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Abstract

Over the one century, with the development of optics and electronics, a variety of fundus
cameras have been developed. Recent fundus camera development trends are miniaturization
and cost reduction while improving image quality. However, high-resolution fundus images
alone are not sufficient for health checks and disease prevention, and more detailed fundus

information needs to be gathered from fundus images.

This research proposed a multi-spectral near-infrared fundus camera with a patterned
interference filter for light scattering detection. Besides the fundus image, the proposed fundus
camera can obtain the scattering information from the fundus compared with the previous
fundus camera. This scattering information reflected the components inside the fundus tissues
and vasculature, which can be used for lifestyle diseases diagnosis and disease prevention. To
verify this proposal, the fabrication of this fundus camera and scattering experiments were

introduced.

The fundus camera for light scattering detection was a combination of a projection mask
and a fundus camera. For easier eyeball fixation and pattern projection on the fundus, the layout
of the projection mask with three areas was designed, an eyeball fixation target, lines for linear
patterned illumination, and fundus illumination area. In the scattering detection with the
patterned metal mask fabricated following the layout, the human blood was replaced by
artificial blood to simulate the reduced scattering coefficient of lipid. The positive relationship
between the scattering information and the reduced scattering coefficient proved the feasibility

of the lipid concentration measurement by scattering detection.

The layout of the projection mask was optimized to avoid the potential interaction of the

adjacent pattern and easier eyeball fixation. The patterned metal mask in the scattering detection

il



was replaced by a patterned interference filter fabricated following the optimized layout. The
results theoretically revealed that blood lipid concentration could be measured using the fundus

camera with a patterned interference filter.
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1. Introduction

1.1 Development of Fundus Camera

The first fundus camera was developed in the 1900s [1], [2]. The principle of the fundus
camera requires that the illumination and imaging pathways pass through different portions of
the eye’s optics to avoid back reflection [3]. The complex optical system of the fundus camera
enables the observations of the interior of an eye. It can be used to diagnose several eye diseases
by allowing fundus observations. With the development of the fundus camera, the field of view
enlarged [4], [5], the traditional camera was replaced by a digital camera [6], aberrations
decreased [7], and image resolution increased [8][9]. Since the fundus is the only site in the
human body to observe vasculature noninvasively directly, the fundus can be observed directly
for disease diagnoses, such as diabetic retinopathy [10], [11], hypertension [12], heart diseases

and stroke [13], and dementia [14], [15].

1.2 Scattering in Fundus Tissues for Disease Diagnosis

Although recent trends in fundus camera development are miniaturization, pupil tracking,
sharper images, and cost reduction using smartphones [16]—[19], few studies about the blood
lipid concentration detection by the fundus camera were reported. As shown in Fig. 1.1 [20],
the fundus of the human eye includes the retina, optic disc, macula, fovea, posterior pole, and
so on [21], in which the retina is the inner layer of tissue in the human eyeball with high
sensitivity to light. The choroid, a middle layer of tissue behind the retina, also has a scattering
coefficient close to the retina, which can vary from 8 mm™ to 14 mm' for different wavelength

light illumination [22]-[26].



macula

perifovea

Fig. 1.1 Photograph of the retina of the human eye, with overlay diagrams showing the positions and sizes of

the macula, fovea, and optic disc [20].

The fundamental optical properties of fundus tissues can be applied to disease diagnoses
[26]. The absorption and scattering properties in the fundus are related to histopathologic
observation [27]. Furthermore, a device application for lipid concentration detection by
detecting the scattering properties has been reported [28], as shown in Fig. 1.2. To simulate the
scattering properties of the fundus tissues and blood, Intralipos was applied for the scattering
experiment [29]. The reduced scattering coefficient is a parameter of scattering properties to
describe the diffusion of photons in a random walk of step size [30]. The human blood with
different reduced scattering coefficients can reveal how the photons transport in the human
blood, which can reflect the information of the components in the human blood. For example,

dementia is a disease associated with systemic vascular factors and cerebrovascular disease [31],



[32].

Fig. 1.2 Photograph of the device for lipid concentration detection by detecting the blood scattering properties
[28].

Since the retina is considered as an extension of the central nervous system due to the
homology between the fundus and cerebrovascular system [33], [34], the fundus vasculature
factors can be a window to reflect the condition of the cerebral vasculature [16], [35], [36].
Several articles also demonstrated the blood lipid concentration estimation by image processing,
this also provides a good way for fundus blood lipid concentration detection, but the complex
system operability and low experimental repeatability are still difficult for repetitive experiment
data collection [37], [38], as shown in Fig. 1.3. Fig. 1.3(a) shows the schematic diagram of the
near-infrared (NIR) hyperspectral imaging system. The structure of this system is similar to the
fundus camera, which is illumination and imaging simultaneously. With the captured image and
developed model, the lipid content in mouse liver can be estimated, as shown in Fig. 1.3(b).
These papers prove that the lipid concentration can be measured by imaging methods. Thus, we
seek to design and fabricate a near-infrared fundus camera that can satisfy the basic

requirements for fundus observation while also being compact and easy to operate for scattering



detection.
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Fig. 1.3 (a) Schematic diagram of the near-infrared hyperspectral imaging system. (b) Visualization of the

lipid content in mouse liver. The quantitative mapping of the lipid content in the liver samples is shown in the

left, the visible images of the liver samples are shown in the right [37].

1.3  The Principle of Interference Filter

In this research, we selected the interference filter as the projection mask to achieve the

pattern projection on the fundus. Though both the absorption filter and interference filter can

satisfy the selection requirements of wavelength transmission, we selected the interference filter

because it has narrower bandwidth, especially in the NIR band [39], [40], high transmittance,

and easy specific pattern formation. Like shown in Fig. 1.4, the wide half bandwidth of the

absorption filter is easier to lead to interaction between the neighboring wavelengths during the

patterned fundus illumination. Compared to interference filter, due to most of the absorption

materials, like dyes and pigments, are liquid state, the specific pattern formation during the

fabrication of absorption filter is harder to control. Thus, we finally selected the interference



filter for patterned fundus illumination.
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Fig. 1.4 Transmission spectrum of blue absorption filter and yellow-green absorption filter [39].

The interference filter is a filter consisting of multilayers with different refractive indices
to transmit specific spectral bands while maintaining a low absorption. The multi-reflection in
the interface of different refractive index films causes the various transmittance at wavelengths.
As shown in Fig. 1.5, the optical path difference of the adjacent reflection light R; and R, in

the high refractive index film is shown in Equation 1.
AL = 2nyly cos 6 (1)

where the ny is the high refractive indices, [ is the thickness of the high refractive index
film, and 6 is the refractive angle when the incident light from low refractive index film to
high refractive index film. The phase difference of the adjacent reflection light can be described

as Equation 2 without phase shift [41].



-

where the A is the wavelength of the incident light. Thus, the transmittance of the light can be

described as Equation 3 [39].

T 1
1+ F sin (%) @
where F = (:};)2, R is the reflection. According to these equations, only the phase difference,

and more specifically is the optical path difference, can affect the wavelength transmittance.
The transmittance is highest when the optical path difference is an integer multiple of the
incident light wavelength. Conversely, the transmittance is zero when the optical path difference
is half-odd multiples of the incident light wavelength. Thus, the selection of the wavelength

transmittance is achieved by the interference filter.

Air

Substrate

Fig. 1.5 Schematic diagram of the reflection and transmission in the interference filter.



1.4  The Purpose of This Research

A NIR fundus camera has been developed to acquire colorized images of the interior of
the human eye using only NIR illumination in our laboratory [18], [43]. Compared with the
commercial portable fundus camera shown in Fig. 1.6 [44], the proposed NIR fundus camera
can avoid irritation of the eyes, as the human eyeball is insensitive to NIR light, thereby making
it easier to perform observations of the fundus. Since the fundus to be observed is composed of
the vasculature, optic disc, and other tissues with different refractive indices, there is a
possibility to check the health condition by analyzing the state of the scattered light from the
fundus. Thus we proposed a noninvasive method for fundus scattering detection using the NIR
fundus camera with a patterned interference filter. Compared with conventional methods for
lipid concentration measurement in human blood, the proposed method can detect the scattering
information noninvasively directly for lipid concentration measurement. The complex
operation and physical pain of patients in blood collection can be avoided. Furthermore, with

the help of a selfie fundus camera, self-detection of lipid concentration is possible.

Display screen and camera
Lens group with light source

7cm

Fig. 1.6 Photograph of the commercial portable fundus camera with visible light illumination [43].



1.5 Thesis Outline

There are six chapters in this thesis, the brief outline of these six chapters is shown as

follows.

Chapter 1: Introduction

This chapter introduced the development of the fundus camera in more than one century.
Besides that, studies about the scattering information of fundus tissues for diseases diagnosis
were provided, these studies prove the feasibility of lipid concentration measurement by
imaging methods. Then, the reason for selecting the interference filter for pattern projection and
its principle for wavelength selection were introduced. The purpose of this research is presented

in the last.

Chapter 2: The multi-spectral NIR fundus camera system for fundus observation

The design and fabrication of the NIR fundus camera for fundus observation are
introduced in this chapter. The fundus camera is evaluated both in the numerical optical
simulation and fundus observation. The details of the numerical optical simulation and fundus

camera assemble are presented in this chapter.

Chapter 3: Pattern projection on the fundus

This chapter presents a NIR fundus camera with a patterned metal mask for pattern
projection on the fundus. Following the numerical optical simulation results and human fundus
structure, the layout of the projection mask is designed. The patterned metal mask fabricated
following the layout is added to the NIR fundus camera for pattern projection on the fundus and
scattering detection. Furthermore, the preparation of artificial blood for scattering detection is
presented. The details and results of the pattern projection on the fundus and scattering detection

are introduced in this chapter.



Chapter 4: A multi-functional filter for patterned fundus illumination

This chapter presents the design, fabrication, and evaluation of the multi-functional
interference filter. In the design part, the mask layout is optimized following the results in
Chapter 3, and the transmittance spectrum of every area in the multi-functional interference
filter is simulated. In the fabrication part, the main fabrication procedures are introduced. The
fabrication process is evaluated by comparing the semi-finished interference filter transmission
spectrum of the measurement and simulation, which is shown in the appendix. Finally, in the
evaluation part, the fabricated multi-functional interference filter is evaluated by comparing the
transmission spectrum in measurement and simulation. The constant parameters during the

fabrication process are presented in this chapter.

Chapter 5: Scattering detection by pattern projection

This chapter presents the pattern projection on the fundus and scattering detection by the
NIR fundus camera with the fabricated patterned interference filter. The scattering results prove
the feasibility of the lipid concentration measurement by the multi-spectral NIR fundus camera
with a patterned interference filter. The details of the pattern projection and scattering results

are presented in this chapter.

Chapter 6: Conclusion

This chapter summarizes all the research results in this thesis and presents the future plan

of this research.



2.

The Multi-spectral NIR Fundus Camera for Fundus

Observation

2.1

Prototype NIR Colorized Fundus Camera

The prototype NIR color fundus camera developed by our laboratory is an adaptation of a
reflex-free indirect ophthalmoscope and based on multi-spectral color imaging (combined with
NIR colorization technology), which can be separated into a fundus illumination system and a
fundus imaging system [17][18]. The schematic diagram of the prototype NIR color fundus

camera is shown in Fig. 2.1. The overlapped optical path in these two systems is from beam

splitter to eyeball fundus.

Eyeball i : IIIum_inati_on light path
| /S - : Imaging light path

Condenser lens
Ophthalmic lens é; Mask

Beam splitter

Baffe pr ' mm L Near-infrared LEDs

i (800nm, 870nm, 940nm)
=—————=— Polarizer

Camera lens %I NIR color camera
(with band-pass filter)

Fig. 2.1 Schematic diagram of the prototype NIR color fundus camera developed by our lab.

The NIR colorization technology, which includes NIR LEDs (800 nm, 870 nm, and 940
nm) and a NIR color camera with a band-pass filter, can get color fundus images with only NIR

illumination light. The camera mentioned above has a prism in front of the three image sensors

to divide NIR light into three NIR bands, which are NIR1 (800 nm), NIR2 (870 nm), and NIR3

10



(940 nm), and deliver them to the corresponding image sensors. The NIR1, NIR2, and NIR3
image sensors can acquire signals correlated to red, blue, and green, respectively [45]. To get
color fundus images, the reflected light wavelengths from the retina should be the same as NIR1,
NIR2, and NIR3. The NIR band illumination light can avoid irritation to the human eyeball and
make the fundus observation easier. The color fundus image, taken by the fundus camera
mentioned above is shown in Fig. 2.2, shows a clear optic disc and vasculatures, proving the

feasibility of fundus observation by the prototype NIR color fundus camera [17].

Fig. 2.2 The color fundus image taken by the prototype NIR color fundus camera without visible illumination

light.

2.2 Optical Simulation of the Fundus Camera

2.2.1 Components Selection by Optical Simulation

The numerical optical simulation of the fundus camera in this thesis was simulated by an

optical design software ZEMAX. The Arizona eye model was applied in the numerical optical

11



simulation [46], [47]. Figure 2.3 shows the schematic diagram of the fundus camera in the
numerical optical simulation, composed of a fundus illumination system and a fundus imaging
system. The fundus illumination system includes a uniform illumination system composed of a
diffuser and two condenser lenses to uniform the fundus illumination light. The two condenser
lenses are to convert the diverging beam from the light source into a roughly parallel beam for
fundus illumination. The diffuser is to decrease the effect of ghost images caused by the light
source and increase the uniformity of the illumination light. The polarizer prevents stray light
into the camera. The ophthalmic lens is used for the Maxwellian view illumination which
achieves convergent illumination light in front of the cornea [48]. Thus, the annular illumination
beam from the mask can illuminate the retina without the back reflection from the cornea. The
beam splitter is a vital sharing standard optic in the fundus camera for illumination and imaging
simultaneously. In Fig. 2.3, the light path through the beam splitter is omitted and only the
reflected light path is considered to avoid confusion. The split ratio of the beam splitter in
numerical simulation is set as 50:50 to increase the energy utilization rate of the illumination

light. The aperture is to control the field of view of the camera and decrease the stray light from

Detector —— Wlumination liaht oath
(fundus) Ium'_”a I?nhtlg ﬂl?a
= = Imaging li a
Eyeball ging ight p
Maxwellian ;
illumination
Ophthalmic Condenser lenses
lens / \
Beam | -® Light
splitter 1 source
|
Aperture =y m=— Diffuser
Polarizers
Camera

Fig. 2.3 Schematic diagram of the fundus camera system in the numerical optical simulation.
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the external environment.

2.2.2 Evaluation of Simulation Results

The wavelength in the simulation for fundus illumination was set as 800 nm; the reason
for selecting the wavelength will be explained in section 3.4. The eyeball radius in the
simulation 1s 13.4 mm, and the back half of the eyeball is set as a detector. The irradiance
distribution of the illumination light on the detector is shown in Fig. 2.4(a). In this research, the
uniformity of the irradiance beam was selected as the parameter to evaluate the fundus
illumination. The distribution map shows a round shape irradiance distribution, in which the
radius less than 8 mm has a uniform distribution compared with other areas, this area is selected
as the illumination area, like shown in the blue circle in Fig. 2.4(a). The imaging area radius is
about 6 mm, like shown in the green circle in Fig. 2.4(a). As shown in Fig. 2.4(a), the cross-
section row data at the position where the Y coordinate value is zero was collected. Then the
collected data was applied to evaluate the uniformity of the incoherent irradiance distribution

on the detector, as shown in Fig. 2.4(b). The uniformity of the irradiance distribution of the

13.4 Relative

. Irradiance
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Fig. 2.4 The incoherent irradiance distribution of (a) the illumination light on the detector and (b) cross-section

row on the detector in numerical optical simulation.
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illumination area in the numerical optical simulation is calculated according to the formula

shown below [1][49]:

U=1-— |®Center - ®85%| (4)
Q)Max

where U is the uniformity of the illumination beam, @c.nterr 1S the irradiance at the center of
the selected illumination area, @gso, is the irradiance at 85% of the selected illumination area
radius, and @y, 1S the maximum irradiance in the selected illumination area. The uniformity
of the irradiance distribution on the illumination area in simulation is 90.1%, which is high
enough for uniform fundus imaging [50]. Thus, the calculated uniformity proves the feasibility

of the uniform fundus illumination in the numerical optical simulation by this fundus camera.

2.3  Configuration of the Fundus Camera

The assembly of the fundus camera system is presented in this section. The system
assembly was carried out following the numerical optical simulation mentioned above. The
light source in the fundus camera is a four-band LED with 780 nm, 800 nm, 850 nm, and 940
nm wavelength for NIR color fundus imaging, which is shown in Fig. 2.5. The part number of
the optical components in the fundus camera is shown in Table 2.1. A photograph of the
assembled fundus camera is shown in Fig. 2.6. The system imaging test will be presented in

section 2.4.

14



Fig. 2.5 Photograph of the four bands LED in the fundus camera for illumination.

Table 2.1 The part number of optical components in the fundus camera.

Optical component Part number Company
Light source Custom-made product Yellow Stone Corp.
Condenser lens ACL25416-B THORLABS
Diftuser DG10-120-B THORLABS
Beam splitter BSW26R THORLABS
Ophthalmic lens V40LC VOLK
Camera Color Night Vision Nanolux
Camera lens LMVZ990-IR KOWA
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Fig. 2.6 Photograph of the assembled fundus camera following the optical simulation.

2.4  Fundus Imaging by the Fundus Camera

The fundus imaging by the assembled fundus camera is presented in this section. Since
the optics in the assembled fundus camera always have some distance deviations compared
with the simulation results, an eye model was applied to the fundus camera to calibrate the
potential distance error. According to the sharpness of the eye model fundus image captured
by the camera, the distance between the optics was fine-tuned for a clear fundus image. The
eye model in this research is shown in Fig. 2.7. The fundus image of the eye model after
distance adjustment is shown in Fig. 2.8. The clear optic disc and fundus vasculature prove

that the assembled fundus camera performs well for eye model fundus observation.
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Fig. 2.7 Photograph of the eye model in this research from the front and back sides.

Fig. 2.8 Clear fundus image of the eye model taken by the assembled fundus camera after calibration.

After the fundus camera calibration and eye model fundus imaging, the fundus camera
was applied to the human eyeball for fundus observation. The fundus image of the human

eyeball is shown in Fig. 2.9. The clear optic disc and fundus blood vessels prove that the
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assembled fundus camera has high performance for fundus observation. Besides the optic
disc and fundus blood vessels, the observed retina and choroid can also be applied to disease

diagnosis.
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Fig. 2.9 Fundus image of a human eyeball taken by the assembled fundus camera.

2.5 Summary and Discussion

The design and fabrication of the fundus camera for fundus observation were presented in
this chapter. The optical structure of the fundus camera for fundus observation was simulated
by ZEMAX. The calculated uniformity of the irradiance distribution on the detector is higher
than 90%, which means the uniform fundus illumination is available by this fundus camera in
the numerical optical simulation. Furthermore, the fundus camera assembled following the
simulation results was applied to the fundus observation of the eye model and human eyeball.
The clear optic disc and fundus blood vessels demonstrate the high performance of the fundus

camera in fundus observation. Besides the optic disc and fundus blood vessels, the observed
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retina and choroid in the fundus image prove the feasibility of the fundus camera in disease

diagnosis.

This research followed the Ethical Guidelines for Medical and Health Research involving

Human Subjects at the Nara Institute of Science and Technology.
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3.  Pattern Projection on the Fundus

3.1 Overview

The fundus is the only site in the human body to observe arteries and capillaries
noninvasively directly. The observation of the fundus is an essential way for disease diagnosis.
Though fundus images can reveal the type of disease according to the strange characteristics of
the fundus, which is also related to the doctor’s experience, the health condition check and
disease prevention are still hard to achieve only through fundus observation. Thus, we proposed
a fundus camera with a projection mask for fundus patterned illumination to analyze the
scattering from the retina. The structure of the fundus camera was modified for linear stripe
patterned illumination in the numerical optical simulation. A projection mask was designed and
added for linear stripe patterned illumination and to decrease the unconscious movement of the
human eyeball. Furthermore, this chapter also demonstrated the feasibility of linear stripe
patterned illumination by the assembled system for scattering detection. Figure 3.1 shows the

outline diagram of this chapter.
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Fig. 3.1 Outline diagram of the contents in Chapter three.
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3.2  Optical Design Modification for Fundus Pattern Projection

3.2.1 Components Selection

The numerical optical simulation of the fundus camera with a projection mask was
simulated by ZEMAX. The Arizona eye model was applied in the numerical optical simulation.
To achieve the fundus patterned illumination, a patterned illumination system, which includes
a projection mask and a lens group, was added to the fundus camera. The patterned illumination
system was used for generating a linear stripe patterned illumination beam to check and
eliminate the distortion of the projected pattern on the detector. The linear stripe pattern in the
projection mask consists of the repletion of a 1.25 mm line and 1.25 mm space pattern. In
the simulation to check the shape of the pattern on the projection mask, the parallel light
generated by a rectangle light source passes through the projection mask vertically and collected
by a rectangle detector. In the numerical optical simulation, the parameters of the projection
mask were set as follows: X full width is 16, and aspect ratio is 1. The image of the projection

mask on the detector is shown in Fig. 3.2.
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Fig. 3.2 The pattern of the projection mask projected on the detector in the fundus camera numerical optical

simulation.

As for the lens group, we selected a bi-convex lens (LB1761-B, THORLABS) and a
positive meniscus lens (LE1234-B, THORLABS) for patterned projection on the detector and
the calibration of aberration. All the optical path in the simulation was calculated according to
the lens parameters. The part numbers of condenser lens, diffuser, beam splitter, and ophthalmic
lens are shown in Table 2.1. Regarding the position, the projection mask was set right behind
the second condenser lens, and the lens group was placed between the projection mask and the
beam splitter. Figures 3.3 and 3.4 show the schematic diagram of the fundus camera with a
projection mask and the pattern projected on the detector in the numerical optical simulation,
respectively. The apparent boundaries between the adjacent linear stripes on the detector
verified the feasibility of the linear stripe patterned illumination by the fundus camera with a
projection mask in the numerical optical simulation. Figure 3.5 is the pattern projected on the

detector by the fundus camera without the meniscus lens. Compared with the straight stripes in
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Fig. 3.4, the distortion in the projected pattern proves the significance of the meniscus lens in

pattern projection on the fundus.
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Fig. 3.3 Schematic diagram of the fundus camera with a projection mask in numerical optical simulation.
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Fig. 3.4 Linear stripe pattern on the detector in the numerical optical simulation. The widths of the lines of the

projection and the spaces between them are 1.25 mm.
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Fig. 3.5 Linear stripe pattern with distortion on the detector in the simulation by the fundus camera without

meniscus lens.
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3.2.2 Evaluation of Simulation Results

As mentioned previously, the uniformity of irradiance distribution was selected as the
parameter to evaluate the pattern projected on the detector in numerical optical simulation.
Since the vacant illumination light intensity exists between the adjacent linear stripe pattern,
the uniformity of the linear stripe patterned illumination light is no longer essential to evaluate
the fundus illumination. As shown in Fig. 3.4, the cross-section row data at the position where
the Y coordinate value is zero was collected. Then the collected data was applied to evaluate
the fundus illumination, as shown in Fig. 3.6. Figure 3.6 shows that the radius of the valued
linear stripe patterned illumination area is larger than 9 mm, which is satisfy the requirements
of fundus illumination. Furthermore, the obvious boundary between the peak and valley of the
irradiance in Fig. 3.6 demonstrates the feasibility of the pattern projection on the fundus in the

optical numerical simulation.
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Fig. 3.6 The cross-section column incoherent irradiance distribution of the linear stripe patterned illumination

beam on the detector in numerical optical simulation.
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3.3 Design of the Projection Mask

Following the simulation results, the layout of the projection mask was designed, and a
layout-based patterned metal mask was fabricated to test the feasibility of linear stripe patterned

fundus illumination.
3.3.1 Fundus Based Layout Design

The layout of the projection mask includes three areas, which are designed according to
human eyeball structure. Figure 3.7(a) shows the image of the human eyeball retina, which was
captured by a commercial portable fundus camera (DS-20 VersaCam, NIDEK) with a visible
light source. The optic disc, fovea, and other tissues can be observed clearly from the fundus
image. According to previous research, the mean distance between the fovea and the optic disc

center (DFD) is 4.76 + 0.34 mm [51].

There are variations in the retinas, and it is essential to ensure the linear stripe illumination
light can illuminate the fundus blood vessels. The linear stripe pattern was designed to improve
the possibility of illuminating the fundus vasculature perpendicularly. We were mainly
concerned with two areas in fundus for the patterned mask layout design: optic disc area and
fovea area. The optic disc area in the fundus contains the optic disc, fundus tissues, and fundus
blood vessels. The fundus blood vessels are converged in the optic disc such that when the
linear stripe patterned illumination light illuminates the optic disc area, there is a higher
possibility to illuminate the blood vessels perpendicularly than the other patterns. To place the
linear stripe pattern on the optic disc area, an eyeball fixation target was designed in the layout
of the projection mask. The eyeball fixation target will appear on the fovea (i.e., the center of
sight) when a patient’s eye gazing on the eyeball fixation target. This allows the linear stripe

patterned illumination light to illuminate the optic disc area simultaneously, as shown in Fig.
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3.7(b). Different layouts with different relative distances between the eyeball fixation target and
the linear stripe patterns were designed to ensure that at least one of the linear stripe patterns
can suit a specific patient. Furthermore, because the unconscious movement of the eyeball has
a significant influence on the captured fundus image [52], the eyeball fixation target helps fix

the eyeball’s gazing position to decrease this effect.

Tissues
Fovea

(sight center) Optic disc
,,—"'~~ Comm Y

Fundus blood vessels

1 mm

Fig. 3.7 (a) Photograph of the human eyeball retina captured by a conventional fundus camera and (b)

schematic of the fundus patterned illumination.

3.3.2 Parameters Selection

The projection mask in numerical optical simulation consists of a repetition ofa 1.25 mm
line and a 1.25 mm space pattern; following the clear pattern projected on the detector, the
layouts of the projection mask were designed. The layouts were designed by an EDA software
Virtuoso System Design Platform (Cadence Design System, Inc.). Figure 3.8 shows the three
areas in the layouts of the patterned mask: 1) the linear stripe pattern, 2) the eyeball fixation
target (donut shape), and 3) the fundus illumination area, comprising the full area illumination.
The pitch of the linear stripe pattern in the patterned mask is 1.1 mm (0.1 mm line and 1 mm

space), larger than in simulation to prevent the scattering interaction from the adjacent linear
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pattern. However, these areas in the patterned metal mask fabricated according to these layouts
are not active, which means the linear stripe pattern and eyeball fixation target can transmit all

the wavelength light, and the fundus illumination area cannot transmit any wavelength light.

Linear stripe
pattern

Eyeball
fixation
target

Fig. 3.8 The layouts of the designed patterned mask with three parts.

3.3.3 A Fabricated Patterned Metal Mask

The metal mask for pattern projection on the fundus is fabricated following the designed
layout. Figure 3.9 shows the photograph of the fabricated patterned metal mask. The fabricated
patterned metal mask includes the linear stripe pattern with a 1.1 mm pitch, and the eyeball
fixation target, as shown in Fig. 3.8(b). The fundus illumination area is omitted in the metal
mask due to the fundus illumination area is covered by absorption materials, which can absorb
all the wavelength bands of light instead of the transmission of the NIR band of light. The
fabricated patterned metal mask simplified the function of the projection mask in the design.
Compared with the projection mask in the design, the linear stripe pattern and eyeball fixation

target can pass through all the wavelengths of light instead of the specific bands of light.
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Fig. 3.9 Photograph of the fabricated patterned metal mask.

3.4  Configuration of the Fundus Camera for Pattern Projection

To test the feasibility of the patterned fundus illumination, we conducted a linear stripe
patterned fundus illumination experiment using the fabricated patterned metal mask instead of
the projection mask in the numerical optical simulation. In this experiment, an 800 nm LED
was selected as a light source; the measured emission spectrum is shown in Fig. 3.10. Although
the visibility of the emission band owing to its wide half bandwidth is convenient for this
experiment, a narrower emission band is preferred for scattering detection. An interference filter

was presented in the following chapter to overcome this problem.
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Fig. 3.10 Measured spectrum of the 800 nm LED.

The scattering from the fundus vasculature has an essential role in the fundus scattering.
While red blood cells (RBCs) contribute to vasculature scattering, the absorption coefficient of
hemoglobin depends upon the incident wavelengths and upon whether it is oxygenated (in the
artery) or deoxygenated (in the vein). As shown in Fig. 3.11 [53], [54], when the incident
wavelength is around 800 nm, the absorption coefficient is relatively low, and the values for
oxygenated and deoxygenated hemoglobin are almost the same, making different absorption
coefficients of arteries and veins avoidable [55], [56]. This is one of the reasons for setting the
800 nm LED as a light source. Another reason is that the human eyeball is insensitive to light
with a wavelength near 800 nm, which prevents the constriction of the eye’s iris. Eye
constriction caused by the stimulus from the light source can be eliminated. The fundus camera
with a patterned metal mask designed by optical simulation was assembled. Figure 3.12 shows

the photograph of the fundus camera with a patterned metal mask.
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Fig. 3.11 The absorption spectrum of the oxygenated and deoxygenated hemoglobin from 300 nm to 1000 nm

[51], [52].

Ophthalmic lens Beam splitter ~ Aperture

Fig. 3.12 Photograph of the fundus camera with a patterned metal mask for pattern projection.
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3.5 Pattern Projection on the Retina with a Patterned Metal

Mask

The NIR fundus camera with a patterned metal mask was applied to both a glass eye model
and a human eyeball, as they both have a similar optical length and pattern on the fundus. The
first step in fundus patterned imaging acquisition of the human requires the patient eyeball
should look toward the pattern formed by the eyeball fixation target so that the linear stripe
patterned beam will illuminate around the optic disc area. The pattern illuminated fundus
images are then captured by the camera and accumulated to decrease the random noise, creating
the pattern as shown in Fig. 3.13(b). Figure 3.13(a) shows the linear stripe pattern in the glass
eye model captured by the NIR fundus camera with a patterned metal mask. Subsequently, the
NIR fundus camera with a patterned metal mask was applied to the human eyeball creating the
fundus image shown in Fig. 3.13(b). The linear stripe pattern and optic disc can be clearly
observed. These two images only show the linear stripe pattern, while the eyeball fixation target
is out of the field of view. As there is fewer fundus vasculature near the fovea, we want to
enlarge the optic disc area to image every detail of the fundus vasculature. However, the fovea
area is unnecessary in the pattern illuminated fundus image; hence, Fig. 3.13(b) only shows the
optic disc area with man vasculature. The eyeball fixation target will appear in Fig. 3.13(b) if
the field of view is more comprehensive. The precise linear stripe pattern, optic disc, and fundus
vasculature prove the feasibility of our proposed NIR fundus camera for observing the interior
of an eye and the patterned fundus illumination for fundus scattering detection. However, the
scattering information from an image like Fig. 3.13(b) is difficult to analyze because the
scattered light may affect each other, resulting from the narrow pitch of the linear stripe pattern

and low image resolution. Hence, the layout of the patterned mask needs optimization.
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From the results, it was found that the linear stripe pattern should be changed to be sparse.
In this case, if a metal mask is used, it won’t be easy to see the underlying fundus pattern.
However, if the interference filter mask proposed in this study is used, the entire area of the
interference filter can transmit infrared light of 900 nm or more, so a NIR 3-channel sensor,
which includes NIR1 (800 nm), NIR2 (870 nm), NIR3 (940 nm), can take a whole fundus image.
Simultaneously, the pattern illumination for scattering measurement at 800 nm can be acquired

on the NIR1 channel.
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Fig. 3.13 Photographs of the linear stripe pattern projected on fundus in (a) the glass eye model and (b) human

eyeball.

3.6  Scattering Experiments with a Patterned Metal Mask

Since the linear stripe patterned fundus images prove the feasibility of the fundus patterned
illumination in the last section, the scattering experiments with linear stripe patterned
illumination are presented in this section. The pitch of the linear stripe pattern in the metal mask

is 1.1 mm; in case of the potential interaction between the scattered light generated by the
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adjacent linear pattern, the patterned metal mask in this scattering experiment was covered by
a 100% absorption mask. This combined mask absorbs all the illumination light except for the
light illuminate on a specific linear stripe pattern in the metal mask. In this section, the patterned

metal mask means the combined mask.

3.6.1 Preparation of the Artificial Blood

Human blood is a body fluid that delivers nutrients and oxygen to cells and transports
metabolic waste products away from those same cells. The human blood is mainly composed
of red blood cells, white blood cells, platelets, and plasma, in which plasma constitutes 55% of
blood fluid and contains proteins, lipids, glucose, mineral ions, hormones, carbon dioxide, and
so on. Blood lipid is mainly transported with protein, which is called lipoprotein, in blood
plasma. The lipoprotein is a biochemical assembly whose primary function is to transport
hydrophobic lipid molecules in blood plasma or other extracellular fluids. The lifestyle diseases,
such as dyslipidemia, stroke, etc., are highly related to the lipoprotein concentration in human
blood. Thus its measurement is crucial for disease prevention and diagnosis. In this research,

we are mainly concerned with the optical parameters of the lipoprotein in human blood.

According to the light transport theory, the optical parameters are defined by the absorption

1

coefficient (1,) in mm™! and the reduced scattering coefficient (u%) in mm~=1 [57]. In which

the p, describes the probability of a photon to be absorbed per unit length, The ug is to
describe the diffusion of particles in random space. The reduced scattering coefficient can be

described as the following equation:
s = ps X (1= g) ()

where the pg is the scattering coefficient and g is the anisotropy parameter. The scattering
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coefficient is a measure of the ability of particles to scatter photons out of a beam of light
[58]. Furthermore, the scattering coefficient can also be defined as a description of a medium
containing many scattering particles at a concentration [30]. The anisotropy parameter is the

cosine function of the partial deflection angle.

The u; of blood depends on a mismatch of averaged refractive indices of blood plasma
and RBC cytoplasm [59]. It has been reported that mixtures of black ink and Intralipos (soybean
oil emulsion) can be used as artificial blood to experiment with the optical property [60]-[65].
Since the lipoprotein is the main blood component of interest in this research, we applied black
ink and Intralipos to emulate the optical parameters of human blood. Artificial blood is
composed of black ink (PILOT INK-350-B) and Intralipos (OTSUKA Intralipos injection 20%)
used to emulate human blood's absorption coefficient and scattering coefficient, respectively,
to test the relationship between scattering propagation distance and the reduced scattering
coefficient. It is to be noted that the results from the solution cannot directly be compared with

those from human blood because of the presence of particles of various sizes and refractivity.

Though the black ink still has an albedo value, which means the low reduced scattering
coefficient, when mixed the black ink with diluted diffusive medium, by measuring the
extinction coefficient of the mixture, the calculated absorption coefficient of the black ink is
approximately zero, which is negligible [66]-[70]. Similarly, the absorption coefficient of
Intralipos also can be ignored compared to its scattering coefficient according to the previous
study of the Intralipos optical properties [71], [72]. Thus, in this research, the black ink and
Intralipos were applied to emulate the optical parameters of human blood without considering
the reduced scattering coefficient and absorption coefficient from the black ink and Intralipos,

respectively.

The concentration of black ink and Intralipos is related to the artificial blood's effective
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scattering coefficient and absorption coefficient. The formula of Beer-Lambert law is shown as
follows, which was applied to the measurement of the optical parameters of the black ink and

Intralipos.

A=log10;—:=log10%=leXc (6)
in which, A is the absorbance, I, and I, are the intensity of incident light and transmitted
light, respectively, T is transmission ratio, K is Molar attenuation coefficient, / is the thickness
of absorption media, and c is the concentration of the absorption media. Thus, the relationship
between the optical parameters and the concentration of black ink and Intralipos can be obtained
according to the Beer-Lambert law [73]. Figure 3.14 shows the schematic diagram of the optical
parameter measurement system of ink and Intralipos. The parallel incident light transmits the
test solution and is detected by the detector, with the intensity of the incident light and
transmitted light, and the thickness of the solution, the optical parameters of the solution can be

calculated. The calculation of the optical properties as following equation (7).

In" =(uq + )X L (7)

where the I, is the intensity of the incident light, I is the intensity of the transmitted light,
and L is the thickness of the test solution. Due to the scattering coefficient of ink and
absorption coefficient of Intralipos are not in consideration, the optical parameters of the test
solution are detectable. Following Equation (5), the reduced scattering coefficient can be
calculated. The fitting curves of the reduced scattering coefficient and absorption coefficient
according to Waseda university's experimental data are shown in Fig. 3.15 and 3.16. Though
the fitted curve equation parameters are different from the previous research, the positive linear
correlation between the coefficients and solution concentration satisfies the requirements of

scattering experiments. The fitted curve equations are shown as follows:
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11,=0.31X Cipc +0.02 (8)

1£.=0.19X Cypy +0.08 (9)

where the p, is the absorption coefficient, pg is the reduced scattering coefficient, Ciy, is
the concentration of ink, and Cj,; is the concentration of Intralipos. Their coefficients of

determination are 0.995 and 0.997, respectively.

Incident light|------- Transmitted

(parallel) I, p------" light |

P S =2 3
I 5 é>
Light source ] Detector

________ (Photodiode)

Test solution
(ink or Intralipos)

Fig. 3.14 Schematic diagram of the measurement system of optical parameters.

The artificial blood was prepared with the reduced scattering coefficient from 1.03 to 7.68
mm~! by changing only the proportion of Intralipos in the mixture to test the maximum
scattering propagation distance. Table 3.1 shows the concentration details of the artificial blood
in this experiment. Though the reduced scattering coefficient in this experiment is higher than
in human blood, this scattering experiment is to verify the feasibility of the fundus camera with

a projection mask in lipid concentration detection.
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Fig. 3.15 The fitting curve of the relationship between the Intralipos concentration and reduced scattering

coefficient.
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Fig. 3.16 The fitting curve of the relationship between ink concentration and absorption coefficient.
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Table 3.1 The components concentration and reduced scattering coefficient of the artificial blood.

Intralipos
5% 10% 20% 30% 40%
concentration (vol%)
Ink concentration
1.6% 1.6% 1.6% 1.6% 1.6%
(vol%)
Reduced scattering
1.03 1.98 3.88 5.78 7.68
coefficient (mm™1)

3.6.2 Scattering Experiment System

The fundus vasculature is the target of linear stripe patterned illumination. An experiment
system for scattering detection was proposed to test the feasibility of the patterned metal mask
in scattering detection. The system mainly includes three parts: a fundus camera with a
patterned metal mask for linear stripe patterned illumination, an eye model with artificial blood
for scattering generation, and a monitor (Blackmagic video assist 4K) for observation. Figure
3.17 shows the schematic of the scattering detection system, and Fig. 3.18 shows photograph
of the assembled fundus camera with a patterned metal mask and an eye model for scattering

detection.
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Fig. 3.17 Schematic diagram of the scattering detection system. Part A is the fundus camera with a patterned

metal mask, part B is the eye model with artificial blood, and part C is the monitor.
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Fig. 3.18 Photograph of the assembled fundus camera with a patterned metal mask and an eye model for

scattering detection.
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According to the research of fundus vasculature, the mean diameter of fundus artery ranges
from 135.73+£15.64 pm to 123.01+£13.43 pum and of vein ranges from 151.32+ 15.22 pum
to 137.69+13.84 um [74]. Thus, a glass tube with an inner diameter of 210 pm and an outer
diameter of 700 pm was applied to emulate the fundus vasculature. The photograph of the
glass tube is shown in Fig. 3.19. The background behind the glass tube is the black background.
The eye model is rotatable to ensure the linear stripe patterned illumination light is

perpendicular to the glass tube in the illumination plane.

Figure 3.20 demonstrates the schematic diagram of the scattering measurement. The linear
stripe patterned illumination position will be set as the start point for scattering measurement.
The direction of measurement was along with the glass tube, and the scattering intensity and
the scattering position were calculated according to the pixel value and number. The photograph
of the linear stripe patterned light on a glass tube filled with artificial blood is shown in Fig.
3.21. The measured data of different lipid concentrations will be applied to fit a relationship
curve of scattering intensity and distance for the mixture with different reduced scattering

coefficients.

700 um

Fig. 3.19 Photograph of the glass tube (capillary) in the scattering experiment.
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Fig. 3.20 Schematic diagram of scattering measurement by a glass tube with artificial blood.
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Fig. 3.21 Photograph of the linear stripe patterned light on a glass tube filled by artificial blood for scattering

measurement.
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3.6.3 Scattering Results Analysis

The artificial blood mainly includes particles of Intralipos and ink, in which ink and
Intralipos are assumed to be without scattering coefficient and absorption coefficient,
respectively. The artificial blood is well blended to eliminate the variable reduced scattering
coefficient due to the Intralipos accumulation. The propagation diagram of scattered photons
inside the artificial blood is shown in Fig. 3.22. The distance from light out to light in was called
scattering distance here. The main component of Intralipos is soybean oil, whose particle size
ranges from 4.8 microns to 1.7 microns [75]. The Lipoprotein inside the blood is classified into
five types according to their sizes and compositions. They are chylomicron (diameter 75-1200
nm), very-low-density lipoprotein (30-80 nm), intermediate-density lipoprotein (25-30 nm),
low density lipoprotein (18-25 nm), and high-density lipoprotein (50-120 nm) [76]. Thus,
soybean oil can be used for emulating the chylomicron. The wavelength of illumination light
for scattering detection was selected as 800 nm The elastic scattering will be generated in the
artificial blood with the linear stripe patterned illumination. The type of the elastic scattering
can be separated according to the particle size and incident light wavelength, which is shown

as follows:

o= (10)

where a is the size parameter, r is the particle’s radius, and A is the wavelength of the
incident light [77]. The calculated size parameter is used to distinguish the scattering type, in
which Mie scattering has a size parameter ranging from 0.1 to 100. [ 78] Attributed to the similar
illumination light wavelength and particle size, the size parameter will range from about 13 to
37. Thus the scattering-type in the artificial blood with 800 nm illumination should be Mie
scattering. The schematic of the single Mie scattering is shown in Fig. 3.23 according to the

Mie scattering theory [79], [80]. From the schematic diagram, the characteristic of Mie
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scattering is the forward scattering intensity is stronger than other directions can be observed.
However, multiple scattering happens in the artificial blood due to linear patterned illumination
will change the scattering propagation distance and intensity (scattering relationship) according
to the number of scattering events, that is, the lipid concentration in the artificial blood. Multiple
scattering is more deterministic than single scattering; due to the multiple scattering combines
average results from many single scattering events, the direction and intensity of the scattered
light is predictable. Thus, multiple scattering can be measured for lipid concentration detection

in artificial blood.
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Fig. 3.22 The propagation diagram of scattered photons in well blended artificial blood.
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Fig. 3.23 Schematic diagram of the single Mie scattering.

The artificial blood with different lipid concentrations was applied to the lipid scattering
experiment. Since the high intensity of the patterned illumination light may affect the
measurement of the scattering intensity, the patterned illumination light area on an empty glass
tube was set as the background for subtraction to remove the influence of the excessively high
illumination light in the scattering experiment. Furthermore, images accumulation was applied
to decrease the noise level. The accumulation number in this scattering experiment was set as
100. The measured normalized pixel values (scattering intensity) and the related distance from
the start point (scattering distance) for the artificial blood with different reduced scattering
coefficients are shown in Fig. 3.24. This figure shows that the scattering intensity is different
under the same scattering distance for the artificial blood with different reduced scattering
coefficients. The scattering intensity when the scattering distance is 0.345 mm (the distance of
100 pixels from the start point) was selected for scattering information analysis. The 100 pixels
scattering distance is to reduce the influence of the illumination light on the scattering light
while detecting the scattering information of the solutions with different lipid concentrations.
Though the differences between the scattering relationship of different artificial blood can only
be easily distinguished at a short scattering distance (D), the feasibility of reduced scattering
coefficient (lipid concentration) measurement with the detected scattering information by the

NIR fundus camera with a patterned metal mask was proved.
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Fig. 3.24 Normalized pixel values for different scattering lengths of the artificial blood with different reduced

scattering coefficients.

3.7 Summary and Discussion

In this chapter, a NIR fundus camera with a patterned metal mask for pattern projection on
the fundus was presented. The numerical optical simulation of the NIR fundus camera with a
patterned metal mask was presented firstly. Compared with the simulation results of the fundus
camera, a linear stripe patterned illumination system, which includes a projection mask, a bi-
convex lens, and a meniscus lens, was added. The image of the linear stripe pattern on the
detector is precise with high uniformity. Furthermore, the layout of the projection mask was
designed for a preliminary experiment. The projection mask layouts include the linear stripe
pattern, eyeball fixation target, and fundus illumination area. These three areas are designed
according to the human fundus structure to ensure the linear stripe patterned fundus illumination
and eyeball fixation can be done simultaneously. Then the fundus camera was assembled for

pattern projection and scattering detection. The fundus image taken by this fundus camera
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shows a clear optic disc, fundus vasculature, and linear stripe pattern, which proves the
feasibility of pattern projection on the fundus. Finally, the assembled fundus camera was
applied to the scattering detection of artificial blood. A group of artificial blood with different
reduced scattering coefficients was prepared to emulate the scattering properties of human
blood. The scattering experiment results show a high correlation between the scattering
information and the reduced scattering coefficient in artificial blood, which proves the
feasibility of lipid concentration detection by the NIR fundus camera with a patterned metal

mask.
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4. A Multi-Functional Interference Filter for Patterned

Fundus Illumination

41 Overview

The feasibility of the lipid concentration detection by measuring the scattering information
has been proved by the fundus camera with a patterned metal mask, so a patterned interference
filter (multi-functional interference filter) with three active areas will be designed for the
scattering experiment. The problems found during the pattern projection on the fundus and
scattering detection show that the layout of the projection mask needs to be optimized to avoid
the interaction of the adjacent illumination light and fix the eyeball easier. Following the
evaluated scattering distance, two optimized linear stripe patterns and a new eyeball fixation
target comprised a matrix including number, alphabet, and circles are proposed. Furthermore,
the transmission spectrum of each area in the multi-functional interference filter is simulated
by adjusting the intermediate layer thickness of each area in the filter, the simulation result
shows high transmittance at the wavelength band we are interested in. The fabrication of the
multi-functional interference filter mainly includes sputtering deposition, photolithography, and
etching process. The bottom nine layers of the multi-functional interference filter were
deposited to form the intermediate layer (9™ layer) with different thicknesses by
photolithography and etching process. The details and parameters in the fabrication are
presented. Finally, the transmission spectrum of the fabricated multi-functional interference
filter was measured by reflection and transmission methods simultaneously. The transmission
spectrum shows similar wavelengths of the transmittance peak as the simulation, which proves
the fabricated multi-functional interference filter satisfies the requirements of the pattern

projection. The outline diagram of this chapter is shown as Fig. 4.1.
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4.2  Design of a Multi-Functional Interference Filter

4.2.1 Layout Optimization of Each Functionality in the Projection Mask

The projection mask has three areas: linear stripe pattern, eyeball fixation target, and
fundus illumination area. Following the results from the fundus pattern projection and scattering
detection by the metal mask, the layout needs to be optimized for higher performance. The
optimization of the layout is only in linear stripe pattern and eyeball fixation target and will be
presented individually. The optimization of the linear stripe pattern is to project the linear stripe
pattern on the fundus and avoid the interaction of adjacent illumination simultaneously. The
optimization of the eyeball fixation target is to fix the eyeball easier and fine-tune the gazing
position of the patient eyeball for better pattern projection on the fundus. Due to the fabrication
process of the multi-functional interference filter, the projection mask is composed of two
layouts, the layout of the linear stripe pattern and the layout of the eyeball fixation target. The
fabrication process of the multi-functional interference filter will be presented in the following

sections.

The linear stripe pattern is to generate the linear stripe patterned illumination light for
pattern projection on the fundus. The narrow pitch of linear stripe in the patterned fundus
illumination may cause interaction between the scattering light from the adjacent linear pattern,
so optimizing the pitch of linear stripe in the layout of the patterned projection mask is necessary.
The relationship between the intensity and propagation distance of the fundus scattering is
challenging to analyze with the interaction of adjacent linear patterns. To minimize the
interaction between the scattered light generated by different linear illumination, we proposed

two optimized linear stripe patterns.
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One of our proposals is a multi-linear stripe pattern. To estimate the proper linear stripe
pitch to avoid the interaction, the only parameter we are concerned with was the distance where
the scattering disappeared, which was called scattering-disappear distance. Figure 4.2 shows
the normalized pixel values (scattering intensity) for different scattering distances of the
artificial blood with 7.68 mm™! reduced scattering coefficient. In this figure, the scattering
intensity drops rapidly from the start point to about 0.7 mm. In the middle part, from about 0.7
to about 1.5 mm, the descending speed becomes slower, but the descending trend is still easily
observed. As for the remaining area, from about 1.5 mm to 2.1 mm, it is hard to observe any
change in the scattering intensity, and all the scattering intensities are floating around 0. These
statistics showed that the scattering-disappear distance of the artificial blood with 7.68 mm™!
reduced scattering coefficient is close to 1.5 mm. Figure 4.3(a) shows the layout of the multi-
linear stripe pattern with 3.1 mm line pitch, which was estimated according to the data
mentioned above. Furthermore, the distance from the third linear stripe to the up border was set

as 9.5 mm, and the reason will be presented in our second proposal. Four parts were designed

in the layout of the linear stripe pattern, the linear stripe pattern, a pattern marker, a filter marker,
11 T I I \ T I I \ n
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0.5

Normalized pixel value
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Distance from start point (mm)
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Fig. 4.2 Normalized pixel value dependence on the distance from start point measured for the sample with 7.68

mm! reduced scattering coefficient.
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Fig. 4.3 The layouts of (a) the multi-linear stripe pattern with a 3.1 mm line pitch and (b) the single linear stripe
pattern.

Another proposal is a single linear stripe pattern. To eliminate the interaction of adjacent
linear patterns, we designed another layout of the projection mask with a single line. To transfer
linear striped patterned light to illuminate the fundus vasculature and optic disc simultaneously
when the human eye gazing on the eyeball fixation target, we estimated the position of the linear
stripe by the fundus pattern projection. The linear stripe patterned light that can simultaneously
illuminate the optic disc and fundus vasculature was recorded during the fundus observation by
the patterned metal mask. The linear stripe that generates this light beam is what we need. This
fundus observation was repeated five times to ensure the linear stripe position. The single linear
stripe pattern layout is shown in Fig. 4.3(b). The distance between the linear stripe and mask
upper inner border (border distance) was 9.5 mm. The mask inner border means the inner line
of the red edge in Fig. 4.3. Chosen owing to its ability to cover the blood vessels, optic disc,
and fundus tissue simultaneously, the single line in the layout was selected as the only linear

stripe, the multi-linear stripe pattern also contains a line at the same position. In case of the
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difference of patients, two more layouts of the single linear stripe with border distance 9.6 mm
and 9.4 mm were designed. The single linear stripe pattern have the same usage as the multi-

linear stripe pattern.

The eyeball fixation target is for easier eyeball fixation and optic disc area illumination.
Though the eyeball fixation target already existed in the first version of the layout, we designed
a new one to fine-tune the gazing position of the patient’s eyeball easier. As shown in Fig. 4.4,
the new eyeball fixation target comprises a matrix of circles, which also contains a crosshair
consisting of alphabets and numbers. This design aims to enable the observer to accurately
understand where the gazing position of the patient’s eyeball is. With this design, the patient
can be asked to change the gazing position on the eyeball fixation target for better optic disc
illumination by the linear stripe light, for example, from position 2A to position 2B. With the
adjustable gazing position, this eyeball fixation target can also decrease the affection from
fundus differences from different patients. The final designed layout of the new eyeball fixation

target and multi-linear stripe pattern is shown in Fig. 4.5.
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—
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Fig. 4.4 Layout of the new eyeball fixation target.
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Fig. 4.5 Layout of the new eyeball fixation target and multi-linear stripe pattern.

4.2.2 Transmittance Simulation of Multi-Functional Interference Filter

The multi-functional interference filter included in the proposed fundus camera system
was simulated to simultaneously transmit light of three wavelength bands in the different areas
of the multi-functional interference filter. The linear stripe pattern with 800 nm wavelength was
to transfer the illumination light from the light source to project the pattern on the fundus. The
eyeball fixation target with 680 nm wavelength was to fix the gazing position of the eyeball for
optic disc area illumination, and the fundus illumination area with NIR wavelength was to wide-

area fundus illumination.

The transmission spectrum of the multi-functional interference filter simulated by our in-
house thin-film simulator running on Mathematica. As shown in Fig. 4.6, there are 18 layers in
the filter, and the 9" layer from the bottom is the intermediate layer. From the Fabry-Perot

principle, we can control the transmittance of incident light at a specific wavelength, associated
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with the refractive indices and the thicknesses of the materials used as thin films. Herein, we
selected titanium dioxide (TiOz) and silicon dioxide (SiOy) as the high refractive index medium
and the low refractive index medium, respectively. At the same time, the glass (BK7) is used as
the substrate to simulate the multi-functional interference filter. The thickness of the high

refractive index film (H) and the low refractive index film (L) can be represented as follows:

2

L=-—" (11)
4n,;
2

H=—" (12)
4ny

where A, is the reference wavelength, L and H are the thickness of the film with different
refractive index mediums, n; and ny are the low refractive index and the high refractive
index, respectively. The thickness of the intermediate layer in the multi-functional interference
filter determines the wavelength that can be transmitted. Thus, we can obtain an interference

filter with high transmittance for a specific wavelength in the Mathematica simulation.
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Fig. 4.6 Schematic structure of the multi-functional interference filter for pattern projection on the fundus.

As shown in Table 4.1, the default thicknesses of the high refractive film and the low
refractive film are 76.4 nm and 126.4 nm, respectively. The thickness of the intermediate layer
is different for the three areas in the multi-functional interference filter, 20.7 nm for the linear
stripe pattern, 119.2 nm for the eyeball fixation target, and 76.4 nm for the fundus illumination
area. Figure 4.7 shows the transmission spectrum of the multi-functional interference filter for
different roles we got from the Mathematica simulation. The blue transmittance curve shows
that the transmittance peak at 800 nm is more than 95%, and the half-bandwidth is less than 10

nm. The green transmittance curve shows that the transmittance peak around 680 nm is more
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than 95%, and the half-bandwidth is less than 10 nm. The half-bandwidth of these two
transmittance peaks is narrow enough to filter each other. All the transmittance curves show the
high transmittance at the NIR band. Thus the transmission spectrum satisfies the requirements

for pattern projection on the fundus.
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Fig. 4.7 Simulated transmission spectrum of the multi-functional interference filter with 18-layer film stack.
The blue curve shows the transmission spectrum of the linear stripe pattern, with a narrow transmittance peak
at 800 nm; the green curve shows the transmission spectrum of the eyeball fixation target, with a narrow
transmittance peak around 680 nm; the red curve shows the transmission spectrum of the fundus illumination

area. All these spectrum curves have high transmittance at the NIR band.
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Table 4.1 The film thickness of the multi-functional interference filter in the simulation.

Media Thickness

Silica (ny) 126.4 nm
Titanium dioxide (ng) 76.4 nm
Silica (first layer from the top) 63.2 nm

20.7 nm (for the linear stripe pattern)
Titanium dioxide (the intermediate layer) 119.2 nm (for the eyeball fixation target)

76.4 nm (for the fundus illumination area)
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4.3 Fabrication of the Multi-Functional Interference Filter

4.3.1 The Fabrication Flow Chart of the Multi-Functional Interference

Filter

The fabrication procedure of the multi-functional interference filter mainly includes three
steps, sputtering deposition, photolithography, and etching. Table 4.2 shows the schematic
cross-section of the fabrication of the 18-layer multi-functional interference filter. In the
schematic cross-section, the H means the thickness of the TiO, film, which is equal to 76.4 nm,
the L means the thickness of the SiO, film, which is equal to 126.4 nm, all these thicknesses are

calculated by the transmittance simulation. The layer number is demonstrated in the last.

Table 4.2 The schematic cross-section of the fabrication of the 18-layer multi-functional interference filter.

Process step Schematic cross-section
Glass substrate preparation Glass substrate

Bottom 9-layer deposition

Glass substrate
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Adhering film-type negative photoresist

Glass substrate

Patterning for eyeball fixation target

Glass substrate

Etching

Glass substrate
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Photoresist removal

Glass substrate

Positive-type photoresist coating

Glass substrate

Patterning for linear stripe pattern

Glass substrate

62



Etching

Photoresist removal

Top 9-layer deposition

(the thickness of the top layer is 0.5L)

Glass substrate
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4.3.2 The Process Conditions during the Fabrication

A sputtering deposition is a common process to fabricate titanium dioxide and silica films.
TiO; and SiO; are alternately deposited by sputtering. Since the deposited film thickness is
significantly related to the flow rate of argon and oxygen, chamber pressure, and deposition
time, we have obtained an equation about the relationship between deposition time and film
thickness while controlling the other parameters. The constant parameters during the sputtering
deposition are shown in Table 4.3. Figure 4.8 shows the fitting curve of the relationship between
the deposition time and deposition thickness of silica and titanium dioxide, respectively. The
fitting curves about the deposition time and thickness of silica and titanium dioxide are shown

in Equations 10 and 11, respectively.
Tsi =12.96X tg; (13)
Tri =1.99% to; (14)

where the tg; is the deposition time of SiO» in a minute, t;; is the deposition time of TiO> in
a minute, Tg; is the deposition thickness of SiO in the nanometer, and T;; is the deposition
thickness of TiO; in the nanometer. As shown in Table 4.2, the bottom 9-layer of the multi-
functional interference filter will be deposited first, the first layer from the top of the 18-layer
interference filter is defined as T1. Figure 4.9 shows the schematic structure of the bottom 9-layer
film stack of the multi-functional interference filter. In this figure, the first layer from the bottom of
this 9-layer film stack is defined as B1. Due to the eyeball fixation target has the highest film
thickness of the intermediate layer (B9), this thickness is applied to deposit the intermediate layer
(CFS-4ES-II, Shibaura, Japan). The deposition times shown in Table 4.4 are estimated following
the fitting curve shown in Fig. 4.8. The film thickness fluctuation during the film deposition will
affect the transmittance of the film stack, so the transmittance measurement of the deposited 9-layer

film stack is important.
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Fig. 4.8 The fitting curve of the relationship between the deposition time and deposition thickness.
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Fig. 4.9 Schematic structure of the bottom 9-layer film stack of the multi-functional interference filter. The

first layer from the bottom of this 9-layer film stack is marked with B1.
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Table 4.3 The constant parameters during the sputtering deposition.

The constant parameter Value

Pressure inner chamber (Pa) 0.5
Gas flow rate Argon 19
(sccm) Oxygen 1
The rotational speed of the table (r/min) 24
SiO» 400
RF powers (W)
TiO; 300

Table 4.4 Deposition time for different target materials.

Film thickness in
Target material Layer number Deposition time

simulation

B2, B4, B6, BS,
SiO2 126.4 nm (L) 9min45sec
T3, TS5, T7, T9
B1, B3, B5, B7,
TiO, 76.4 nm (H) 38min23sec
T2, T4, T6, T8
TiO,
B9 119.2 nm 59min54sec
(intermediate layer)
SiO»
T1 63.2 nm 4min52sec
(most top layer)
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The photoresist coating follows the sputtering deposition process. Two cycles of
photolithography and etching are required to obtain the thickness of the intermediate layer of
the fundus illumination area and the linear stripe pattern. In the first cycle, a negative-type
photoresist (n-PR; RY3315EE) was combined with the filter by a heat roller (L3570HI, Asmix)
at 125°C. After the photoresist coating, the mask fabricated according to the layout of the eyeball
fixation target (shown in Fig. 4.4) was applied to the exposure of the filter by a contact aligner
(MA-10, Mikasa Co., Ltd., Japan) to remove the photoresist in all areas except the eyeball
fixation target. Reactive ion etching (RIE) (RIE-10NIT, Samco Inc., Japan) was applied to etch
the intermediate layer of the exposed filter. The etching thickness is significantly related to the
gas flow rate and etching time. The constant parameters during the etching process are shown
in Table 4.5. Figure 4.10 shows the fitting curve of the relationship between the etching time
and thickness of the intermediate layer (TiO2). The equation of the fitting curve is shown as

Equation 12.
Totcn=18.59X totch (15)

where the t.:., 1s the etching time in a minute, and T,;., 1s the etching thickness in a

nanometer.

Table 4.5 The constant parameters during the etching process.

The constant parameter Value
CHF3 20
Gas flow rate (sccm)
02 5
Chamber pressure (Pa) 3
RF powers (W) 150
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The etching times for different areas in the bottom 9-layer film stack is shown in Table 4.6.
The microphotographs of the partial eyeball fixation target in the bottom 9-layer film stack after

the first cycle of the photolithography and etching are shown in Fig. 4.11.
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Fig. 4.10 The fitting curve of the relationship between the etching time and thickness of the intermediate layer

(TiOy).

Table 4.6 The etching times for different areas in the bottom 9-layer film stack.

Etching area Etching thickness (nm) | Etching time

Fundus illumination area 42.8 2min30sec

Linear stripe pattern 55.7 3min8sec
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Fundus illumination area

Fig. 4.11 Microphotographs of the eyeball fixation target in the bottom 9-layer film stack after the first cycle of

the photolithography and etching.

After the cleaning by an ultrasonic cleaner (ASU-2D, AS ONE, JAPAN), the second cycle
of the photolithography and etching was started. Compared with the first time photoresist
coating, an adhesion improving material OAP (Tokyo Ohka Kogyo Co., Ltd., Japan) and a
positive-type photoresist OFPR-8600 (Tokyo Ohka Kogyo Co., Ltd., Japan) were applied. The
mask fabricated following the layout of the linear stripe pattern (shown in Fig. 4.3) was applied
to the exposure of the filter by a contact aligner to remove the positive-type photoresist on the
linear stripe pattern. The RIE was applied to etch the intermediate layer to form the linear stripe
pattern. The etching time follows Equation 12. The microphotographs of the partial area in the

fabricated bottom 9-layer film stack are shown in Fig. 4.12. This figure shows the same eyeball
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fixation target and linear stripe pattern as the designed layouts, which proves the accuracy of
the operations in the photolithography and etching process. The spectrum evaluation of the

fabricated 9-layer film stack is shown in the appendix.

Fundus illumination area

l

I

Fundus illumination area

Fig. 4.12 Microphotographs of the partial areas in the fabricated 9-layer film stack.

Thus, the fabrication of the bottom 9-layer film stack was finished. Due to the
uncontrollable factors in deposition and etching processes, the thickness of every layer in the
fabricated interference filter is different from the thickness in simulation. To detect the thickness
error caused during film deposition and etching, the reflectance of the three areas in the 9-layer

film stack and 18-layer interference filter was measured. The measured reflection spectrums of
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every area show high goodness of fit with the simulated spectrums, which proves every layer
thickness of the deposited 9-layer film stack after the deposition and etching is proper. The
measured transmission spectrum of the fabricated 9-layer film stack is shown in the appendix
for layer thickness error calibration, please move to the appendix for more details. The analysis
of the measured transmission spectrum of the 18-layer interference filter is shown in the next

section.

To get the multi-functional interference filter with 18 layers, the second time sputtering
deposition is needed. The deposition process procedure is the same as the first time. The
transmission spectrum of the fabricated multi-functional interference filter with 18 layers will

be presented in section 4.4.
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4.4  Evaluation of the Multi-Functional Interference Filter

The evaluation method of the fabricated 18-layer multi-functional interference filter is to
compare the transmission spectrums obtained by the measurement and simulation. Figure 4.13
shows the transmission spectrum of the fabricated multi-functional interference filter measured
by the microscope spectral reflectivity film thickness measurement system. There are three
transmittance curves in Fig. 4.13, in which linear stripe pattern and eyeball fixation target have
transmittance peak at 800 nm and 660 nm, respectively. All of these three curves have high
transmittance in NIR bands to provide sufficient NIR fundus illumination. Compared with
simulated transmission spectrum in Fig. 4.7, though the transmittance peak of the eyeball
fixation target has an about 20 nm blue shift, the low transmittance around 800 nm and 660 nm,

except for the linear stripe pattern and eyeball fixation target, ensured the efficiency of the
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Fig. 4.13 The transmission spectrum of the fabricated multi-functional interference filter measured by the

MSRFTM system.
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pattern projection on the fundus and eyeball fixation, respectively. Figure 4.14 is the photograph
ofthe fabricated patterned interference filter. The same linear stripe pattern and eyeball fixation

target in the fabricated filter as shown in the simulation also proves the success in the fabrication.

BT OO0 e

Linear stripe pattern

Eyeball fixation target

Fig. 4.14 Photograph of the fabricated multi-functional interference filter.
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4.5 Summary and Discussion

In this chapter, the design of a multi-functional interference filter, which includes the
layout optimization of the projection mask and the transmission spectrum simulation of the
multi-functional interference filter with bottom 9-layer and 18-layer, and the fabrication of the
multi-functional interference filter was presented. The layout optimization was mainly in the
linear stripe pattern and eyeball fixation target. A multi-line and a single-line linear stripe
pattern were presented. The optimization of the eyeball fixation target has applied a matrix,
which comprises circles, alphabets, and numbers, to replace the concentric circles in the first
layout design for accurately eyeball gazing position movement. The transmission spectrum
simulation of the multi-functional interference filter follows the Fabry-Perot principle. In this
research, the thickness of the intermediate layer in the 18-layer interference filter determined
the transmittance. The simulated transmission spectrums for eyeball fixation target, linear stripe
pattern, and fundus illumination area show high transmittance at around 680 nm, 800 nm, and

NIR bands, respectively, which satisfy the requirements for pattern projection on the fundus.

Three areas mainly presented the fabrication of the multi-functional interference filter in
this chapter, the sputtering deposition, the photolithography process, and the etching process.
The sputtering deposition of different films followed the fitting curves of silica and titanium
dioxide about the deposition time and thickness. Two cycles of the photolithography and the
etching processes are needed after the deposition of a bottom 9-layer film stack to form the
three areas in the multi-functional interference filter. A negative-type and a positive-type
photoresist were applied in the two times photolithography process. The two times etching
processes followed the fitting of the etching time and thickness. After the second time sputtering
deposition, the transmission spectrum of the fabricated 18-layer multi-functional interference

filter was measured. The comparison between the transmission spectrum in simulation and
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measurement shows that the wavelengths of transmittance peaks have high similarity, which
proves the fabrication of the multi-functional interference filter satisfies the requirement for

pattern projection on the fundus.
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5.  Scattering Detection by Pattern Projection

5.1 Overview

The purpose of the multi-functional interference filter (patterned interference filter) is to
project a pattern on the fundus and measure light scattering with a NIR fundus camera. The
patterned interference filter was evaluated by measuring the transmission spectrum in the last
chapter. This chapter describes the pattern projection on the fundus and scattering experiment
with this filter. The same eye model and human eyeball were applied in fundus imaging. The
patients can see the linear stripe pattern and eyeball fixation target generated by the patterned
interference filter through the ophthalmic lens. The position of the optic disc can be adjusted
by moving the gazing position of the patient eyeball in the eyeball fixation target. The linear
stripe patterned fundus images with different wavelengths of illumination light were
demonstrated to prove the feasibility of pattern projection on the fundus. Besides, the patterned
interference filter was also applied in the scattering experiment to check the feasibility of the

application of the patterned interference filter in scattering detection.

5.2 Pattern Projection on the Retina with a Multi-Functional

Interference Filter

The NIR fundus camera with a fabricated multi-functional interference filter was
performed on both a glass eye model and a human eyeball, as they both have a similar optical
length and pattern on the fundus. In the case of using LED as the light source for pattern
projection, three wavelengths for illumination means that three LEDs are needed. As shown in

Fig. 2.5, the LEDs are symmetrically distributed around the center point, which will cause
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comatic aberration and astigmatism due to the deviation of the light source center. Thus, an
advanced four-channel LED driver (DC4104, THORLABS INC., USA) was applied. The light
with three wavelengths, 660 nm, 800 nm, and NIR band, generated by this driver will be
transferred by the optical fiber for the pattern projection on the fundus. The schematic diagram
of the fundus camera with a patterned interference filter for pattern projection on the fundus is
shown in Fig. 5.1. The optical fiber was placed at the position aligned with the center of the
light path to decrease the possibility of comatic aberration and astigmatism generation. Figure

5.2 shows the photograph of the fundus camera with a patterned interference filter.
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(with band-pass filter)

Fig. 5.1 Schematic diagram of the NIR fundus camera with a patterned interference filter for pattern projection

on the fundus.

The eye model mentioned in Chapter 2 was applied to the assembled fundus camera for
the potential distance error calibration and the fundus observation. The fundus image of the eye
model with 800 nm alone as the illumination light is shown in Fig. 5.3. The clear and unique
linear stripe in the fundus image proves the low transmittance in the fundus illumination area
of 800 nm wavelength light. Due to the large line pitch, other linear stripes cannot be obvious

in the fundus image. With the scattering caused by the fundus, we can also obvious the optic
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disc and vasculature from the fundus image.

NIR color camera with lens  Aperture Beam splitter ~ Ophthalmic lens

Eye model
Meniscus lens

Bi-convex lens

Patterned interference filter

' Condenser lenses Diffuser

Light source
(fiber-coupled LEDS)

Fig. 5.2 Photograph of the NIR fundus camera with a patterned interference filter for projection on the fundus.

After the fundus observation with the eye model, the NIR fundus camera with a patterned
interference filter was applied to human eyeball fundus observation. During the fundus
observation by the NIR fundus camera with a patterned interference filter, the patient can see
the image shown in Fig. 5.4 with 660 nm wavelength light illumination. Due to the fundus
illumination area has a transmittance peak close to 660 nm, the red light pass from the fundus
illumination area can be observed, while the linear stripe pattern is dark. Figure 5.5 shows the
image of the patient can observe when the illumination light is 800 nm wavelength. The eyeball

fixation target and fundus illumination area are dark due to the low transmittance at 800 nm.
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Fig. 5.3 Fundus image of the eye model with a linear stripe illuminate by 800 nm light.

@ Lincar stripe
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Eyeball fixation
. y

Fig. 5.4 The observed image through the ophthalmic lens in the NIR fundus camera with a patterned

interference filter with 660 nm wavelength light illumination.
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Though 800 nm is invisible to the human eye, the image shown in Fig. 5.5 can still be
taken by the smartphone. These observed images from the ophthalmic lens prove the fabricated
patterned interference filter satisfy the requirements for pattern projection on the fundus. In Fig.
5.4, the patient can gaze on the different positions in the eyeball fixation target to slightly adjust
the relative position between the optic disc and linear stripe by following the instructions from

the observer. Thus, it can be easier to achieve the fundus linear stripe patterned illumination.

Linear stripe

Fig. 5.5 The observed image through the ophthalmic lens in the NIR fundus camera with a patterned

interference filter with 800 nm wavelength light illumination.

Figure 5.6 shows two fundus images with the linear stripe patterned illumination. In Fig.
5.6(a), the wavelength of the illumination light is 660 nm, high transmittance in eyeball fixation
target for eyeball fixation, and 800 nm, high transmittance in linear stripe pattern for linear
stripe patterned illumination. In Fig. 5.6(b), besides the 660 nm and 800 nm, a NIR band light
for fundus illumination was applied for fundus observation. Due to the eye model background
is composed of the absorption material, so less scattering was generated. While the fundus is
composed of the vasculature and tissues, all these things have a higher reduced scattering

coefficient, and a higher scattering will be generated. Thus, compared with Fig. 5.3, a wider
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fundus can be observed from Fig. 5.6, which also be illuminated by a linear stripe light beam.

Figure 5.6(b) is a fundus image obtained by simultaneous illumination of three
wavelengths of light. Compared with Fig. 5.6(a), the fundus can be easier observed in Fig. 5.6(b)
under the NIR light illumination. Thus, for better fundus linear stripe pattern illumination, the
fundus observation with NIR light is needed. The linear stripe patterned fundus images prove
the feasibility of pattern projection on the fundus by the NIR fundus camera with a patterned

interference filter.

Linear stripe pattern

Linear stripe pattern

%

Optic disc Retinal blood

vessels

v

4 Retinal blood vessels e
a

Fig. 5.6 Fundus images of the human eyeball taken by the NIR fundus image with the patterned interference
filter by the linear stripe patterned illumination light with (a) 660 nm and 800 nm, (b) 660 nm, 800 nm, and

NIR band.
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5.3 Scattering Experiments with a Multi-Functional

Interference Filter

The fabricated patterned interference filter was applied to scattering experiments to check
the feasibility of lipid concentration detection. The schematic diagram of the scattering
detection system is shown in Fig. 5.7. The artificial blood applied in this experiment has the
same reduced scattering coefficient as Table 3.1. Figure 5.8 shows the linear stripe patterned
light generated by the fabricated patterned interference filter on a glass tube filled with artificial
blood. Due to the transmittance of the linear stripe pattern is not as high as the 100%
transmittance in the patterned metal mask, so the illumination light intensity in this scattering

experiment is lower than mentioned in Chapter 3.
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Fig. 5.7 Schematic diagram of the scattering detection system.
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Fig. 5.8 Photograph of the linear stripe patterned light on a glass tube filled by artificial blood.
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Fig. 5.9 Normalized pixel values for different scattering lengths of the artificial blood with different reduced

scattering coefficients.
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The measured scattering relationship for the artificial blood with different reduced
scattering coefficients is shown in Fig. 5.9. This figure shows that the scattering intensity
(normalized pixel value) is different under the same scattering distance for the artificial blood
with different lipid concentration (reduced scattering coefficient). Same as the scattering
experiment in Chapter 3, the scattering intensity when the scattering distance is 0.345 mm was
selected to avoid the effect from the illumination light. Fig. 5.10 shows relationship curve
between the scattering intensity and the lipid concentration when the scattering distance equal
to 0.345 mm. In this figure, the scattering intensity is increasing with the lipid concentration
increasing, which demonstrates the scattering intensity has a positive correlation with the lipid
concentration. Though the differences between the scattering relationship of different artificial
blood can only be easily distinguished at a short scattering distance, the feasibility of lipid
concentration detection with the measured scattering information by the NIR fundus camera

with a patterned interference filter was proved.
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Fig. 5.10 Normalized pixel values for different reduced scattering coefficient when scattering distance equal

to 0.345 mm.
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5.4 Summary and Discussion

The fabricated patterned interference filter was applied to the fundus imaging and the
scattering experiment in this chapter. The results demonstrate the feasibility of using the NIR
fundus camera with a patterned interference filter for pattern projection on the fundus and the
lipid concentration detection. In the fundus imaging, the LEDs with 660 nm, 800 nm, and NIR
bands were coupled into a fiber as the light source for illumination. With the multi-wavelength
illumination light, the comparison of the fundus images, including the NIR band’s light or not,
demonstrates the use of each area of the fabricated patterned interference filter in fundus
imaging. In the scattering experiment, with the measurement system mentioned in chapter 3,
though the scattering intensity decreased rapidly with distance increased, the measured
scattering relationship shows a high correlation with the reduced scattering coefficient in the
artificial blood. This correlation shows the feasibility of measuring the lipid concentration by

the NIR fundus camera with a patterned interference filter.
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6. Conclusion

6.1 Summary

This research presents the design and fabrication of a multi-spectral NIR fundus camera
with a patterned interference filter for light scattering detection. The fundus camera provides a
noninvasive way to observe the fundus for disease diagnosis and health care. With the
development of fundus cameras, high resolution and large field of view fundus images are
available for disease diagnosis. Still, the surface fundus images alone cannot satisfy the
requirements for health checks and disease prevention noninvasively, and the information about
the fundus tissues is indispensable. To solve this problem, we proposed a multi-spectral NIR
fundus camera with a patterned interference filter for light scattering detection, which can be
applied to health checks and disease prevention. The design and fabrication of this fundus

camera were presented in this research.

A fundus camera for fundus observation was simulated and assembled as a platform for
developing the fundus camera for light scattering detection. A linear stripe projection mask and
a lens group were added to the traditional fundus camera for pattern projection. The lens type
and optical path were adjusted to project the linear stripe pattern with less distortion on the
fundus in the simulation. The uniformity evaluation of the pattern projected on the fundus
shows apparent boundaries between the adjacent linear stripes and high uniformity, which
proves the feasibility of the pattern projection. Then layouts of the projection mask were
designed considering the human fundus structure. Besides the linear stripe pattern in the
simulation, an eyeball fixation target was added for a more manageable pattern projection. The
patterned metal mask fabricated following the designed layout was added into the assembled

fundus camera for pattern projection on the human fundus. In addition to the clear linear stripe
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pattern, the fundus images with linear stripe pattern illumination also portray the apparent optic
disc, fundus vasculature and, tissues. Thus, the feasibility of the pattern projection on the human

fundus by a NIR fundus camera with a patterned metal mask was proved.

The NIR fundus camera with a patterned metal mask was applied to detect the light
scattering from artificial blood. Capillary glass tubes filled with artificial blood, a mixture with
different reduced scattering coefficients to emulate the lipid scattering properties in human
blood, were applied in the scattering experiments to mimic fundus blood vessels. The high
correlation between the measured scattering relationship and the scattering properties of the
artificial blood from the experimental results proves the feasibility of the lipid concentration

measurement by the NIR fundus camera with a patterned metal mask.

Following the advice of the patients during the pattern projection on the fundus and the
scattering distance from the scattering detection by the fundus camera with a patterned metal
mask, the layout of the projection mask was optimized for patterned interference filter
fabrication. The pitch of the linear stripe increased to avoid the interaction between the adjacent
linear light, and a matrix composed of numbers, alphabet, and circles replaces the donuts as the
eyeball fixation target for a more manageable eyeball fixation. The fabrication of the patterned
interference filter mainly includes sputtering deposition, photolithography, and the etching
process. The bottom 9-layer film stack of the multi-functional interference filter was deposited
on the glass substrate for the intermediate layer thickness adjustment by photolithography and
etching process. The deposition and etching thicknesses were well controlled by time and the
pre-confirmed rate. The transmittance of each area in the patterned interference filter was
evaluated after the deposition of the top nine layers. The measured transmission spectrum of
the fabricated patterned interference filter shows similar wavelengths of the transmittance peak
as the simulation, which proves the fabricated patterned interference filter satisfies the

requirements of the pattern projection.
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Besides the evaluation by the transmission spectrum measurement, the fabricated patterned
interference filter was applied to pattern projection on the fundus and scattering detection. The
apparent linear stripe and fundus tissues proves the feasibility of the pattern projection on the human
fundus, and the high correlation between the scattering relationship and the scattering properties of
artificial blood demonstrates the feasibility of the application of the fabricated patterned

interference filter in the lipid concentration measurement.

The proposed multi-spectral NIR fundus camera with a patterned interference filter was proved
by the results mentioned above from the scattering experiment and linear stripe patterned fundus
observation that it can be used for lipid concentration measurement and pattern projection on the

fundus.

6.2 Future Plan

This thesis demonstrates a multi-spectral NIR fundus camera with a patterned interference
filter to achieve the light scattering detection target. Research never stops, there are still kind of

open opportunities to improve this light scattering detection system.

Though the feasibility of the lipid concentration measurement by the multi-spectral NIR
fundus camera with a patterned interference filter was proved, the quantitative analysis of lipid
concentration is still hard to achieve at the present stage. The quantitative analysis of lipid
concentration needs to satisfy the following requirements. The first one is a higher resolution
and sensitivity imaging system, which can decrease the noises from the experimental
environment. With lower noises in the captured images, the averaged scattering intensity curve
can be more smooth to obtain a clear fitting curve about the scattering information and lipid
concentration. Furthermore, with the higher performance imaging system, the repeatable

scattering experiments between the experimental group and control group with different lipid
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concentrations are needed. The experimental group in the repeatable experiments is used for
verifying the reliability of the fitting curve about the scattering information and lipid

concentration obtained from the control group. Thus, a more accurate fitting curve is available.

With the accurate fitting curve of the relationship between the scattering information and
the lipid concentration, the multi-spectral NIR fundus camera with a patterned interference filter
can be applied to the health check and disease prevention. The portable size of this fundus camera
makes it is possible to do disease diagnosis and health checks at home by a doctor with an internet
connection. Combined with artificial intelligence algorithms, patients can even conduct disease

diagnosis and health checks independently.
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Appendix

The reflection spectrum of the 9-layer film stack was measured after every deposition and
etching. This measurement is to check every layer thickness of the fabricated 9-layer film stack
by measuring the reflection spectrum. If there is a large error between the measured reflection
spectrum and the spectrum obtained by simulation, it means that there is a layer thickness
fluctuation happened during the deposition and etching process. The 9-layer film stack with
reflectance error will be disposed. The 9-layer film stack without large reflectance error will be

applied for the 18-layer interference filter fabrication.
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Figure 1 Schematic structure of the bottom 9-layer film stack of the multi-functional interference filter.

The first reflection measurement is after the deposition of the 9-layer film stack. Figure 1
shows the schematic structure of the deposited 9-layer film stack. Where H and L mean the
thickness of high and low refractive index layer, respectively. From bottom to top, each layer is
represented by B1 to B9 respectively. The photolithography progress and etching process are
only performed on the intermediate layer (layer BY). Figure 2 shows the measured reflection

spectrum of the bottom 9-layer film stack. In this figure, the measured reflection spectrum has
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a high overlap degree with the theoretical one, which means every layer thickness in the 9-layer
film stack is close to the thickness of each layer in the simulation. The measured reflection

spectrum proves every layer thickness of the deposited 9-layer film stack is proper.
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Figure 2 The comparison of the reflection spectrum between the theoretical and measurement of the deposited

9-layer film stack.
After the deposition, the 9-layer film stack was moved to the photolithography and etching
process. Two rounds of the photolithography and the etching processes are needed to form the
fundus illumination area and linear stripe pattern successively. After the first round, the fundus
illumination area was formed. Figure 3 shows the schematic structure of the 9-layer film stack
after the first photolithography process and etching process. The thickness of layer B9 was
decreased to 0.64H to form the fundus illumination area. The measured reflection spectrum of
the fundus illumination area in the 9-layer film stack is shown in Figure 4. In this figure, the

measured reflection spectrum has high goodness of fit with the theoretical one, which means
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Figure 3 Schematic structure of the 9-layer film stack after the first round of photolithography and etching
process.

the intermediate layer thickness of the fundus illumination area in the 9-layer film stack is close

to the simulation results. The measured reflection spectrum proves the photolithography and

etching process for the formation of the fundus illumination area is proper.

To form the linear stripe pattern in the 9-layer film stack, the second round of the
photolithography and the etching processes is performed. Figure 5 shows the schematic
structure of the 9-layer film stack after the second photolithography process and etching process.
The thickness of layer B9 was decreased to 0.17H to form the linear stripe pattern. The
measured reflection spectrum of the linear stripe pattern in the 9-layer film stack is shown in
Figure 6. In this figure, the measured reflection spectrum has high goodness of fit with the
theoretical one, which means the intermediate layer thickness of the linear stripe pattern in the
9-layer film stack is close to the simulation results. The measured reflection spectrum proves

the photolithography and etching process for the formation of the linear stripe pattern is proper.
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Figure 5 The comparison of the reflection spectrum between the theoretical and measurement of the

fundus illumination area in the 9-layer film stack after.
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Figure 4 Schematic structure of the 9-layer film stack after the second round of photolithography and etching

process.

100



Ti02 15min on Si|HA —4yH-13071

1001

Ti02 15min on 51163 7 9113071 (325h)] — Theoretical
MM — Measurement
\\ Goodness of fit
0976

0]
o
e

\

<

< \
o 60

\\
g N
& 40 \

A
|| L\
ol \

MO

-

500 600 700 800

Wavelength (nm)

900

1000

1100
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