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EXPLORING INTRINSIC BIOMARKERS FOR OPTICAL ASSESSMENT OF
OUTER RETINA
Rongwen Lu
BIOMEDICAL ENGINEERING
ABSTRACT

The retina suffers pathological changes after attacked by eye diseases. The
objective of my PhD dissertation is to explore intrinsic biomarkers for noninvasive
assessment of retinal morphological structure and physiological function. Fundus
autofluorescence (FAF), optical coherence tomography (OCT), etc. have provided
indispensable information for eye disease detection. However, better understanding of the
intrinsic biomarkers in FAF and OCT is desirable for quantitative interpretation of
clinical outcomes.

The first specific aim of the dissertation research was to characterize FAF signals
across the whole retinal depth using two-photon excitation. FAF signals are usually
attributable to fluorophores from the choroidal vessel and the retinal pigment epithelium.
However, whether other retinal layers contribute to FAF is still unknown. Results from
my study showed that FAF signals existed throughout all retinal layers. The second
specific aim was to investigate the anatomic correlates to the presumed ‘inner
segment/outer segment’ (‘IS/OS’) OCT band. This was accomplished by comparing
histological images with OCT images acquired by a custom-designed line-scan OCT with
high spatial resolution. Although OCT has been widely used in clinical diagnosis,
anatomic sources of the OCT bands at the outer retina, particularly the presumed ‘IS/OS’

photoreceptor OCT band, are still controversial. Our experimental result supported



conjecture that the presumed ‘IS/OS” OCT band actually was originated from the IS. The
third aim was to characterize a functional biomarker, stimulus-evoked transient
phototropism of photoreceptors which was dominant in rods. Functional impairments
may precede detectable structural abnormalities. Therefore, functional biomarkers
promise early detection of eye diseases. This rod-dominant transient phototropic
adaptation provides a specific functional biomarker to evaluate the functional integrity of
rod photoreceptors. The last specific aim was to develop an easy, low-cost and phase-
artifact free super-resolution method, termed virtually structured detection (VSD), to
double the resolution of a confocal point/line scanning system. High resolution imaging
is important for reliable identification of structural and functional biomarkers. However,
the transverse resolution of conventional imaging systems is fundamentally limited by
light diffraction.

This dissertation research could not only generate in-depth understanding of
intrinsic biomarkers of outer retina but also provide insights into the optimal design of
imaging instruments for improved structural and functional assessment of the retina.

Keywords: optical coherence tomography, transient phototropism, photoreceptor, fundus
autofluorescence, virtually structured detection
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INTRODUCTION

The retina is a light sensitive tissue, located at the posterior segment of the eye.
As shown in Fig. 1, the retina consists of several anatomical layers: the retinal pigment
epithelium (RPE) layer, the photoreceptor inner segment (IS) and outer segment (OS), the
outer limiting membrane (OLM), the outer nuclear layer (ONL), the outer plexiform layer
(OPL), the inner nuclear layer (INL), the inner plexiform layer (IPL), the ganglion cell
layer (GCL) and the nerve fiber layer (NFL). Photoreceptor cells extend from the RPE to
the OPL. In clinical usage, the term photoreceptor layer (PRL) includes all parts of
photoreceptor cells [1]. However, in lots of publications, the PRL only refer to the
photoreceptor IS and OS. To avoid confusion, in this dissertation, we use PIS to refer to
photoreceptor IS and OS. The retinal photoreceptors detect light and transform it into

neural and chemical signals. This process is known as phototransduction.

NFL — GCL

Fig. 1. Histological image of the frog retina. NFL: nerve fiber layer; GCL: ganglion cell
layer; IPL: inner plexiform layer; INL: inner nuclear layer; OPL: outer plexiform layer;

ONL: outer nuclear layer; IS: inner segment; OS: outer segment; IS/OS: inner



segment/outer segment junction, and RPE: retinal pigment epithelium. (Courtesy: Dr.
Christine A. Curcio)

Photopigments at the photoreceptor OS undergo conformational change after
capturing photons. The structural change of pigment molecules activates the
phototransduction cascades which ultimately lead to closure of ion channels and
hyperpolarization of the photoreceptor membrane. The outer retina, i.e., the IS and OS of
photoreceptors, suffers pathological changes in many eye diseases such as age-related
macular degeneration (AMD) [2, 3], and retinitis pigmentosa (RP) [4], Without treatment,
they may cause severe visual loss or even legal blindness. Examining the structural and
functional biomarkers of the retina is important for retinal disease diagnosis and
treatment evaluation.

Retinal imaging can be divided into two categories: fluorescence imaging and
reflection imaging. For the fluorescence imaging, exogenous fluorophores such as
fluorescein and indocyanine green (ICG) are commonly used for angiography to allow
identification of leakage of blood vessels at the retina or choroidal neovascularization [5-
7]. Both fluorescein angiography and ICG angiography are useful clinical diagnostic
tools. However, they are invasive and may cause side effects [8, 9]. Alternatively, fundus
autofluorescence (FAF) which explores intrinsic endogenous fluorophores for retinal
imaging has been used for eye disease diagnosis and exploration of pathophysiologic
mechanisms [10]. The FAF image is typically acquired by scanning laser
ophthalmoscopy (SLO) with a specific wavelength filter. Previous studies suggest that
lipofuscin in the RPE, all-trans retinol, reduced nicotinamide adenine dinucleotide

(NADH) and reduced nicotinamide adenine dinucleotide phosphate (NADPH),



collectively referred to as NAD(P)H, at the P10 could contribute to FAF signals [11-13].
However, whether other retinal layers contribute to FAF signals is still unknown. It is
thus important to characterize FAF signals throughout all retinal layers for accurate
quantification and interpretation of FAF.

FAF detects signals in wavelengths longer than that of the excitation light. In
contrast, the reflection imaging modality detects reflection light at the same wavelength
as the illumination light. The most common clinical reflection retinal imaging modalities
include fundus camera, SLO and optical coherence tomography (OCT). A fundus camera
has a big field of view, but it suffers from low resolution which precludes it from
detecting fine structures. SLO is an imaging modality based on confocal configuration
which can reject out-of-focus light. With the aid of adaptive optics, SLO is able to reach
diffraction-limited resolution on transverse direction. OCT is celebrated by its three-
dimensional imaging capacity with unparalleled axial resolution. OCT has provided
indispensable information for clinical applications.

This dissertation research focused on investigation of intrinsic structural
biomarkers from FAF [14] and OCT [15]. Sources of FAF signals and origins of ‘IS/OS’
OCT band were investigated. In addition, this dissertation research extended the intrinsic
structural biomarkers to intrinsic functional biomarkers which promised early detection
of eye diseases [16]. Particularly, transient photoreceptor phototropic adaptation was
studied [17]. Moreover, this dissertation research developed a super-resolution method,
termed virtually structured detection (VSD), which can break the diffraction limit for
both SLO [18], OCT [19] and other confocal scanning imaging systems on transverse

direction. Super-resolution allows characterizing fine biomarkers which is not resolvable



by conventional imaging modalities with diffraction-limited resolution. To fully
understand my work, | include background information on confocal scanning imaging
system, line-scan OCT (LS-OCT), fast functional imaging and VSD in Section | and the

overview of this dissertation research in Section II.

Section I: Background
Confocal scanning imaging system

The confocal scanning imaging system is in the key of this dissertation research.
In a confocal scanning imaging system, only one point on the specimen is illuminated
and detected at a time. Thus, unwanted scattered light from other areas of the specimen
could be minimized comparing to wide field illumination. In addition, the confocal
configuration can further reject out-of-focus light and multiple scattered light to increase
the contrast of the image, particularly in thick specimens. The prototype of confocal
scanning laser microscopy (SLM) was invented by Minsky in 1950s [20]. However, it
took another thirty years for confocal SLM to become a standard technique for biological
imaging.

Fig. 2 shows an example of confocal SLM/SLO. The light source could be a laser
or superluminescent diode (SLD). The light is focused to a single point on the specimen.
A pair of scanners is used to steer the focused NIR light across the specimen to generate a
two-dimensional (2D) image with a raster scanning pattern. In order to control the
vignetting effect, the middle point between two scanners is relayed to the Fourier plane
(back focal plane) of the objective. The reflected light from the specimen is descanned by

the 2D scanning system before relayed to the image plane. The detector typically could



be avalanche photodiode (AP) or photomultiplier tube (PMT). In front of the detector a
pinhole is placed. The pinhole is conjugate to the specimen. The pinhole can reject the
out-of-focus light, as shown in Fig. 2B.

A Light

source

Detector

CO

L1 Pinhole Detector - Pinhole

BS

X scanner Scanning and

relaying system

;
\ /
EuEH
N
B
W
£V

Sample

_______

Fig. 2. Optical diagram for confocal imaging system. (A) Optical diagram for confocal
SLM and SLO. CO: collimator; BS: beam splitter; OB: objective and L1-L3 lenses.
Confocal SLO in principle is the same as SLM, except that there is not objective. In SLO,
parallel light is delivered to the eye and converged to a single point at the retina by the
cornea and the lens in the eye. (B) Diagram showing optical sectioning ability of confocal
configuration.

In theory, confocal configuration can improve the resolution by a factor of the
square of 2, if the confocal pinhole is small enough [21]. However, confocal SLM gains
its reputation mainly because of its sectioning ability rather than the enhancement of
lateral resolution. First, to achieve the lateral resolution enhancement, the confocal
pinhole should be minimized, in theory to zero, which reduces the throughput of light for

imaging. Second, microscopies, particularly in the thick specimens, may not even achieve

5



diffraction limit resolution because of aberrations introduced by the specimens and optics.
If the beam splitter in Fig.2 is replaced by a dichroic mirror, the confocal SLM can be
used for the fluorescence imaging. If two-photon excitation is used, the excited
fluorescence intensity is proportional to the square of the excitation light intensity. Only
fluorophores within the focal spot are excited. Therefore, the pinhole and the de-scanning
system are not necessary. The first specific aim of this dissertation research was to
investigate the FAF through all retinal layers using two-photon excitation. The used
system was a confocal scanning system without a pinhole or a descanning scheme.

The biggest limitation of a confocal SLM is that it can only image a single point
at a time. It takes time to generate a 2D image through raster scanning, as shown in Fig.
3C. One strategy to increase confocal SLM imaging speed is to change it to line
illumination. In one direction it is still the confocal configuration, while in the orthogonal
direction the illumination is constant. Only one dimensional scanning is needed.
Therefore, imaging speed can be increased. A linear camera can be used to record the
signals.

Fig.3 shows the mechanism of confocal line-scan microscopy (LSM). A
cylindrical lens (CL) is used to condense the light into a focused line, which is projected
to the specimen. From the side view of the illumination path (Fig. 3B), the cylindrical
lens CL acts as a glass plate and does not converge the light. The focused line is swept
across the specimen by a scanning mirror. The reflected light from the specimen is
descanned by the scanner, and is relayed to the image plane. The linear camera itself can
act as a confocal aperture to reject the out-of-focus light. Thus no additional confocal

aperture is needed. Because of the line illumination, only one dimensional scanning



pattern is necessary, as shown in Fig. 3D. Therefore, the imaging speed can be enhanced

comparing to the raster scanning pattern (Fig. 3C).

A C x Raster scanning
I Side view
Light Light | I |
SOEE source | |
cO o | |
CL cL | |
L1 L |
L2 Linear camera
D Line scanning
BS
_ —
Mirror
Scanner
OB
Sample

Fig. 3. Confocal line-scan microscopy. (A) Optical diagram for confocal SLM and SLO.
CO: collimator; CL: cylindrical lens; BS: beam splitter; OB: objective and L1-L4 lenses.
Confocal SLO has the same spirit with SLM, except that there is not objective. (B) Side

view of the illumination path. (C) Raster scanning pattern; (D) Line scanning pattern.

LS-OCT

The aforementioned confocal SLM configuration with a single point scanning
pattern and the LSM with a line scanning pattern can reject out-of-focus light, thus
allowing optical sectioning ability. However, their axial resolution is fundamentally

limited by the numerical aperture (NA) of the objective.



I =1.4An1 NA? (1)
where 4 is the wavelength and n is the refractive index of the specimen. The NA of the
human eye is 0.1 [22]. If the illumination with a wavelength of 0.83 nm is used, the axial
resolution is more than 150 pum, coarser than individual retinal functional layers. To
improve the axial resolution, OCT technique can be employed. OCT uses a light source
with a low coherence length to generate interference fringes to gate the signals from
different depths. The axial resolution of the OCT is independent of the NA of the
objective.

Fig. 4 shows the principle of time-domain OCT principle. Fig. 4A is the optical
diagram of a Michelson interferometer. The movement of the Mirror 2 generates a
relative displacement AL between Mirror 1 and Mirror 2. Fig. 4B shows the intensity
acquired at the detector for three individual wavelengths, 770 nm, 830 nm and 890 nm. If
the relative displacement AL is 0, light from the reference beam (i.e., from Mirror 1) and
from the sample beam (i.e., from Mirror 2) should interfere constructively at the detector,
no matter at what wavelength the light is. In other words, all wavelengths are in phase if
the relative displacement is 0. If AL is not equal to 0, the in-phase condition cannot
longer hold. Light may interfere constructively at some wavelengths but destructively at
other wavelengths. Therefore, they are out of phase, which can be directly seen in Fig. 4C
(i.e., at AL=2 pm). If we assume the light source is SLD with the center wavelength
40=830 nm and the bandwidth A41=60 nm, integration of interference intensity over all
wavelengths generates the curve as shown in Fig. 4D. The overall profile is a Gaussian
curve, while the oscillation curve within the profile is a sinusoidal function. In Fig. 4D, it

is assumed that the power spectral density of the light source is a Gaussian function.



Mirror 1
BS

winorz | WA
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Fig. 4. Simulation of OCT principle. (A) Michelson interferometer. CO: collimator and
BS: beam. The position of the Mirror 2 is moving, generating relative displacement AL
with respect to Mirror 1. The light source of SLD with center wavelength of 830 nm and
bandwidth of 60 nm is assumed. (B) The intensity captured by the detector for three
individual wavelengths, 770 nm, 830 nm and 890 nm as a function of relative
displacement AL. (C) Overlapped intensity profiles as a function of relative displacement
for three individual wavelengths, 770 nm, 830 nm and 890 nm. (B) and (C) have the
same data. It is worth noting that different wavelengths should have different intensities
in theory. In (B) and in (C), intensity for individual wavelengths is normalized for a
better comparison. (D) Integrated signal over all wavelengths captured by the detector as
a function of the relative displacement AL.
For individual wavelength A, the detector in the interferometer captures the
intensity of interference Is between the reference field and the sample field:
I, =S(f)[ls + g +2,/151, cos(27fx)] )

9



where X =2AL; =1/ 4; S(f) is the power spectral density of the light source, and Iz and Is
are the mean intensities of the reference arm and the sample arm for individual
wavelength A, respectively. In Eq. (2), S(f) means different wavelengths have different

weights. Integration of Eq. (2) over all wavelengths yields:
1) =" 1,df
:I:S(f)(ls +1,)df +j:2\/ES(f)cos(zﬂfx)df
=A+B [’;5( f ) cos(27fx)df 3)
where A and B are constant coefficients. Applying Euler’s formula in Eq. (3) generates:
I(x) = A+ BRe[K(X)] 4
where
K(X) = j_ZS(f)exp(— j2fx)df (5)
Eg. (5) means that K(x) coincides with the Fourier transform of the power spectrum

density of the light source. If we assume S(f) is a Gaussian function symmetric with

respect to fo:

S(f)=Gauss(f — f,,5) (6)
where:
1 2 2
Gauss(f,&)—gﬂ exp[—f°/(20°)] (7

Substituting Eq.(6) into Eq. (5) generates:

K(x)=exp(—]j 27zfox)f; Gauss(f, o) exp(—j2xx)df =exp(—]j Zzzfox)é(x) (8)

10



where G(x) is the Fourier transform of the Gauss(f,d). Because Gauss(f,d)is a

Gaussian function symmetric with respect to 0, its Fourier transform G(x) is also a real
Gaussian function. Therefore,

Re[K (x)] = Re[exp (- j 27 ,x)G(x)] = G(x) cos(2f,X) (9)
It consists of two functions. The overall profile is a Gaussian function, while within the

profile it is a sinusoidal function, as shown in Fig. 4D. The axial resolution of the OCT is

defined by the full width at half maximum of G(x)[23] :

2In2 2

r.,= 10
axial . Aﬂ, ( )

If we assume the center wavelength is 10=830 nm the bandwidth is 41=60 nm, the axial
resolution is about 5 um.

Because of its high axial resolution, OCT technique is ideal for imaging the retina.
It has provided invaluable information about the retinal diseases. However, the anatomic
sources of the OCT bands at the outer retina, in particular, the presumed ‘IS/OS’ OCT
band, are still controversial. The second specific aim of this dissertation research was to
investigate the anatomic correlates to the presumed ‘IS/OS’ OCT band. To facilitate the
investigation, we used a LS-OCT system that combined the LSM and OCT techniques, as
shown in Fig. 5. It has several advantages. First, the axial resolution is high which is 5
um in the air according to Eq. (10). Second, the transverse resolution is determined by
the NA of the objective. Because it is a time domain OCT, we move the sample so that
each layer is acquired at the focal plane. Therefore, the transverse resolution of the
system is consistent with respect to all retinal depths, which is useful to obtain high-

quality OCT image of the retina. Third, it is a line-scan system with a fast enface imaging

11



speed (i.e., up to 1 k frames/s), which is capable for transient functional imaging.

Light — Light —
source source
co —» co -
CL1 —~] BS
L1 L3 CL1 —
Linear \ /_
camera Scanning
mirror BS —
CL2 —
Stimulus Glass —
light
EOPM—» EOPM —
Mirror— — Mitror —

Note: Adapted from “En Face Optical Coherence Tomography of Transient Light
Response at Photoreceptor Outer Segments in Living Frog Eyecup” by B. Q. Wang, R. W.
Lu, Q. X. Zhang, Y. Q. Jiang and X. C. Yao, 2013, Optics Letters, 38, p. 4526-4529.
Copyright 2013 by Optical Society of America. Adapted with permission.

Fig. 5. Optical diagram of LS-OCT. BS: beam splitter; DM: dichroic mirror; CO:
collimator, L1~L5: lenses; OB: objective; CL1 and CL2: cylindrical lenses; and EOPM:
electro-optic phase modulator. The focal length of CL1, CL2, L1~L5 was 40mm, 40mm,
40mm, 80mm, 80mm, 40mm, and 75mm, respectively. (B) The side view of the optical
geometry of the illumination and reference paths, specified by the blue square in (A).

Fig. 5 shows a practical design for LS-OCT. It is a LSM with line scanning
pattern combined with a reference beam. In the illumination path (optics above the BS,
Fig.5A), a cylindrical lens CL1 is used to condense the parallel light in one dimension to

a single line. This line in turn is relayed to the retina through lenses L3, L4, L5 and the

12



objective OB. Fig. 5B shows side view of the illumination and reference paths (blue
square in Fig. 5A). In the side view, the cylindrical lenses CL1 and CL2 act as a pair of
glass plates and do not blend light. The linear camera (spL2048-140k, Basler Sprint) is
conjugate to the focused line illumination. The line-sensor (1 x 2048 pixels, 10 um x 10
um) of the linear camera is small and can naturally acts as a spatial-filter to reject out-of-
focus light. Therefore, the confocal configuration is achieved.

In the reference path (optics below the BS, Fig.5A), another cylindrical lens CL2
is used to convert the focused light back to a parallel light beam before entering the
electro-optic phase modulator (EOPM). EOPM is used to generate rapid vibration- and
inertia- free phase modulation [24]. The glass block in the reference arm is used to
compensate for optical dispersion of the sample beam. A four-step phase-shifting strategy
is employed to retrieve OCT images [25].

To simplify the discussion, we assume the scanning mirror is static. The

interference signal at the linear camera is

2
I;,(x) = |VI(x) + Iz (x)exp[ j(a + 6(t:))]| (11)
where s is the intensity from sample arm. t; is the time. « is the constant phase difference
between sample and reference arms. The phase modulation produced by EOPM is

6(t;) = 0.5im, where i = 0,1,2,3. |5 can be reconstructed by:

1) = [(ley(0) = 1, (0)” + Uy () = 1, 0)?) /I () (12)
If uniformity of the light intensity distribution of the reference arm is assumed:
I,(X)=c (13)
Substituting Eq. (13) into Eq. (12) and ignoring constant coefficients yield:

15(0) = [(Iy (@) = 1, 0))” + (e, () = I, ()] (14)
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Thus the OCT image can be reconstructed.

Fast functional imaging

High resolution functional examination of retinal photoreceptors is essential for
early retinal disease detection and treatment evaluation. Electroretinogram (ERG) [26],
focal ERG , multifocal ERG [27], etc. have been used to evaluate the retinal function
clinically. Electrodes are used for these methods to record the stimulus-evoked electrical
signals. Their spatial resolution is limited, and thus is not able to identify localized retinal
dysfunctions precisely.

Intrinsic optical signal (IOS) imaging promises a non-invasive functional
evaluation of the retina with high spatial resolution. After a visible stimulus light flash is
delivered to the retina, it not only generates electrical signals through phototransduction
but also produces changes of optical properties of the retina i.e., refractive index change
of neural tissues [28] cell swelling [29], birefringence change [30, 31], molecule
redistribution [32], etc.. Those changes can be reflected in the intensity change of the
recording light which could be quantified by 10S method. 10S has been recorded at
conventional microscopies [33], line-scan ophthalmology [34], and OCT [16, 32]. To
illustrate 10S, we use OCT IOS imaging as an example [16].

The experiment was performed on the LS-OCT shown in Fig. 5. Fig. 6 shows an
example of fast 10S imaging at ms level using LS-OCT. Fig. 6A was the reconstructed
B-scan image. Fig. 6B shows an enface image at the photoreceptor OS. The recording
light for OCT imaging was a SLD with a center wavelength 1,=830 nm and a bandwidth

of A2=60 nm. The stimulus light of 5 ms was delivered at 0 ms. A larger image field was
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obtained at a frame rate of 200 fps (Fig. 6C). For a smaller image field, 800 fps frame

rate could be achieved (Fig. 6D).
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Note: Adapted from “En Face Optical Coherence Tomography of Transient Light
Response at Photoreceptor Outer Segments in Living Frog Eyecup” by B. Q. Wang, R. W.
Lu, Q. X. Zhang, Y. Q. Jiang and X. C. Yao, 2013, Optics Letters, 38, p. 4526-4529.
Copyright 2013 by Optical Society of America. Adapted with permission.

Fig. 6. OCT IOS imaging. (A) OCT B-scan image. (B) Representative enface OCT image
recorded at photoreceptor OS. The axial position is specified by the white dashed line in

(A). The red rectangle area shows the area where 10S images were acquired for (C). The
white spot indicates the green light stimulus. (C) 10S images acquired at 200 fps. (D)

IOS images acquired at 800 fps. (E) Separate averages of positive and negative 10Ss. Red

curves represent positive 10S and blue curves represent negative 10S. Shadow areas

show standard deviations. (F) Enlarged image of (B) from -10 to 35 ms. (G) Onset time

and half-peak time of 10S signals. Red bars represent positive signals. Blue bar represent

negative signals. (H) Relationship between resolution and I0S magnitudes. The spatial
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resolution is decreased by applying different sized Butterworth windows in Fourier
domain to OCT images.

IOS at time t; can be calculated as:

P, (0, ¥) — Pree(x, y)

10S,.(x,y)
g Y pref(x; y)

(15)

where p;, is the OCT image at time ¢; and p.e¢ Is the reference image acquired by
averaging all images before stimulus delivery. Fig. 6C and Fig. 6D show 10S maps.
After stimulus flash (5 ms), both positive and negative 10Ss could be observed (Figs. 6C-
6F). The signal was extremely fast (onset time <3 ms, half-peak time < 10 ms, Fig. 6G).
The time course of the fast optical signals is comparable to ERG signals and can be used
to evaluate the function of the photoreceptor OS. Fig. 6H shows that 10S magnitude
decreases as a function of the transverse resolution, which implies that resolution is
important for 10S imaging. The origins of 10S are very complex. We successfully
isolated one mechanism: transient phototropism, which was the third specific aim of this
dissertation research. Moreover, this transient phototropic adaptation was rod-dominant,
which promised a new methodology to evaluate the rod function. This is valuable,
because rods are more vulnerable than cones in initial stages in some eye diseases like

AMD [3, 35] and RP [36].

VSD

The transverse resolution of aforementioned systems including confocal SLM
with signal point scanning pattern, confocal LSM with line scanning pattern, and OCT is
all diffraction limited. For fluorescence imaging, multiple strategies have been developed

to break the diffraction limit, such as stimulated emission depletion (STED) microscopy,
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stochastic optical reconstruction microscopy (STORM) [37], photoactivated localization
microscopy (PALM) [38], fluorescence PALM (FPALM) [39] and structured
illumination microscopy (SIM) [40-42]. For the STED imaging, the shape of effective
illumination point spread function (PSF) of the excitation light is sharpened by doughnut-
shape depletion light which deactivates peripheral regions of the center focal spot while
leaving the fluorophores at the desired center to emit fluorescence. Single-molecule
imaging, i.e., STORM, PALM, and FPALM, alternatively can achieve super-resolution
by localizing centroids of individual single molecules with photo-switchable fluorescence
probes. Both STED and single-molecular imaging modalities requires specific dyes or
fluorescent proteins, and are not suitable for autofluorescence imaging, or reflection/
transmission imaging.

The SIM is applicable to both fluorescence [40-42] and reflection/transmission
imaging [43, 44]. The SIM requires a sinusoidal patterned illumination to shift
frequencies higher than the diffraction limit to lower frequencies so that the passing band
of one optical system can be effectively expanded. However, for the purpose of the
reconstruction, the SIM requires complicated mechanical manipulation of gratings [40-42]
or grids [45, 46] to generate structured illumination patterns with specific phases, which
becomes particularly challenging for a moving specimen. In addition, the conventional
SIM requires a wide field illumination and is not feasible for confocal systems. Recently
we have demonstrated the feasibility of super-resolution SLM, OCT and LSM via VSD.
In the VSD-based system, the sinusoidal modulation is achieved by mathematical
processing of digital images. The VSD-based super-resolution imaging is phase-artifact

free and is suitable for both fluorescence (either exogenous fluorescence or
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autofluorescence) imaging and reflection/transmission imaging in thick tissues. To fully
understand principles of VVSD, it is necessary to review the conventional SIM illustrated
in Fig. 7 [40].

Camera L1 L2 Grating CO

!

Apertures

OB

Sample

Fig. 7. Optical diagram for conventional SIM. DM: dichroic mirror; CO: collimator,
L1~L3: lenses; and OB: objective. Apertures are for order selection. The grating is
mounted on a translation stage for vertical movement manipulation. The translation stage
in turn can be mounted on a rotation stage for the control of rotation movement.

As shown in Fig.7, the sinusoidal illumination is generated by interference
between two oblique beams which are in turn created by a grating. The block in Fig. 7 is
used to select only the first positive and negative diffraction orders. We assume that the
point spread function (PSF) of the illumination path is h;;(x,y) and that the modulation
function is m(x, y). Then the illumination pattern on the specimen is h;; (x, y)@m(x, y),
where ® denotes convolution. If we assume that the PSF of the detection path is

hge(x,y), we will have image:

p(x,y) = {s(x, y)[hy (x, y)®m(x, y) }®hge (x, ¥) (16)
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where s(x,y) is the reflectance ratio of the specimen for the reflection imaging or the
fluorophore concentration for fluorescence imaging. Fourier transforming of Eq. (16)
yields:
p(fur fy) = {3(fu )@ hu(fo £ )71 oo £ ) [$hte (o £) (17)
We assume the mask m(x, y) is a sinusoidal function:
m(x,y) = 1+ cos[2nf,(xcosO + ysind) + a] (18)
We assume 6 = 0.57. Then Fourier transform of Eq. (18) is:
M(fe fy) = 0(f ) + 0.50(fo, f;, — fo)e™® + 0.50(f, f;, + fo)e ™ (19)
Substituting Eqg. (19) into Eq. (17) generates:
p(fe ) = 3(fo £) + 0.55(f £y = fo)e' + 0.55(fx, £, + fo)e “Thae(fir ) (20)
where we assume that f, is slightly smaller than the cutoff frequency of the illumination
PSF. The second item and the third item in the square bracket contain the super-

resolution information. We assume that:

§’(fx'fy) = flil (fx'fy)g(fx'fy) (21'3)
§I(fx:fy - fO) = ﬁil(fx'fy)g(fxrfy - fo) (Zl'b)
§’(fx'fy - fO) = flil(fx'fy)g(fx'fy - fo) (21'0)

Substituting Eqg. (21) into Eq. (20) yields:
p(fu fy) =5 (fo fy) + 0.58'(f £y, = fo)e'™ + 0.55'(fi, f;, — fo)e ™ (22)
If we move the grating vertically to generate three phases a; = 0, a, = %n and a, = gn,
we will have:
p1(fe fy) =5 (fuo fy) + 0.55'(fur £y = fo) +0.55' (. £y, = fo) (23-a)
P2(fer fy) = 5" (o fy) + 0.58' (fo £, — fo)e™3 + 0.55'(f, f, — fo)e 2™/3  (23-b)
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P3(fo fy) = 5'(fo fy) + 0.55'(fo fy, = fo)e™*™ + 0.55'(f, f;, — fo)e™™™*  (23-0)

Solving Eqg. (23) yields:

§I(fx'fy) 1 0.5 0.5 -1 ﬁl(fx'fy)
(i~ fofy)| =1 05e?m/®  05e2m | |py(fe fy) (24)
§(fe+fo f,)| 11 05e™E 05eT AL 5 (p p Y

Therefore, the super-resolution information can be recovered. To achieve isotropic
resolution enhancement in all directions, it is necessary to rotate the grating.

Unlike conventional SIM which employs a grating to generate sinusoidal
modulation of the illumination, the VSD-based system applies the modulation in the
detection beam digitally. VSD does not require physical manipulation of the grating and
can be applied to the confocal scanning imaging system. Fig. 8 shows the VSD-based
super-resolution SLM. It is like the conventional confocal SLM, except that the pinhole
and the single-element detector are replaced with a 2D CCD array. If we assume the
scanning position is at (Xo, Yo) and that the illumination intensity is 1, then the light
intensity distribution on the specimen is h;(x — x,,y — ¥o)- In a descanned system as
shown in Fig. 8, the light intensity distribution on the image plane (i.e., at the position of
the CCD camera sensor) can be expressed as I;.s(x,v,x,,V,). After sampling and
digitalization I;.(x, y, x,, ¥o) is stored in the computer. The nondescanned image can be
obtained by shifting descanned images:

Inon (%, ¥, %0, ¥0) = laes(x = X0, Y=Y0, X0, Y0) (25)
In a nondescanned system, we will have [47]:
Inon (X, ¥, %0, ¥0) = [[ hy(ut — x5, v — yo) (i, Vhge (x — ,y —v)dudv ~ (26)
A digital mask is applied to multiple with the nondescanned image:
Lyt (X, 9, %0, Y0) = Inon (X, ¥, X0, yo)m(x, y) (27)
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The spatial integral of the image I,,,,,; (%, y, X,, Vo) is assigned to the position (xo, Yo):
P(X6,¥0) = [ Imus (%, ¥, %0, ¥o) dxdy (28)
Substituting Egs. (26) and (27) into Eq. (28) yields [47]:
p(xo,¥0) = JI [ ha(it = %6, v = ¥0)s(i, V)hae (x — 1,y — vIm(x, y) dudvdxdy
= [[ ha(u—x5,v = yo)s(uw, V[Jf hge(u — x,v — y)m(x, y)dxdy]dudv
= hyi (%, Y0) ®{s (X0, Yo) [hae (X0, Yo ) @M (x5, y0) 1} (29)
where the integration order is changed, the fact that PSFs are even functions is assumed.
If we assume illumination PSF is equal to detection PSF, then Eq. (29) is equivalent to
Eq. (16). Equivalency of Eq. (16) and Eq. (29) implies that modulation on the
illumination beam and the detection beam is equivalent. Therefore, super-resolution
information of the VSD-based system can be also achieved following the reconstruction
method of the conventional SIM.

co
CCD

BS

X scanner

Mirror

OB

Y scanner

[———]
Sample

Note: From “Dynamic Near-infrared Imaging Reveals Transient Phototropic Change in
Retinal Rod Photoreceptors” by R. W. Lu, A. M. Levy, Q. X. Zhang, S. J. Pittler and X.
C. Yao, 2013, Journal of Biomedical Optics, 18, p. 106013. Copyright 2013 by SPIE.
Reprinted with permission.

Fig. 8. Schematic diagram of the optical setup of the VSD-based SLM. OB: objective;

CO: collimator; L1-L3: lens; and BS: beam splitter. Focal length of lenses L1, L2 and L3
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was 200 mm, 40 mm and 150 mm, respectively. The objective was 5X with NA 0.1. The
measured magnification was about 21. The light source was provided by SLD with center

wavelength A=830 nm and bandwidth AA=60 nm. The theoretical resolution of this

system is 0.61A/NA=5 um.

Section II: Overview of dissertation research

This dissertation research is twofold: (1) to investigate the intrinsic structural and
functional biomarkers at the outer retina; (2) to develop the VSD super-resolution method.
The VSD can break the diffraction limit for retinal imaging, which allows for reliable
investigation of intrinsic structural and functional biomarkers of the retina.

The first kind of intrinsic structural biomarkers studied in this dissertation
research are FAF biomarkers. FAF has been helpful for better understanding of eye
diseases such as AMD [48, 49], RP [50], multifocal choroiditis and panuveitis [51] and
Stargardt disease [52]. FAF signals are originated from choroidal vessels and the retinal
pigment epithelium (RPE) [53]. Recent studies show that all-trans retinol and reduced
NAD(P)H at the PIO could also contribute to FAF [11-13]. However, whether other
retinal layers could emit FAF signals is still unknown. The first specific aim of the
dissertation research is to characterize FAF throughout the retinal depths using two-
photon excitation. Freshly prepared frog retina specimens in the Ringer solution were
used to ensure the physiological condition. Both sliced and flat-mounted retinas were
examined. Two-photon excitation and a high NA objective were used to minimize the
crosstalk among retinal layers. Two-photon FAF showed that FAF signals exist across

multiple functional layers, including the PIO, ONL, OPL, INL, IPL and GCL. This work
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implies that FAF that is intended to image the outer retina, i.e., the RPE or P10, cannot
exclude contamination from inner retinal layers. This contamination should be taken into
consideration during quantitative analysis of FAF signals, particularly for in vivo studies
of human, because the NA of the human is low (~0.1NA) [22], which is not able to
isolate the signal from the desired layers. The results of the first specific aim are reported
in the first article of this dissertation, which has been published by Biomedical Optical
Express as a full-length original paper.

The FAF can have good image contrast. However, the axial resolution of the in
vivo FAF is still limited by the low NA of the human eye. OCT, on the other hand, has
excellent axial resolution. However, the anatomic correlates to the OCT layers at the
outer retina, particularly the presumed ‘IS/OS’ OCT band, are still controversy. The
second set of intrinsic structural biomarkers studied in this dissertation research is OCT
biomarkers. We compared high-quality OCT images with histological images to identify
the origins of the presumed ‘IS/OS’ OCT band. A LS-OCT was constructed to achieve a
sub-cellular resolution (lateral: ~2 um; axial: ~4 um) of excised living frog retinas. An
electro-optic phase modulator was employed for rapid and vibration-free phase
modulation. Comparison of normalized distance measurements between LS-OCT images
and histological images revealed that the dominant source of the signal reported as the
‘IS/OS’ OCT band is actually located in the IS. This study can provide valuable
information for accurate clinical interpretation of the presumed ‘IS/OS’ OCT band [54].
The results of the second specific aim are reported in the second article of this

dissertation, published by Journal of Biomedical Optics as a full-length original research

paper.
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The two aforementioned intrinsic structural biomarkers including FAF and OCT
biomarkers are helpful for eye disease diagnosis and studies. However, some functional
abnormalities may take place before structural abnormalities become detectable.
Therefore, functional biomarkers are critical for early detection of eye diseases. Rods,
which detect dim light, are more vulnerable than cones which are for day light vision in
the initial stages of some eye diseases such as AMD [3, 35] and RP [36]. Although
structural images of rods can be observed using adaptive optics SLO [55-57], evaluation
of rod dysfunction is still mostly confined to ERG [58] recording and psychophysical
measurement [59]. However, it is still challenging to identify localized rod dysfunctions
reliably because of the limited resolution and sensitivity. In the third specific aim of this
dissertation research, an intrinsic functional biomarker, transient phototropic adaptation
of rod was discovered and explored. After delivered a flash of the oblique stimulus, rods
rapidly shifted toward the incident direction of the stimulus on transverse direction. In
contrast, such transient phototropism was negligible in cones. Further investigation of
such rod-dominant phototropic adaptation promises a new methodology for evaluation of
localized rod dysfunction. The results of the third specific aim are reported in the third
article of this dissertation, published by Journal of Biomedical Optics as a full-length
original research paper.

High resolution imaging is important for identifying subtle intrinsic structural and
functional biomarkers. However, the transverse resolution of current retinal imaging
modalities is all limited by the light diffraction. SIM is a super-resolution method
applicable for both autofluorescence and reflection/transmission imaging modalities.

However, the conventional SIM uses full field illumination and is not applicable for thick
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tissues. Moreover, it requires complex physical manipulation of the sinusoidal
illumination generator and may generate phase errors during image reconstruction for
moving specimens, i.e., in vivo retinal imaging. As a last specific aim of this dissertation
research, we developed VSD-based super-resolution imaging systems. VSD can be
integrated to confocal scanning systems. In addition, digital sinusoidal modulation is
applied in VSD which does not require any physical manipulation illumination generator.
We demonstrated the VVSD-based super-resolution confocal SLM [18] and OCT [19] with
single point raster scanning pattern (Fig. 3C). The raster scanning pattern is slow for the
VSD method. To increase speed, VSD is integrated to confocal LSM with line scanning
pattern as shown in Fig. 3D. The VSD-based super-resolution SLM with single point
raster scanning pattern has been reported in the fourth article of this dissertation,
published by Biomedical Optics Express as a full-length original research paper. In
addition, the VSD-based super-resolution LSM with line scanning pattern are reported in
the fifth article of this dissertation, which will be submitted to Optics Letters as a full-
length original research article. In summary my dissertation includes:
1) characterization of intrinsic structural biomarker FAF through all retinal layers,
presented in the first article of this dissertation;
2) investigation of anatomic correlates to the presumed ‘IS/OS’ OCT band,
presented in the second article of this dissertation;
3) exploration of transient phototropic adaptation, an intrinsic functional biomarker,
presented in the third article of this dissertation; and
4) development of the super-resolution VVSD for confocal scanning imaging systems,

presented in the fourth and fifth articles of this dissertation.
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Abstract

The purpose of this study was to investigate cellular sources of autofluorescence
signals in freshly isolated frog (Rana Pipiens) retinas. Equipped with an ultrafast laser, a
laser scanning two-photon excitation fluorescence microscope was employed for sub-
cellular resolution examination of both sliced and flat-mounted retinas. Two-photon
imaging of retinal slices revealed autofluorescence signals over multiple functional
layers, including the photoreceptor inner segment and outer segment (P10), outer nuclear
layer (ONL), outer plexiform layer (OPL), inner nuclear layer (INL), inner plexiform
layer (IPL), and ganglion cell layer (GCL). Using flat-mounted retinas, depth-resolved
imaging of individual retinal layers further confirmed multiple sources of
autofluorescence signals. Cellular structures were clearly observed at the PIO, ONL, INL,
and GCL. At the PIO, the autofluorescence was dominantly recorded from the
intracellular compartment of the photoreceptors; while mixed intracellular and
extracellular autofluorescence signals were observed at the ONL, INL, and GCL. High
resolution autofluorescence imaging clearly revealed mosaic organization of rod and cone
photoreceptors; and sub-cellular bright autofluorescence spots, which might relate to
connecting cilium, was observed in the cone photoreceptors only. Moreover, single-cone

and double-cone outer segments could be directly differentiated.

1. Introduction
Functional evaluation of the retina is important for early detection and treatment
evaluation of eye diseases, such as age-related macular degeneration (AMD) [1, 2],

diabetic retinopathy (DR) [3, 4], and glaucoma [5, 6]. Previous investigations have
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demonstrated that autofluorescence alterations could be used to detect metabolic
parameters such as partial pressure of oxygen [7] in biological tissues, and could also act
as unique biomarker for selective evaluation of individual cell types such as retinal
pigment epithelium (RPE) [8-11]. Without complexities of sample preparation and
potential toxicity of exogenous biomarkers, autofluorescence imaging of endogenous
fluorophores promises a noninvasive method for functional measurement of the retina
[12]. Fundus imaging has revealed autofluorescence from choroidal vessels and the
retinal pigment epithelium (RPE) [13]. In principle, fundus autofluorescence imaging
may provide high resolution identification of localized retinal dysfunction and thus allow
improved disease detection and treatment evaluation. However, multiple types of retinal
cells may contribute to fundus autofluorescence. Previous investigations of the retina [14,
15] and other systems [16-18] have revealed that abundant endogenous fluorophores exist
in both intracellular and extracellular compartments of biological tissues. Therefore,
better understanding of cellular sources of fundus autofluorescence is essential to pursue
advanced applications of this imaging technology.

Because of ocular aberrations and complex retinal structure, in vivo evaluation of
the autofluorescence correlated with individual retinal cell types is challenging. In
coordination with adaptive optics to compensate for ocular aberrations, in vivo
autofluorescence imaging with cellular resolution in transverse direction has recently
been demonstrated in macaque and human eyes [19, 20]. However, axial resolution of
adaptive optics imaging is limited, typically larger than the thickness of individual
functional layers of the retina [21, 22]. Therefore, in vivo dissection of the

autofluorescence from individual retinal layers is still difficult.
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Without the complication of ocular optics, isolated retinas can provide a simple ex
vivo preparation for quantitative analysis of the contribution of individual retinal
layers/cells, including the photoreceptor and inner retinal neurons, to the fundus
autofluorescence. Fluorescence microscopy has been used to disclose robust
autofluorescence in both outer and inner segments [23, 24]. In principle, two-photon
imaging can provide sub-cellular resolution in both transverse and axial directions to
characterize autofluorescence in intact retinas. Recently, two-photon autofluorescence
imaging of both fixed [14, 15, 25, 26] and unfixed [27-29] ex vivo retinal preparations has
been demonstrated. However, quantitative two-photon autofluorescence examination of
the photoreceptor and inner retinal neurons has not been examined in freshly isolated,
i.e., living, retinas. Early investigations suggested that excitation efficiencies and emitted
spectra of the fluorophores can be very sensitive to various environmental factors such as
partial pressure of oxygen, solvent polarity or viscosity, etc [7, 30]. Therefore,
physiological solutions may provide for more accurate measurement of autofluorescence
associated with live tissue.

The purpose of this study is to quantify two-photon excited autofluorescence
signals from photoreceptors and inner neurons in freshly isolated retinas. In oxygenated
Ringer’s solution, freshly isolated retinas are viable and excitable, at least for a few hours.
We have recently using freshly isolated retinas, including both sliced [31] and flat-
mounted [32-39] retinas, to investigate stimulus-evoked retinal neural activities. In this
study, the same retinal preparation, i.e., isolated but living retinas, to characterize cellular
sources of retinal autofluorescence. In the freshly isolated retinas, robust

autofluorescence signals were consistently observed across whole retinal depth, i.e., the
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photoreceptor inner segment and outer segment (P10), outer nuclear layer (ONL), outer
plexiform layer (OPL), inner nuclear layer (INL), inner plexiform layer (IPL), and
ganglion cell layer (GCL). Characteristic autofluorescence patterns were imaged over
different retinal layers, and autofluorescence signals of individual retinal layers were

quantitatively compared.

2. Method

2.1. Retinal Preparation

Isolated leopard (Rana Pipiens) frog retinas were used for the experiments. Isolated
retinas provide a simple preparation to investigate cellular sources of autofluorescence in
the retina without the complications associated with the presence of other ocular tissues
and eye movements. Both sliced and flat-mounted retinas were used for this study. A
retinal slice opens a cross-section of the retina, and thus allows simultaneous monitoring
of autofluorescence signal from the photoreceptor outer segments to inner retina; while a
flat-mounted retina allows depth-resolved imaging of individual retinal layers. The
experimental procedures were approved by the Institutional Animal Care and Use
Committee of University of Alabama at Birmingham. Details of the preparation of flat-
mounted retinas [34] and retinal slices [31] have been previously reported. Briefly, retinal
dissection was conducted in a dark room with dim red illumination. The frog was
sacrificed by rapid decapitation and double pithing before the eyes were enucleated. The
eyeball was hemisected below the equator with fine scissors to remove the lens and
anterior structures before separating the retina from the retinal pigment epithelium. The

isolated retina was directly used for flat-mounted imaging, or cut into ~200 um slices for
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cross section imaging of the retina. During the recording, the retina was immersed in
oxygenated Ringer’s solution containing (in mM) [40]: 110 NaCl, 2.5 KCI, 1.6 MgCl,,

1.0 CaCl,, 22 NaHCO3, and 10 D-glucose.

2.2. Experimental setup

Figure 1 shows a schematic diagram of the experimental setup. Equipped with an
ultrafast mode-locked Ti: Sapphire laser (Chameleon, Coherent Inc), a laser scanning
multi-photon microscope (Prairie Technologies) was used for two-photon exited
autofluorescence imaging of freshly isolated retinas. During the recording, 720 nm laser
pulses were selected for autofluorescence excitation of both flat-mounted retinas and
retinal slices. Similar laser wavelength has been used for two-photon autofluorescence
investigation of ocular tissues [14]. The width of each laser pulse was <140 fs, and the
repetition rate was 90 MHz. The averaged laser power was adjusted between 2~10 mW
which was measured at the specimen position and did not result in obvious damage of the
retinal tissues. A high sensitivity photomultiplier tubes (PMT, H7422P, Hamamatsu
Photonics) was employed for autofluorescence recording. A typical imaging frame (512 x
512 pixels) period used in the experiments was ~6.8s, which corresponded to a 25.2 ps

pixel dwell time (i.e. laser exposure time of each pixel).
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Fig. 1. Schematic diagram of the experimental setup for two-photon imaging of the frog
retina. A mode-locked Ti: Sapphire laser (Chameleon, Coherent Inc) was used to provide
excitation light (720 nm). At the dichroic mirror, the long-wavelength 720 nm excitation
light (red rays) was passed through and the short-wavelength emission light (green rays)
was reflected. A band-pass (450-550 nm) filter was placed in front of the photomultiplier

tube (PMT).

3. Results
3.1. Autofluorescence imaging of retinal slices
The first step of this study was to verify multiple sources of autofluorescence
signals in the retina. We started the experiments using freshly isolated frog retinal slices.
Fig. 2A represents conventional transmission image; while Fig. 2B represents two-photon
exited autofluorescence image (Fig. 2B) of retinal slices. Fig. 2C shows averaged

autofluorescence signal at each depth of the retina shown in Fig. 2B. High resolution two-
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photon imaging disclosed robust autofluorescence from multiple retinal layers, including
PIO, ONL, OPL, INL, IPL and GCL, with sub-cellular spatial resolution. Retinal slice
experiments indicated that the 720 nm pulse laser can provide autofluorescence excitation
of both photoreceptors and inner retinal cells. In comparison with the conventional
transmission imaging (Fig. 2A), the two-photon autofluorescence measurement (Fig. 2B)
showed significantly improved image contrast, allowing direct observation of single cells
(green arrowheads in Fig. 2B) at individual functional layers, and also fiber like Muller
glial cells that initiated from the GCL and penetrated into inner retinal layers (red
arrowheads in Fig. 2B). Although autofluorescence signals were consistently observed
throughout the retina, the signal efficiency of the outer retina, e.g., PIO, was significantly

higher than that of inner retinal layers (Fig. 2C).

(wrl) ydeq |euney

Fig. 2. Autofluorescence imaging of retinal slice. (A) Transmission image of a frog
retinal slice. During the recording, the retinal slice was continuously illuminated by an
infrared (800-1000 nm) light. The PIO, ONL, OPL, INL, IPL, GCL could be directly
differentiated. (B) Representative two-photon fluorescence image of frog retinal slices.
The excitation light was set at 720 nm, and the average power is ~ 5 mW. In this image,

single cellular structures (green arrowheads) were clearly observed in the PIO, ONL,
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INL, and GCL. Individual Mdaller glial cells (red arrowheads) were observed. (C)
Averaged autofluorescence (AF) signal at each depth of the retinal slice shown in Fig.

2B.

3.2. Autofluorescence imaging of flat-mounted retinas

The second phase of this study was to test the feasibility of depth-resolved
imaging of two-photon excited autofluorescence in flat-mounted retinas, i.e., isolated but
living retinas. Fig. 3A-F represents two-photon images of the P10, ONL, OPL, INL, IPL,
and GCL, respectively. Fig. 3G shows a cross-section scan, from the GCL to the PIO, of
the flat-mounted retina. As shown in Fig. 3A, PIO autofluorescence was dominantly
localized at intracellular compartment of individual photoreceptors; while ONL, INL and
GCL autofluorescence images were dominated by extracellular signals, although mixed
intracellular and extracellular patterns were observed. Different brightness of individual
cells, which might reflect variable cell types, was observed. Bright spots were observed
in the OPL and IPL (Fig. 3C and 3E). Mosaic pattern of rod and cone photoreceptors was
clearly observed in Fig. 3A. The rod (blue arrowheads in Fig. 3A) and cone (red
arrowheads in Fig. 3A) photoreceptors could be separated simply based on their cellular
sizes. In general, the outer segment diameter of frog rods (~5-8 um) is larger than that of
the cones (~1-3 um) [41, 42]. Moreover, single and double cones could be further
separated (green arrowheads in Fig. 4B). In overall, the cones show brighter

autofluorescence than that of the rods (Fig. 3H).
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Fig. 3. Two-photon excited autofluorescence imaging of the flat-mounted retina. The 720
nm excitation light was delivered from the GCL side, i.e., the GCL side faced to the
objective in Fig. 1. Two-photon images of the PIO (A), ONL (B), OPL (C), INL (D), IPL
(E), and GCL (F), were collected with identical excitation power of ~10 mW. The white
square in A marks the region of interest shown in greater detail in Figure 4. (G) Depth-
resolved scan, i.e., a cross-section, of a line area of the flat-mounted retina. (H)
Comparison of rod and cone autofluorescence recorded from 6 retinal preparations R1-6.
For each retina, 10 rods and 10 cones were randomly selected for average calculations of
the rod and cone autofluorescence. The line bars indicate standard deviation.

Fig. 4A shows enlarged PIO illustration of a sub-image marked by the white
square in Fig. 3A. From Fig. 4A, we observed that the rod (blue arrowheads)

autofluorescence was relatively homogenous at the cellular level; while distinct bright
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spots were frequently observed in the cones (red arrowheads). In order to demonstrate the
repeatability of the experiment, Fig. 4B shows another example of autofluorescence
image of the rod and cone mosaics. The peak value, i.e., the pixel value with highest
brightness, of individual cones (Fig. 4C) was significantly (~1.7 times) larger than the
average cone value; while the peak value of individual rods (Fig. 4D) was only slightly

(~1.2 times) larger than the average rod value.
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Fig. 4. Autofluorescence comparison between rods and cones. (A) Enlarged PIO
illustration of a sub-image marked by the white square in Fig. 3A. This image revealed
that the rod (blue arrowheads) autofluorescence was relatively homogenous at the cellular
level; while a bright spot with sub-cellular structure was frequently observed in the cones

(red arrowheads). (B) Another example of autofluorescence image of the rod and cone
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mosaics. Bright autofluorescence spots were consistently observed in the cones (red
arrowheads) and double cones (green arrowhead). (C) and (D) show peak and average
values of 5 representative cones and 5 rods, respectively.

In order to further characterize the rod and cone autofluorescence, Fig. 5 shows
depth-resolved image sequence of the PIO with a depth interval of 2 um. During the
recording, the transverse scanning step, i.e., pixel resolution was improved to 0.3 um
(compared to the 0.5 um pixel size used for the experiments shown in Fig. 3 and Fig. 4).
In order to minimize signal cross-talk of adjacent rods and cones, the excitation power
was lowered to ~5 mW (compared to the 10 mW used for the experiments shown in Fig.
3). High resolution two-photon imaging consistently revealed bright autofluorescence
spots in the cones. Depth-resolved recording indicated that the bright spots were localized

primarily at z = 16-30 um, relative to the PI1O side retinal surface.

37



Autofluorescence (arb. unit)

12 14 16 18 20 22 24 26 28 30 32 34 36
Retinal depth (um)

Fig. 5. Quantitative analysis of PIO autofluorescence. Top panel shows depth-resolved
imaging of the PIO autofluorescence. The images were collected with 2 um depth
interval and 0.3 um pixel size. The excitation power was ~5 mW. A bright
autofluorescence spot was frequently observed in the cone. Primary bright spots were
localized at z = 16-30 um relative to the PIO side retinal surface. Bottom panel is
quantitative comparison of autofluorescence between rods and cones at z = 12-34 um. At

each depth, 6 rods and 6 cones were used for averaging. The line bars indicate standard

deviation.

3.3. Comparison of autofluorescence signals in retinal slices and flat-mounted retinas.

In retinal slices, the autofluorescence sensitivity of the PIO was significantly
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higher than that of inner retinal layers (Fig. 2B and 2C). However, in flat-mounted retinas,
relative fluorescence sensitivity, i.e., signal contrast to other retinal layers, of the PIO was
compromised (Fig. 3A-H)). Fig. 6 shows autofluorescence averages of the PIO, ONL,

OPL, INL, IPL and GCL in retinal slices and flat-mounted retinas.

Il F'at-mounted retina

B Retinal Slice

3.14 4

Autofluorescence (arb. unit)

FIC OML OPL INL IPL  GCL

Fig. 6. Averaged autofluorescence of the PIO, ONL, OPL, INL, IPL and GCL. 6 retinal
slices and 6 flat-mounted retinas were used for the average. Red and blue bars show the
signals recorded from retinal slices and flat-mounted retinas, respectively. The line bars

indicate standard deviation.

4. Discussion
In summary, two-photon excited autofluorescence imaging of freshly isolated frog
retinas was conducted. Freshly isolated retinas could be maintained in a physiological
environment that can minimize the differences from in situ metabolic status of living
retinas. High resolution examination of the freshly isolated retinas verified multiple
cellular sources, including the PIO, ONL, OPL, INL, IPL, and GCL of retinal

autofluorescence. Both retinal slices and flat-mounted retinas were used for this study.
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Two-photon image of the retinal slice revealed that signal efficiency of the PIO was
significantly higher than that of inner retinal layers, although autofluorescence signals
were consistently observed over the whole thickness of the retina (Fig. 2C). In contrast,
autofluorescence sensitivity of the PIO was compromised in flat-mounted retinas (Fig.
3A-H). This might result from reduced light efficiency due to light scattering, absorption,
and aberration, in the flat-mounted retinal preparation.

At the PIO, autofluorescence was dominantly confined to the intracellular
compartment. High-resolution imaging revealed the mosaic organization of rod and cone
photoreceptors, and single and double cones could be identified (Figs. 3 and Fig. 4).
Autofluorescence distribution in the rod outer segment was relatively homogenous; while
sub-cellular bright spots with light intensity well above average level were revealed in the
cone outer segment (Figs. 3 and 4). Early investigations suggested that autofluorescence
signals of outer and inner photoreceptor segments were related to all-trans retinol and
nicotinamide adenine dinucleotide phosphate (NADPH), respectively [14, 23, 26].
However, the observed bright autofluorescence spots in cones might not, at least not
completely, result from the all-trans retinol. These bright spots were frequently observed
at the periphery of the cones (Fig. 4). We speculate that the bright autofluorescence spots
might be related to the connecting cilium (CC), which links the inner segments to the
outer segments. It is well established that the CC constitutes a sort of highway for
proteins, such as rhodopsin, travelling to and from the outer segment [43]. These proteins
might contribute to the observed bright autofluorescence spots by producing
autofluorescence signals directly. Alternatively, the CC might act as a light waveguide to

affect the excitation and collection efficiency of all-trans retinol in sub-cellular locations,

40



relative to the CC axis, in the cone outer segments. Early investigations indicated that the
length of the cone outer segment is 7-13 um [41], which is consistent with the observed
depth range (~14 um, i.e., z =16-30 um in Fig. 5) of the bright autofluorescence spots.

In other retinal layers, both intracellular and extracellular autofluorescence signals
were observed. Cellular structures were clearly observed at the ONL, INL, and GCL,
while bright autofluorescence spots, which might relate to individual nerve terminals,
were observed in the OPL and IPL. According to previous investigations with retina and
other biological tissues, the observed autofluorescence might result from reduced
nicotinamide adenine dinucleotide (NADH) and reduced nicotinamide adenine
dinucleotide phosphate (NADPH), collectively referred to as NAD(P)H, and the oxidized
forms of flavoproteins [14]. Most of the NAD(P)H fluorescence originates from the
mitochondria and can serve as the basis for redox fluorometry. Therefore, pyridine
nucleotides and flavins not only can provide morphological contrast, but may also act as
valuable biomarkers for functional imaging of metabolic activity of living tissues [14].

In conclusion, two-photon imaging of freshly isolated retinas revealed multiple,
intracellular and extracellular, sources of endogenous fluorophores that were
simultaneously excited by the constant-wavelength (720 nm) light from a pulsed laser.
Because autofluorescence signals originated from both outer and inner retinal layers,
signal specificity of fundus autofluorescence imaging is limited and cross-contamination
among different cell types is not negligible. Further investigations are necessary to
understand biophysical and biochemical mechanisms of retinal autofluorescence better.
We are currently pursuing further experiments with mammalian retinas that have a closer

similarity with human retinas to verify the autofluorescence inhomogeneity observed in
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the frog photoreceptors, and to characterize the autofluorescence mechanisms. In
coordination with variable controls of excitation wavelength and spectral measurement,
advanced investigations of retinal autofluorescence in the retina of animal models may
provide insight in the development of a new imaging methodology for selective
evaluation of the rod, cone, and inner retinal neurons, which may lead to better study and
improved diagnosis of AMD [1, 2], diabetic retinopathy (DR) [3, 4], and glaucoma [5, 6],
retinitis pigmentosa (RP) [44], and other eye diseases that can produce functional

damages of retinal cells.
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Abstract

This study is to test anatomic correlates, including connecting cilium (CC) and
inner segment (IS) ellipsoid, to the hyper-reflective band visualized by optical coherence
tomography (OCT) and commonly attributed to the photoreceptor inner/outer segment
(IS/OS) junction. A line-scan OCT (LS-OCT) was constructed to achieve sub-cellular
resolution (lateral: ~2 um; axial: ~4 um) of excised living frog retinas. An electro-optic
phase modulator was employed for rapid and vibration-free phase modulation.
Comparison of normalized distance measurements between LS-OCT images and
histological images revealed that the dominant source of the signal reported as the ‘IS/OS’

OCT band actually originates from the IS.

Body of the paper

Given the excellent capability to identify morphological changes at individual
functional layers of the retina, optical coherence tomography (OCT) has increasing
application in eye disease detection [1]. In-depth understanding of anatomic sources of
the OCT signal is essential for accurate interpretation of clinical outcomes, and is
valuable for instrument optimization to improve imaging sensitivity and selectivity. Early
studies have disclosed four hyper-reflective OCT bands at the outer retina, i.e.
photoreceptor side. Anatomic sources of these four OCT bands have been typically
attributed as follows: first (1*) band at the outer limiting membrane (OLM); second (2"%)
band at the photoreceptor inner/outer-segment (IS/OS) junction; third (3") band at the
posterior tip of the OS; and fourth (4™) band at the retinal pigment epithelium (RPE) [2].

Anatomic correlates of the 2™ band remains controversial. The 2" OCT band is widely
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attributed to the IS/OS junction, which cell biologists consider the connecting cilium (CC)
between these structures. However, comparative alignment of OCT bands with an
anatomically correct model of the outer retina suggested an alternative correlate, i.e., the
IS ellipsoid [3], to the 2" OCT band. Previous investigation has indicated that the
physiological condition may affect the 2" OCT band recording [4]. Therefore, freshly
isolated living retinas were used for OCT imaging.

Leopard (Rana Pipiens) frog was selected for this study. Large photoreceptors
(cone: ~3 um and rod: ~6 um) [5] of the frog enabled accurate OCT recording at sub-
cellular resolution. The experimental procedures were approved by the Institutional
Animal Care and Use Committee of the University of Alabama at Birmingham. Without
complications of ocular aberrations and signal contamination of other ocular tissues,
isolated retinas provided a simple preparation to allow high resolution OCT
characterization of the retina. Details of the preparation procedures of freshly isolated
living retinas, which have been used to investigate stimulus-evoked retinal neural
activities, have been previously reported [6, 7]. During the OCT imaging, the isolated
retina was immersed in oxygenated Ringer’s solution to maintain its viability.

In order to achieve sub-cellular resolution in both lateral and axial directions, a
rapid line-scan OCT (LS-OCT) was developed. The LS-OCT combined technical merits
of our recently demonstrated electro-optic phase modulator (EOPM) based functional
OCT [6] and line-scan confocal microscopy [7]. Figure 1 shows a simplified diagram of
the LS-OCT. In this system, a near infrared superluminescent laser diode (SLD-35-HP,
Superlum), with center wavelength A=830 nm and bandwidth AA=60 nm, was used for

light illumination. A water immersion objective (10X, NA=0.3) was applied for OCT
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imaging. The lateral resolution of the system was estimated at ~2 um (0.61A/NA), and
the axial resolution of the LS-OCT was ~4 um (0.441%/nA), where refractive index n of
the sample was assumed ~1.4).

In the illumination path (optics above the beam splitter BS, Fig.1a), a cylindrical
lens CL1 was employed to condense the collimated SLD light in one dimension to
produce a focused line illumination which was imaged at the retina through lenses L3, L4,
L5 and the objective OB. The long axis of the focused line was parallel to the y-axis in
the OCT image (Fig. 2a). The active area of the high-speed (70,000 lines/s) linear camera
(spL2048-140Kk, Basler Sprint) was conjugated to the focused line illumination. The line-
sensor (1 x 2048 pixels, 10 um x 10 um) of the linear camera naturally acted as a spatial-
filter to reject out-of-focus light. Thus, a LS confocal mechanism was achieved to reduce
background light and therefore maximize effective OCT contrast and dynamic range.

In the reference path (optics below the BS, Fig.1a), another cylindrical lens CL2 was
used to convert the focused light back to a collimated light beam before entering the
EOPM (Model 350-50, Conoptics) that was used to generate rapid vibration- and inertia-
free phase modulation [6]. A four-step phase-shifting strategy was employed to retrieve
OCT images [8]. The glass block in the reference arm was used to compensate for optical
dispersion of the sample beam. Fig. 1b shows side view of the illumination and reference
paths (dashed square in Fig. 1a). In the side view, the cylindrical lenses CL1 and CL2
acted as a pair of glass plates.

Our custom-designed LS-OCT provided both en-face and B-scan recording
capabilities. The galvo scanning mirror (GVS001, Thorlabs) could provide rapid en-face

(Fig. 2a) imaging up to 400 Hz; while the motorized sample platform (Z825B, Thorlabs)
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could scan in the z-direction to achieve B-scan recording (Fig. 2b) of the cross-section of

flat-mount retinas.

(a)

Light —

Scanning
mirror

Fig. 9. Optical setup of LS-OCT. (a) Schematic diagram of the LS-OCT. BS: beam
splitter; CO: collimator, L1~L5: lenses; OB: objective; CL1 and CL2: cylindrical lenses.
The focal length of CL1, CL2, L1~L5 was 40mm, 40mm, 40mm, 80mm, 80mm, 40mm,
and 75mm, respectively. (b) The side view of the optical geometry of the illumination
and reference paths (dashed square in a).

Figure 2 shows representative en-face and B-scan images recorded using the LS-
OCT. During the recording, the photoreceptors were upward, i.e., facing to the objective,
to improve image quality of the outer retina. Given the sub-cellular resolution, the en-
face image (Fig. 2a) revealed individual photoreceptors. B-scan image (Fig. 2b) disclosed
individual layers from the photoreceptor to inner retina. After adapting band
nomenclature used in high resolution OCT of human retina to frog retina[2], we labeled
individual layers. As shown in Fig. 2b, the OS, ‘IS/OS’ (presumed), OLM, OPL, inner
plexiform layer (IPL), nerve fiber layer (NFL) were hyper-reflective; while the outer
nuclear layer (ONL), inner nuclear layer (INL) and ganglion cell layer (GCL) were hypo-
reflective. The bright ‘IS/OS’ band was bumpy in the high resolution OCT image. In

order to achieve better visualization of individual OCT bands, Fig. 2c shows an averaged
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cross-section image over 120 um (200 B-scan images, with 0.6 um recording interval)
along the y-axis. We consistently observed that the whole OS section, not only the OS tip
or the ‘IS/OS’ junction, produced OCT signal; and the band of lower reflectivity (red
arrow in Fig. 2c) was observed located sclerally to the 2" OCT band. Moreover, bright
spots (red arrows in Figs. 2a and 2b), with dimension at cellular level, were consistently
observed. This might reflect reflectance inhomogeneity of different photoreceptors in the
frog retina that has 2 types each of cones and rods.

Figure 3 shows comparative histological (Fig. 3a and 3b) and LS-OCT (Fig. 3c)
images. For histological examination, DNA was stained with DAPI (blue) with Prolong
Gold antifade mounting reagent (Invitrogen) in 10-um thick fixed retinal cryosections [9].
The DNA marked fluorescence image and the differential interference contrast (DIC)
image were superimposed. Based on previously reported light [10] and electron [5]
microscopy investigations of frog retinas, the 1S/OS, OLM, OPL, etc. were identified in
Fig. 3a. For the frog retina, the ONL could be identified as having two rows of nuclei [5,
10]. Frog IS ellipsoid, like humans, is full of mitochondria [3, 5] that contains DNA.
Therefore, IS ellipsoid portion was also stained by DAPI, and thus could be separated

from other IS portions.
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Fig.2. LS-OCT images. (a) En-face image of OS, acquired by averaging a stack of images
of OS over 20 um. (b) Cross-section OCT image of the area marked by the white dashed
line in a. Zones 1-3 marked by vertical lines were used for quantitative analysis in Fig.
3d. (c) Cross-section OCT image averaged over 120 um along the y-axis. The intensity
was multiplied by 2, compared to the image in b. Red arrow points to a local hypo-
reflective band. The white window shows the area for enlarged display in Fig. 3c.

Figs. 3b and 3c show enlarged sub-images of the histological (Fig. 3a) and OCT
(Fig. 2c) images. If the 2" OCT band is correctly attributed to the 1S/0S, it would be
expected to align with anatomic counterpart in the histological image (Fig. 3b). However,
the center of the 2" OCT band shifted toward to the IS, mostly like the IS ellipsoid
portion. In contrast, the local hypo-reflective band (red arrow in Fig. 3c) might relate to
the 1S/OS junction [3].

In order to achieve quantitative analysis, the distance between the well-
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established OLM and OPL bands were used to normalize the axial position of the 2"
OCT band. Fig. 3d shows 3 representative OCT longitudinal reflectance profiles (LRPS)
as a function of retinal depth for three zones specified in Fig. 2b. Each zone was averaged
over 50 um along the x-axis to improve signal to noise ratio. In theory, the OCT bands
could be widened due to the logarithmic transformation or gamma correction of OCT
displaying [3]. However, neither the logarithmic transformation nor gamma correction
shifts the peaks. Therefore, the positions on the z-axis of peaks of the ‘IS/OS’ (2"%) band,
the OLM (1%) band and the OPL band could be defined as their axial positions. Thus,
OCT distance ratio (OCT:s/0s-OCToLm)/(OCTom-OCTop) could be quantitatively
computed and compared to histological distance ratio of (H;sjos-Howm)/(Houm-HorL).

Fig. 3e shows statistics of OCT and histological distance ratios. Five retinas were
used for OCT imaging, and corresponding five retinas were used for histology
measurement. For each sample, six lateral positions were measured for estimating the
distance ratio. As shown in Fig. 3e, the histological distance ratio of (Hsos-
Howm)/(Houm-Hop)  was  1.0£0.05. In  contrast, the mean of (OCT;g0s-
OCToLm)/(OCToLm-OCTopr) was 0.6+0.1. The significant difference (t-test, p<0.003)
between the (OCT:5/05-OCToLm)/(OCTom-OCTop) and (Hisos-Howm)/(Houm-HopL)

suggested that the 2" OCT band might not actually relate to the 1S/OS junction.
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Fig. 3. Comparison between OCT and histological images. (a) Histological image. (b)
Enlarged sub-image marked by the white window in Fig. 3a. (c) Enlarged image of OCT
sub-image marked by the white window in Fig. 2c. Four red bars in Fig. 3b and Fig. 3c
have identical length. (d) Curves of OCT intensity over retinal depth (z axis) of three
zones in Fig. 2b. The red arrow points to the local hypo-reflective band, bordering
posteriorly on the ‘IS/OS’ band (red arrows in Figs. 2¢ and 3c). (e) Histological distance
ratio  (Hisjos-Houm)/(Houm-Hop) and  the OCT  distance ratio (OCT:s/0s-
OCTom)/(OCToLm-OCTopL). Five samples were used for histological and OCT
measurements, respectively. For each sample, six positions were measured. Error bars
indicate standard deviations.

In summary, a LS-OCT was developed to demonstrate OCT imaging at sub-
cellular resolution in both lateral (Fig. 2a) and axial (Fig. 2b) directions. Quantitative
comparison of histological images and LS-OCT images revealed that the OCT distance
ratio (OCT:510s-OCToLm)/(OCToLm-OCTop) was significantly smaller than the
histological distance ratio (Hisjos-Houm)/(Houm-HopL). The significant difference
suggests that dominant source of the signal reported as the ‘IS/OS’ OCT band actually
originates from the IS. We speculate that the IS ellipsoid, which consists of abundant

mitochondria, or the CC extended into the IS [11] may contribute to the observed 2"
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OCT band signal.

Moreover, reflectance inhomogeneity was consistently observed at cellular level
(Figs. 2a and 2b). The bumpy 2" OCT band shown in Fig. 2b, might attribute to variable
lengths and axial locations of different rod/cone photoreceptors [5]. Robust OCT signal
was observed through the whole length of the photoreceptor outer segment. Early
spectral-domain OCT study (SD-OCT) did not report OCT signal in the outer segment,
i.e., the depth between the presumed ‘IS/OS’ band and the posterior tip of the OS [2]. We
speculate that this discrepancy might attribute to large (0.3) numeric aperture (NA) of the
LS-OCT system, compared to ~ 0.1 NA in typical SD-OCT system for retinal imaging.
Increased NA could improve collection efficiency of reflected light, particularly
scattering light with possible large angle changes, relative to incident light, from outer
segment discs. In addition, the large NA system might produce illumination light with
incident angle greater than the optimized acceptance of the photoreceptor, which acted as
a waveguide [12]. Therefore, more light might be scattered and thus detected from the OS.
We expect that further characterization of these observed OCT signals will provide
insight for improved instrumental design, validated image attribution, and retinal

diagnosis.
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Abstract

Stiles-Crawford effect (SCE) is exclusively observed in cone photoreceptors, but
why the SCE is absent in rod photoreceptors is still a mystery. In this study, we employed
dynamic near infrared (NIR) light imaging to monitor photoreceptor Kkinetics in freshly
isolated frog and mouse retinas stimulated by oblique visible light flashes. It was
observed that retinal rods could rapidly (onset: ~10 ms for frog and 5 ms for mouse; time-
to-peak: ~200 ms for frog and 30 ms for mouse) shift toward the direction of the visible
light, which might quickly compensate for the loss of luminous efficiency due to oblique
illumination. In contrast, such directional movement was negligible in retinal cones.
Moreover, transient rod phototropism could contribute to characteristic intrinsic optical
signal (10S). We anticipate that further study of the transient rod phototropism may not
only provide insight into better understanding of the nature of vision but also promise an
IOS biomarker for functional mapping of rod physiology at high resolution.

Keywords: Stiles-Crawford effect; phototropism; photoreceptor; directional illumination

1 Introduction
The Stiles-Crawford effect (SCE) states that luminance efficiency is dependent on
incident light direction relative to the eye axis.(1) It is well established that the retina is
more sensitive to light entering the center of the pupil, i.e., parallel light relative to eye
axis, than light passing through the periphery, i.e., oblique light illumination. The SCE is
exclusively observed in cones, which can benefit good vision quality by suppressing
intraocular stray light under photopic conditions.(2) In contrast, the SCE has not been

detected in rods which dominates scotopic vision.(2) In other words, the absorption
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efficiency of light by rods is not affected by the incident angle in early SCE studies which
were performed with psychophysical methods.(2) The biophysical mechanisms
underlying this rod/cone difference are not established. In this study, we conducted
dynamic near infrared (NIR) light imaging to explore transient changes in rod and cone
photoreceptors activated by oblique light stimuli. High-spatial (um) and high-temporal
(ms) resolution NIR imaging revealed that 80% of rods could rapidly move toward the
direction of oblique stimulus light, while such directional movement was negligible in
cones. Our experimental results suggest that transient phototropic adaptation may quickly
compensate for the loss of luminous efficiency in rods activated by oblique stimulation,
which can explain the absence of the SCE in the rod system. The observed transient
phototropic adaptation of retinal rods not only provides insight into the nature of vision
but also promises an intrinsic optical signal (IOS) biomarker. This would enable
noninvasive, high-resolution assessment of rod function, which is known to be more
vulnerable than cone function in aging and early age-related macular degeneration
(AMD),(3, 4) the most common cause of severe vision loss and legal blindness in adults

over 50.(3, 5)

2 Materials and Methods
2.1 Retina preparation
Animal handling was approved by the Institutional Animal Care and Use
Committee of the University of Alabama at Birmingham. Both frog (Rana pipiens) and
mouse (Mus musculus) retinas were used to demonstrate the transient phototropic

adaptation in the retina.
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Frog retinas were selected as primary specimens in this study for several reasons.
First, the relatively large size of frog (compared to mouse or other mammalian)
photoreceptors allows unambiguous observation of individual photoreceptors. Second,
the diameter of frog rods (~5-8 um) is much larger than cones (~1-3 um),(6, 7) and thus
rod and cone photoreceptors can be easily separated based on their cellular diameters.
Third, rod and cone numbers are roughly equal in frog retinas,(6, 7) and thus unbiased
analysis of rod and cone cells can be readily achieved. Preparation procedures of fresh
living whole-mount frog retinas have been reported in previous publications.(8) Briefly,
the frog was euthanized by rapid decapitation and double pithing. After enucleating the
intact eye we hemisected the globe below the equator with fine scissors. The lens and
anterior structures were removed before the retina was separated from the retinal pigment
epithelium.

Mouse retinas were used to verify the transient phototropic adaptation in
mammalians. 5-month-old wild type mice, which have been maintained for more than 20
generations from an original cross of C57BI/6J to 129/SvEv, were used in this study. The
rd1 allele that segregated in the 129/ SvEv stock was removed by genetic crossing and
verified as previously described.(9) Protocols for handling mouse samples were
previously reported.(10) Briefly, after the eyeball was enucleated from anesthetized mice,
the retina was isolated from the eyeball in Ames media and then transferred to a
recording chamber. During the experiment, the sample was continuously super-fused
with oxygenated bicarbonate-buffered Ames medium, maintained at pH 7.4 and 33~37

°C.
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2.2 Experimental setup

The imaging system was based on a NIR digital microscope that has been
previously used for functional imaging of living retinal tissues.(10) A fast digital camera
(Neo sCMOS, Andor Technology) with pixel size 6 um x 6 um was used for retinal
imaging. A 20x water immersion objective with 0.5 NA was used for frog experiments.
Therefore, the lateral resolution of the system was about 1 um (0.61A/NA). For mouse
experiments, we used a 40x water immersion objective with 0.75 NA which has the
lateral resolution of 0.7 um. The system consisted of two light sources: a NIR (800-1000
nm) light for retinal imaging and a visible (450-650 nm) LED for retinal stimulation. The
duration of the visible flash was 5 ms. Fig. 1 illustrates rectangular stimulus patterns with
oblique incident angles [Fig. 1(a)], and a circular stimulus pattern with perpendicular
incident angle [Fig. 1(b)]. Fig. 1(a) and Fig. 1(b) were used for the experiments in Figs. 2

and 4, and Fig. 3, respectively. All images of retinas in this article were acquired at 200

frames/s.
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Fig. 1. Schematic diagram of stimulation patterns. O: objective; and R: retina. Black dash
lines indicate the normal axis of retinal surface. Red solid lines indicate the incident

directions. Top panels are cross-section view (transverse or x-z plane) and the bottom
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panels are enface view (axial or x-y plane). (al) Rectangular stimulus (bottom panel)
with 30° incident angle with respect to the normal axis of retinal surface (top panel). (a2)
Rectangular stimulus (bottom panel) with -30° incident angle (top panel). (b) Circular
stimulus (bottom panel) with 0° incident angle (top panel). The retina was placed with the

ganglion cell layer (GCL) facing toward the objective.

2.3 Dynamic calculation of individual photoreceptor movements

In order to quantify transient phototropic changes in rod and cone systems, we
calculated the displacement of individual rods [Figs. 2(b) and 4(b) ] and cones [Fig.
2(b)].The level-set method (11) was used to identify the morphological edge of individual
rods and cones. Then the weight centroid was calculated dynamically, allowing accurate
registration of the location of individual photoreceptors at nm resolution. The same
strategy has been used in stochastic optical reconstruction microscopy (STORM) (12)
and photoactivated localization microscopy (PALM) (13, 14) to achieve nm resolution to
localize individual molecules with photo-switchable fluorescence probes. The three-
sigma rule was used to set up a threshold to distinguish silent and active
photoreceptors.(10) If the stimulus-evoked photoreceptor shifted above this threshold,
then this photoreceptor was defined as active. Otherwise, it was defined as silent. Thus,

the active ratio of the rods and cones could be obtained [Fig. 2(c)].

2.4 Computer algorithm of localized retinal movements
The activated photoreceptors were displaced due to light stimulations [Figs. 2(d),

2(c) and 3(b)]. In order to quantify the photoreceptor displacements, the normalized cross
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correlation (NCC) between the post-stimulus and pre-stimulus images were calculated to

estimate localized retinal movements. We assume that 1, (x,y) was the image acquired at
the time point of t,, wherei=1,2,3,... was the image index and (x,y) was the pixel position.
We took the 1% image 1,(x,y) as the reference image. For the pixel at the position of
(Xo,Yo) from the image I, there would be a horizontal shift H, (x,,y,) (parallel to the x
axis) and a vertical shift V, (x,,y,) (parallel to the y axis) compared to the reference
image. At the position of (Xo,Yo) from the image I, we took a sub-window W, (mxm
pixels):

m-1 m-1
Wﬁ(XO,yO,U,V)=|ti(XO—T+U,yO—T+V) (1)

where u=12.3,....m and v=1223,...,m. Here we set m=13 (corresponding to 3.9 um at

the retina). This window is at the level of individual cells (cone: 5 ~ 8 um; rod: 1 ~ 3 um).
We selected corresponding sub-window of the reference image at the position of (x;,V,):

m-1 m-1
th(xl1yllu1v):Itl(Xl_T_'-u’yl_T_'_v) (2)

Then the correlation coefficient could be calculated between two image matrices defined
by Eq. (1) and Eq. (2):
Zum=lz\r:]=1[\/vti (Xo’ y01 U,V) _\Fn] [\Ntl(x1’ yl! U,V) —VE]

{ZLZL[\Nﬁ (X07 Yo U,V) _Vvﬁl}o's{zlilz;n:l[vvtl(xl’ Yo, U’V) _VEI}O'S
(3

Ccti (Xo’ Yor X1 Y1) =

where VTtI was the mean of the matrix W, (x,, Y,,u,v), and VTtl was the mean of the
matrix W, (x;,y,,u,v) . We searched x, from x,—-k to x,+k, and y, from y, -k to

Yy, + k, where k was the searching size, set to be 3 (corresponding to 0.9 um at the retina)
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here. Thus we could find the position (x, ), where the value of correlation

mex » Y1_mx
coefficient defined by Eqg. (3) was maximum. Therefore, the horizontal shift (parallel to x
axis) and vertical shift (parallel to y axis) at the position (X,,Yo) Were obtained as:

H (Xo1 Yo) = Xo = X1 (4-a)

Vi (X0, o) = Yo = Y1_mex (4-b)
They could be rewritten as a complex number:

Hy + Vi = A exp () ()
where j is the imaginary unit, A, is the shift amplitude map [the color images in Figs.
2(d), 2(e) and 3(b)] and @, is the direction map [directions of arrows in Figs. 2(d), 2(e)
and 3(b)].

If
Ai (X, Yo) #0 (6)
then the pixel (Xo,Yo) Was displaced, thus defined as active. Therefore, the active pixel

numbers could be plotted as a function of the time [Fig. 3(f)].

2.5 Intrinsic optical signal (I0S) data processing

In order to test the effect of the phototropic adaptation on the 10S pattern
associated with circular stimulus, representative 10S images are illustrated in Fig 3(c),
with a unit of Al/l, where | is the background light intensity and Al reflects the light
intensity change corresponding to retinal stimulation. Basic procedures of I0S data

processing have been previously reported.(8)
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Results
3.1 Transient phototropic adaptation in frog retina activated by oblique stimulation

Fig. 2 shows results of phototropic adaptation correlated with oblique light
stimulation. Fig. 2(a) shows the photoreceptor mosaic pattern. Individual rods [red arrows
in Fig. 2(a)] and cones [green arrows in Fig. 2(a)] could be observed. A rectangular
stimulus with 30° incident angle [Fig. 1(al)] was delivered to the retina. Within the
stimulation area, photoreceptor displacements were directly observed in NIR images
(Video 1).

In order to quantify transient phototropic changes in rod and cone systems, we
calculated displacements of individual rods and cones (see Materials and Methods). Fig.
2(b) shows average displacements of 25 rods and 25 cones randomly selected from the
stimulus window. The displacement of rods occurred almost immediately (< 10 ms) and
reached magnitude peak at ~ 200 ms. The magnitude of rod displacement (average: 0.2
um, with maximum up to 0.6 um) was significantly larger than that of cone displacement
(average: 0.048 um, with maximum of 0.15 um). In addition, as shown in [Fig. 2(c)], the
active ratio (see Materials and Methods for definition) of rods was 80% * 4%, while 20%
+ 4% of cones were activated. The observation indicated that the transient phototropic
displacement was dominantly observed in rods.

In order to verify directional dependency of the phototropic adaptation, we used
template matching with the NCC to compute non-uniform motion in the retina (see
Materials and Methods).(15) As shown in Video 2 and Fig. 2(d), the stimulus-activated

retina shifted to right, i.e., towards the direction of the 30° oblique stimulation. In order
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to confirm the reliability of the phototropic response, the incident angle of the stimulus
was switched to -30° [Fig. 1(a2)], 5 minutes after the recording illustrated in Fig. 2(d).
Fig. 2(e) illustrates the transient movement corresponding to -30° stimulus at the same
retinal area shown in Fig. 2(d). It was observed that the stimulated retina shifted toward
left [Fig. 2(e)], i.e., in the opposite direction compared to Fig. 2(d). Comparative
recording of the 30° and -30° stimuli verified that transient photoreceptor movement was

tightly dependent on the incident direction of the stimulus light.
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Fig. 2. Oblique stimulus-evoked photoreceptor displacements. (a) NIR image of frog
photoreceptor mosaic pattern. Green dashed window illustrates stimulus area. Red
rectangle indicates the area shown in Video 1 (QuickTime, 7.7 MB)

[URL:http://dx.doi.org/10.1117/1.JBO.XX. X XXXXXX.1] which displays a pair of pre-

and post-stimulus images alternating repeatedly 20 times. Red and green arrows point to
rods and cones, respectively. (b) Average displacement of 25 rods and cones which were
randomly selected from the stimulus area. The gray shadow indicates the standard

deviation. (c) Active ratios of rods and cones at time 200 ms after the onset of the
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stimulus. Six trials were used. For each trial, 25 rods and cones were randomly selected.
Thus, in each trial, the active ratio was calculated as the number of active rods or cones
divided by 25. (d) Retinal displacements associated with the 30° stimulus [Fig. 3(al)] at
200 ms. Dynamic changes of retinal displacement maps from — 200 ms to 1,000 ms are
displayed in Video 2 (QuickTime, 6.7 MB)

[URL:http://dx.d0i.org/10.1117/1.JBO.XX. X XXXXXX.2]. (e) Retinal displacements

associated with the -30° stimulus [Fig. 3(a2)] at 200 ms. Each square in (d) and (e)
represents a 15 um x 15 pum area of the retina. Transient displacements within the small

square were averaged.

3.2 Transient phototropic adaptation in frog retina activated oblique stimulation by
circular (transverse) stimulation with a Gaussian (axial) profile

In addition to the aforementioned oblique stimulation, Fig. 3 shows transient
photoreceptor displacements activated by a perpendicular circular stimulus with a
Gaussian profile in the axial plane [Fig. 1(b)]. The circular aperture was conjugate to the
focal plane of the imaging system. It is well known that cones taper toward the outer
segment (OS) and are shorter than rods,(6) which implies that the OS pattern should have
relatively larger extracellular space between photoreceptors when compared to the IS
pattern. Therefore when the tight mosaic pattern of photoreceptors (Fig. 2a) was clearly
observed, the focal plane was around the photoreceptor inner segment (IS). Hence, at the
more distal position, i.e., the OS, the stimulus light was divergent and became oblique at
the edge. However, at the central area, the stimulus light impinged the photoreceptor

without directional dependence. Under this condition, only photoreceptors at the

69


http://biomedicaloptics.spiedigitallibrary.org/data/Journals/BIOMEDO/927047/JBO_18_10_106013_ds002.mov

periphery of the stimulus pattern underwent displacement, which can be directly
visualized in Video 3. Figs. 3(b) and 3(d) not only confirmed this phenomenon but also
revealed that peripheral photoreceptors shifted toward the center. The number of active
pixels [see Eq. (6)] was plotted over time in Fig. 3(f). Rapid displacement occurred
almost immediately (< 10 ms) after the stimulus delivery, reached the magnitude peak at
~ 200 ms and recovered at ~ 2 seconds. It was consistently observed that the stimulus-
evoked displacement was rod dominant. Utilizing the same methods employed in Fig.
2(c), rod and cone displacements were quantitatively calculated. Within the annular area
in Fig. 3(d), 25 rods and cones were randomly selected for quantitative comparison. 74%
+ 6% of rods were activated, while 24% * 5% of cones were activated at 200 ms after the

onset of stimulus (six samples).

3.3 Correlation of transient phototropism and 10S in frog retina

We speculated that the transient phototropic changes may partially contribute to
stimulus-evoked 10Ss, which promised a noninvasive method for spatiotemporal
mapping of retinal function.(8, 16) 10S images shown in Fig. 3(c) confirmed the effect of
IOS enhancement at the edge of the circular stimulus. The edge enhanced 10S response
gradually degraded over time, which was consistent with the change of the photoreceptor
displacement [Fig. 3(b)]. In addition, both positive and negative 10S signals, with high
magnitude, were observed at the periphery of the stimulus pattern. In contrast, the 10S
signal at the stimulus center [Zone 2, Fig. 3(e)] was positive dominant, and the 10S
magnitude was weaker than that observed at peripheral area [Zone 1, Fig. 3(e)].

Moreover, time courses of 10S responses were different between Zone 1 and Zone 2 [Fig.
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3(g)]. The central 10S curve [black curve in Fig. 3(g)] more resembled the curve of
active pixel number [Fig. 3(f)], which suggested that transient phototropic change

primarily contribute to the periphery 10Ss.
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Fig. 3. Photoreceptor displacements and 10S responses stimulated by circular stimulus
(in transverse plane) with a Gaussian profile (in axial plane). (a) NIR image of frog
photoreceptor mosaic. Red rectangle indicated the area shown in Video 3 (QuickTime,
7.9 MB) [URL: http://dx.d0i.org/10.1117/1.JBO.XX. X. XXXXXX.3] which displays a
pair of pre- and post-stimulus images alternating repeatedly 20 times. (b) Localized
retinal displacements associated with circular stimulus. This stimulus had a Gaussian
profile in axial plane [Fig. 3(b)]. The same methods as those in Figs. 2(e) and 2(f) were
used here to produce the displacement maps. (c) 10S maps. Al reflected the light intensity
change and | was the background light intensity. Zone 1 corresponds to the area within
the inner ring. Zone 2 corresponds to the annular area. The stimulus was delivered at time

0. (d) Enlarged view of (b3). (e) Enlarged view of (c3). Scale bars indicate 100 um. (f)
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Dynamic change of the number of active pixels in (b). The pixel with non-zero value was
defined as active. (g) Temporal 10S profiles.
3.4 Transient phototropic adaptation in mouse retina activated by oblique stimulation

In order to verify the transient phototropic changes in mammalians, we have
conducted preliminary study of mouse retinas with oblique stimulation. Unlike large frog
photoreceptors (rod: ~5-8 um, cone: ~1-3 um), mouse photoreceptors (1~2 um for both
rods and cones) are relatively small.(17, 18) Although individual mouse photoreceptors
[Fig. 4(a)] were not as clear as frog photoreceptors [Fig. 3(a)], we selected representative
individual mouse photoreceptors [arrows in Fig. 4(a)] which could be unambiguously
isolated from others. Fig. 4(b) shows temporal displacements of 10 mouse photoreceptors
pointed in Fig. 4a. These 10 photoreceptors shifted to left [arrows in Fig. 4(b)]. Fig. 4(c)
shows average magnitude of photoreceptor displacements. As shown in Fig. 4(c), the

displacement occurred within 5 ms, and reached the peak at 30 ms.
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Fig. 4. Stimulus-evoked photoreceptor displacements at the mouse retina. (a) NIR image
of mouse photoreceptor mosaic. A 40X objective with 0.75 NA was used. The image size
corresponds to a 60 um X 60 um area at the retina. The green dashed rectangle indicates
the oblique stimulation area. (b) Displacements of ten photoreceptors over time. The

stimulus was delivered at time 0. These ten photoreceptors were specified by arrows in
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(a). Green arrows in circles indicate the direction of the displacement at time 30 ms after
stimulation. (c) Averaged displacement of 10 photoreceptors. The inset panel shows the

same data within the time period from -0.02 sto 0.1 s.

Discussion

In summary, high spatial and temporal resolution imaging revealed rod-dominant
transient phototropic response in frog (Fig. 2) and mouse (Fig. 4) retinas under oblique
stimuli. Such transient phototropic response could compensate for the loss of illumination
efficiency under oblique stimulation in the rod system. Although the image resolution in
Fig. 4(a) was not high enough to separate rods and cones reliably, we speculate that the
observed displacement was rod dominated due to the established knowledge that rods
account for ~97% of total number of the photoreceptors in mouse retinas.(19) In contrast
to rods, it can take a long time, at least tens of seconds or even days, for cone adaptation.
(20) In other words, rapid (onset: ~10 ms for frog and ~ 5 ms for mouse; time-to-peak:
~200 ms for frog and ~20 ms for mouse) phototropic adaptation in retinal rods is too
quick for the SCE to be detected by conventional psychophysical methods with the
advanced involvement of brain perception. Gaussian-shape stimulation further confirmed
the transient rod displacement (Fig. 3). In addition, the observed off-center and on-
surround pattern [Fig. 3(b)] may imply early involvement of the photoreceptors in
contrast enhancement. The edge enhancement was confirmed by the 10S maps [Fig. 3(c)].
In general, it is believed that the center-surround antagonism, which is valuable for
contrast perception, is initiated by horizontal cells (21, 22) and/or amacrine cells.(23)

However, our experimental results here suggest that the discrepancy of the incident angle
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between the surround and the center of the Gaussian illumination [Fig. 1(b)] can evoke
directional displacement only at the surround [Fig. 3(b)]. Such an edge-enhanced pattern
of photoreceptor activity may suggest early involvement of the photoreceptors in contrast
perception.

Moreover, the observed transient rod movement provides an 10S biomarker to
allow early detection of eye diseases that can cause retinal dysfunction. Rod function has
been well established to be more vulnerable than cones in aging and early AMD, (3, 4)
which is the most common cause of severe vision loss and legal blindness in adults over
50.(3, 5) Structural biomarkers, such as drusen and pigmentary abnormalities in the
macula are important for retinal evaluation. Adaptive optics imaging of individual rods
has been recently demonstrated.(24-26) However, the most commonly used tool for
retinal imaging, the fundus examination, is not sufficient for a final retinal diagnosis.(27)
In principle, physiological function is degraded in diseased cells before detectable
abnormality of retinal morphology. Psychophysical methods (28-30) and
electroretinography (ERG) (31) measurements have been explored for functional
assessment of the retina, but reliable identification of localized rod dysfunctions is still
challenging due to limited resolution and sensitivity. The experimental results shown in
Fig. 3 indicate that the transient phototropic changes can partially contribute to 10S
recording which has the potential to be developed into a superior noninvasive method for
spatiotemporal mapping of retinal function.(8, 10) The different time courses of the 10Ss
at Zone 1 (periphery) and Zone 2 (center) suggest that the phototropic change of rod
photoreceptors primarily contribute to the periphery 10S response. Multiple 10S origins,

including neurotransmitter secretion,(32) refractive index change of neural tissues,(33)
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interactions between photoexcited rhodopsin and GTP-binding protein,(34) disc shape
change,(35) cell swelling,(36) etc. have been proposed. In order to investigate the
biophysical mechanism of transient phototropic adaptation, we are currently pursuing
optical coherence tomography (OCT) of retinal photoreceptors to quantify the axial
location of phototropic kinetics. Further investigations are also planned to quantify time
courses of the transient phototropic adaptations in wild type and diseased mouse retinas.
We anticipate that further investigation of the rod dominant phototropic effect can
provide a high resolution methodology to achieve objective identification of rod
dysfunction, and thereby allowing early detection and easy treatment evaluation of eye

diseases, such as AMD associated photoreceptor degeneration.
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Abstract

High resolution microscopy is essential for advanced study of biological
structures and accurate diagnosis of medical diseases. The spatial resolution of
conventional microscopes is light diffraction limited. Structured illumination has been
extensively explored to break the diffraction limit in wide field light microscopy.
However, deployable application of the structured illumination in scanning laser
microscopy is challenging due to the complexity of the illumination system and possible
phase errors in sequential illumination patterns required for super-resolution
reconstruction. We report here a super-resolution scanning laser imaging system which
employs virtually structured detection (VSD) to break the diffraction limit. Without the
complexity of structured illumination, VSD provides an easy, low-cost and phase-artifact
free strategy to achieve super-resolution in scanning laser microscopy.
© 2013 Optical Society of America
OCIS codes: (100.6640) Superresolution; (110.3080) Infrared imaging; (170.3880)

Medical and biological imaging; (180.5810) Scanning Microscopy.

1. Introduction
High resolution imaging is essential for biomedical study and disease evaluation.
However, the spatial resolution of conventional imaging systems is constrained by light
diffraction, which precludes the observation of fine structures of biological specimens.
Several approaches, including stimulated emission depletion (STED) microscopy,
stochastic optical reconstruction microscopy (STORM) and photoactivated localization

microscopy (PALM), have been investigated to achieve super-resolution imaging. In a
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STED system, the fluorophores are excited by an excitation laser and followed by a
second depletion laser with a doughnut-shaped intensity profile. The STED laser can
deactivate the fluorophores in the periphery of the excitation laser focus, allowing only
the fluorescence from the sub-diffraction-limited center to contribute to super-resolution
recording [1, 2]. However, the extremely intensive laser exposure limits its applications
for live cell imaging of biological systems, such as delicate and fragile retina.
Alternatively, STORM [3], PALM [4], or fluorescence PALM (FPALM) [5] can achieve
super-resolution by mapping localizations of individual molecules with photo-switchable
fluorescence probes. Although single molecule localization based imaging approach has
been demonstrated for live cell imaging [6-8], the imaging speed is limited due to the
requirement of acquiring multiple sub-images for super-resolution reconstruction.
Therefore, its application for high temporal resolution monitoring of live systems is still
challenging.

Moreover, aforementioned super-resolution imaging approaches require
exogenous fluorescent dyes or proteins. Therefore, they are not practical for intrinsic
signal (e.g., reflectance or transmission) imaging. Bertero and his colleagues proposed a
computational strategy suitable for both fluorescence and intrinsic signal imaging by
taking the super-resolution reconstruction as an inverse problem [9-11]. However, the
inversion process is ill-posed and sensitive to potential noise, and the reconstruction is
numerically complicated and time consuming. Alternatively, structured illumination
microscopy (SIM) has been developed to surpass the diffraction limit by shifting high
frequency signal of the sample into the passing band of imaging systems [12-14]. The

SIM can be implemented in both fluorescence and intrinsic signal imaging, However, the
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wide-field spatially structured illumination patterns require sophisticated manipulation of
the pattern generator, i.e., grating [12-14] or grid [15, 16], and is not suitable for extended
application in confocal scanning laser microscopy (SLM). In theory, SIM can also be
realized in a point scanning system through spatiotemporal modulation, either by
modulating light source intensity in illumination arm or by placing a moving mask in
light detection arm [17]. However, the spatiotemporal modulation of the
illumination/detection arm is technically difficult. So far, experimental validation of the
proposed spatiotemporal modulation is not yet demonstrated.

The purpose of this study is to demonstrate virtually structured detection (VSD)
for super-resolution SLM, which requires neither dynamic modulation of the light source
intensity in illumination arm nor the physical mask in light detection arm [17]. In the
VSD-based system, the spatiotemporal modulation is achieved by mathematical
processing of digital images. Digital implementation of the spatiotemporal modulation in
the detection arm has been proposed in a theoretical article [17]. In this paper, freshly
isolated retinas were employed for experimental validation of the VSD-based super-
resolution system in intrinsic reflectance imaging of thick (> 100 um) live tissues.
Experimental results showed that individual photoreceptors, which were not
differentiated in the diffraction limited SLM, could be clearly identified in the VSD-

based super-resolution imaging.

2. Method
2.1. Experimental setup

Figure 1 illustrates a schematic diagram of the VSD-based super-resolution SLM.
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A superluminescent laser diode (SLD-35-HP, Superlum), with center wavelength 2=830
nm and bandwidth AA=60 nm, is used to produce near infrared (NIR) illumination of the
specimen. A pair of galvo mirrors (GVS002, THORLABS) is used to steer the focused
NIR light across the specimen to generate two-dimensional (2D) images. In order to
control the vignetting effect, the Fourier plane of the objective is conjugated to the
middle point between these two galvo mirrors. The reflected light from the sample is
descanned by the 2D (X and Y) scanning system, and is relayed to the image plane
(CCD). Instead of using a single element detector for recording light intensity in
conventional SLM, a CCD camera (AVT Pike F-032B) is employed to map light profile
(i.e., intensity distribution) of individual sampling points. The stack of 2D light profiles is
used to construct super-resolution image based on the VSD method. Using a 5X objective
with numeric aperture (NA) 0.1, the diffraction limited imaging resolution is 5 um; while
theoretical resolution of the VSD-based super-resolution imaging is 2.5 pum.

SLD

CO
CCD

BS

X scanner

Mirror

OB

Y scanner

Sample

Fig. 1. Schematic diagram of experimental setup. OB: objective; CO: collimator; L1-L3:
lens; and BS: beam splitter. Focal lengths of lenses L1, L2 and L3 are 200 mm, 40 mm

and 150 mm, respectively. The objective is 5X (NA=0.1). The light source is provided by
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the SLD with center wavelength A=830 nm and bandwidth AA=60 nm. The theoretical
resolution of this system is 0.61A/NA=5 um.

Confocal configuration can be readily achieved using virtually synthesized
pinholes [18] to reject out-of-focus light. The pinhole in conventional SLM and scanning
laser ophthalmoscope (SLO) varies from 0.8X~10X Airy disc diameter [19-22]
depending on specific applications. In comparison with a large pinhole, a small pinhole
provides better resolution and enhanced sectioning ability [23]. However, a small
pinhole can also reject photons that carry useful information which is required for the
VSD-based super-resolution reconstruction. In this paper, we set the virtual confocal

pinhole as 2X Airy disc diameter as a trade-off.

2.2. Principle of VSD-based super-resolution reconstruction
Point spread function (PSF) can be used to evaluate the resolution in spatial

domain. For the system shown in Fig.1, the PSF of the illumination path h,(x,y) is
identical to the PSF of the detection pathh, (x,y). Under incoherent illumination, the

theoretical PSF is [24]:

hy (% y) = he (X, y) = Q—Z[MJZ 1)

T Qp

where J; is the first-order Bessel function, Q=2zNA/A and;;:ﬁ. The resolution of
conventional SLM is defined as the radius of the Airy disc:

R=0.611/NA )
Given that 4=830 nm and NA=0.1, the spatial resolution of the system is R=5 pum. In

Fourier domain, the corresponding cutoff frequency of the PSF can be expressed as:
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f =1/R 3

In other words, only frequency below the cutoff frequency is able to pass through
conventional SLM system:

f<f<f 4)

For a single point light source, we assume here that the illumination intensity has a

normalized number 1. Therefore, at the sampling position (Xo, Yo), corresponding light

intensity distribution on the sample ish, (x—x,,y—y,). In a descanned system in Fig. 1, the

light intensity distribution on the image plane (i.e., CCD) can be expressed as

lees (X, ¥, %, Yo ) - The non-descanned image can be obtained by shifting descanned images:
Loon (X0 Y2 %01 ¥0) = Les (X=%0, Y = Yo: %1 o) ()

If we assume the reflectance ratio of the sample is s(x,y) and that the magnification of the

system is ignored, then we will have [17]
Lion (%%, ¥0) = [ By (4= %, v = Yo )8 (18, g, (X = 11, y =v) d pudv 6)
In order to achieve VSD, a digital mask is applied to multiply with the non-descanned
image:
Lot (%Y %6, Y0 ) = hoon (X, ¥ %, Yo )M (X, Y) ()
We select a digital mask m(x,y) with sinusoidal function:
m(x,y)=cos[ 2z f,(xcos@+ysind)+a | (8)

where 6 is the rotation angle of sinusoidal stripes and «a represents a constant phase. The

carrier frequency fy is set here to the value of the cutoff frequency f:

f,=f, 9)

85



It is worth noting that negative values are allowed in the digital mask. Therefore, there is
no direct current (DC) component in Eqg. (8). The spatial integral of the image
L (XY, % Yo ) 1S @ssigned to the position (Xo, Yo):

P(X0: o) = [ Lo (X, ¥ %o, Yo Jixdly (10)
Substituting Egs. (6) and (7) into Eq. (10) yields [17]:

P(%,Yo) = [[ [ (4= %, v = Yo )3 (#,v )y, (x= g2,y =v)m(x, y)d pudlvelxdly
_”hl, — X0,V —Y,)S y,v)[”hde y—x,v—y)m(x,y)dxdy]dydv
=y (%, Yo ) @ {5 (X, Yo ) [ e (X0, Yo ) @M (%5, Y5 ) |} (12)

where the integration order is changed, the fact that PSFs are even functions is assumed,

and ® denotes convolution. Considering h,(x,y)=h,(x,y) , exchanging h,(xy) and
h,(x,y) and then rearranging Eq. (11) yield:

P(%:¥o) = {[M(%: Yo ) ®h, (%, ¥0) ]S (X1 Yo ) © e (%6, o) (12)
Eq. (12) exactly represents the acquired image of conventional wide-field SIM in which
the modulation function m(x,,y,)iS implemented spatially in the illumination arm [25].

Equivalency of Eq. (11) and Eq. (12) implies that modulations in the illumination arm
and in the detection arm are equivalent to each other in theory. The Fourier transform of
Eq. (11) is [17]:

B(f,. 1) = ft[ (% ¥0)]=hu (f.. fy){§(fx, f,)[ . (1, f,)m(f,, fy)]} (13)
where f, and fy are spatial frequencies, and ft is the Fourier transform operator. m(f,, f,)is
the Fourier transform of Eq. (8):

m(f,, f,)= %[0( f, - f,cos0, f, - f,sind)e” + o ( f, + fycos, f, + fosine)e"“]

(14)
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where o is the Dirac delta function. Because of sifting property of the Dirac delta

function, Eq. (13) can be rewritten as:

p(f. f,)=h (f,. £, )[S(f, — focoso, f, - f,sing)e™ +§( £, + f,coso, f, + fysing)e ™ | 15

where constant coefficients are ignored. Thus, the higher frequency §(fx, f,)is shifted
toward the lower passing band of h,(f,, f,)and the retrievable frequency based on Eqg.
(15) is

—2f, < f <2f, (16)

Therefore, the theoretical retrievable band width is doubled. In other words, the

theoretical resolution is enhanced by a factor of two.

2.3. Sample Preparation

A standard optical target (USAF 1951 1X, Edmond) and freshly isolated frog
(Rana Pipiens) retina was used for functional test of the system in Fig.1. It is known that
the frog retina consists of photoreceptors with variable diameters (rods: ~5-8 um; cones:
~1-3 um) [26, 27]. Therefore, the frog retina provides an excellent preparation to evaluate
the SLM resolution before (5 um) and after (2.5 um) VSD data processing. Moreover,
the frog retina has ~ 200 um thickness, and thus it readily allows testing the VSD-based
super-resolution imaging in deep (> 100 um) tissue. Animal handling was approved by
the Institutional Animal Care and Use Committee of the University of Alabama at
Birmingham. Preparation procedures of freshly isolated retinas have been documented in
previous publications [28, 29]. Briefly, the frog was euthanized by rapid decapitation and

double pithing. After enucleating the intact eye we hemisected the globe below the
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equator with fine scissors. The lens and anterior structures were removed before the

retina was separated from the retinal pigment epithelium.

3. Results

3.1. Computer simulation of VSD-based super-resolution imaging

Fig. 2 shows computational simulation of the VSD-based super-resolution method.
The diffraction limited resolution of the simulated system was 5 um while the period of
the simulated sample was 2.5 um. In other words, the information of the sample (black
curve in Fig. 2B) could not pass through the passing band of the PSF (red curve in Fig.
2B) except for the DC component. Therefore, conventional SLM could not differentiate
the sinusoidal variations of the sample as shown in Fig. 2C. Fig. 2D confirmed that only
DC component of the sample was detected by conventional SLM. In contrast, the VSD-
based super-resolution imaging detected the diffraction light profile of each sampling
point (Fig. 2E). The diffraction light profile was modulated by digital sinusoidal masks,
as shown in Figs 2F-2H. Then the spatial integration was applied to the modulated map
[see Eq. (10)]. Fig. 21 shows the reconstructed image through the VSD-based super-
resolution method. From Fig. 21 and its spectrum (Fig. 2J), we can see that the lost

information outside of the critical frequency was partially retrieved.
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Fig.2. Computational simulation of the VSD-based super-resolution imaging. A=830 nm,
NA=0.1 and incoherent illumination was assumed. The resolution of this system was
0.61A/NA =5 um. (A) Sample of sinusoidal stripes. The period was 2.5 um. (B)
Normalized spectra of the sample and the PSF of the system on x dimension. The PSF
was defined by Eqg. (1). (C) Conventional SLM image. (D) Normalized spectrum of the
image (C) on x dimension. (E) Diffraction map of the sampling point at the center of the
sample (A). (F)-(H) superimposed images [see Eq. (7)] between the diffraction map (E)

and the sinusoidal maps with orientation angle 6=0, 60° and 120° respectively. (1)
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Reconstructed super-resolution image. The background of the image was removed. (J)

Normalized spectrum of the image (I) on x dimension. Scale bars indicate 10 pum.

3.2. VSD-based super-resolution imaging of standard optical target

First of all, we used standard optical target (USAF 1951 1X, Edmond) to verify
the VSD-based super-resolution imaging. Fig. 3A was the image acquired by
conventional SLM. The period of the smallest grating (white and blue rectangles in Fig.
3A) of this test target is 4.4 um. The theoretical resolution of conventional SLM, which
employed a 5X objective with 0.1 NA, was 5 um. Therefore, conventional SLM was not
able to resolve the smallest gratings, as shown both in the white and blue rectangles in
Fig. 3A. In contrast, the smallest bars could be differentiated in both x (green rectangle in
Fig. 3B) and y (red rectangle in Fig. 3B) directions. The reflectance profiles in Fig. 3C
further confirmed the resolution enhancement of the VSD-based super-resolution
imaging in x direction. Likewise, Fig. 3D confirmed the resolution enhancement in y

direction.
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Fig. 3. Implementation of the VSD-based super-resolution imaging on the resolution test
target. (A) Image of the test target acquired by conventional SLM. (B) Super-resolution
image by VSD reconstruction. (C) Normalized intensity curves along x axis. The white
curve was normalized intensity along x direction of the area specified by white rectangle
in (A). The green curve was normalized intensity along x direction of the area specified
by green rectangle in (B). (D) Normalized intensity curves along x axis. The blue curve
was normalized intensity along y direction of the area specified by blue rectangle in (A).
The red curve was normalized intensity along y direction of the area specified by red

rectangle in (B).

3.3. VSD-based super-resolution imaging of isolated retina

The second step of this study was to verify the feasibility of the VSD-based super-
resolution imaging of photoreceptors in intact retina. We used the freshly isolated frog
retina for this technical validation. The diameter of frog rods is ~5-8 um, and cones ~1-3
um [26, 27]. Therefore, conventional SLM which has lateral resolution 5 um could only

resolve partial amount of photoreceptors in Fig. 4A. In contrast, the VSD-based super-
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resolution microscopy, which has lateral resolution 2.5 um, was able to detect more
photoreceptors in Fig. 4B. For example, the region specified by the white ellipse in Fig.
4A appeared to be a single blur structure, while in the same area in Fig. 4B seven
individual photoreceptors could be resolved. The resolution enhancement of the VSD-
based super-resolution imaging could be also exemplified by comparing intensity profiles
along lines drawn in Fig. 4A and Fig. 4B. Three clear bumps (arrowheads in Fig. 4C)
corresponding to three photoreceptors (green arrowheads in Fig. 4B) became much more

prominent in the red curve compared to the white curve in Fig. 4C.

Fig. 4. VSD-based super-resolution imaging of freshly isolated frog retina. (A) Image of
the retina acquired by conventional SLM. (B) Super-resolution image of the retina by
VSD reconstruction. (C) Reflectance profiles of the white and red line areas in A and B.
The white curve and the red curve were normalized intensity profiles along the white line

in (A) and the red line in (B), respectively.

4. Discussion
In summary, the VSD-based super-resolution imaging has been experimentally
validated to break the diffraction limit. The theoretical simulation result indicated that the

VSD-based super-resolution method was capable of enhancing the lateral resolution by a
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factor of two (Fig. 2). Experimental imaging of optical target (Fig. 3) and isolated retina
(Fig. 4) verified that the VSD-based super-resolution imaging revealed detailed structures
that were not detectable in conventional SLM. Although the VSD-based method can be
implemented in an imaging system with a high magnification objective, we selected a
relatively low magnification objective (5X) in this study for technical validation of super-
resolution imaging of retinal photoreceptors.

The VSD-based super-resolution imaging has two technical merits over
conventional SIM. First, the VSD-based super-resolution imaging is modulation artifact
free. In conventional SIM systems, dynamic phase (e.g., 0°, 120° and 240°) modulation of
structured illumination (e.g., sinusoidal gratings) is necessary for super-resolution
reconstruction. Therefore, precise phase manipulation of illumination patterns is
necessary, which makes conventional SIM vulnerable to modulation artifacts [30, 31]. In
contrast, the VVSD-based super-resolution imaging applies virtual modulation digitally,
and thus it is modulation artifact free. Second, the VSD-based super-resolution imaging
provides improved sectioning ability. In conventional wide-field SIM, only modulation
with positive magnitude on the illumination is allowed [12]. Therefore, there is a DC
component in Eq. (8):

m(x,y) =1+cos| 27 f, (xcosd+ ysind) + « | (17)

Eq. (15) consequently becomes:

)5(f, - focoso, f, — f,sing)e™
+0.5h, (f,, f,)8(f, + f,cos0, f, + fysing)e ™ (18)
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The first item in Eq. (18) contains the zero spatial frequency that does not attenuate with
defocus in a wide-field illumination system [32]. Although the structured illumination
can theoretically remove the first item in Eqg. (18), the first item may become dominant
and overwhelm the second and third items that contain super-resolution information in a
complex structure, especially in thick tissues. Thus, it has been challenging to conduct
wide-field SIM in deep (> 100 um) tissues. In contrast, a confocal configuration, such as
the VSD-based super-resolution imaging, can provide improved sectioning capability,
due to attenuated zero spatial frequency signals correlated with out-of-focus volumes [33].
In order to further improve the sectioning ability, we are currently pursuing a VSD-based
super-resolution optical coherence tomography (OCT). We anticipate the OCT technique
can provide improved penetration capability and enhanced imaging resolution in deep
tissues. Moreover, we anticipate that VSD can have extended application in super-
resolution assessment of retinal structures in vivo. High resolution is important for
advanced retinal study and diagnosis. Adaptive optics (AO) [34] has been used to
compensate for optical aberration of ocular optics to achieve diffraction limited
resolution [35, 36]. Further integration of VSD into SLO promises a possible strategy to

break the diffraction limit in in vivo imaging of the retina.

5. Conclusion
The VSD-based super-resolution imaging has been demonstrated as a new
strategy to break the diffraction limit. The VSD method is modulation artifact free, with
improved sectioning ability, compared to wide-field SIM. In addition to confocal SLM

demonstrated in this paper, the VSD method can be integrated into other imaging
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modalities, such as line-scan confocal imager [37, 38], multifocal scanning system [39],

OCT, SLO, etc..
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Abstract

Virtually structured detection (VSD) has been demonstrated to achieve resolution-
doubling in scanning laser microscopy (SLM) and optical coherence tomography (OCT).
The VSD provides an easy, low-cost and phase-artifact free strategy to achieve super-
resolution imaging. However, deployable application of the method is challenged by
limited frame speed. We report here to combine the VVSD to line scanning microscopy
(LSM) to improve imaging speed. A motorized dove prism is employed to achieve
automatic control of four-angle (0° 45° 90° and 135° scanning, and thus to ensure
isotropic resolution improvement. Optical resolution target and living retinal tissue are

used to verify the resolution-doubling.
OCIS codes: (100.6640) Superresolution; (170.3880) Medical and biological imaging;

(180.5810) Scanning Microscopy.

Body of Paper

Advanced light microscopy possesses important role in laboratory research and
clinical diagnosis due to its excellent ability to identify fine structures invisible to naked
eyes. Multiple imaging modalities such as phase contrast microscopy, differential
interference contrast (DIC), confocal scanning laser microscopy (SLM), and fluorescence
microscopy have been developed to extend the capabilities of light microscopy. However,
spatial resolution of conventional microscopy is fundamentally limited by light
diffraction. For fluorescence imaging, multiple strategies have been developed to break
the diffraction limit, such as stimulated emission depletion (STED) microscopy,

stochastic optical reconstruction microscopy (STORM) [1], photoactivated localization
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microscopy (PALM) [2], fluorescence PALM (FPALM) [3] and structured illumination
microscopy (SIM) [4-6]. For the STED imaging, the shape of effective illumination point
spread function (PSF) of the excitation light is sharpened by doughnut-shape depletion
light which deactivates peripheral regions of the center focal spot while leaving the
fluorophores at the desired center to emit fluorescence. Single-molecule imaging, i.e.,
STORM, PALM, and FPALM, alternatively can achieve super-resolution resolution by
localizing centroids of individual single molecules with photo-switchable fluorescence
probes. Both STED and single-molecular imaging modalities requires specific dyes or
fluorescent proteins, and are not suitable for autofluorescence imaging or intrinsic signal
(i.e., reflection or transmission) imaging.

The SIM is applicable to both fluorescence [4-6] and intrinsic signal imaging [7,
8]. The SIM requires a sinusoidal patterned illumination to shift some high frequency
information beyond the diffraction limit to the lower frequency, and thus the passing
band of one optical system can be effectively expanded. However, for the purpose of the
reconstruction, the SIM requires complicated mechanical manipulation of grating [4-6] or
grid [9, 10] to generate structured illumination patterns with specific phases, which is
particularly challenging for the moving sample. In addition, the SIM (i.e., epi-
illumination SIM) employs wide field illumination which is difficult to penetrate through
thick (i.e. > 100 um) tissues. There are currently two strategies to modify the epi-
illumination SIM for applications in thick tissues. First, the wide field illumination is
condensed to a single line illumination which consists of two superimposed lines of
illumination [11, 12]. Along the longitudinal direction the intensity is modulated with

sinusoidal function because of interference of two illumination lines. Therefore, there
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will be resolution enhancement along this direction, just as epi-illumination SIM, while at
the same time the condensed illumination allows optical sectioning by reducing the out-
of-focus light. However, in this scheme, the axial resolution is compromised by the
reduced effective numerical aperture of the objective [11]. The other strategy is to
combine the structured illumination with light sheet illumination [13, 14]. Perpendicular
to the direction of observation, a sheet of structured light pattern is sent to the sample.
Because only the volume close to the focal plane of the detection objective is illuminated,
the structured light sheet microscopy could provide unparalleled optical sectioning ability.
However, it is not practical to employ the light sheet approach for in vivo applications
such as cortex or retinal imaging.

In theory, SIM can also be realized in a point scanning system through
spatiotemporal modulation, either by modulating light source intensity in illumination
light path or by moving a physical mask in detection light path [15]. However, the
spatiotemporal modulation of the illumination/detection light is technically difficult. So
far, experimental validation of the proposed spatiotemporal modulation is not yet
demonstrated. We recently demonstrated the VSD-based super-resolution SLM [16] and
OCT [17], which requires neither dynamic modulation of the light source intensity in
illumination arm nor the physical mask in light detection arm [15]. However, the imaging
speed of our prototype SLM was limited. Instead of using a high speed photo detector in
conventional confocal microscope, a digital camera was required for capturing light
profile of individual sampling points in the VSD-based SLM. Typically, it took ~40 s
(100 x 100 um) to collect data necessary for one super-resolution image. In this paper,

we report a system to combine VSD to line scanning microscopy (LSM) to enhance the
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image acquisition speed.
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Fig.1. Schematic diagram of experimental setup. OB: objective; CO: collimator; L1-L8:
lens; and BS: beam splitter. Focal lengths of lenses L1-L8 are 100 mm, 150 mm, 40 mm,
80 mm, 100 mm, 100 mm, 75 mm, and 100 mm, respectively. The NA of 5 X objective is
0.1. SLD is the light source (center wavelength A=830 nm and bandwidth AA=60 nm).
The theoretical resolution of this system is 0.61A/NA=5 um. The inset (B) is the side
view of the illumination beam. The inset (C1) is the simulated image acquired by the
camera. The height of the image (along y axis) is 20 um which is twice the diameter of
the Airy disc. Along y axis the intensity profile is the convolution between one
dimensional illumination PSF and detection PSF, while it is constant along x axis. (C2)
Superimposed image between (C1) and the modulation function.

Figure 1 illustrates a schematic diagram of the VSD-based super-resolution LSM.
A low coherence near infrared light (NIR) source (SLD-35-HP, SUPERLUM), with
center wavelength A=830 nm and bandwidth AA=60 nm, is employed to illuminate the

specimen. A cylindrical lens CL is used to condense the light into a focused line, which is
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imaged to the sample. The focused line is swept across the specimen by a scanning mirror
(GVS001, THORLABS). The pivot point of the scanner is conjugate to the pupil plane of
the objective to minimize the vignetting effect. The reflected light from the sample is
descanned by the scanner, and is relayed to the image plane. In conventional line
scanning microscopy system, a linear camera is used [18]. Here, a camera of two-
dimensional CCD array (AVT Pike F-032B) is used to record light profile of individual
sampling lines, as shown in Fig. 1C1. The theoretical lateral resolution of the
conventional SLM is 5 um for 0.1 numerical aperture (NA) 5X objective. After VSD
reconstruction, the theoretical resolution can be enhanced by a factor of two. To achieve
the isotropic resolution improvement, a custom-designed dove prism DP is mounted to a
motorized rotation stage to rotate the image field. Given the fact that rotation of the prism
with respect to the longitudinal axis rotates the image field at twice the rate of the prism's
rotation, (0° 22.5° 45° and 67.5°) dove prism rotation is required to produce the four-
angle (0°, 45° 90° and 135°) scanning pattern.

The detail principle of VSD has been described in our recent publication [16]. In
conventional SIM, the acquired wide-field image can be presented as:

p(x, y) ={Im(x, y) ®h, (x, )Is(x, y)} ® hy,(, ¥) 1)

where m is the modulation function, s is reflectance ratio,

and h,, and hy, are PSFs of illumination path and detection path, respectively. ®

denotes convolution. In the VSD-based SLM, Two dimensional light profiles of
individual scanning points are collected (Fig. 1C1), modulated (Fig. 1C2) and then

integrated, generating an image:
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p(xy)
= [J Ty =x,v = y)s(u, V)] ® hy,(u,v)m(u, v)dudv
=hy (%, Y) ®{s(x, Y)[hs.(x, y) @ m(x, y)]}
={[m(x, y) ® h.(x, y)Is(x, y)}®h; (x, y) )
where the fact that h, and hyare even functions is applied. If we assume h, and h are

identical, then Eq. (1) is exactly equivalent to Eq. (2). In other word, modulations in the
illumination arm and in the detection arm are equivalent to each other in theory. If we
only consider one dimension (i.e., along y axis) as for the VSD-based LSM, Eq. (2) can

be rewritten:

p(y) ={[m(y) ®hy.(y)Is(Y)3®h (y) 3)

Along y axis, the resolution can be doubled, while along x axis, the resolution keeps the
same as the wide field microscopy. Therefore, the image field needs to be rotated to
achieve isotropic resolution doubling.

We select a region of interest (ROI) of the camera using a virtual slit of 2X Airy
disc diameters for VSD reconstruction. Considering the pixel size of the camera is 7.4 x
7.4 um and the magnification of the system is 11.11, 2X Airy disc diameters is
corresponding to ~31 pixels at the image plane. At the x direction, although we could set
the maximum length of 640 pixels, we choose 150 pixels so that the field of view is
identical to our early works for quantitative comparison. Therefore, the ROI of the
camera area is 31 x 150 pixels. Along y axis, we sample 150 lines. Thus the final
reconstructed super-resolution image size is 150 x 150 pixels. Each raw CCD frame takes
1 ms. To cover the same field of view (150 x 150 pixels), the single point VSD scheme in

our prototype instrument requires ~40 s. In contrast, the line scanning scheme only
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requires ~0.15 s to finish one dimensional scanning, and thus possible in-frame blur due
to sample movement can be suppressed. For isotropic resolution enhancement, four-angle
(0° 45°, 90° and 135°) scanning pattern is used. It is worth noting that at 45° and 135° the
ROI of camera should be set longer to 31 x 213 pixels to cover the field of view at 45°
and 135°. However, the line readout rate of the camera is the same if the height of the
ROI keeps the same (31 lines) even though each line is longer. It takes ~ 0.6 s (0.15 s x 4)
for the camera to acquire images at four scanning angles and ~ 1.4s (0.47 s x 3) for the
rotation motor (NR360S, THROLABS) to control the dove prism at the desired angles in
sequence (0°, 22.5°, 45° and 67.5°). Therefore, it takes in total ~2 s (0.6 s + 1.4 s) to scan
four angles for reconstructing a final isotropic super-resolution image of the VSD-based
LSM. Compared to our previous prototype SLM with single point scanning scheme
which required ~40 s to cover the same field of view, the speed is increased by a factor of

~20.

LsM Normalized Intensity
E‘l'o VSD o 00 02 04 06 08 10

— LSM

0 5 10 15 20 2 ven

Fig. 2. VSD-based super-resolution LSM on the resolution test target. (A) Image of the
test target acquired by conventional LSM. (B) Super-resolution image by VSD

reconstruction. The field of the view of both (A) and (B) is 100 x 100 um. (C)
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Normalized intensity profiles along x axis. The white curve was normalized intensity
profile along the white line in (A). The green curve was normalized intensity profile
along the green line in (B). (D) Normalized intensity profiles along y axis. The blue
curve was normalized intensity profile along the blue line in (A). The red curve was
normalized intensity profile along the red line in (B).

A standard resolution target (USAF 1951 1X, EDMOND) was employed to verify
the resolution enhancement of the VVSD-based super-resolution LSM. Fig.2 shows the
comparison between conventional LSM (Fig. 2A) and VSD-based super-resolution LSM
(Fig. 2B) images. The smallest grating has a period of 4.4 pm. Therefore, the
conventional LSM which has a theoretical resolution of 5 um could not differentiate them,
as shown in Fig. 2A. In contrast, after VSD reconstruction, the smallest grating could be
resolved, in both horizontal direction (specified by green line in Fig. 2B) and the vertical
direction (specified by red line in Fig. 2B). The resolution enhancement could be
confirmed in Figs. 2C and 2D. In Fig. 2C, three bumps could be observed in the green
curve which is the intensity profile along the horizontal green line in Fig. 2B, while it is
difficult to differentiate them at the white curve which is the intensity profile along the
horizontal white line in Fig. 2A. Likewise, in Fig. 2D three bumps along y axis could be
resolved (red curve in Fig. 2D) after VSD reconstruction, while they are hidden in the
blue curve in Fig. 2D before VSD reconstruction.

Freshly isolated frog (Rana Pipiens) retina was also used for functional validation
of the VSD-based super-resolution LSM system. It is established that the frog retina
consists of photoreceptors with variable diameters (rods: ~5-8 um; cones: ~1-3 um) [19,

20]. Therefore, the frog retina provides a simple preparation to evaluate the LSM
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resolution before (5 um) and after (2.5 um) VSD data processing. Animal handling was
approved by the Institutional Animal Care and Use Committee of the University of
Alabama at Birmingham. Preparation procedures of freshly isolated retinas have been
documented in previous publications [21, 22]. Briefly, the frog was euthanized by rapid
decapitation and double pithing. After enucleating frog eyes, we hemisected the globe
below the equator with fine scissors. The lens and anterior structures were removed
before the retina was separated from the retinal pigment epithelium. Then the retina was
moved into the chamber with Ringer solution for imaging. Fig. 3A shows one image
acquired by the conventional LSM, while Fig. 3B illustrates super-resolution image
through VSD reconstruction. At the area marked by the white circle in Fig. 3B, seven
photoreceptors could be clearly identified after VSD reconstruction. The red curve (Fig.
3C) of the intensity profile along the red line in Fig. 3B shows two clear bumps, while the
white curve of the intensity profile along the white line in Fig. 3A only shows one wider

blunt bump, which confirms the resolution enhancement in the thick tissue.

LsM
—— VSD

15

5 10
Distance (um)

Fig. 3. VSD-based super-resolution LSM imaging of freshly isolated frog retina. The frog
was placed with the photoreceptor layer downward and the illumination light entered the
retina from the natural direction, i.e., from the nerve fiber layer. (A) Image of the retina
acquired by conventional LSM. (B) Super-resolution image of the retina by VSD

reconstruction. The field of the view of both (A) and (B) is 100 x 100 um. (C)
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Reflectance profiles of the white and red lines in A and B. The white curve and the red
curve were normalized intensity profiles along the white line in (A) and the red line in
(B), respectively.

In summary, a line scanning strategy is combined with VSD to achieve rapid
super-resolution imaging. A motorized dove prism is employed to achieve rapid change
of four-angle (0° 45° 90° and 135°) scanning, and thus to ensure isotropic resolution
improvement. Both standard resolution target and living retinal tissue are used to verify
the resolution-doubling. Further combination of the VSD to line-scan OCT to improve
the axial resolution is also possible [17].

High imaging speed is important for practical application of the super-resolution
LSM for imaging biological dynamics and moving samples. Currently, it takes ~0.15 s
for one-angle scan and ~2 s in total for four-angle recordings required for one super-
resolution image. It is significantly improved compared to our prototype VSD SLM with
single point scanning scheme which required ~40 s to cover the same field of view (100 x
100 um) [16, 17]. Within one-angle scan, the imaging speed is limited by the line readout
rate. If a faster camera is used (i.e., pco.dimax S, PCO-TECH), it is possible to reduce the
time to 5 ms to finish one-angle scan while maintaining the field of view. Thus, in-frame
movements (i.e., movements during one-angle scan) could be minimized for in vivo
applications, i.e., cortex or retinal imaging. The imaging speed for the four-angle scan
which is to ensure isotropic resolution improvement is not only determined by the camera
but also the rotation motor of dove prism. If a faster motorized rotation stage (i.e.,
RGV160BL, NEWPORT) is used, the time required to rotate the dove prism to specific

angles in sequence (0° 22.5° 45° and 67.5° could be reduced to 70 ms (23 ms x 3).
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Although the time for rotating the dove prism is relatively longer than the imaging time
for the one-angle scan (e.g., 5 ms), the displacement of the sample among different
scanning angles could be corrected by the tracking system or the global registration
method. In principle, future integration of acousto-optic dove prism can provide fast
angle rotation at microsecond speed [23]. We anticipate further development of the VSD-
based LSM could achieve super-resolution imaging in in vivo cortex imaging or retinal

imaging.

This research is supported in part by NIH RO1 EY023522, NIH RO1 EY024628,
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SUMMARY

The objective of this dissertation is to explore intrinsic structural and functional
biomarkers for assessments of morphological structures and physiological conditions of
the outer retina. This dissertation research is twofold: (1) to investigate two structural
biomarkers (FAF and OCT) and one functional biomarker (transient rod phototropic
adaptation); (2) to develop a super-resolution method, VSD, for confocal scanning
imaging systems to break the diffraction limit on transverse direction, which allows
reliable evaluation of structural and functional biomarkers.

Explorations in FAF imaging using two-photon excitation revealed origins of
FAF throughout retinal depth. Autofluorescence signals could be observed from all
retinal layers. At the PIO, ONL, INL, and GCL, cellular structures could be observed. At
the PIO, autofluorescence signals were dominant in the intracellular compartment of the
photoreceptors. Homogeneous autofluorescence could be observed in the rod outer
segment, while sub-cellular bright spots well above the surrounding area were identified
close to the edge of cone outer segment. These bright spots coincided with the position of
the connecting cilium. They may imply different fluorophores or alternatively a different
optical structure in cones. Mixed intracellular and extracellular autofluorescence signals
were observed at the ONL, INL, and GCL. Autofluorescence signals could be also
observed from the OPL and IPL. Previous studies showed that NAD(P)H and oxidized
flavoproteins in mitochondria could contribute FAF signals [60]. Therefore, they might

be also helpful for functional evaluation of metabolic activates. Further research might
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reveal discrete features of cones and rods, respectively.

Investigation on OCT biomarkers was to identify anatomic origins of the
presumed ‘IS/OS’ OCT band by comparing OCT images with histological images
quantitatively. LS-OCT was developed to achieve sub-cellular resolution in both lateral
and axial directions to obtain high-quality OCT images to facilitate comparison. The
OCT distance ratio (OCTs/0s-OCToLm)/(OCToLm-OCTop) Was significantly smaller
than the histological distance ratio (Hisios-Howm)/(HoLm-HorL). The significant difference
suggests that dominant source of the signal reported as the ‘IS/OS’ OCT band actually
originates from the IS.

Examinations on the transient phototropism show that rod photoreceptors in frog
and mouse retinas rapidly shifted toward the incident direction of oblique stimuli on
transverse direction. In contrast, movements of cones were negligible. Such transient
phototropism is one mechanism of observed I0S biomarker. In addition, such rod-
dominant transient phototropic response could compensate for the loss of illumination
efficiency under oblique stimulation in the rod system which may explain for Stiles-
Crawford effect (SCE) is exclusively observed in cone photoreceptors and is absent in
rod photoreceptors. In other words, rapid (onset: ~10 ms for frog and ~ 5 ms for mouse;
time-to-peak: ~200 ms for frog and ~20 ms for mouse) phototropic adaptation in retinal
rods is too quick for the SCE to be detected by conventional psychophysical methods
with the advanced involvement of brain perception. OCT imaging could further
characterize the transient phototropism along the axial direction.

High resolution imaging is important for reliable interpretations of structural and

functional biomarkers. VSD was developed for confocal scanning system to break the
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diffraction limit on transverse direction. VSD was first integrated to confocal SLM with
single point raster scanning pattern. The theoretical simulation result indicated that the
VSD-based super-resolution method was capable of enhancing the lateral resolution by a
factor of two. Experimental imaging of optical target and isolated retina verified that the
VSD-based super-resolution imaging revealed detailed structures that were not detectable
in conventional SLM. VVSD was also applicable for time-domain OCT [19], although the
corresponding published paper was not presented in this dissertation. Because the raster
scanning pattern is time consuming, we integrated VSD to LSM with line scanning
pattern for high speed super-resolution imaging. A motorized dove prism is employed
to achieve rapid change of four-angle (0°, 450, 90° and 135°¢) scanning, and thus to
ensure isotropic resolution improvement. Both standard resolution target and
living retinal tissue are used to verify the resolution-doubling. Further combination
of the VSD to line-scan OCT to improve the axial resolution is also possible. High
imaging speed is important for practical application of the super-resolution LSM for
imaging biological dynamics and moving samples. Currently, it takes ~0.15 s for one-
angle scan and ~2 s in total for four-angle recordings required for one super-resolution
image. It is significantly improved compared to the prototype VSD SLM with single
point scanning scheme which required ~40 s to cover the same field of view (100 x 100
um). The imaging speed could be further improved by using a faster camera and a faster
rotation motor. Within one-angle scan, the imaging time could be reduced to 5 ms.
Therefore, within-frame movements could be minimized for retinal imaging. To finish
four-angle scans, the bottleneck of the imaging speed is limited by the mechanical

movement of the rotation motor. However, if within-frame blurring is minimized, the
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displacement of the sample among different scanning angles could be corrected by the
tracking system or the global registration method. Therefore, VSD-based LSM with line
scanning pattern promises a practical super-resolution approach for sub-diffraction-
limited in vivo retinal imaging.

In summary, this dissertation research characterized FAF cross all retinal layers,
investigated the origin of the presumed ‘IS/OS’ OCT band, explored the transient
phototropic responses of rod photoreceptors and developed a super-resolution imaging
method for confocal scanning systems. This dissertation could not only contribute to a
better understanding of the existing clinical FAF and OCT biomarkers for eye disease
diagnosis, but also discovered and explored a new functional biomarker, transient
phototropism, which may promise an alternative methodology for early diagnosis of eye
diseases. Moreover, VSD, a super-resolution method developed in this dissertation
research, allows imaging of subtle structural and functional biomarkers for more reliable

assessments of the retina.
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Program Director. For research approval forms, contact the Institutional Review Board (TRB) (hitpo//www.uab edu'ith or 934-
3789), or the Institutional Animal Care and Use Committee ({IACUC) (hitp:/fwww. uab.edw/iacuc or 334-7692).

Human Subjects
The University of Alabama at Birmingham defines a human subject as not only a living human being, but also human tissue,

blood samples, pathalogy or diagnostic specimens, study of medical records, observation of public behavior, and all
questionnaires or surveys.

[Does the research proposed by the student involve human subjects? Dves (continue below) Bne
This research is:
Approved Diate

IRB Frotocol No.

Attach a copy of your IRB approval. ¥our own name must appear on the original approval or on an attached amendment.

Animal Subjects

The University of Alabama al Birmingham defines a laboratory animal as any veriebrate animal (e.g., traditional taboratory
animals, farm animals, wildlife, and aguatic snimals) and certain higher invertebrate animals used in research, teaching, or
testing at VAR or sponsored through UAB but conducted off-site {i.e., field research or at eollaborating institutions, etc.).

Duoes the research proposed by the student involve animal subjects?  [ElYes (continue below) _ OnNo

This research is:
Approved X Date ﬂ}gi\.t_{ Iﬁuﬂ
JACUC Protocol No. { 5 Q ifz? ié 2

Attach a copy of your IACUC Notice of Approval, showing your research subject and the animal project number. If your
own name does not appear on the Notice of Approval, take this form to the TACUC office for verification of approval.

The 1ACUC office verifies that ig ll:] L},F 4]
LTy
e M"‘—-—' ~ Date: ?‘-9_9__?'3
i

(l_ U is covered under the attached approval,

Signature of IACUC represeniative
il

NOTE: The student’s advisor, the student, and the Graduate Program Director agree that no research will be initiated
until an application is submitted for review and approved by the appropriate review boards (IRB and/or TACUC) if the
proposed thesis or dissertation project requires approval. 1f approval already existy, this student’s uame must be added
o the existing protocol before eandidacy will be approved by the Graduate School, 1t is the responsibility of the
student’s advisor and the student to comply with federal and UAB regulations associated with this research.
Documentation of continuous, appropriate approval will be required hefore degree conferral; all required IRB and/or
1ACUC approvals must be current at the time final versions of theses or dissertations are submitted to the Graduate
School.
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m THE UNIVERSITY OF ALABAMA AT BIRMINGHAM

Institutional Animal Care and Use Committee (IACUC)

NOTICE OF RENEWAL

DATE: February 15, 2013
TO: XINCHENG YAO, Ph.D.
WH -300B 0019

FAX: (205) 9754919

o
FROM: & /t”aga
Judith A Kapp, Ph.D., Chair

Institutional Animal Care and Use Committee (IACUC)

SUBJECT: Title: Angle-Resolved Polanzation Signal Imaging of Early Receptor Potential
Sponsor. NIH
Amimal Project Mumber: 130308367

As of March 31, 2013, the animal use proposed in the above referenced application is renewed.
The University of Alabama at Birmingham Institufional Amimal Care and Use Committee (IACUC)
approves the use of the following species and numbers of animals:

Species Use Category Number in Category
Frogs A 100
Invertebrates A 40

Animal use must be renewed by March 30, 2014, Approval from the IACUC must be obtained
before implementing any changes or modifications in the approved amnimal use

Flease keep this record for your files, and forward the attached |etter to the appropriate
granting agency.

Refer to Animal Protocol Mumber (APN) 130309367 when ordering animals or in any
cormespondence with the IACUC or Amimal Resources Program (ARP) offices regarding this
study. If you have concems or questions regarding this nodce, please call the IACUIC office at
(205) 934-7692

Institutional Animal Care and Use Committes Mailing Address:
CH18 Suite 403 CH18 Suite 403
032 10 Street South 1530 3RD AVE S

205.834 7662 BIRMINGHAM AL 25204-0018
FAX 205.034.1188
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THE UNIVERSITY OF ALABAMA AT BIRMINGHAM

institutional Animal Care and Use Commities (IACUC)

NOTICE OF APPROVAL
DATE: February 12, 2014
TO: RINCHENG YAQ, Ph.D.
WH -3908

(205) 996-T455

FROM: ,ﬁ/'f:/:é:;_

Robert A Kesterson, Ph.D., Chair
Institutional Animal Care and Use Committee (IACUC)

SUBJECT: Title: Functional Imaging of Retinal Photoreceptors
Sponsor: NIH
Animal Project_Number: 140210050

As of February 12, 2014 the animal use proposed in the above refarenced application is approved. The
Uriversity of Alabama at Birmingham Institutional Animal Care and Use Commities (IACUC) approves
the use of the following species and number of animals:

Specles Use Category Number In Category
Mice A 96
Frogs A 100

Animal use must be renewed by February 11, 2015. Appraval from the IACUC must be obtained before
implamenting any changes or madifications in the approved animal use.

Please keep this record for your files, and forward the attached letter to the appropriate granting
agency.

Refer 10 Animal Protocol Number (APN) 140210050 when ordering animals or in any correspondense
with the IACUC or Animal Resources Program {ARP) offices regarding this study. If you have concems
ar questions regarding this notice, please call the IACUC office at (205) 934-7692.

Institutional Animal Care and Use Commiltee (IACUC) Mailing Address:
CH1% Suite 403 | CH19 Suite 403
933 19th Street South | 1530 3rd Ave S
1205) 9347652 | girmingham, AL 35204-0019
FAX (205) 934-1188 |
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“ THE UNIVERSITY OF ALABAMA AT BIRMINGHAM

Institutional Animal Care and Use Committee (IACUC)

Notice of Approval for Protocol Modification

DATE: June 21, 2011
TO: STEVEN J PITTLER, PhD.
VH -3758 0019

FAX: (205) 934.5725
FROM: %Mﬂfapﬂ

Judith A. Kapp, Ph D., Chair

Institutional Animal Care and Use Committee (IACUC)

SUBJECT: Title: Analysis of Retina Rod Photoreceptor GARP and cGMP-Gated Cation
Channel

Sponsor. NIH
Animal Project Number: 110208381

On June 21, 2011, the University of Alabama at Birmingham Institutional Animal Care and Use
Cmnmn(mcm)mmmemnumuomsdnmmmmm It
the modification as described. Additonal Personnel 1o protocol: Rongwen Lu, Qiuxiang
Zhang, Location: VH - 340 342,344 Thospomorlothsprqodmaquﬁommd
nmwxs)wwmmcucmmmnmm

proposal/experimental pian; please inform the sponsor if necessary. The following species and
numbers of animais reflect this modification
Species Use Category Number in Category
Mice B Zero - Procedural
modification only

The IACUC is required to conduct continuing review of approved studses. This study is scheduled
for annual review on or before February 24, 2012 Approval from the IACUC must be oblained
before implementing any changes or moddfications in the approved animal use

Please keep this record for your files.

mwmmmwmm) 110208381 when ordering ammals of in any

correspondence with the IACUC or Animal Resousces Program (ARP) offices regarding this
mogdy%gh;wmummomm please call the IACUC office at

Institutional Animal Care and Use Committee | Mailing Address:
403 Community Healm 403 CH19
93319 StS | 1530 3RD AVE S
205.934.7692 BIRMINGHAM AL 35294-2041
FAX 205.934.1188
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