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Abstract

Fundus autofluorescence (FAF) imaging is commonly used in ophthalmic clinics for diag-
nosis and monitoring of retinal diseases. Lipofuscin in the retinal pigment epithelium (RPE),
with A2E as its most abundant component and a visual cycle by-product, is the major
fluorophore of FAF. Lipofuscin accumulates with age and is implicated in degenerative
retinal diseases. The amount of lipofuscin in RPE can be assessed by quantitative mea-
surement of FAF. However, the currently available FAF imaging technologies are not capable of quantifying the absolute intensity
of FAF, which is essential for comparing images from different individuals, and from the same individual over time. One major
technical difficulty is to compensate the signal attenuation by ocular media anterior to the RPE (pre-RPE media). FAF intensity is
also influenced by fluctuations in imaging conditions such as illumination power and detector sensitivity, all of which need to be
compensated. In this review, we present the concept and research progress of using visible-light optical coherence tomography-
based simultaneous multimodal retinal imaging to compensate signal attenuation by pre-RPE media and the influence of param-
eters of the acquisition system for accurate measurement of FAF intensities.

Impact statement

Quantitative fundus autofluorescence
imaging with simultaneous visible-light
optical coherence tomography-based
multimodal technology has potential sig-
nificant impact on the diagnosis and mon-
itoring the progression of retinal diseases.
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Introduction

The retinal pigment epithelium (RPE) is a monolayer of
pigmented cells located between photoreceptors and the
choroid.!® It maintains the normal function of photorecep-
tors, including regenerating 11-cis retinal in the visual
cycle* and phagocytosis of the shed photoreceptor outer
segment tips.” The RPE also helps to enhance vision by
absorbing scattered light with melanin. As part of the
blood-retina barrier, the RPE selectively facilitates material
exchange between the retina and the bloodstream in the
choroid.®” Furthermore, RPE cells secrete a variety of
growth factors to maintain the integrity of the underlying
choroid and overlying photoreceptors.® Given the function-
al importance of the RPE to photoreceptors and the retina,
dysfunction of the RPE would inevitably affect the retina,
the photoreceptors, and the vision.

Lipofuscin is a complex lipid/ protein aggregate of non-
degradable end products from phagocytosis of shed
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photoreceptor outer segments in the RPE.? It is the major
source of fundus autofluorescence (FAF) and accumulates
with age,'!" thus it can serve as a biomarker of RPE aging.
Lipofuscin affects RPE cells in many ways, including gen-
eration of oxidants and free radicals leading to oxidative
damage,'*® lysis of cell membrane,'”*® light-induced apo-
ptosis,’”?*® and photo-oxidation-associated complement
activation.”»** These effects are believed to contribute to
the pathogenesis of age-related macular degeneration
(AMD), as well as other retinal dystrophies.'*>**

FAF was first detected in a vitreous fluorophotometry
study. It is a measure of fluorophores mainly contained
in the lipofuscin granules in the RPE.*** Evidence has
shown that A2E, a by-product of the photoreceptor visual
cycle,®®" is the major fluorophore in lipofuscin granules
and the major fluorophore of FAE."! FAF imaging has been
used for the diagnosis and monitoring the progression of
AMD, Stargardt disease, RPE tear, choroideremia, and

Experimental Biology and Medicine 2018; 243: 1263-1272


http://orcid.org/0000-0002-6680-4234
mailto:shjiao@fiu.edu

1266 Experimental Biology and Medicine Volume 243 December 2018

retinal drug toxicity,>"** while the major focus of FAF clin-

ical studies is on non-neovascular AMD.>*?* AMD is a
major cause of irreversible blindness in the elderly popula-
tion. Globally, the projected number of AMD patients is 196
million in 2020 and 288 million in 2040.%° In the US, the
number of AMD patients is projected to increase from
2.1 million in 2010 to 3.7 million in 2030.°

The currently available FAF imaging techniques, which
are based on confocal scanning laser ophthalmoscopy®**”~
* and fundus photography,*®*' are not capable of
quantifying the absolute FAF intensities” although differ-
ent imaging techniques have their corresponding advan-
tages and disadvantages. Without knowing the absolute
intensities of a FAF image, it is difficult to compare FAF
images from different individuals, and even images from
the same individual taken over time. Delori ef al.** devel-
oped an innovative method by using a fluorescence refer-
ence to calculate the intensity of measured FAF. A
fluorescence reference target of known fluorescence effi-
ciency was placed in the intermediate retinal imaging
plane covering a small portion of the field of view (FOV)
and was imaged whenever a FAF image is taken. However,
this method can quantify measured FAF intensities, but not
the true quantities. The excitation and emitted fluorescence
light are attenuated when it travels through the pre-RPE
media, including the cornea, the aqueous humor, the lens,
and the vitreous. The attenuation coefficient differs among
different individuals. The pre-RPE medjia also changes over
time in an individual, especially the lens.*?

The multimodal visible-light optical coherence tomogra-
phy (VIS-OCT) and FAF (VIS-OCT-FAF) imaging technol-
ogy, which simultaneously acquires OCT and FAF images
with a single broadband light source, offers a unique
opportunity to achieve true quantification of absolute FAF
intensities. The simultaneously acquired VIS-OCT image of
the RPE carries the same attenuation information as that
incurred to the FAF image. The depth-resolving capability
of OCT allows segmentation of signals from the RPE, which
can be used as an internal reference so that the attenuation
effect of tissues anterior to the RPE can be removed and
true intensities of FAF can be quantified using a reference
fluorescent target as described by Delori and co-workers.

Simultaneous VIS-OCT and FAF imaging

The first VIS-OCT-based simultaneous multimodal imag-
ing system was described in 2012,*> which used a single
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broadband light source with a center wavelength of 415
nm and a bandwidth of 8 nm. The light source was provid-
ed by frequency doubling of an ultra-fast Ti:Sapphire laser
(Micra-5, center wavelength: 800 nm, maximum band-
width: 120 nm) by using a barium borate crystal. For the
first time, the technology demonstrated the concept of pro-
viding intrinsically registered OCT and fluorescence
microscopy for simultaneous structural and molecular
imaging. A supercontinuum (SC) laser was used as the
light source in a newer version of VIS-OCT-FAF, in which
a center wavelength of 488 nm was selected to be compat-
ible with the FAF imaging systems currently in use.** The
VIS-OCT axial resolution was significantly improved from
12 to 5.6 pm in air by using a 20 nm bandwidth.

In all these imaging systems, the OCT signals were
detected in the spectral domain with a spectrometer. The
fluorescence signals were detected with a PMT in a confocal
arrangement. A near-infrared OCT (NIR-OCT) was also
integrated in the systems for alignment purpose before
image acquisition to avoid visible light exposure to the
eye during the alignment process. Since the OCT and FAF
images were generated by the same group of photons the
speed of the two imaging modalities is the same, which is
limited by the speed of the CCD/CMOS camera used for
OCT or the PMT for the fluorescence.

The system was tested on rats for simultaneous in vivo
OCT and FAF imaging. The technology successfully imaged
the same group of rats over time to reveal the accumulation
of lipofuscin with age. Histograms of the AF intensities in
Figure 1 show a shift of distribution toward higher intensi-
ties with age. The technology has also been demonstrated
of imaging exogenous fluorophores by imaging fluorescein
angiography of rat eyes as shown in Figure 2.

Eliminating attenuation factors in
FAF imaging

It was recently demonstrated that simultaneously acquired
VIS-OCT images can be used to compensate illuminating
power fluctuations and attenuation factors for FAF images
with VIS-OCT-FAF sys’cem,45 a step further toward the
quantification of the absolute FAF intensities.

To test the concept, a phantom was built to simulate light
attenuation by media to RPE (Figure 3(a)). It had a plastic
weighing dish to hold fluorescein solution to simulate
lipofuscin. The fluorescein solution was covered by a

25000 15000 25000
20000 20000 20000
v 2 2
= E E:
-2 15000 ‘2 15000 2 15000
s s M -
£ 10000 £ 10000 I - £ 10000
] ! H f . m
Z so0 x 5004 ‘ l T 7%«0}; T
LEEE L B o LT
1] 000 10000 15000 20000 [ 2000 10000 15000 20000 1] 2000 10000 15000 20000

AF intensity counts

AF intensity counts

AF intensity counts

Figure 1. Histograms of in vivo FAF imaging of rats over time for four weeks.3® (a) 10 week old, (b) 12 week old, and (c) 14 week old. AF: autofluorescence.
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VIS-OCT-FAF imaging

Figure 2. VIS-OCT and FA images simultaneously acquired from a rat retina in vivo. (a) OCT fundus image, (b) FAF image, (c) AF/OCT compensated fundus image, and
(d) OCT B-scan. The dotted line in the OCT fundus image marks the location of the OCT B-scan image. Bar: 200 um.*® (A color version of this figure is available in the

online journal.)

transparent polystyrene membrane to control the thickness
of the sample. A set of ND filters (nominal OD values of
0.1-0.5) was placed in front of the phantom to introduce
light attenuation. As the attenuation (OD value) increased,
significant decreases were detected in the fluorescence
intensity (Figure 3(b), blue line) and OCT signal intensity
from the second boundary (Figure 3(b), red line). But the
normalized AF signals (Figure 3(b), green line) showed
only a gradual linear decrease, which was proved to be
caused by bleaching of the dye, as the measurement
sequence was from low to high OD values.

To further test the effect of normalizing the FAF image
intensity with that of the simultaneously acquired OCT
image, the system was applied in imaging rat retina. FAF
and VIS-OCT images were obtained from four albino rats
(10 weeks old) every two weeks for four weeks. The aver-
age FAF intensity counts were normalized with the RPE
OCT signal intensities by manually segmenting the RPE
layer and averaged over the entire imaged area. The nor-
malized AF intensity was calculated as I4r/Iocr-rpE, Where

I4F is the raw averaged FAF intensity and Iocrrpe is the
averaged intensity of the RPE OCT signals. Unlike the raw
intensities (Figure 3(c)), the normalized data show that the
rates of increase among animals are very similar (Figure 3
(d)), indicating that lipofuscin in those animals increased at
a similar rate and linearly correlated with age which is con-
sistent with previous findings.***® Note that the ‘levels’ of
I4r in Figure 3(d) between animals are not normalized to a
common reference, and thus they cannot be compared
quantitatively. Since the detectors for OCT and the FAF
are independent, the ratio Inr/Iocr-rpe cannot cancel the
factors of detector sensitivity. As a result, further develop-
ment by using standard reference targets for OCT and FAF
is necessary.

VIS-OCT-FAF system with standard
reference targets

To quantify true FAF intensities, the effects of the excitation
light intensity and detector sensitivity need to be
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Figure 3. (a) Phantom experiment design; (b) simultaneous OCT, AF, and AF/OCT with different OD values; (c) average of FAF of rats over time; and (d) average of FAF/
OCT of rats over time.*® AF: autofluorescence; ND: Neutral Density; OCT: optical coherence tomography. (A color version of this figure is available in the online journal.)

eliminated, which can be addressed by using a fluorescence
standard with known fluorescence efficiency and a reflec-
tion standard with known reflectance in the intermediate
retinal imaging plane. When imaged together these two
reference standards can build a quantitative relationship
between the FAF and VIS-OCT image intensities. The abso-
lute intensities of AF from the RPE can be calculated using
the OCT and the AF signals from the RPE and the standard
references, assuming the attenuation of the AF signals is
approximately the same as that of the OCT signals from
the ocular media. With true intensities quantified by the
multimodal imaging technology, it is possible to compare
FAF images from different eyes and from the same eye at
different time points.*>***°

Figure 4 shows a schematic of the imaging system,
which consists of an optical fiber-based NIR- (red line)
and VIS-OCT (blue line).”® The NIR-OCT uses a superlumi-
nescent diode centered at 840 nm and the VIS-OCT uses a

SC laser (filtered output: 480 + 15 nm) as the light source.
The probe light of the two OCT systems in the sample arm
is combined by a dichroic mirror, scanned and delivered to
the eye by the same optical system. Two reference standard
targets were implemented in the intermediate retinal imag-
ing plane, covering around 14% of the bottom of the FOV
(Figure 5(a)). The fluorescence reference is the same as the
one introduced by Delori et al.> (Microscopy Education,
Texas Red) and the reflectance reference (Microscopy
Education, DAPI) consists of the same substrate material
with fluorescence peak off the detection range. To achieve
VIS-OCT imaging of the reference target along with the
retina, the reference arm of the VIS-OCT system is split
into two arms by a non-polarizing beam splitter. The
shorter path length is to capture the interference signal
from the reference target and the longer path corresponds
to imaging the retina. A computer-controlled shutter blocks
the light while the retina is scanned and is opened when the
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Figure 4. Schematic of the simultaneous VIS-OCT and AF imaging system: VIS-OCT (blue), NIR-OCT (red) and AF (green). BS: beam splitter; DM1-2: dichroic mirrors;
FC1-2: fiber coupler; FP1-6: collimation fiber ports; G1-2: BK7 glass plates; GM: galvanometer scanner; IRIS1-2: iris; ISO: isolator; L1-3: lens; LPF: long-pass filter;
M1-3: reference arm mirrors; ND filter (OD: 10); PC1-2: polarization controller; PH: pinhole; PMT: photo multiplier tube; SC: supercontinuum; SLD: superluminescent
diode; SPEC1-2: spectrometer.>® (A color version of this figure is available in the online journal.)

raster scan reaches the reference target position. The fluo-
rescence reference target is cemented to a ND filter with a
total optical density of 10 (roundtrip OD: 20), to reduce the
fluorescence intensity to the level of rodent retina. The FAF
was detected by a PMT module in a confocal arrangement
with a 25 pm diameter pinhole and a long pass filter
(FGL515M, cut-on wavelength: 515 nm, Thorlabs). The
NIR- and VIS-OCT signals were detected in the spectral
domain by their corresponding spectrometers.

The simultaneous VIS-OCT and FAF with two standard
reference targets were tested on rat retina in vivo. Figure 5
shows the images of a 14-month-old albino rat together
with the two reference targets at the bottom. The en face
projection of the RPE reflectance signal (Figure 5(c)) was
provided by manual segmentation of the RPE layer.

Quantitative FAF imaging and system calibration

Theoretical model. The reflectance model proposed by
Van de kraats ef al.”" indicates that the reflected light from
the eye can be categorized into three regions of reflectance:
pre-RPE media, RPE layer, and post-RPE media. With the
depth-resolving capability of VIS-OCT, we can extract the
reflectance of the RPE layer from the OCT images through
segmentation. The AC component of the OCT interference
signal is proportional to the square root of the sample
reflectance, and we have

Rocr = IA¢/Ipc o R, 1)

2 Q)

NI

Rocr-rpE = Iof,z,m(/l) [1- Ppm(ﬂv)]ZPRPE(/D

s
Rocr-r = Iopg(2) 1 o 3)

where Rocr, Rocr-rpe, and Rocrr are the expressions for
the OCT signal, the reflectance from the RPE, and the reflec-
tance from the reference target; Ipc and I4c refer to the AC
and DC components of OCT interference signal; r and p are
transmittance and reflectance, respectively; o and o are the
solid angles comprising the light, respectively, from retina
and reference target. Subscripts RPE and “pre” refer to ret-
inal pigmented epithelium and pre-RPE media, respective-
ly. The AF intensity from the RPE and the reference target
can be expressed as

Y
IFAF = Iorﬁre(/l) [1 - ppre(}")]zéRPEAdZaz (4)

n 7
Irar = IOfRAdZOC z ©®)

where Erpp and &g are fluorescence efficiencies of RPE lip-
ofuscin and reference target, respectively. A; represents
detector sensitivity.

It is obvious that by normalizing the VIS-OCT reflectance
and FAF of the RPE layer to those of the reference targets,
factors related to the light intensity and detector sensitivity
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Figure 5. Simultaneous fundus AF and OCT images of a 14-month-old albino rat. (a) AF image normalized to the fluorescence reference, (b) fundus OCT projection
normalized to the reflectance reference, (c) gOCT projection of the segmented RPE, and (d) OCT B-scan at the location marked with a yellow dashed line. Bar:

200 pum.%°

will be eliminated. However, the attenuation terms in both
signals are remained. Finally, assuming similar transmit-
tance of the ocular media in excitation and emission wave-
lengths,52 by dividing the normalized FAF (gAF) with
normalized VIS-OCT reflectance of the RPE layer (OCT),
these factors will be also eliminated. We have

Irar/IraF _ 4AF :CLQLSLdRPE/CRQRSRdR
Rocr-rpe/Rocr-r ~ qOCT PRPE/ PR

Q)

where C, Q, ¢ and d, are concentration, quantum yield,
extinction coefficient, and effective thickness of the fluores-
cent layer, respectively.

Phantom experiment. We conducted phantom experi-
ments to validate the theoretical model. A model eye con-
sisting of a lens, a master fluorescence slide as the retina,
and a set of ND filters simulating the pre-RPE attenuation
was built. Two different master fluorescence slides with
different fluorescence materials (FITC and Texas Red)

were tested. The model eye was imaged at different illumi-
nation power and detector sensitivity and the detected sig-
nals are shown in Figures 6 and 7. The calibration results
in Figures 6(b) and (c) and 7(b) showed that in the calculat-
ed qOCT and gAF, the illumination power effects on
both VIS-OCT and FAF signals, and the effects of detector
sensitivity on detected FAF signals can be eliminated.
Furthermore, as shown in Figure 7(c) and (d) gAF/qOCT
is independent of the OD values of the ND filters, indicat-
ing that the ratio can effectively compensate the attenuation
by pre-RPE media.

In vivo imaging. We tested the VIS-OCT-FAF system by
imaging rat retinas in vivo. gAF/qOCT was calculated in
three groups of animals: two-month albino (n = 5),
14-month albino (n = 6), and 12-month pigmented rats (n
= 6). The reflectance projection of the RPE layer was
obtained by manual segmentation on the OCT B-scans.
The average RPE reflectance was calculated in a square
window within a controlled distance from the optic disc
and without blood vessel shadows. The gAF was obtained
by normalizing the averaged AF signal of the retina to the
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AF signal of the reference target, and gOCT was calculated
by normalizing averaged OCT reflectance signal of the RPE
layer to the reflectance standard target.

As shown in Figure 8, 14-month-old albino rats have
significantly higher gAF (p = 0.0063) and gAF/qOCT (p =
0.0325) levels than two-month-old albinos, indicating accu-
mulation of lipofuscin.*> The gAF is significantly lower
in 12-month pigmented rats than 14-month albino rats (p
= 0.0019), consistent with previous studies.”® The OCT
reflectance of the segmented RPE layer in pigmented rats
is also significantly lower than the 14-month albino rats.
Consequently, no significant difference is found in the
gAF/qOCT ratios between the two groups of rats (p
=0.8021).

These results indicate that the VIS-OCT-FAF system is
capable of detecting true FAF intensity. The finding that the

true FAF level is comparable to the albino rats of similar age
when gAF is normalized with gOCT, even though the raw
gAF in pigmented rats is much lower than the albino rats,
suggests that the system can compensate signal attenuation
by RPE melanin as well. Thus, gAF/qOCT is also indepen-
dent of the amount of melanin in the RPE. This feature of
the VIS-OCT-FAF system could have great -clini-
cal significance.

Future prospective

The theoretical analysis and experimental results clearly
demonstrate that the simultaneous VIS-OCT-FAF technol-
ogy is capable of measuring the absolute and true intensi-
ties of FAF. However, the technology needs to be further
refined and optimized. For example, there is a
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Figure 7. OCT reflectance signals from the model eye (master reference: FITC) at different OD values of the ND filter and from the standard reference at different
imaging conditions. (a) The source power was changed from 75 to 90%; (b) OCT reflectance of the model eye normalized to the reference target (qOCT) for the data in
(@); (c) gAF, qOCT, and gAF/qOCT ratio; and (d) gAF, gqOCT, and gAF/qOCT ratio for the model eye with the Texas Red slide at the retinal plane.>® OCT: optical
coherence tomography; gAF: quantified autofluorescence; RPE: retinal pigment epithelium.

compensation/scaling factor in the calculated gAF/qOCT
in relation to the concentration of the fluorophore in the
simulated retinal RPE, or RPE lipofuscin in the eye in
vivo, as indicated in the results shown in Figure 7(c) and
(d). This compensation/scaling factor may be related to the
optics of the imaging system and the geometric parameters
of the eye, such as the pupil size. This compensation/scal-
ing factor can be determined in phantom studies with con-
trolled parameters.

Visible light illumination is more likely to cause eye
movement and introduce motion artifacts in the FAF
images. An effective measure to reduce motion artifacts is
to increase the imaging speed. Currently, our latest multi-
modal imaging system is capable of acquiring both images
in less than 1 s while the alignment process is guided by

using a NIR-OCT. The short time visible light exposure
with light intensity in the safety level will not alter lipofus-
cin deposition in the RPE cells.

The standard reference target used in the VIS-OCT-FAF
system discussed above was from a commercial source
with a fluorescence efficiency too high for FAF detection
that a high optical density (OD = 10) ND filter had to be
employed. The high OD value made it impossible to image
the fluorescence target with OCT. Furthermore, the emis-
sion and excitation spectrums of the commercial reference
target with Texas Red are not the same as those of RPE
lipofuscin/A2E, and the quantum yield of Texas Red is
much higher than A2E. An ideal standard reference target
should have a fluorescence efficiency in the range of FAF so
that a single reference target can be used for both OCT and
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FAF, and with a fluorophore having similar emission and
excitation spectrum, as well as quantum yield to those of A2E.

We have been working on a reference target using syn-
thesized A2E as the fluorophore embedded in a polymethyl
methacrylic slide to serve as a common reference target for
both imaging modalities. Standard reference target with
synthesized AZ2E as the fluorophore will simplify the calcu-
lation of absolute FAF intensities. In addition, we propose
to introduce a new intensity unit as a measure of FAF inten-
sity. This new unit, A2E equivalent unit, or AEU, is defined
as one AEU equivalent to the fluorescent intensity of 1
ng/mm? of A2E emitted from RPE. The use of AEU to mea-
sure the intensity of FAF will not only provide a standard
for FAF measurement, but also give us a sense of how much
A2E-like fluorophores, and thus the amount of lipofuscin,
are present in the retina. A reference target using synthe-
sized A2E as the fluorophore will make it easier to adopt
AEU as FAF intensity unit.

FAF, a biological phenomenon, carries information that
likely reflects the health status of the RPE and the retina.
Detection of FAF has been used widely in ophthalmology
clinics. The VIS-OCT-FAF technology is being developed
with the capability of quantitative measurement of the
absolute intensities of FAF overcomes the limitations of
the technologies currently available. With absolute FAF
intensities embedded in FAF images, it is possible to com-
pare FAF images from different individuals or from the
same individual over time can be compared. This new tech-
nology will be a clinical tool to provide information that
was previously inaccessible to ophthalmologists for better
patient care.
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