feasibility of
imaging biological tissues the system was successfully used to image mouse ear in a transmission
mode. Lee et al. described an OC-PAM system in the near infrared (NIR) spectral range.[76]
However, no in vivo imaging of biological samples was presented in their report.

Because of its better penetration depth and better tolerance by the eye of an imaging subject,
NIR light is more suitable for imaging the retina. Most ophthalmic OCT systems are using NIR
light source, which has a center wavelength of ~830 nm.[1, 3, 35] As a result, we believe an OC-
PAM system with a light source at a center wavelength of around 830 nm will be more suitable for
retinal imaging. Since the optical absorption coefficient of hemoglobin in the NIR spectrum range
is much smaller than that within the visible spectrum, a PAM in NIR would not be expected to
provide good contrast for imaging the retinal vasculature. In contrast to hemoglobin, melanin in the

RPE cells and in the choroid has broad absorption spectrum extending from the visible to the
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NIR.[77, 78] As a result, we expect that melanin will be the major contributor to the signals of the
NIR-PAM imaging mode.

3.2 Methods

3.2.1 Experimental System
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Figure 3.1 Schematic of the experimental system of a fiber-based OC-PAM. L1, L2:
lens; PC: polarization controller; UT: ultrasonic transducer; M1, M2: mirror; C1, C2:
collimator.

Figure 3.1 shows a schematic of the experimental system. A commercial ultrafast Ti: sapphire
laser amplifier (Legend Elite HE+ USX-10K-I, Coherent Inc.) operating under an unseeded mode
was used as the light source. The light source is able to provide light pulses with the following
parameters: pulse energy >0.1mJ; center wavelength, 800 nm; bandwidth, 30 nm; pulse duration,
3 ns; pulse repetition rate (PRR), 10 kHz. The output laser pulses were first attenuated to the desired
energy with a series of neutral density filters. The beam size was reduced with a beam reducer to
fit the aperture of the optical components. The laser pulses were then coupled into the source arm
of a 2x2 single-mode optical fiber coupler, which forms the basis of a fiber-based Michelson

interferometer. The bare-fiber tips of the output arms of the 2x2 fiber coupler were polished to 8°
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to reduce back reflection from the glass-air boundaries. In the sample arm, the light output from the
fiber was collimated and scanned by an x-y galvanometer scanner. The light was delivered to the
eye through the combination of an achromatic lens L1 (f = 75 mm) and an ocular lens L2 (f = 20
mm, 49322INK, Edmund Optics). The light pulse energy was measured to be 400 nJ at the surface
of the eye.

For the OCT imaging mode, the combined reflected light from the sample and reference arms
of the interferometer was detected in the detection arm with a spectrometer, i.e. accomplish the
OCT function in the spectral domain. The spectrometer consisted of a 1200 line/mm transmission
grating, an imaging lens (f= 150 mm), and a line scan CCD camera (AVIIVA EM2 2kx14um
pixel size, €2V). The theoretical depth resolution of the OCT mode was 9.4 pm.

For PAM imaging mode, the induced photoacoustic waves from the sample were detected by
a custom-built needle ultrasonic transducer (30 MHz; bandwidth: 50%; active element diameter:
0.4 mm). When imaging the retina the ultrasonic transducer was placed in contact with the eyelid
coupled with ultrasound coupling gel. The detected photoacoustic (PA) signals were first amplified
by 40 dB, and then digitized and streamed to the computer by a high speed 14-bit digitizer (PCI-
5122, National Instruments) at a sampling rate of 100 MS/s. Synchronization among the output of
the laser pulse, scanning of the galvanometer, acquisition of the OCT interfering spectrum, and
acquisition of PAM data was achieved by a multi-channel digital delay generator (DG645, Stanford
Research Systems). A synchronization signal from the light source was used to trigger the delay
generator. The outputs of the delay generator served as the sample clock of an analog output board
(PCI-6731, National Instruments), which controlled the x-y galvanometer scanner, triggered the
image acquisition board for the CCD camera of the spectrometer and digitizer for acquisition of

the PAM signals.
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Figure 3.2 shows the measured spectrum of the light source and the corresponding point-
spread-function (PSF) of the OCT system. The PSF was measured with a mirror as the sample and
the path length difference was set at 1 mm. The measured depth resolution is 9.9 pum in air, which

well agreed with the theoretical prediction.
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Figure 3.2 Performance of the OCT mode. (a) The measured spectrum of the light
source. (b) The calculated PSF of the OCT subsystem.

3.2.2 Animal Imaging

To test the capabilities of the system for imaging biological tissues in vivo, we imaged the eyes
of Long Evans rats (body weight: 600 g, Charles Rivers). The animals were anesthetized by
intraperitoneal (IP) injection of a cocktail containing Ketamine (54 mg/kg body weight) and
Xylazine (6 mg/kg body weight). Then we dilated the rats’ pupils with 0.5% tropicamide
ophthalmic solution. Artificial tears were applied to the animals’ eyes every two minutes to prevent
dehydration of the cornea and cataract formation. After anesthetization, the rats were restrained in
an animal mount, which was fixed on a five-axis platform. All experiments were performed in
compliance with the guidelines of the Florida International University’s Institutional Animal Care

and Use Committee.
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3.3 Results
3.3.1 OC-PAM Images

Figure 3.3 The simultaneously acquired OCT and PAM images of two rat eyes. (a) and
(c): OCT fundus images generated from the acquired 3D OCT datasets. (b) and (d): The
maximum-amplitude-projection (MAP) of the PA datasets. Bar: 200um

Figure 3.3 shows the simultaneously acquired OCT and PAM images of a rat eye. Figure 3.3
(@) and (c) show the OCT fundus images generated from the acquired 3D OCT datasets of rat 1
and rat 2, respectively.[35] Figure 3.3 (b) and (d) show the maximum-amplitude-projection (MAP)
of the photoacoustic datasets of rat 1 and rat 2, respectively. All 3D datasets consist of 256 x 256

A-lines (depth scans), covering a retinal area of 1.7x1.7 mm2. Since both OCT and PAM images
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are generated from the same group of photons, they are automatically and precisely registered in
the lateral directions, which is evidenced in the figure. The lateral positions of each pixel of OCT
and PAM image are determined by the scanning of the light pulse. Each light pulse contributes to
both one A-line of OCT and one A-line of PAM.

We can see that the projected OCT and PAM images show significantly different features of
the retina although the corresponding signals were generated from the same group of photons. The
OCT fundus image shows clearly the structure of the major retinal blood vessels while the contrast
of these blood vessels to the background of the PAM image is so small that they are barely
recognizable. In the projected PAM image we also see thinner blood vessel-like shadows in areas
between the major retinal blood vessels and these shadows are absent in the OCT fundus image.
Our previous retinal imaging results of pigmented rats with visible light PAM have shown that
except the retinal blood vessels the photoacoustic signals also come from melanin in the RPE cells.

In the current PAM image if the photoacoustic signals come from the RPE layer as in the case
of visible light PAM, one would expect that the shadows are casted by the retinal vessels because
only the retinal vessels are in front of the RPE layer and can block the illuminating light. However,
in the wavelength range of the light source the light absorption by hemoglobin in the retinal vessels
is weak. As a result, although the major light absorbers are melanin either in the RPE cells or in the
choroid, the shadows were unlikely casted by the small retinal vessels.

A careful analysis of the B-scan images of OCT and PAM indicated that the shadows are
corresponding to the locations of choroidal vessels, as shown in Figure 3.4. The simultaneously
acquired OCT [Figure 3.4(a-b)] and PAM [Figure 3.4(c-d)] B-scan images, each of 2048 A-lines,
clearly show that the shadows in the PAM image correspond well with choroidal vessels in the

OCT image [Figure 3.4, vertical lines]. Figure 3.4(a) and (c) are the images of rat 1. Figure 3.4(b)
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and (d) are the images of rat 2. A shadow casted by a retinal blood vessel [Figure 3.4(a), red arrow]

also casted a shadow in the corresponding PAM image [Figure 3.4(c)].

Figure 3.4 The simultaneously acquired OCT and PAM B-scan images. The red arrow
indicates retinal blood vessel. Bar: 100pm

3.3.2 Histological Study

To further verify that many of the shadows in the PAM image were choroidal vessels, we
performed histological analysis on one of the rat eyes. Cross sections of the eye were obtained with
a cryostat. From the histological image [Figure 3.5(a) and Figure 3.5(c-e)] it is clear that the
concentration of melanin in the choroid is much higher than that in the RPE, indicating that
choroidal melanin contributes much more to the absorption contrast than the RPE melanin in PAM
images. The absence of melanin in choroidal blood vessels and concentrated melanin in the
surrounding tissue should produce high contrast images in PAM with weak absorption at the sites
where the choroidal blood vessels locate and much stronger signal in surrounding tissue. These
features are in good agreement with the weak signals of blood vessels in photoacoustic image. In

addition, the choroidal blood vessels in the histological image [Figure 3.5(a), red arrows] match
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well the choroidal vessels in the OCT cross-sectional image [Figure 3.5(b), red arrows]. These
results provide strong evidence that the shadows in PAM image are the distribution of choroidal

blood vessels.
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Figure 3.5 Comparison of the histologic image (a) with the OCT cross-sectional image
(b) of rat retina. Bar: 100um. (c-e) Additional histologic images with different areas of
593 x 444 um?, 213 x 213 pm? and 195 x 147 um?, respectively

Studies by other groups have shown that differences exist between the melanin concentrations
in the RPE between rodents and primates (results not published). The rat’s RPE layer could not be
imaged by photoacoustic microscopy whereas the RPE layers of monkey and primes could be. We
haven’t performed such study yet but we believe this is what we can further prove with this system

in the future.
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3.4 Discussion

The maximum permissible exposure (MPE) at 800 nm for the eye is calculated to be 305 nJ
for single pulse illumination according to the ANSI laser safety standard. When multiple light
pulses overlap in the retina in the case of short scanning range, the MPE will be lower. As a result,
the pulse energy of ~400 nJ in this experiment is higher than the MPE due to the sensitivity
limitation of the ultrasonic transducer. The pulse energy can be lowered when a transducer with
better sensitivity is available. Although the high pulse energy used in the experiments, we didn’t
see any damage to the rat retina after at least ten times of imaging experiments in a period of 6
months.

Comparing with PAM using a monochromatic light source, the broader bandwidth in OC-
PAM may have a negative effect on the signal intensity of PAM imaging depending on the
absorption spectrum of the absorber. Because the absorption coefficient of RPE melanin decreases
monotonically with wavelength in the visible and NIR spectral range, as long as the spectrum of
the light source is symmetric the bandwidth of the light source should not affect the signal-to-noise
ratio. Achromatic aberration of the optical system including that of the eye may affect the lateral
resolution of both the two imaging modes and thus the energy deposition in the absorbers. This
may affect the signal intensity of PAM. In the current experiment the bandwidth of the light source
isonly 30 nm, A1/A = 3.8%, the effect can be neglected.

The PRR of the light source is 10 kHz, i.e. the imaging speed is 10,000 lines/s, which is not as
high as conventional spectral-domain OCT. Increasing the PRR can increase the imaging speed.
However, increasing the PRR will also increase the average power of the light source, which may
cause laser safety issues in practical applications when there is pulse overlapping in the retina, i.e.

repetitive exposure in a single spot. Thus, in practical applications there is a tradeoff between pulse
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energy and PRR. In all situations an ultrasonic transducer with high sensitivity is a key for reducing
the laser pulse energy, thus makes it safe for eye imaging.

We can see in the NIR spectrum in our current system configuration the major contribution of
the PAM signal is from melanin in the RPE cells. Blood vessels appear dark in these NIR PAM
images in contrast to the bright images in a visible light PAM[75]. To image the retinal or choroidal
blood vessels with PAM a transducer with better sensitivity is necessary so that the weak
photoacoustic signals generated from the blood vessels can be picked up. Using contrast agents to
increase the absorption in the NIR is another possible solution.

3.5 Conclusion

In conclusion, we have demonstrated the feasibility of an OC-PAM system working in the
near-infrared. By using a single pulsed broadband NIR light source, OC-PAM can image the
scattering and absorption contrasts simultaneously. This system can provide both deep penetration
depth as conventional OCT and melanin-specific absorption contrast, which is potentially suitable

for human ophthalmic applications.
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CHAPTER 4. OPTICAL COHERENCE PHOTOACOUSTIC
MICROSCOPY (OC-PAM) WITH AN INTENSITY-MODULATED
CONTINUOUS-WAVE BROADBAND LIGHT SOURCE[107]

4.1 Introduction

Optical coherence tomography (OCT)[1, 2] and Photoacoustic microscopy (PAM)[37-41] are
two noninvasive high-resolution three-dimensional biomedical imaging modalities based on
different contrast mechanisms. OCT detects the light backscattered from a biological sample either
in the time or spectral domain using an interferometer to form an image. The backscattered light
carries information of different aspects of light tissue interactions, thus OCT can provide a variety
of contrasts for imaging such as intensity, polarization, and Doppler shift. OCT is playing an
indispensable role in ophthalmic clinics for the diagnosis of ocular diseases. OCT is also a very
promising candidate for imaging the functions of the retina.[108, 109]

PAM is a branch of photoacoustic imaging. By detecting the light induced acoustic waves to
form an image, PAM is sensitive to optical absorption, thus can provide absorption-specific
imaging contrast. The most prominent application of PAM is to image the micro-vasculature of
biological samples. In ophthalmic applications PAM is able to image the retinal vasculature and
the melanin distribution in the retinal pigment epithelium (RPE) in vivo.[39] By using multi-
wavelength illumination, PAM is able to image the blood vessel oxygenation, which provides
functional information of a living biological object.[37]

Due to their complementary contrast mechanisms OCT and PAM are suitable for being
combined to achieve multimodal imaging. Previous studies have demonstrated that such a
multimodal imaging technique is able to provide both the optical scattering and optical absorption
information of a subject simultaneously. [39, 67, 70-73] However, all the imaging systems in those

studies employed two different light sources for OCT and PAM, due to their different needs: to
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achieve good depth resolution OCT requires a broadband light source, usually in the near-infrared
(NIR), whereas a short-pulsed laser is used for PAM to induce transient thermal-elastic expansion
in the sample. Simultaneous multimodal OCT and PAM imaging with the same group of photons
is achievable by using a pulsed broadband light source either in the visible[75] or NIR[106]. This
technique of integrating OCT and PAM with the same light source was named “optical coherence
photoacoustic microscopy (OC-PAM)” because OCT and PAM are an integral part of the
technology. Previously, OC-PAM systems used a pulsed broadband light source in which each
light pulse generates one depth scan (A-line) for both OCT and PAM. In this configuration, the
OCT image quality highly depends on the pulse-to-pulse stability of the light source without
averaging. In addition, laser safety is always a concern for in vivo applications, especially for eye
imaging with a pulsed light source. Therefore, a continuous wave (CW) light source is desired for
OC-PAM applications. CW light source has been used for photoacoustic imaging. Murray and
Balogun[110] first reported a photoacoustic microscopy illuminated with an intensity-modulated
CW laser. The ultrasonic waves were detected with a narrow-band ultrasonic transducer and a lock-
in amplifier. Maslov and Wang also reported a PA imaging system using an intensity-modulated
CW laser diode and demonstrated the capability of imaging biological tissue such as rabbit
ear.[111]

In this chapter, our latest progress on OC-PAM with an intensity-modulated superluminescent
diode (SLD), a light source commonly used in OCT, is reported. The system was successfully

tested on imaging biological tissues both ex vivo and in vivo.
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4.2 Methods
4.2.1 Experimental System

The experimental system is schematically shown in Figure 4.1. A commercial intensity-
modulated SLD module (IPSDS0815-0311, Inphenix Inc.; output power: 6.3 mW,; center
wavelength: 850 nm; bandwidth: 33 nm) was used as the light source. The modulation frequency
was set at 2.25 MHz to match the center frequency of the available commercial ultrasonic
transducer. A 100% modulation depth was achieved by applying a 2.2-V sinusoidal signal from a
function generator. The modulated output light was coupled into the source arm of a 2x2 single-
mode optical fiber coupler, which forms the basis of a fiber-based Michelson interferometer. In the
sample arm, the light exiting the fiber was first collimated and the beam was expanded to fit the
aperture of the objective lens (Microspot focusing objectives, f =40 mm, LMH-5X-532, Thorlabs).
The light power was measured to be 2.3 mW at the surface of a sample. In the reference arm, a
BK7 glass plate was used to compensate for the group-velocity dispersion mismatch between the

two interfering arms.
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Figure 4.1 Schematic of the experimental system of a fiber-based OC-PAM with an
intensity-modulated light source. L1, L2, L3: achromatic lens; PC: polarization
controller; UT: ultrasonic transducer; M1, M2: mirror; C1, C2: collimator.
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For OCT imaging, the combined reflected light from the sample and reference arms of the
interferometer was detected in the detection arm with a spectrometer. The spectrometer consisted
of a 1200 line/mm transmission grating, an imaging lens (f = 150 mm), and a line scan CCD camera
(AVIIVA EM2 2kx14um pixel size, e2V). The theoretical depth resolution was 9.6 um.

For PAM imaging, the induced ultrasonic waves from the sample were detected by a
commercial 2.25 MHz focused ultrasonic transducer (V323-SM, focal length: 6mm, Panametrics)
in transmission mode. The transducer was immersed in a water tank filled with distilled water. A
window was opened at the bottom of the water tank and was sealed with a transparent polyethylene
membrane. For imaging, a sample is placed under the window between the polyethylene
membrane and a glass cube, and acoustically coupled with ultrasonic coupling gel. The
components within the dashed-box in Figure 4.1 were translated by a 2-axis motorized stage
(UniSlide, Velmex, Inc.). The PA signals were first amplified by two pre-amps with a total gain of
96 dB. The amplified PA signal was detected by a lock-in amplifier (SR844, Stanford Research
Systems) and then digitized by a high speed 12-bit digitizer (PCI-5124, National Instruments) at a
sampling rate of 100 MS/s. Synchronization among the mechanical scan of the motor, acquisition
of the OCT interfering spectrum, and acquisition of PAM data was achieved by a multi-channel
digital delay generator (DG645, Stanford Research Systems). At the end of each moving step, the
TTL pulse output from the motor controller was used to trigger the delay generator. The delay
generator then generated two 30 ns pulses, one of which was delayed by 30 ms. The delayed output
was used to trigger the digitizer for acquisition of the PAM signal and the other triggered the image
acquisition board for the OCT spectrometer. The exposure time of the CCD camera for the

spectrometer was set to 36 ps. At each scanning position, the digitizer acquired 100 data points at
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a sampling rate of 100 MS/s. These 100 data points were averaged to generate one pixel of the

PAM image.

4.2.2 Invivo and ex vivo Imaging

To test the capabilities of the system for imaging biological tissues in vivo, the ears of Swiss
Webster mice (body weight: 28 g, Charles River) were imaged. The animals were anesthetized by
intraperitoneal (IP) injection of a cocktail containing Ketamine (54 mg/kg body weight) and
Xylazine (6 mg/kg body weight). All experiments were performed in compliance with the
guidelines of the Florida International University’s Institutional Animal Care and Use Committee.

Since the optical absorption of hemoglobin is much weaker in the NIR than that in the visible
spectrum, gold nanoparticles[112, 113] have been used as contrast agents to enhance the
photoacoustic signals for vasculature imaging. Gold nanorods (GNRs) have been proved to be an
effective contrast agents for photoacoustic imaging[114] of inflammatory responses[115], sentinel
lymph node[116] and tumor in vivo[117, 118]. In our experiments, GNRs (D12M-850-250,
Absorption peak: 850 nm, Nanoparz) were injected (70 uL per mouse) via tail vein.

To verify the capability of the system for imaging ocular tissues, imaging was carried out ex
vivo with porcine eye tissues (Animal Technologies, Inc.) in which a small piece of the posterior
eye wall containing the pigment epithelium (RPE), the choroid, and the sclera was used.

4.3 Results
4.3.1 System Performance
Figure 4.2 shows the measured spectrum of the light source and the corresponding point-

spread-function (PSF) of the OCT system. The PSF was measured with a mirror as the sample and
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the path length difference was set at 1 mm. The measured depth resolution is 9.4um in air, a value

in good agreement with theoretical calculations.
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Figure 4.2 Performance of the OCT. (a) The measured spectrum of the light source. (b)
The calculated PSF of the OCT subsystem.
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Figure 4.3 Images of USAF 1951 resolution target. (a) Microscopic image. (b) Zoomed-
in microscopic image of the scanned area. (c) PA image. (d) OCT projection image
generated from the acquired 3D OCT dataset.

The system was first tested to image an USAF 1951 resolution target (Figure 4.3). Figure 4.3(a)
shows a microphotograph of the resolution target taken with a conventional microscope. The red
box in Figure 4.3(a) is the area imaged with the OC-PAM system, which is zoomed in and shown

in Figure 4.3(b). Figure 4.3(c) shows the PAM image of the imaged area and Figure 4.3(d) shows
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the OCT projection images generated from the acquired 3D OCT dataset. Both of the PAM and
OCT images consist of 256 x 20 pixels, covering an area of 2.3 x 0.18 mm? The PAM image
indicates that the minimum visible resolution bar is in Group 6 Element 2 with the line width of

6.96 um.

4.3.2 Invivo Imaging on Mouse Ear
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Figure 4.4 Simultaneously acquired PAM and OCT images of a mouse ear in vivo with
GNRs injection. (a) PA image. (b) OCT projection images generated from the acquired
3D OCT dataset. (c) OCT cross-sectional image, whose location is marked as a white
line on (a) and (b). Bar: 300um (a, b) 180um (c)

Figure 4.4 shows the simultaneously acquired OCT and PAM images of a mouse ear (Figure
4.4(a): PAM image; Figure 4.4(b): the OCT projection image; Figure 4.4(c): the OCT cross-
sectional image). GNRs were injected via the tail vein as contrast agent. These images consist of

256 x 128 pixels, covering an area of 2.3x2.3 mm? With the same group of photons, the PAM
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image reveals the blood vessels with good contrast provided by GNRs, whereas the sebaceous

glands can be clearly seen with good contrast in the OCT projection image.

4.3.3 Exvivo Imaging on Porcine Eye
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Figure 4.5 Simultaneously acquired PAM and OCT images of a porcine eye ex vivo. (a)
and (c) PA images. (b) and (d) OCT projection images generated from the acquired 3D
OCT datasets. Bar: Bar: 150um (a, b) 300um (c, d)

A porcine eye was imaged ex vivo to show that the system could also image ocular tissues. A
piece of the posterior segment of the eye was cut, retina removed, and imaged with the system.

Figure 4.5 shows the simultaneously acquired PAM images [Figure 4.5(a) and (c)] and OCT
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projection images [Figure 4.5(b) and (d)]. Figure 4.5(a) and (b) consist of 256 x 128 pixels,
covering an area of 1.2x1.2 mm?. Figure 4.5(c) and (d) consist of 256 x 128 pixels, covering an
area of 2.3x2.3 mm?. The PAM image has a bright background with dark, blood vessel like
patterns, which appear bright in the OCT projection image. In our previous study on rat eye imaging
in vivo with pulsed-light NIR OC-PAM system, the dark pattern in the PAM image are confirmed
as images of the choroidal blood vessels.[106] Indeed, the cross-sectional OCT image [Figure
4.6(d)] and a microphotography of histological cross-section of the same tissue [Figure 4.6(c)]
demonstrate clearly the blood vessel like pattern in Figure 4.5 was choroidal blood vessels (red

arrows in Figure 4.6(c) and Figure 4.6(d)).
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Figure 4.6 Comparison of OCT cross-sectional image and histologic image of porcine
eye ex vivo. (a) PA image. (b) OCT projection image, where the white line marks the
location of the OCT cross-sectional image shown in (d). (c) Histologic image of porcine
eye. (d) OCT cross-sectional image of porcine eye. Bar: 150pum (a, b) 50um (¢) 90um (d).
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In the porcine eyes, melanin is much more concentrated in the choroid than in the RPE [Figure
4.6(c)], a phenomenon also found in pigmented rat eyes in our previous study[106]. The depth of
focus of the ultrasonic transducer is much longer than the thickness of the RPE, thus both the
choroid and RPE melanin contributes to the intensity of each pixel of the PAM image. The higher
concentration of melanin in the choroid indicates that choroidal melanin is the major contributor to
the absorption contrast in PAM images, whereas the absence of melanin in choroidal blood vessels
reduces the amount of melanin contributing to the photoacoustic signals in the pixels corresponding
to the locations of the vessels, providing the contrast of blood vessels compared with the tissues
surrounding the choroidal blood vessels where high melanin concentration is present.

From the OCT cross-sectional image we can see that there were stronger signals from the
tissues beneath the choroidal blood vessels, as shown in Figure 4.6(d). The location of the cross-
sectional image shown in Figure 4.6(d) is marked as a white line in Figure 4.6(b). When we
reconstructed the OCT projection image, the choroidal blood vessels appear bright compared to
the background. These features are in good agreement with the weak signals of blood vessels in
photoacoustic image. In addition, the choroidal blood vessels in the histological image [Figure
4.6(d), red arrows] match well with the choroidal vessels in the OCT cross-sectional image [Figure
4.6(c), red arrows]. These results provide strong evidence that the shadows in PAM image are the
distribution of choroidal blood vessels.

4.4 Discussion

In this study we can see that the OCT image quality is better than that in the OC-PAM using a
pulsed light source because of the much better stability of the commercial SLD light source. To
compare the OCT image quality fairly, the pulsed light source used in Chapter 3 and the intensity-

modulated broadband SLD light source used in this chapter were combined by a flip mirror and
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coupled into the source arm of fiber-based OCT system as a supplement study of this topic. The
same rat was first imaged using the pulsed light source with the flip mirror down and then imaged
using the intensity-modulated cw light source by flipping up the mirror.

The OCT cross-sectional images are shown in Figure 4.7. Figure 4.7(a) is the OCT cross-
sectional image using pulse broadband light source and Figure 4.7(b) is the OCT cross-sectional
images using intensity-modulated cw light source. Compared with the OCT image acquired with
pulse broadband light source, the one acquired with intensity-modulated cw light source shows
stronger signal intensity and better contrast to the background. Furthermore, the layered structures

in retina are better resolved in the OCT image acquired with intensity-modulated cw light source.

Figure 4.7 Comparison of OCT cross-sectional images acquired by OCT system using
pulsed broadband light source and cw light source, respectively. (a) OCT cross-
sectional images using pulse broadband light source (b) OCT cross-sectional images
using cw light source.

However, the PAM image quality in this topic is not very good due to limitation of the
ultrasonic transducer sensitivity. As a result, contrast agent needs to be used for vasculature
imaging. A possible 20 dB of magnitude improvement can be expected when a resonant transducer
is used[111]. Thus, the system could benefit from using a resonant transducer to image blood
vessels without the use of contrast agent. The glass cube at the back of the sample also improved
(roughly doubled) the photoacoustic signal by reflecting the ultrasound transmitted through the

sample. Our current OC-PAM system is configured in the transmission mode due to limited
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availability of the ultrasonic transducer. The availability of better transducers could allow the
system to be configured in the reflection mode more suitable for in vivo imaging.

RPE and choroidal melanin provides good contrast for imaging the eye. Due to the lower
optical absorption coefficient in the NIR compared to that in the visible spectrum, thus the much
longer penetration depth in the NIR for the illuminating light, it is difficult to distinguish the RPE
and choroidal contributions to the PAM signals. Results presented in this chapter and from our
previous study [106] described in Chapter 3 clearly indicate that PAM with NIR light source is
more suitable for imaging melanin distributions in the choroid. With the high melanin background,
the choroidal blood vessels, which lack melanin, can be imaged. This provides a unique capability
of PAM for imaging choroidal blood vessels in vivo.

Since the current OCT imaging speed can be as high as 24k A-lines/s with an exposure time of
36 s, the imaging speed of the system is mainly limited by the integration time of the lock-in
amplifier, thus the speed of PAM, and the mechanical scanning speed of the translational stages.
To achieve a steady output, a 30 ms integration time was chosen for the lock-in amplifier. For an
image consisting of 256 x 128 pixels, it may take more than 17 minutes for data acquisition and
about 14 minutes for scanning, thus a total of more than 30 minutes to acquire the whole image.
The slow imaging speed may limit the system for in vivo applications such as retinal imaging.
Improved scanning speed can be achieved with faster scanning mechanisms such as that used in
scanning-laser photoacoustic ophthalmoscope[39]. Increasing the modulation frequency of the
light source may help reduce the integration time of the lock-in amplifier, thus improve the imaging

speed.
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4.5 Conclusion

In conclusion, we have demonstrated the feasibility of an OC-PAM system with an intensity-
modulated broadband SLD light source in the NIR. The system was successfully applied to
imaging biological samples ex vivo and in vivo. The results show that SLD light source produces
better OCT image quality in OC-PAM. Furthermore, the present studies in porcine eyes together
with the studies in rat eyes previously provide evident that PAM with NIR light source is a
technology capable of imaging the choroidal blood vessels. Finally, our studies point to the need

for more sensitive transducers and to improve imaging speed for clinical translation.
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CHAPTER 5. PHANTOM STUDY OF OC-PAM
5.1 Introduction

RPE is a monolayer of pigmented cells between the photoreceptors and choriocapillaris in the
eye. There are two major pigments in RPE, melanin and lipofuscin. RPE melanin serves as
photoprotective role by absorbing radiation and scavenging free radicals and reactive oxygen
species (ROS).[79, 80] On the other hand, lipofuscin is a by-product of phagocytosis of the
photoreceptor outer segments, which accumulates with aging of the retina. Excessive levels of
lipofuscin accumulation could compromise essential RPE functions and contribute to the
pathogenesis of age-related macular degeneration (AMD)[81], a leading cause of blinding diseases
in developed countries. Hence, in vivo imaging of melanin and lipofuscin can provide important
aging information of the retina, which is important for AMD research and clinical diagnosis.[82]

In the NIR spectrum range, PAM is able to provide melanin-specific imaging of retina and
OCT is able to image scattering contrast, which is related to the amount of lipofuscin accumulated
in the RPE layer. Since the OCT and PA signals are generated with the same group of photons, the
interpreted signal strength would represent the optical properties of the retina in ophthalmologic
imaging. Thus, the proposed NIR OC-PAM system is potentially able to provide a unique
technique to evaluate the existence of melanin and lipofuscin specifically, which will benefit the
diagnosis and research of AMD.

Therefore, to conduct the phantom study and convert the relationship between signal intensities
of OCT and PAM to the relationship between the optical scattering property and optical absorption
property is very important to evaluate the existence of melanin and lipofuscin in RPE and will be

strong evidence for practical application of the proposed NIR OC-PAM system.
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The assumption for this phantom study would be, for a certain phantom with a fixed ratio of
the scattering and absorption coefficients, the interpreted signal strength from the acquired images
would be the same. This study would enhance the practical application of the NIR OC-PAM

system for studying optical properties of biological tissues.

5.2 Methods
5.2.1 Theoretical Model

As discussed in Chapter 1.1, the detected interference signal is the last tem in Equation 1.91.8

as.
(r) =2 Z JRATTT + 2(r, — 7)1, 5.1
n
thus, we have:
I*(r) x R, 5.2

The relationship between the reflectivity R and scattering coefficient p is given as:

R = usb(g)dz, 5.3

T

b(g) = J- p(0)2msinfdo 5.4
mT—sin~1NA

where the factor b(g) is the fraction of the photon that gets back scattered; the phase function,
p(0) is assumed to be a Henyey-Greenstein phase function.
To simplify the equation, the reduced scattering coefficient us = us(1 — g) is used instead,
where g is the anisotropy of scattering. Thus, in OCT imaging we have:
12 (1) o pl, 5.5
In Chapter 1.2, the solution to the wave equation for the velocity potential can be expressed as

Equation 1.13:
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The heating function for optical illumination may be expressed as:

H(r,t) = u,(r)o(r,t) 5.6
where ,, is the absorption coefficient, and & (r) is the optical radiation fluence rate. Within the
diffusive regime,

D(r) =~ dye HefiT 5.7
where @, is the illumination fluence, perr = +/31a(Ua + %), pe is the reduced scattering
coefficient.

In the OC-PAM system with an intensity-modulated CW light source, the light intensity is
expressed as I = Iy [1 + sin(w,t)], where Iy, is the time-averaged light intensity and w,. is
the modulation frequency. If the light intensity is written as I = I,f (£), where I, denotes the
maximum and £ denotes a dimensionless time (£ = ¢/t or w,t). In three dimension, the time
profile of the photoacoustic wave generated by a long light pulse can be derived as[68, 119]:

Doe Mo d

= f (@), 5.8

P = Ha(r) 4m02Cpor dt

where o is the optical cross section of the particle, 6 is a pulse width parameter. Thus, the

generated PA pressure is proportional to the absorption coefficient u, (1):

p(r) o ug (). 5.9

5.2.2 Phantom Design
Intralipid™ is an aqueous suspension of lipid droplets that is commonly used in the biomedical

optics community. Since it has no strong absorption in the spectra of visible and NIR, Intralipid has
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been widely used as a scattering medium for phantoms that mimic turbid tissues when conducting
optical experiments.[120-123]
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Figure 5.1 The absorption coefficient of Intralipid-10%.

The optical properties of Intralipid has been studied by several groups.[124-128] A
summarized graph of the optical absorption coefficient is shown in Figure 5.1 and scattering
properties are shown in Figure 5.2 and Figure 5.3.[129] The absorption coefficient of Intralipid is
less than 0.03 cm™ in NIR spectra, which is much smaller than the absorption of NIR dye, thus it

is negligible in this phantom studly.
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Figure 5.2 The scattering properties of Intralipid-10%. (a) The scattering coefficient of
Intralipid-10%. (b) The anisotropy of scattering of Intralipid-10%.
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Figure 5.3 The reduced scattering coefficient of Intralipid-10%.

According to the study of van Staveren et al.[128], the Mie theory approximation of the
scattering coefficient of Intralipid-10% is:
Us = 2.54 x 10°A72*(cm™1), 5.10
and the anisotropy of scattering of Intralipid-10% is:
g=11-0.58x10732, 5.11
where A is the wavelength in nanometers. In our OC-PAM system, the center wavelength is
850 nm, thus the calculated pg and g of Intralipid-10% from Equation 5.10 and Equation 5.11
are 236.7 cm™~tand 0.607, respectively.
The reduced scattering coefficient of Intralipid-10% using u; and g calculated above is:
ps = us(1—g) = 93cm™!
NIR869A (QCR Solutions Corp) is a commercial water-soluble absorbing NIR dye specially
designed for use in water-based systems. The absorption peak of the NIR869A is 869 nm, as shown
in its absorption spectrum in Figure 5.4. The absorptivity of NIR869A is 273 L g* cm, thus the

absorption coefficient i, is 273 cm™ for concentration of 1 g/L.
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Figure 5.4 The absorption spectrum of NIR869A.

In this phantom study, the Intralipid was used as a scattering substance of lipofuscin phantom
and the NIR dye as an absorption phantom of RPE melanin. By determining the optical properties
of melanin and lipofuscin, the phantoms will be prepared with different mixture ratios in the range
of the similar scattering and absorption coefficients.

The optical properties of melanosome has been studied by several groups.[130-133] A
summarized graph of the optical absorption coefficient is shown in Figure 5.5.[77] The absorption
coefficient of retinal melanosome can be approximated as[132]:

Ug = 6.49 x 101217348 (cm™1), 5.12
where A is the wavelength in nanometers. Thus, the absorption coefficient at the wavelength of 850
nm is 414.8 cm™, which is approximately the same absorption as NIR dye with a concentration of

152 glL.
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Figure 5.5 The absorption coefficient of melanosome.

To design the phantom solutions, a pilot study was performed to help understand the
relationship between the measured signal intensities and phantom concentrations. Figure 5.6 shows
the relationship between the OCT signal intensities and the concentration of Intralipid in the pilot
phantom solutions. Higher concentration of Intralipid results in higher OCT signal intensities.
Figure 5.7 shows the relationship between the PA signal intensities and the concentration of NIR
dye in the pilot phantom solutions. Higher concentration of NIR dye results in higher PA signal
intensities. For each phantom solution, the ratio of the processed OCT signal intensities to the PA
signal intensities was calculated. The results are shown in Figure 5.8. We can find within a certain
range of the ratio of the reduced scattering coefficient to the absorption coefficient, the OCT/PA

ratios could be quite close to each other.
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Figure 5.8 Ratio of OCT signal intensities to PA signal intensities of pilot phantom
solutions

To link the phantom solutions to optical properties of biological tissues, some literature
research was done to determine the concentration of phantom solutions. Hammer et al. measured
the optical properties of bovine RPE, the absorption coefficient u,=380 cm™ and the reduced
scattering coefficient u,=256 cm™.[134] Based on these studies and optical properties of RPE, the
absorption coefficient of the phantom solution is designated to be 31.01 cm™ to 620.2 cm and the
reduced scattering coefficient is designated to be from 18.6 cm™to 186.1 cm™. To achieve a fixed
ratio of the reduced scattering coefficient to the absorption coefficient from 0.3 to 0.6, the

concentration of Intralipid and NIR dye in the phantom solution is shown in Table 5.1.
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Table 5.1 Concentration of Intralipid and NIR dye in the phantom solution

GROUP A: GRO(&JP B: GROLgP C: GROlgP D:
2%INTRALIPID 8% 14% 20%
INTRALIPID INTRALIPID INTRALIPID
NO. | Ms/Ma  ps'=18.6059cm?  ps'=74.4236cm?  ps'=130.2413cm?  ps'=186.059cm?
Cdye Cdye Cdye Cdye
pa/cmt y pa/cm?t y pa/cmt y pa/cmt y
(9/L) (9/L) (9/L) (/L)
1 0.3 62.02  0.227 248079 0.909 434138 159  620.197 2272
2 0.4 46515  0.17 186.059 0.682 325.603 1.193  465.148 1.704
3 | 045 41346 0151 165.386 0.606 289.425 1.06  413.464 1.515
4 0.5 37.212  0.136 148.847 0545 260.483 0.954 372118 1.363
5 | 055 33.829 0.124 135316 0.496 236.802 0.867 338.289 1.239
6 31.01 0114 124039 0454 217.069 0.795 310.098 1.136

Figure 5.9 Photos of the phantom solutions prepared based on the mix ratio in Table
5.1. (a) Group A with 2% Intralipid. (b) Group B with 8% Intralipid. (c) Group C with
14% Intralipid. (d) Group D with 20% Intralipid. In each picture, the ratio of the
reduced scattering coefficient to the absorption coefficient is 0.3, 0.4, 0.45, 0.5, 0.55
and 0.6 from left to right.

58



There are totally four groups of phantom solutions. For each group, a fixed concentration of
Intralipid is mixed with varied concentrations of NIR dye to create phantom solutions with different
ratios of the reduced scattering coefficient to the absorption coefficient, ranging from 0.3 to 0.6.
Since our hypothesis is related to optical properties, the ratios of the reduced scattering coefficient
to the absorption coefficient is fixed as 0.3, 0.4, 0.45, 0.5, 0.55 and 0.6. The concentrations of
Intralipid from Group A to Group D are 2%, 8%, 14% and 20%, thus the concentration of NIR dye
can be determined by the preset ratios and the optical scattering property of Intralipid. Figure 5.9
shows the photos of the phantom solutions prepared based on the mix ratios in Table 5.1. Figure
5.9(a)-(d) show the pictures of Group A to Group D with 2%, 8%, 14% and 20% Intralipid,
respectively. In each picture, the ratios of the reduced scattering coefficient to the absorption

coefficient are 0.3, 0.4, 0.45, 0.5, 0.55 and 0.6 from left to right.

5.2.3 Imaging System

The experimental system is the one used for OC-PAM with intensity-modulated light source
in Chapter 4, as shown in Figure 4.1. The phantom solution was injected into a polystyrene capillary
tube (CTPS281-500-5, Paradigm Optics, Inc) by a syringe. The inside diameter of the polystyrene
capillary tube is 281 um and the thickness of the wall is 109 um. The tube was placed under the
window of the water tank between the polyethylene membrane and a glass cube, and acoustically
coupled with ultrasonic coupling gel. Both of the PAM and OCT images consist of 256 x 20 pixels,

covering an area of 1.35 x 0.2 mm?.
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5.3 Results
5.3.1 OCT Signals

Table 5.2 OCT signal intensities of phantom solutions

pus/pa  2%lntralipid 8% Intralipid  14% Intralipid 20% Intralipid

0.3 9.4797e+06 1.9168e+07 2.1362e+07 2.4225e+07
0.4 1.0056e+07 2.0999e+07 2.4506e+07 2.6592e+07
0.45 1.0564e+07 2.2176e+07 2.7408e+07 2.9179e+07
0.5 1.0303e+07 2.2853e+07 2.6982e+07 3.3028e+07
0.55 1.0342e+07 2.2601e+07 2.7675e+07 3.1660e+07
0.6 1.0405e+07 2.3148e+07 2.7741e+07 3.1434e+07
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Figure 5.10 OCT signal intensities of phantom solutions

Based on Equation 5.1, the OCT signal intensity of phantom solution is presented by the

square of the interpreted OCT signal in the time-domain. Table 5.2 shows the results of OCT signal
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intensities of different phantom solutions and the plot is shown in Figure 5.10. We can find that
among those groups with different Intralipid concentrations, the whole group of phantom solutions
with higher Intralipid concentration results in higher OCT signal intensities. The group with 2%
Intralipid reflects significantly lower OCT signal intensities because the concentration of Intralipid
is only 1/4 of 8% and 1/10 of 20%. Within the group of same Intralipid concentration, the OCT
signal intensities increase smoothly with the increase of the /1, ratio, which suggests that the

existence of NIR dye also has minor effect on OCT signal intensities.

5.3.2 PA Signals

To evaluate the PA signal intensity, the measured PA signals were averaged and the average
of background signal intensity was subtracted. Error! Not a valid bookmark self-reference.
shows the results of PA signal intensities of different phantom solutions and the plot is shown in
Figure 5.11. With higher absorption coefficient of the phantom solution, the processed PA signal
intensities were increasing accordingly but nonlinearly with the existence of high scattering
Intralipid.

Table 5.3 PA signal intensities of phantom solutions

pus/pa  2%lntralipid 8% Intralipid  14% Intralipid 20% Intralipid

0.3 9.3783e+03 2.3098e+04 2.8533e+04 3.1480e+04
0.4 8.1944e+03 2.1046e+04 2.7173e+04 3.0623e+04
0.45 7.8560e+03 2.1333e+04 2.7426e+04 3.0183e+04
0.5 6.9485e+03 2.0220e+04 2.6216e+04 2.8501e+04
0.55 6.9305e+03 2.0452e+04 2.6027e+04 2.9142e+04
0.6 6.8175e+03 2.0102e+04 2.2618e+04 2.6606e+04
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5.3.3 Relationship between OCT and PA Signals

For each phantom solution, the ratio of the processed OCT signal intensities to the PA signal
intensities was calculated. The results are shown in Table 5.4 and plotted in Figure 5.12. In Figure
5.12, we can find that for those groups with 8%, 14% and 20% Intralipid, the ratios of the OCT
intensity to the PA intensity are very close when the ratios of the reduced scattering coefficient to
the absorption coefficient are the same. However, for the group with 2% Intralipid, the line flies

away from this trend, resulting in a significantly higher OCT/PA ratio. It could be caused by the

error induced by the extremely small amount of NIR dye.

The average and standard deviation of the ratio of the OCT intensity to the PA intensity at each

fixed ratio of the reduced scattering coefficient to the absorption coefficient are calculated and

plotted in Figure 5.13.
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Table 5.4 Ratio of OCT signal intensities to PA signal intensities of phantom solutions

ps’/pa 2%lntralipid 8% Intralipid  14% Intralipid 20% Intralipid

0.3 1.01e+03 8.30e+02 7.49e+02 7.70e+02
0.4 1.23e+03 9.98e+02 9.02e+02 8.68e+02
0.45 1.34e+03 1.04e+03 9.99e+02 9.67e+02
0.5 1.48e+03 1.13e+03 1.03e+03 1.16e+03
0.55 1.49e+03 1.11e+03 1.06e+03 1.09e+03
0.6 1.53e+03 1.15e+03 1.23e+03 1.18e+03
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Figure 5.12 Ratio of OCT signal intensities to PA signal intensities of phantom
solutions
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Figure 5.13 Mean and standard deviation of the ratio of OCT signal intensities to PA
signal intensities of phantom solutions

Based on the assumption discussed in Chapter 5.2 and the trend of the plotted data, a linear
model was used to fit the averaged data. The fitting result is expressed as:

Rocr/pa = 1439 xR,1,, +426.2, 5.13

where Ry cr/p4 is the ratio of processed OCT signal intensities to PA signal intensities of phantom

solutions, R, is the ratio of the reduced scattering coefficient to the absorption coefficient of
phantom solutions. The R? for this fitting is 0.9629, which shows a good fit of the data.

Thus, by transforming Equation 5.13, the ratio related to the optical properties of the imaged
phantom solutions by OC-PAM system can be expressed as:

R

us/tq — 0.000669 * Rpcr/pa — 0.268, 5.14

This result may indicate the relationship between optical properties and images acquired by the

proposed NIR OC-PAM system.

64



5.4 Discussion

In this phantom study of the NIR OC-PAM system, the imaging model was simplified as a
monolayer of scatterers and absorbers when discussing the theoretical model, thus a linear
relationship was interpreted from the measured OCT and PA signals. However, the real eye has a
more complicated structure. Therefore, to study the optical properties of RPE, a more
comprehensive model with characteristics of all layers before and after RPE is preferred and will
be built and discussed in the future.

Another concern about this phantom study is the accuracy about phantom preparation. Even
though the measurement was repeated more than once on these phantom solutions, the accuracy of
the phantom solution should also be taken into consideration and ideally more than one phantom
solution should be prepared for each mixed concentration. However, limited by the phantom
materials, this concern haven’t been eliminated by preparing more groups of phantom solutions
and creating more data to perform curve fitting.

More work can be done regarding the calibration and normalization of the measured signals
on different subjects and under different circumstances. To build more reliable evidence to evaluate
the existence of melanin and lipofuscin specifically, thus to benefit the diagnosis and research of
AMD, the normal model and diseased model are both necessary to be imaged by this NIR OC-
PAM system.

In general, to be statistically reliable and valid, future work will be focused on acquiring more
data points to create the plot representing the relationship between the signal intensities and optical

properties so as to calculate more accurate coefficients for the fitted line.
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5.5 Conclusion

In conclusion, a phantom study was conducted with the NIR OC-PAM system in this chapter.
The relationship between the image intensities of OCT and PAM and the relationship between the
optical scattering property and optical absorption property was modeled and fitted with the data
acquired from the phantom solutions. The assumption for this phantom study that for a certain
phantom with a fixed ratio of the scattering and absorption coefficients, the interpreted signal
strength of OCT and photoacoustic from the acquired images would be accordingly related has
been proven by a simplified modeling. This study would potentially enhance the practical

application of the NIR OC-PAM system for studying optical properties of biological tissues.
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CHAPTER 6. SUMMARY

Optical coherence tomography (OCT) and Photoacoustic microscopy (PAM) are two
noninvasive high-resolution three-dimensional biomedical imaging modalities based on different
contrast mechanisms. OCT detects the light backscattered from a biological sample either in the
time or spectral domain using an interferometer to form an image. PAM is sensitive to optical
absorption by detecting the light induced acoustic waves to form an image. Due to their
complementary contrast mechanisms OCT and PAM are suitable for being combined to achieve
multimodal imaging.

The goals of the dissertation were:

1. To develop optical coherence photoacoustic microscopy (OC-PAM) for in vivo

multimodal retinal imaging with a pulsed broadband NIR light source.

2. To develop OC-PAM for in vivo multimodal imaging with an intensity-modulated

continuous-wave light source in the NIR.

3. Invivo application of NIR OC-PAM on small animals.

4. To conduct a phantom study and extract quantitative information of the optical properties

from OC-PAM.

In the first part of this dissertation, a spectral-domain optical coherence tomography (SD-OCT)
system was built for in vivo imaging of rodent retina to evaluate the effect of powerless contact lens
on improving the quality of optical coherence tomography imaging of rodent retina. A commercial
powerless contact lens for rat eye was tested in the experiments. The fundus images generated from
the measured 3D OCT datasets with contact lens showed sharper retinal blood vessels than those
without contact lens. The contrast of the retinal blood vessels was also significantly enhanced in

the OCT fundus images with contact lens. As high as 10 dB improvements in SNR was observed
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for OCT images with contact lens compared to the images of the same retinal area without contact
lens. We have demonstrated for the first time that the use of powerless contact lens on rat eye can
significantly improve OCT image quality of rodent retina, which is a benefit in addition to
preventing cataract formation. We believe the improvement in image quality is the result of partial
compensation of the optical aberrations of the rodent eye by the contact lens.

As a follow-up study of this topic, another OCT system was built to image the anterior segment
of rat’s eye in order to observe the condition of cornea. The results in this follow-up study show the
structure of anterior segment of rat eye, and cornea defects were observed on most of the rats’ eye.
These uneven surfaces of cornea may induce severe aberrations to the eye when performing optical
imaging such as OCT on the eye. After applying contact lens, the surface of eye became smooth
and even, which improves the optics system of anterior segment of rat eye. This supplement study
IS a support of our previous hypothesis that the improvement of OCT image quality by applying
contact lens is a result of compensation of the optical aberration caused by the defects of rat cornea.

In the second part of this dissertation, an optical coherence photoacoustic microscopy (OC-
PAM) system, which can accomplish optical coherence tomography (OCT) and photoacoustic
microscopy (PAM) simultaneously by using a single pulsed broadband light source, was
developed. With a center wavelength of 800 nm and a bandwidth of 30 nm the system is suitable
for imaging the retina. Generated from the same group of photons, the OCT and PAM images are
intrinsically registered in the lateral directions. To test the capabilities of the system on multimodal
ophthalmic imaging, we imaged the retina of pigmented rats. The OCT images showed the retinal
structures with quality similar to conventional OCT, while the PAM images revealed the

distribution of absorbers in the retina. Since the absorption of hemoglobin is relatively weak at
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around 800 nm, the NIR PAM signals are generated mainly from melanin in the posterior segment
of the eye, thus provide melanin-specific imaging of the retina.

Although no damage to the rat retina was observed after at least ten times of imaging
experiments in a period of 6 months, the fact is that the pulse energy of ~400 nJ in this experiment
is higher than the MPE according to the ANSI laser safety standard. We believe the pulse energy
can be lowered when a transducer with better sensitivity is available. Limited by the relatively slow
PRR of the light source, the imaging speed is not as high as conventional spectral-domain OCT.
Increasing the PRR can increase the imaging speed. However, it will also increase the average
power of the light source, which may cause laser safety issues in practical applications. In all
situations an ultrasonic transducer with high sensitivity is a key for reducing the laser pulse energy,
thus makes it safe for eye imaging.

In the third part of this dissertation, an optical coherence photoacoustic microscopy (OC-PAM)
system using an intensity-modulated continuous-wave (CW) superluminescent diode with a center
wavelength of 840 nm was developed. The system can also accomplish optical coherence
tomography (OCT) and photoacoustic microscopy (PAM) simultaneously. Compared to the
system with a pulsed light source in the second part of this dissertation, this system is able to achieve
OCT imaging with quality as high as conventional spectral-domain OCT. Since both of the OCT
and PAM images are generated from the same group of photons, they are intrinsically registered in
the lateral directions. The system was tested for multimodal imaging the vasculature of mouse ear
in vivo by using Gold Nanorods (GNRs) as contrast agent for PAM, as well as excised porcine eyes
ex vivo. The OCT and PAM images showed complimentary information of the sample.

Since the imaging speed of the system is mainly limited by the mechanical scanning speed of

the translational stages and the integration time of the lock-in amplifier used for photoacoustic
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signal processing, a total of more than 30 minutes is needed to acquire the whole PAM image. The
slow imaging speed may limit the system for in vivo applications such as retinal imaging. Improved
scanning mechanisms such as optical scanning with galvanometer and increased modulation
frequency of the light source may help improve the imaging speed.

To further compare the OCT image quality fairly, the pulsed light source used in the second
part and the intensity-modulated broadband SLD light source used in this part were combined by
a flip mirror and coupled into the source arm of fiber-based OCT system. Compared with the OCT
image acquired with pulse broadband light source, the one acquired with intensity-modulated cw
light source shows stronger signal intensity and better contrast to the background. Furthermore, the
layered structures in retina are better resolved in the OCT image acquired with intensity-modulated
cw light source. However, the PAM image quality in this topic is not very good due to limitation
of the ultrasonic transducer sensitivity. As a result, contrast agent needs to be used for vasculature
imaging. As reported by other group, a possible 20 dB of magnitude improvement can be expected
when a resonant transducer is used[111]. In our system setup, the glass cube at the back of the
sample also improved (roughly doubled) the photoacoustic signal by reflecting the ultrasound
transmitted through the sample. However, this OC-PAM system is configured in the transmission
mode due to limited availability of the ultrasonic transducer. We believe that the availability of
better transducers could allow the system to be configured in the reflection mode, which is more
suitable for in vivo imaging.

In the final part of this dissertation, a phantom study was conducted with the NIR OC-PAM
system. The relationship between the image intensities of OCT and PAM and the relationship
between the optical scattering property and optical absorption property was modeled and fitted with

the data acquired from the phantom solutions. The assumption for this phantom study that for a
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certain phantom with fixed ratio of the scattering and absorption coefficient, the interpreted signal
strength of OCT and photoacoustic from the acquired images would be accordingly related has
been proved by a simplified modeling. This study would potentially enhance the practical
application of the NIR OC-PAM system for studying optical properties of biological tissues.

In this phantom study of the NIR OC-PAM system, the imaging model was simplified as a
monolayer of scatterers and absorbers when discussing the theoretical model, thus a linear
relationship was interpreted from the measured OCT and PA signals. However, the real eye has a
more complicated structure. Therefore, to study the optical properties of RPE, a more
comprehensive model with characteristics of all layers before and after RPE is preferred and will
be built and discussed in the future. In general, to be statistically reliable and valid, future work will
be focused on acquiring more data points to create the plot representing the relationship between
the signal intensities and optical properties so as to calculate more accurate coefficients for the fitted
line.

In conclusion, there are several areas of potential improvement and further development:

e First of all, the sensitivity of the ultrasonic transducer is the main limitation of PAM
image quality. Due to the limited availability of the ultrasonic transducer, the quality
of our current PAM imaging modality hasn’t reached the best of the current
photoacoustic imaging technique and the reflection mode of photoacoustic detection
would be more suitable for in vivo imaging than the transmission mode. Therefore, if
an ultrasonic transducer with better sensitivity is employed, the practical application of
the proposed NIR OC-PAM system will be enhanced.

e Second, more work can be done regarding the phantom study to build more reliable

evidence to evaluate the existence of melanin and lipofuscin specifically. For example,
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the measured signals on different subjects and under different circumstances can be
calibrated, a more comprehensive model with the optical properties of all layers before
and after RPE can be built, and the normal model and diseased model should be
compared to benefit the diagnosis and research of AMD.

Third, the current NIR OC-PAM system is a table-top experimental prototype, which
lacks flexibilities for clinical application. Thus, if a hand-held detection head of NIR

OC-PAM is built, the proposed system will be able to achieve maximum flexibility.
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