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Abstract

Retinais afragile layered tissue composed of neurons responsible for color vision. It is not
only part of central nervous system (CNS) which can be investigate noninvasively, but also
the only window that microscopic inspection of circulation system can be taken without
invasion. A confocal scanning laser ophthalmoscope (cSLO) provides three-dimensional
structure of retina, which is important to retinopathy diagnosis. As diseases usually occur
with biomedical change of tissue, a spectrally resolved cSLO can diagnose the illness in
the early stages by analyzing absorption spectrum of the tissue. Furthermore, because the
neurons on retina are sensitive to_the wavelength of “the light exposed to, a spectraly

resolved cSL O facilitates the studies of the neurosci ence about retina.

—
- i_'i,'.'

There have been several attempts of:spectr‘z-:aﬁy resolved cSLQ, but the performances of
those systems were all limited by the:bandwi dth.ofthelasers and the chromatic/geometric
aberration of optics. Here a spectrally resolved cSLO with bandwidth from visible to
infrared is demonstrated. The broadband light source is a supercontinuum laser, which is
generated from the nonlinear effects in a photonic crystal fiber. We also construct a
mirror-based scanning system with diffraction-limited performance, overcoming the
aberration problems in previous multispectral systems. With this system, spectra images
of living retinafrom visible to infrared are acquired in a noninvasive manner. Resolution is
around 3um in living zebrafish, which is adequate for cone cell recognition and researches

about retina, vision and neuroscience.
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Chapter I  Importance of Retinal Spectral Imaging

.1 Retinal Imaging and Applications

Retina is part of the central nervous system (CNS) and responsible of visual signal
perception. It is like the film for a camera but possesses much more complex functions
and mysteries. The dependence on vision in every single day tells the importance of a
healthy retina. Retinal pathologies have been the troubles for ophthal mol ogists because the
damages on retina are usually irreversible and may harm one's vision. The fragility of
retina makes invasive surgery on human eye not reasonable in most case, so atool for early

retinal disorder diagnosis is important:

After the invention of ophthalmoscopy,«it has been the.most important apparatus for
ophthalmology. This noninvasive approacf{é_g?used on the optical characteristic is perfect for
retina. Diagnosis of retinopathies has :been mal nly based on'visua impression. As a result,
high quality retinal images have beer:1 purchased for many years. Retinal images provide

detailed information of retina, which is often Critical cluefor retinal pathologies.

For example, glaucoma causes structural changes to optic nerve head and nerve fiber
layer[1]. Stereoscopic images of optic nerve head provide thickness, area and other
parameters. This information is important to early detection of glaucoma, which prevents

visual loss and simplifies treatments.

On the other hand, retinopathy is aso found to be the most common microvascular

complications of diabetes, which include microaneurysm formation and oxidative



damage[2]. Screening of these retinopathies is of significance and feasible with a
fluorescent retinal imaging. By tracking the fluorescent dye, formation of microaneurysm

and vascular damage are found with higher contrast.

Another example is age-related macular degeneration (AMD), which is the leading cause
of blindness in the developed world. Drusen and extracellular material accumulating in the
inner aspects of Bruch’'s membrane appears with AMD. Generaly, larger drusen are

associated with changes in fundus autofluorescence[3].

Besides the applications for retinopathy diagnosis, retinal.imaging aso benefits biomedical
research for its ability to in-vivoobservation of-.cell movement in retina and choroidal
blood vessel like measurement of the Ieug, of |leukocyte recruitment[4], which is an
indicator of inflammation. However, studie,;siqf letKocyte and:its behavior usually require
ex vivo tissue from vessel of “living ahimal exteriorized by surgery. This method is not
practical for fragile subject like retina.or other parts of the central nervous system. With
retinal images, in-vivo observation of leukocyte without atering physiological situation in

body is feasible without surgery.

A different way to exploit the possibility of retinal imaging system is to stimulate the
photoreceptors on retina. By illuminating a part of retina, degree of scotoma can be
identified, which often appears with retinopathies. Optical stimuli on retina also enable
studies of vision process in central nervous system. By stimulating the photoreceptors on
retina, visual evoked responses can be recorded with electrodes5]. Understanding the

relation between stimuli and responses hel ps realize the formation of vision.
10



In summary, retinal imaging is useful for retinopathy diagnosis and biomedical research.
By acquiring in-vivo information, ophthalmologists and biologists can obtain information

with minimal invasion without changing local physiological situation.

1.2 Potential of Retinal Spectrally Imaging

At the early stage of development of ophthalmoscope, flame, daylight and bulb are used as
illumination source. These illumination sources possess broad spectrum and produce
“white light” images, in which information of all wavelengths overlaps in a single frame.
However, monochromatic retinal images produced with band pass filters are later found to
provide better contrast of various structures.~Since.then, retinal imaging systems with
illumination sources of different wavel engths have beenwused.in applications like structure
identification, retinopathy diagnosis, mlcgpm rculation ‘monitoring and neuroscience

researches.

As retina is part of the central nervous system-and is related to color vision, it is not
surprising that the reflectance of retina is related to the chemical concentration of local
tissue. Retinal spectral images can be used to identify the structures with their spectra
characteristic. For example, illumination from 460 to 560 nm enhances the contrast of the
nerve fiber layer compared with other wavelengths. Macular pigment absorbs light
between 390 and 540 nm, acting as a blue light filter[6]. Reflectances of three types of
cone cells, which are responsible of color vision, exhibit different spectral characteristics.
Identifying spectral information of tissue helps ophthalmologists assess the condition of
retina faster and more accurately. On the other hand, reflectance of pigments from spectral

retinal image provides valuable data for ophthal mic research.
1



Besides composition of retina, deformation and denaturation caused by retinopathy also
affect spectral feature of retina. Thus multicolor images supply more clues than a
monochromatic image for diagnosis of retinopathy. For example, glaucoma alters the
extinction of fundus pigments like oxyhemoglobin, xanthophyll and rhodopsin. Changes of
local reflectance in the papillamacular bundle and nerve fiber layer are results of
decreases of these pigments and is thought as symptoms of glaucoma at the early stage[7].
Asfor diabetes, alternation in the fundus happens in the early stage and induces changesin
reflectance spectrum. In the red side of visible range, reflectance shows significant
difference between normal macular-and macular with diabetic retinopathy. The contrast

comes from the reduction of melanin pigment due o diabeteg8].

There are some hereditary ophthamic dI@SGS that show spectral characteristics, too.
Retinitis pigmentosa is one_.of thoseinhér%wt diseases. It ‘may be transmitted on the
X-chromosome and carrier of ‘this ty[:)e‘ of retinitisipi gmentosa shows specia reflex in the
perimacular region, which is named tapetal-like reflex (TLR). It causes cone dystrophy and
dysfunction. TLR presents higher reflectance than normal subject from 600 nm to 400 nm

and thus can be observed with retinal spectral images[9].

Since there is a difference between absorption characteristics of oxygenated and
deoxygenated blood, retinal spectral imaging is also used to monitor oxygen saturation,
which is linked to microcirculation[10]. Understanding the microcirculation in-vivo is
crucial for investigating the role of oxygenation in nature healing and clinical therapies.
Methods like oxygen microelectrodes, magnetic resonance imaging have been proposed.

However, these methods are either invasive or with poor spatial resolution. Optical
12



imaging of retina provides necessary information with minimal invasiveness and cellular

resolution, which is the best way for related studies.

Except clinical applications, spectral stimuli are also helpful to spectral researches about
the visual signal perception and transduction. For example, photoreceptors of different
types are sengitive to different wavelength range of illumination. The triggering of signals
corresponding to different colors and their following neural activities are important to
understanding the central nervous system. In a previous study, blue light illuminated the
entire retina and the intensity was modulated to identify the blue-yellow color opponent
pathway of rod and cone photoreceptors..Fhe intensity level of illumination determines the
origin of signal, since rads have not.only higher sensitivity but also lower saturation
intensity than cones. By recarding | the 'é:ﬁ'g_nal under different illumination intensity,

pathway of rods and cones can-be disti nguish%agj[ll] .

In conclusion, retinal spectral images-can not ‘'only acecomplish the applications of the
traditionals with monochromatic light source, but also provide contrast comes from
illumination of different wavelengths. The flexibility of wavelength in point illumination
on retina provides enhanced contrast by providing spectral information for the uses of
structure identification and retinopathy diagnosis. Neuroscience researches are also
benefited by spectrally resolved stimuli because of the possibility of wavel ength-dependent

neuron excitation.

13



Chapter Il  Comparison between Retinal Imaging

Techniques

In the last chapter, we talked about the potentials of retinal spectral imaging. Each of the
applications has specific requirement. There are several retinal imaging techniques that are
able to carry out retinal spectral imaging. They are fundus camera, confocal scanning laser
ophthalmoscopy and optical coherence tomography. The difference in principles between
these imaging manners results in their particular applications. In this section, comparisons
of resolution, three-dimensional imaging eapability, frame rate, spectral imaging

adaptability and other characteristics between these three methods will be discussed.

1.1 Fundus Camera

=
Ll

The most common instrument for an ophth;l mologist isan ophthalmoscope. After the first
ophthalmoscope invented by .Helmholtz in '1850, ophthalmologists have been able to
investigate retina without invasion, which,is important to clinics. However, image quality
may be affected by skill of ophthalmologists and it is also difficult to make quantitative
analysis. Those problems are solved by introducing a CCD into an ophtha moscope for
signal detection. This kind of system is called fundus camera. It is just an optica

microscope, except that the objective is replaced by the ocular lens.

Although the imaging quality of fundus camera is worse than optical microscopy because
of the aberration of the eye, we still treat it as a diffraction-limited system in the following
paragraphs for convenience. From now on we deal the eye as a ssimplified model which is

composed of an aberration-free lens and a piece of retina.

14



Lens 1 Beam splitter CcCD

Lens?2

Tllumination source

Fig. 2.1 Setup of afundus camera. Dashed: signal from subject.

The resolution of an ideal fundus camerais limited by the geometry of the subject’s eye.
To calculate the transverse resolution of ‘an eye, let us assume alens at YZ plane, centered
at (O, 0, 0) with diameter D and focallength f. The'electric.field at the lensisin phase and
propagate along X direction. The electr‘ic-f.iglid a apoint R = (X, Y, Z) contributed by an

infinite areadSat (0, y, 2) on thellensis  ff:

e o it
dE = 2 & dS

, Where ¢, isthe amplitude of electric field and ris

0 +2) Oy +72) 1

r=[X%?+ (Y- y)2 + (Z - Z)Z]% =R[1+ R2 R2

, Which is the displacement between dS and P. Under Fraunhofer condition, which means
R is much larger than the dimension of the aperture, r can be approximate as

_ 5 (Yy + Zz)]% ~ R[1— (Yy + Zz)

r = R[1 v —rz

For the circular aperture of eye, it suggests introducing spherical coordinates. Thus

Zz=pcosd y=psind

Z=mcosgp Y=nmsing

15



By integrating over the entire lens, we obtain the electric field E at P

- j ] dE = H =2 el@-kngs
Aperture Aperture
kpn
50 COS(¢ )
l(u)t kR) f f pdpdd)

We can see that the resulting electric field is Fourier transform of the aperture field.
Because of the axial symmetry of the solution, we choose ¢ = 0 for simplification. Here

we introduce the Bessel function of order zero

1 21 .
Jo(u) = EL elucosvg,,

By replacing the angular integral withiBessal function, we have

€
Er. cil® « om j ol R )pdp

With a property of the Bessal function,

[
—

d Ty
ol Dol vy 1@

We have

2R\ kDy
(t—KkR)
E= el 2“( ) (an>’1( 7R

So the intensity pattern, which is aso called the point-spread function, is

kD 2
_ 2g 272 ]1( n) ~ 1(0) 2]1(k_DSln 0)
R* _kZDR'] kTDsme

272
, where1(0) = SSR‘;\

The lateral resolution is defined by the first dark fringe of the intensity pattern

= 122R)‘ 122R7‘° 0.61 A
=2y = nD NA
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, where A, = nA is the wavelength in air. NA is the abbreviation of numerical aperture,
which is defined as

NA =nsin®6
, where 6 is the half angle of the cone of light converging to the illuminated spot. For a
fundus camera, wavelength and NA are two important parameters to define resolution.

Typically, NA in human eye increases from 0.1~0.3 with increasing light level.

We can find the longitudinal resolution by similar method. The on-axis intensity at X away

08

2
from focusis proportional to (%) , Where
4

= X2 N2
i An

So we can find the first axia intensity minimum,from focus at

i
o ‘_'T-'

Xi—:NA2 =1t
, which determines the longitudinal r&eol ution. With the equations above, we are able to
calculate the diffraction-limited resol utian'of .eyes. For. example, with an eye whose NA is
0.1 and 630 nm illumination, the lateral and axial resolution is 3.8 um and 44.2 nm

respectively.

Frame rate is a big issue because even if the subject tries to keep eye fixed, saccade may
still happen without control. The frequency of saccade is around 10 Hz[12]. To overcome
the saccade and the consequential blur, frame rate is usually designed as video rate so that
images can be taken between saccades. Because of the scanless imaging principle of
fundus camera, its frame rate is restricted by the acquisition rate of CCD, which is

normally several tens or hundreds of frame per second.
17



By combining appropriate arc lamps and filters, fundus camera can acquire retinal spectral
images. The spectral resolution of afundus camerais only restricted to the bandpass region

of the filter, which can be 10 nm or lower.

As fundus camera receive scattered light from retina, reflected light from cornea and
anterior surface of the crystalline lens are also detected, downgrading contrast of images.
To avoid these reflections, illumination of fundus camera is usually in a shape of a ring.
This way, illumination and signal pass through separated path. Usually pupil is dilated so

that larger aperture can be attained.

11.2 Confoca Scanning L.aser Ophthal moscopy:

Another important ophthalmic tool was ‘[‘)‘:__'d'-hlished in 1980s. At that moment, confocal
microscope boomed with the-devel opfnent of laser| and ‘otherphotonic technologies. Webb
et a. built the first confocal scanning |aser, ophthalmoscope(cSLO)[13] based on the
concept of reflection confocal scanning. laser microscope(CSLM)[14,15]. Fig. 2.2 is a
diagram of confocal microscopy. A point light source is imaged at the subject and the
scattered light is collect by the lens. A pinhole isintroduced to block the out-of-focus light
form the subject and it enables a confocal microscope to collect signa from a single layer.
This is called optical sectioning, which is an important milestone of optical imaging.
Confocal integrated optical imaging techniques are widely applied because of it ability to

imaging area under the surface of subjects through optical sectioning.

18



Fig. 2.2  Concept of confocal microscope. Light from a point light source illuminates a

single point. The pinhole blocks most of the scattered light except from the focal point.

To find the resolution of cSLO, we also need to.cal culate the point-spread function. There
is some difference between cases of cSLO andfundus camera. First, cSLO uses laser as
light source, which means the aperture is not illuminated uniformly. Second, the confocal
pinhole changes the effective point-spread function of cSLO.

The point-spread function of afecused laser beam iscalculated by Gaussian beam analysis.

The equation of Gaussian beamis
_ik(22
E = 1 eikqa 1k(2q>
q

, Inwhich g is the complex radius of curvature, k is the wave number and p is the radius
from optical axis. Aswe know that the focused electric field is the Fourier transform of the
Gaussian beam, which is also Gaussian beam, the lateral resolution can be defined by its

beam spot size w. Suppose the beam propagates along Z axis. The transformation of the

complex radius of curvature and the beam spot size of a Gaussian beam

1 1 A

— =—+1
z—iz, R mw?n

1
q
follows the ABCD matrix of ray optics, where R is the radius of curvature of wavefront, n

19



is the refractive index and A is the illuminating wavelength. The radius of curvature R is

Z§
R=z 1+ﬁ

,_Aq+B
" Cq+D

defined as

The ABCD matrix gives

q

Now we suppose a Gaussian beam is focused by a thin lens. We further assume that the
beam is collimated at the lens. Thus at both lens and the focus R is approaching infinity.

Now we have

2 2
. . TN . . Ty N
qi = —izg = —1% and. g, = =iz, = —1%

The matrix elements give the transformation equations of. g,

ACz=BD =0
= ]

Here we introduce the ABCD matrix-of ja thinlens with focal length f, which is

1dd
f

. 1
f

So the transformation equations become

(1_§ ! z2+d=0
S

Z, =
L flzzf+1

Typicdly, z; > f. By solving the equations with this approximation, we have

d=f
{ )
Woo = f

Woq TN

The beam spot size w,, at focus determines the transverse resolution of wide-field

20



microscopy.

However, because only a portion of scattered light will pass the confocal pinhole, we need
to find the effective point spread function of entire system. The point-spread function P of
the pinhole represents the observed volume by the detector, so the effective confocal point
spread function P, issSimply the product of P of illumination and observation. Suppose
the diameter of the pinhole approaches zero, then the point-spread function of the pinhole
isidentical to the illumination one because identical optics are shared. Thus we have

2 2
Peont = P? e_(w-(‘))E)

In this equation we can see the beam'spot size is reduced by a factor of v2, enhancing

Tw3,n

lateral resolution. The axial resolution is defl ned-by the confbcal parameter 2z, = o

i
L. o

within which the beam spot size hasn't dive;ged tobe larger than v2w,,.

Discussion above is for an underfilied aperture. HoweVer, objectives are usually overfilled
to not spoil the resolution too much. Theresulting point-spread function would be a mixed
diffraction pattern of Gaussian and plane wave. If we cut the Gaussian beam at w, only

14% of light islost and the resolution is spoiled very little from plane wave casg[15].

A cSLO is composed of four main components, including laser source, scanning system,
signal detection and frame grabbing. Light from a laser source is first sent into a scanning
system, which is used to change the illuminated point on the subject. There are many
scanning strategies for CSLM like stage scanning, moving pinhole scanning and moving
laser-beam scanning, but only some of them are suitable for cSLO. In the following

paragraphs | am going to discuss the compatibility between cSLO and the scanning
21



strategies.

[1I lumination > > }?aster Scanning
Source €= - - - - System

| P
¥ I
[ Signal Detection J !

1
v

[ Frame Grabbing J

Fig. 2.3 The scheme of acSLO. BS: Beam splitter. Solid: [llumination. Dashed:
signal._

Stage scanning is achieved by changing-the position of sample, usually by a translational
stage, to illuminate different. spots on spbj %;;]'he advantages of stage scanning are wide
field of view regardless of optics ané }the gp‘tics Work on.axis, which makes diffraction
limited performance achieved easier. itj-is the simplyést__scanni ng strategy but not suitable to

retinal imaging. The frame rate of stage scanning, which is usually several seconds per

frame, istoo low to overcome the eye saccade.

Moving pinhole scanning is achieved by changing the position of source and detection
point in the image plane. By increasing the number of pinhole, signal from multiple points
is collected at the same time, thus increasing the frame rate. Common setup includes a pair
disk on which are a pinhole array and a microlens array. By rotating the disk we are able to
observe different points at subject. For a typical disk with 200,000 pinholes rotating at
2,000 rpm, it is possible to achieve 700 frame/sec. The problem of this strategy is the loss

22



of the illumination energy. To fill every lens in the microlens array at the same time, light
source must overfill the array. This causes great energy loss of illumination. Although this
may be overcame by introducing high power lamp, absorbed light overheats the disk and
downgrades the performance. The difficulty of manufacture of pinhole and microlens array

also increases the cost of system.

Typically, moving laser-beam scanning is achieved by a pair of scanning mirrors, which
are used to change the direction of beam in two orthogonal axes. However it isimpossible
to guide the beam into pupil with ssmply two scanning mirrors. A telescope or two are
required to relay the optical pathonto pupil. The frame rate of moving laser-beam scanning
system is determined by the frequency of the scanning mirrors. To achieve video rate
scanning to overcome the sabcade, spinnin_g polygonal mirfor and resonant scanner are

common choices of scanner. || =

(a)

(b)

Scanning mirror

Lens | Lens 2

Fig. 2.4 Telescope for moving beam scan. (a) Without relaying optics, the scanning
laser beam is not able to enter pupil. (b) A telescope is used to relay the scanning beam

onto pupil.

23



Polygonal mirror is popular for its unidirectional scans, large apertures, and large scanning
angles. Its high angular velocity and multiple facets provide scanning frequency at severa
tens of kHz, which is adequate for video rate scanning. The drawbacks of it are the moving
Instantaneous center-of-scan and the quality difference between the facets. The movement
of instantaneous center-of-scan is because the axis of rotation does not fall on the reflecting
surface. This would give rise to the conjugate point movement at the back aperture of the

objective and the corresponding aberration.

As for resonant scanner, which is known for its simplicity and small size, it has been
widely used to video rate scanning systems. Unlike in the case of polygonal mirror, the
rotation axis coincides with the reflecting surface, giving stationary conjugate point. The
disadvantage of resonant scanner is its sinugoidal motion and dual-directional scans. The
sinusoidal motion distorts the image becaﬁise of, the imconsistence of angular velocity

during scans and the dual-directional scans wé’ste half of the scanning time.

The scanning laser beam is focused onto retina by:the bcular lens after passing through the
scanning system. The scattered signal from retina goes back through the same path and
separated from the incident beam by a beam splitter. Finally, the light signal is transformed
into electronic signa by a photodetector. Photomultiplier tube (PMT) is the most
commonly used detector. PMT is based on the photoelectric effect. In PMT, photons first
strike the photocathode and then photocathode emits photoelectrons. The emitted
photoel ectrons would enter an electron multiplier and experience secondary amplification.
The resulting amplified current signal is then received by a frame grabber. With proper
algorithm, the signal will be divided in to sequence with respect to time and arranged into a

picture point by point.
24



11.3 Optical Coherence Tomography

Optica coherence tomography (OCT) is a imaging technigue published in 1991[16]. The
principle of OCT is similar to ultrasound imaging, except the sound wave is replaced by
electromagnetic wave. The shorter wavelength of light results in lower penetration depth

than ultrasound, while resolution isimproved by around two orders of magnitudes.

The principle of OCT is based on interference. In an OCT, a light source is separated into
sample field Es and reference field E;. The two fields are recombined after reflected and

interfere with each other. The intensity at the detector is

Iq = 0.5 X (Ef#E5)? =0.5(1 +1%) + Re(Ep(t+ DE's(D)
, Where E' is the sample field scattered béék from the sample and t is the optical time
delay controlled by the length of the:reference arm. The second term is related to T and
the characteristic of sample. By controlling t, E’g is caculated from the interference

intensity measured at the detector with proper algorithm. By moving the reference mirror,

OCT collects depth information of single point, which is called A-scan.

Because only when optical path difference between is shorter than coherence length there
will be interference, coherence length is directly related to axial resolution of OCT. With
low-coherence laser, axia resolution of OCT can be shorter than 1um[17], while lateral
resolution is restricted by the numerical aperture. Retinal researches of OCT began right
after the publication in 1991, and it has been an important diagnostic tool for it high axial

resolution. With B-scan, which is combined with A-scan of successive points, OCT
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provides cross-sectional images of macular, nerve fiber layer and optic nerve with high
resolution. Images from OCT are often used to detect macular holes, macular edemas and
retinal pigment epithelial detachment. A more important application of OCT is to monitor

change of retinal thickness because of diabetic retinopathy.

Low-coherence
light source

Reference arm
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<>
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------- >f mmm——
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Sample arm

Fig. 2? §etup of OCT
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An OCT combined with spectroscopic ‘application was published in 2000[18,19]. It
performs cross-sectional topographic images together with spectral information
simultaneously. The bandwidth of OCT can be extended to more than 1000 nm in
infrared[20]. The spectral resolution and the axia resolution of a OCT is correlated by a
eguation
AzpwumAKpwam = 41n 2

It points out that OCT can not attains good axial and spectral resolution at the same time.
For example, an OCT can achieve 100um axial resolution with bandwidth of 10nm in

infrared or 1um axial resolution with 1000nm bandwidth in theory.
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1.4 Discussion and Conclusion

In the last three sections, methods of retinal spectral imaging were introduced. Although
fundus camera, spectroscopic OCT and cSLO all provide morphology of retina as well as

spectral information, there are some differences between these techniques.

The lateral resolutions of the systems are al limited by the numerical aperture of eye and
the ocular aberration. In fact, due to the ocular aberration, the lateral resolution is far from
diffraction-limited case in every technique. The lateral resolution is usually around 5um
for human eye. Even with the confocal aperture, the improvement in lateral resolution is

still not obvious as a result of the-aberration.

The axia resolution of fundus camefa and’-:eSLO In humanseye is around 300um for a
typica human eye[21]. 'In contrast, OCT éeparames signal -from different depth for its

interference-based detection, attami ngj axial resolution typically 10pm in human eye[22].

The frame rate of fundus camera can be several hundreds frame per second. As for spectral
domain OCT[23], which is a technique modified from OCT, the acquisition rate achieves
20000A-scan/s. Thus spectral domain OCT can take around 500 cross-sectional images of
retina per second. cSLO is limited by the scanning mechanism and is usually around video
rate. They are al fast enough to overcome the saccade in principle, but there is dramatic

difference between cSLO and the other ones.

Except fundus camera, both OCT and cSLO are able to perform optical-sectional images

with same rate for transverse imaging, but the acquisition speeds of the two techniques to
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acquire three-dimensional image stack have huge difference. Time taken by video-rate
cSLO to acquire a three-dimensional stack composed of 300 512-by-512 images takes
about 10 seconds or longer. Spectral domain OCT can take image stack of the same

volume is acquired within 1 second.

It seems that spectral domain OCT can achieve retinal images of higher frame rate and
axial resolution than SLO. However, A-scan based OCTs are not suitable to acquire cone
cell mosaic because it takes too long to finish atransverse image. Only transverse scanning
OCT can resolve cone cellg[24]. A transverse scanning OCT is very similar to SLO except

the coherence detection and thus the axial-resolution, whichis.also around 10um.

As for the three different systems canjall u%Qirror-bm design, the bandwidths of them
are limited to the light source and the r&iﬁgl hazard region, which is from 400 nm to
1400nm. Arc lamps provide fight fﬁoh*n UV, to infrared for fundus camera. Our cSLO
contains a supercontinuum laser, for which. the“spectral band is from 475nm to 2um.
Typical spectral OCTs have only limited bandwidth around 300~500nm in width[18,25]

and there are also some OCT systems contain supercontinuum laser[26].

Fundus camera has a disadvantage, which is relatively high level of illumination intensity.
In ¢cSLO and OCT, illumination is taken point-by-point, thus reducing illumination
intensity. Lower light level is important for keeping subject under stable and comfortable
Situation during examination.

Although the interference-based signal detection of OCT provides ideal axia resolution,

there is also a drawback. In OCT images there are always speckles, which comes from the
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interference between reference field and multiple-scattered field from sample[27]. Speckle

noise downgrades contrast and makes it difficult to resolve boundary within images.
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In summary, fundus carﬁera; OCT sed |n different applications. Fundus

camera has the smpl&ct desgn to‘ b'e 'Ehe first step of ophthamic

1%

examination. cSLO performs optlcal sectjdnal lmages and fast transverse scanning.
Traditional OCT gives cross—sectlonal |mag% Wlth best axial resol ution, but there is a
dilemma between axial and spectral resolution because the axial resolution is coupled with
spectral resolution. Transverse scanning OCT provides en-face images with axial
resolution identical to traditional OCT. By adapting appropriate light source, all the
systems above can acquire retinal spectral images. The choice between the techniques
depends on the aim of the study. For measuring absorption spectrum of a single cone cell
with spectral resolution around 10 nm, transverse scanning OCT gives the best axial
resolution, but cSLO is an aternative with simpler design, which provides comparable

performance except the axial resolution. As a result, we choose to develop a spectrally
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resolved SLO, which can be upgraded to transverse scanning OCT if higher axial

resolution is necessary.
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Chapter 111 Experimental Setup

[11.1 Overview

We have previously discussed the advantages of spectral retina imaging. Contrast is
enhanced by different spectral characteristics of subjects. However, most of the cSLO
systems are monochromatic or have only several spectral lineg[13,28,29]. The main reason

Isthe lack of suitable broadband light sources and scanning systems.

Fig. 3.1 isthe setup of our spectrally resolved cSLO. The system is composed of four main
components, which are light source, scanning system, signal detection and frame grabbing.
In the following sections, details'of eagh component.will be introduced. In the last section,

specifications of the elementsof the spectrally resolved cSL.O-are listed.

M
— .
—— Slit
Lens 1
PMT
M
PP SCG g Pinhole
. Lens?2
SM2

M: Mirror SM 3
PP: Pellin-Broca prism
BS: Beam splitter SM 1

SCG: supercontinuum
PMT: Photomultiplier tube
SM: Spherical mirror \ ) By
HS / VS: Horizontal / Vertical scanner |

F: Fold mirror

Fig. 3.1  Spectrally resolved cSLO

31



[11.2 Light Source

In 1999, Reinholz et a published a multicolor cSLO[28], which simultaneously acquires
retinal images of three different colors. The laser source is composed of a HeNe laser, a
Ti-sapphire laser and an Ar-ion laser. Dichroic mirrors are introduced to combine three
laser beams. The bandwidth of this system is adequate for performing true color images,
but is far below the criterion of spectral imaging. Meanwhile, the collinearity of the three
wavelengths is not easily maintained. Another spectral cSLO system chooses Ar/Kr
laser[29], which provides nine different wavelengths from 476nm to 676nm. Even though
there is significant improvement, itjis still.not enough fer spectrum measurement in visible

band.

To complement the insufficient spectrum of"me previous lasexs, supercontinuum is chosen
as our laser source. Supercontinuum izs\genér:"‘ated by the combination of several nonlinear
optical effects, which occurs when hibh-intensity laser pulses are pumped into a photonic
crystal fiber (PCF). The bandwidth of “the taser’can:be extended to severa octaves in
visible to near infrared region[30]. The spectrum of supercontinuum is continuous,
providing high spectral resolution for multicolor imaging. The collinearity of
supercontinuum is guaranteed because al of the wavelengths are from the same point

source, which isthe core of PCF.

A wavelength selector (Fig. 3.2) is constructed to select desired bands from the
supercontinuum. The supercontinuum laser beam first passes through a Pellin-Broca prism,
agrating or other dispersion media. After the prism, an achromatic lens is used to collimate

the direction of different wavelengths. The lens also focuses light into a sequence of spots,
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which are of different wavelengths. A dlit at the focus is used to select the desired
wavelength and a mirror reflects it back, passing through the lens and the prism again. The
mirror dlightly tilts downwards to isolate the reflected beam from the original path. The

spectral resolution of the wavelength selector isaround 10 nmin visible region.

Dispersive Achromatic Slit
media lens N
™S
—\ \\ Mirror
~

Il m )
Fig. 3.2 Wavelength se!ectq’r. hedlit and the mirror are free to move along

horizontally to-select different wavelength.
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Fig. 3.3  Selected wavelengths from wavelength selector. Spectral resolution is around
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111.3 Scanning System

Convex lenses are widely used for laser scanning system. However, the bandwidth of lens
is usually only 400nm in visible region, which is restricted by antireflection coating. The
wavel ength-dependent refraction index also gives rise to achromatic aberration. To extend
the bandwidth of scanning system, some use mirrors with metallic coating to replace lenses
in telescopes. Reflectance of metallic coating is generally over 90% from visible to
infrared, thus broadening bandwidth of scanning system and removing achromatic
aberration at the same time. Nevertheless, things do not come out perfect. Concave mirrors

introduce severe off-axis aberrations and downgrade the performance of cSLO system.

In normal mirror-based scanning System, beam..makes, sticcessive reflection at mirrors
surfaces. Each reflectioniis in the same diféi}_ﬂ_on and thus accumulates aberrations, which
include astigmatism, coma and other high&byda terms. Astigmatism, which is the major
term of off-axis aberration, results frérﬁ the focal Imgth difference between sagittal plane

and tangential plang[31].

To compensate the astigmatism, a novel design of mirror-based scanning system is
demonstrated by Yu et a.[32], the previous developer of this spectral cSLO system. In this
scanning system, astigmatism is compensated by changing the plane of reflection at every
other mirror. Coma is also compensated by combining two such telescopes, and they are
just adequate for constructing a two-dimensional scanning system. With numerical
simulation, proper reflection angle at every mirror is calculated. The result is confirmed by
experience and diffraction-limited performance is achieved. Fig. 3.5 is the wavefront

measurement of a beam passing through the scanning system. The root-mean-square (RMS)
34



wavefront error is 0.030 waves at 530nm. According to the Marechal criterion, diffraction
limit is defined as a RMS wavefront error less than 1/14 wavelength. Thus our scanning

system has diffraction-limited performance.

(a) (b)

)

Fig. 3.4 (&) Mirror-based telescope. Princi pleplanes of two reflections are the same. (b)
Astigmatism-compensated tel escope. Two principle pl anes.are orthogonal. Change from

gray to black means horizontal refleg;n.on Vértical reflection is straight-gray.

} -,.ﬂ-...,.‘

Phase, waves

Fig. 3.5  Wavefront measurement of the scanning system.

A pair of scanning mirrors is adapted to the scanning system. They are a 16 kHz resonant

scanning mirror and a galvo scanning mirror working in 28.5Hz. With this scanning
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system we are able to acquire spectral images of retina 28.5frame/s.

111.4 Signal Detection and Frame Grabbing

After being scattered at the retina, signal is collected by the lens and goes backwards along
the path of illumination. Since the path is fixed before entering the scanning system, signal
from entire retina will be “descanned” and goes to the same destination. A beam splitter is
placed before scanning system to separate signal from the illumination beam. Signa is
then focused onto a pinhole, which is at the conjugate plane of retina to block out the
out-of-focus light. A photomultiplier: tube (PMT) is right after the pinhole, transducing
light signal into current signal. The current sighal from PMT s first transformed into
voltage signal by an amplifier, and then received by a data acquisition device (DAQ),

which isintegrated with Labview. | [ et

|
1

DAQ

—

Fig. 3.6 Concept of frame grabbing with DAQ
The sampling rate of DAQ is up to 10MHz, which is the typical value in my application.
The analog voltage signal from the PMT is sampled and turned into digital signal by DAQ.
Data acquisition is synchronized with the scanning mirrors by the frame triggering signal
from their driver. After receiving a frame triggering signal, the DAQ starts sampling data
of a gpecific number and wait until the next triggering signal. The acquired

one-dimensional data array is reshaped into two-dimensiona array by software and
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converted into an

image.

V.5 Specification of Devices

Laser source
Model number/ .
Description Notes
manufacturer
Pulse width: 5 ps.
Supercontinuum SC-400-2 Repetition rate: 20 MHz.
laser Fianium Ltd Wavelength range: 450 ~ 2000 nm
Electronics and software programs
Model number/ I 1.
= | Description Notes
manufacturer 2
| |CPUEIntel| Core (R)i7 CPU 2.67
Computer - . |GHz, “
RAM:3GB."
Data 12-Bit
L PCI-6115
acquisition . 10 MS/s/ch
_ National Instrument _
device 4 analog inputs
Gain: 25 mV/ 1 yA.
PMT C6438-01/ _ _
. Gain bandwidth: DC to 50 MHz.
amplifier Hamamatsu Corp. .
Max. output noise: 8 mV.
Video .
o Labview
acquisition .
National Instrument
program
Optical ZEMAX-EE/
design ZEMAX Devel opment —
program Corp.
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Scanners and the detector

The fast (resonant) and slow (galvo)

PLD-XYG/ Scanners are locked in raster
Scanners Electro-Optical scanning mode. HS, VS
Products Corp. Frequency: 16 KHz (fast)/ 28.5 Hz
(slow)
ectral response: 185~900 nm
R2949/ > esp .
PMT Anode sensitivity: 410000 A/W PMT
Hamamatsu Corp.
Dark current: 2 nA
Opto-mechanics
: Description
Mode number/ =t
|F 1 | Tunable Notes
manufacturer Dimensions. | Resolution
1l 4 range
U100-A3K/ || o= .
17 aperture | 3.8 arc,sec 7
Newport Corp. i | 1
U100-A-LH-3K/ " .
Mount 1" aperture ** 3.8 arc sec 17
Newport Corp.
KM100/ .
1" aperture — 4
Thorlabs Inc.
06PTS-0.5M/ 60x60x22 _
_ _ 3 10 um 13 mm For dit
Unice E-O Service Inc. mm
Stage For
06DTS-3M/ 182x165x194 25 mm for
_ _ 3 5um _ confocal
Unice E-O ServiceInc. mm each axis )
pinhole
_ P50Y 50-um 2-um
Pinhole ] — P
Thorlabs Inc. diameter tolerance
_ NT40-488/ 56x38x22 )
Slit , 3 10 um 0~6.35mm Slit
Edmund Optics Inc. mm
I ID25/ 43-mm 1~25-mm
rs —
Thorlabs Inc. diameter aperture
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Optics

Description
Model number/ : :
Radius of Surface coating/ Surface Notes
manufacturer
curvature spectral range accuracy
EAV/
SMCC-1037-0.40-C/
400 mm >90% reflectance 1110
CVI Technical Optics Ltd.
Spherical within 400~10000 nm
mirror AL.2/
10DC200/
200 mm >85% reflectance A4
Newport Corp.
within 400~6000 nm
Beam BS013/
i i— — A /10
splitter Thorlabs Inc. ‘;_;_._ip; &I@ﬁ:}-,{@@ﬁ?

-k _?F' ; 1.:*;_'
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Chapter 1V Resultsand Discussion

V.1 Spectral Images of Artificial Eye

To testify the spectral imaging ability of the spectrally resolved cSLO, spectral images of
artificial eye are first demonstrated. The artificial eye is composed of a lens and a CCD.
This is the smplified model of real eye, in which the CCD is regarded as retina. On the
CCD there are three types of bandpass filters with different spectral windows. We capture

spectral images of the CCD (Fig. 4.1) with an objective (Olympus, 40X, f = 1.6 mm).

490nm S10nm

D D D Dm

BO0nm

Fig. 4.1 CCD spectra images taken with objective. Each side of the squareis 7.5um.

areen
====hblue

....... red

AU

450 500 550 600 650 700 750 800 (nm)

Fig. 4.2 Measured transmissions of filters on CCD
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Resolution is defined by the distance that intensity drops to half maximum at an edge of a
CCD pixe (Fig. 4.3). Resolution with 670 nm is 1.41 um and the measured diameter of a

filter is4.1 um. The corresponding theoretical resolution is 1.37 pm.

0

0 2.6 5.2 78 104 (um)
Fig. 4.3, Resalution analysisof.Fig. 4.1.
Infig. 4.1 | use the squares to identifysthe same filter.Cell in every wavelength. We can see
different density for each typeof filter. Thg arrangement isicalled Bayer filter mosaic. We

e

suppose the signal comes ffomithe CCD:s Surface. Thus if*light didn't pass a filter, it
would be no signal there. It'means tha‘jt th;'signal IS proportional to the transmission of
filters. In fig. 4.1 there are twd ‘equalily bright pix;als‘from 520 nm to 570 nm, which are
thought as the pixels under the green filters. The pixel at lower |€eft is a blue pixel for the
signal at 470 nm and 480 nm. The other one is a red pixel. By measuring the intensity at

the filter, corresponding spectrum is obtained (Fig. 4.2).

Images are also acquired with lens from artificial eyeitself (fig. 4.5). Bayer filter mosaic is
also found. The CCD pixels shift toward the same direction when illumination wavelength
is changed. Thisis because of the off-axis incident of lens and the different effective focal

lengths between wavelengths (fig. 4.4). The images are manually registered to compensate

the shift. In this picture we can see the spectrums of the pixels are different from fig. 4.1.
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illumination

principal axis "

lens CCD

Fig. 4.4  Image shift due to wavelength switching.

There are some difference between fig. 42 and ﬁQ. 4.5. First, there are multiple pixels per
cell from 470 nm to 490 nm inAfig. 4.5, but theresis only one pixel per cell in the
corresponding wavelengths of fig. 4.1. Secgpn'_dthere are twe eixds in images from 500 nm
540 nm, but the signal intensity of tthE;ijfer’ent As fer fig. 4.1, there are also two
pixels but with equal brightneee. _Thi r%ﬂ,there |s onl‘“y;:one pixet per cell in both images with
610 nm or longer wavelength. Thissuégests the contrast in fig. 4.5 is different from fig.

4.1 for 540 nm and shorter wavelengths.

There are two equally bright pixels at the upper left and the lower right of a filter cell in
470 nm, 480 nm and 490 nm. Since the density of them is twice of the other two pixels,
they should be green filters. The other two pixels appear different intensity in fig. 4.5 from
500 nm 540 nm, so they should be different types of pixels. These images tell us the
contrast is opposite to fig. 4.1. This is because that when fig. 4.5 is imaging with 540 nm
and shorter wavelengths, the signal is from the surface of filters. Light reflected from the

filters is negative related to the transmission of the filters and this is the reason of the
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opposite contrast.

However, thereis only one pixel in each filter cell after 610 nm in both fig. 4.1 and fig. 4.5.
Since both green and blue filter have zero transmission after 610 nm, we should not be able
to observe these filters without any of them. It tells us that it is red pixel in 610 nm image.
So this time the signal source is moved to the surface of CCD and the contrast comes back
to the case of fig. 4.1. This suggests that there is longitudinal chromatic aberration for the
lens. When illumination wavelength is changed, the sectioning depth may be changed by
the longitudinal aberration. In contrast, there is na such aberration in fig. 4.1 because the

aberration is corrected in objective:

EE O

470nm 480nm 490nm S00nm S10nm S20nm
-» -
L
- -
» -
530nm S40nm 550nm Sa0nm S70nm 580nm

Fig. 45 CCD spectral images taken with lens from artificial eye

V.2 Retinal Spectral Images of Zebrafish
To demonstrate the ability of performing retinal spectral images in-vivo, zebrafish is an
ideal subject because it is model animal of many vertebrate researches. There are many

advantages for the use of zebrafish. For example, zebrafish is easily maintained and its
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development is rapid. This is helpful for reducing the cost of experiments. Meanwhile,
zebrafish’s retina is like human retina but is rather smpler than other vertebrate species.
The well established genetic methods and relative simplicity of retina makes zebrafish

important to understand human disease and central nervous system.

Using zebrafish can also ignore the irregular shape of cornea, which is one of the main
reasons of ocular aberration of human eye. The refractive index of the lens increases with
radius from 1.36 to 1.54[33]. The corneais optically ineffective under water. It is because
the refractive index of water (1.34).isnearly identical to aqueous fluid and cornea[34]. But
when the eye is exposed to air, refraction-at the,cornea.changes the direction of incident
light and causes myopia. To make'sure that the laser focuses on the retina, zebrafish is kept
underwater during experiment. ‘ -rﬁ,
Fig. 4.6 is a diagram of zebrafish's eye. Thé_“objectivef’ of fish’'s eye is a ball lens, and
focusing depends on movement :of thé balldens. The pupil and lens diameters of adult
zebrafish are around 1 mm. Due to. the limited aperture, the beam size must be around 1
mm in diameter. However, the previous scanning system built by Yu et a. includes a
telescope composed of spherical mirrors, which are 20 cm and 40 cm in radius respectively.
This pair of mirrors expands the beam twice in diameter, excluding much of the laser from
illuminating the retina. To prevent the overfilling of aperture, I change the design of the
scanning system. The focal length of mirrors in the previous version of scanning system is
10, 10, 10 and 20 cm. The order is a change into 20, 10, 10, 10 cm to makes further

contraction.



(a) (b)

Retina Retina

Fig. 4.6 Lightinfish'seye, whichis (@) under water and (b) in air.

The experiment requires |IIum|nat|on of VIS|b|‘e Ilght at the retina. It generates visua
response and thus making the fISh unstable durlng experlment As a result, we put the

zebrafish into water at 0°C for S5mi nuths*to,a;hlqu fan&stheia_

Fig. 4.7 Retina spectral images of zebrafish. The scale bar is 10 um.

Fig. 4.7 is the retinal spectral image set acquired with the supercontinuum laser. These

images are optical sections of photoreceptor layer. Blood vessel, as indicated by the arrow
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in 500 nm image, and cone cells are observable. The blood vessel is dark because
scattering happens mainly at its surface and scattered light is blocked by the confocal

pinhole. Images are manually registered with the cone distribution.

The image width w is calculated by
w=0Xf

, Wwhere 6 is the scanning angle and f is the effective focal length. The scanning angle is
3.8 by 5.3". The effective foca length of lensis 700 um, which is smulated with Zemax
according to the parameter from previous studies[33]. The size of the original image is 46
pum by 65 pm. Imagesin fig. 4.7 are 32 wmby40.um, which are cropped from the original
images. The power of laser is120 pw_after the scanning System. The intensity is around
10%° photons /um? *s. Frame rate is 28.5 fF@gnGﬁ per second.

To calculate the resolution;-we first assume the absorbance-of every single cone cell is
homogeneous laterally. That is;cone cel Is are thought‘ as color filters with sharp edge and
specific spectrums. With this assumption-we can’'find the 510 nm lateral resolution to be 3
um with the same method in the previous CCD case. With pupil diameter 1 mm, effective
focal length 700 um and wavelength 510 nm, the theoretical lateral resolution is 400 nm.
The experimental result is much worse than theory. It is because of the aberration of the
ball lens. To find the axial resolution, we use the experimental 3 um lateral resolution to
find the effective NA, which is 0.1. By inserting this into the axia resolution equation, we

find the axial resolution is 80 um.
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bandpassﬁlter .-l" photoreceptor
array layer

ccD RPE

Fig. 4.8 Comparison of filters between artificial eye and real eye.

Photoreceptors basically absorb light, and the signal in SLO is light reflected by retinal
pigment epithelium [6]. Absorbances of different subtypes are separated in wavelength and
the photoreceptors are like absorptive optical filter. For example, since the green cone
absorbs blue light[35], there would be n? sj.gn;;l Pr green cones in a blue SLO images, as

indicated in fig. 4.8. Thus thqabsorbahcels neg_atlvely‘féanelated to the signa intensity.

\‘ ;ﬂ

On the other hand, the gr@mpan filter on Io‘yys green light pass through but
f ah ;

wavelength outside the tf"ahsml i indoy only lig t reflected at the CCD can pass

L]

through the confocal pi nﬁbl e

350 400 450 500 550 600 650

Fig. 49  Absorption bands of photoreceptors. UV: short single B: long single G: green

cone R: red cone

| would like to compare the effect of longitudinal chromatic aberration of artificial eye and
zebrafish. As mentioned in the last section, the longitudinal chromatic aberration of lens

may change the sectioning depth. This effect is not crucial for zebrafish. The depth
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difference between double cones and short cones is around 50 um[36]. However, the axial
resolution is 80 um and the Zemax simulation of the ocular lens gives the effective focal
length difference between 700nm and 450 nm, which is only 10 um. Thereis also research
point out that the longitudinal chromatic aberration in fish lens causes 5% change in
effective focal length from 436 nm to 630 nm[37], which is around 35 pum. These are
evidences for the reasonableness that we can always see cone cells when switching the

illumination wavelength.

There are four subtypes of cone photoreceptors in a zebrafish, which are red, green, long
single and short single cone. Red:and green cones are+bound together and called double
cone. On retina, the cones are in a precise two-dimensional pattern. Double cones are
aligned in a row, while short and long §‘@e cones are aligned aternatively[38]. Short
singles and long singles have similar absﬁﬁt;ance above 475 nm[35]. According to the
discussion in the last paragraphy'the ccbné cellsin 475 Am image should be single cone cells.
Since we have only images from 475 nm:-to 720 om, it.isimpossible to distinguish the two
single cones in this spectral range. The nearest neighbor distances of short and long singles
are longer than 10 um([38]. In the 475 nm image, | use a 10 um bar to indicate the nearest
neighbor distance. There is apparently another cone cell within the nearest neighbor

distance. Thisis an evidence of co-existence of the two single cone subtypes.



Fig. 410 Mosaic of short and long S ngléb;conéi B:|long single cone. U: short single cone.
1 |
|

SFTEB%ZM 10 im.
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To further find out the possible Idcati(.)ns of green and red cones, we made some image
processing. In fig. 4.11, (@) is the image of 570nm image subtracts 475 nm image. Since
the absorption band edge of the green cones fall at 550 nm, the difference between 570 nm
image and 540 nm image should give us the possible location of green cones. (b) in fig.
4.11 is obtained by subtracts 570 nm image with 670 nm image. This time the resulting
image gives us the location of reds cones. We add these two images and we have (c),

which is the image of double cones. The vacanciesin (c) also give us the locations of long

and short single cones.
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Fig. 4.11 Processed images. (a) 570nm image subtracts 475 nm image. (b) 670 nm image

subtracts 570 nm image. (c) Overlap of (a) and(b)

There are some problems in this system. First, wavelength. modulation is done by a manual
translation stage. It usually takes seeonds to switch,between wavelengths. Movement of
zebrafish due to breathing or struggle ehanges the field-of view during wavelength

e

switching. This makes trouble to spect‘rumﬂ:yaﬁ'alysis becalise We are not able to calculate
B i

spectrum at the same target area thus i]nﬁroduéing statistical error.

|

One way to overcome this problemis to replace the prism with an acousto-optic modul ator
(AOM). With an AOM, whose rise time is only several nanoseconds, we are able to switch
the illumination wavelength between every frame by program. Although it is convenient to
switch wavelength with an AOM, the working bandwidth of AOM is usually under 400 nm
and limits the bandwidth of system. The other solution is introducing automatic translation
stage. By controlling the frame grabbing and wavelength switching with the same program,
time to acquire spectral images will be greatly reduced. No matter introducing AOM or
automatic trandation stage, we can further register the characteristics in the field of view

and match the spectral images by program.
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The other problem is the distortion of the image. As introduced in the previous cSLO
section, resonant scanners rotate sinusoidally. It stays at the edge longer and at the center
shorter. The constant rate signal sampling would collect more pixels from the edge of field
of view and less from the center. To restore the scale of the image, we can develop a
program to recover the real relative displacement between the pixels according to the
sinusoidal motion of the scanner. Another way is to use sinusoidal pixel clock. This way,
the displacement between every other pixe is equalized and the image will be free from

distortion.
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V.3 Conclusion

Retinal spectral imaging provides spectral information of fundus with microscopic scale.
In this thesis, we have demonstrated a spectrally resolved cSLO. To overcome the two
main problems in previous retinal spectral imaging systems, which are limited bandwidth
and off-axis aberration, we introduce supercontinuum and novel design of mirror-based
scanning system. Supercontinuum is chosen as the broadband light source. The continuous
spectrum of supercontinuum provides wavelength from visible to infrared spectral imaging.
To overcome the limited spectrum of lensesin traditional scanning system, we use concave
mirrors instead. For the off-axis aberration of concave mirror, a mirror-based scanning
system with stereo-positioning design is-introduced, which compensate the astigmatism
and coma is usual mirror-based scanning.system without'any: other elements.

With the spectrally resolved.cSLO, we &é able|to analyze the spectrum of fundus in
artificial eye with the spectral image&s.“ Diffraction—limited performance is achieved with
both the objective and lens of artificial-eye. We aso. acquire retinal spectral images in
zebrafish. Pattern of photoreceptor mosaic and blood flow are observed. By switching the
illumination wavelength, single cone cell is resolved without any complicated aberration
correction. This system can be used to trace retinopathies such as age-related macular
degeneration, glaucoma, diabetic retinopathy. Microcirculation can also be monitored
noninvasively with spectrally resolved cSLO. This retinal imaging system is adequate for

ophthalmic researched and biomedical studies, providing unlimited possibilities.
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Fig. 4.11 Processed images.
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