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Controlling the tissue temperature rise during retinal laser ther-
apy is essential for predictable outcomes, especially at non-
damaging settings. We demonstrate a method for determining
the temperature rise in the retina using phase-resolved optical
coherence tomography (pOCT) in vivo. Measurements based
on the thermally induced optical path length changes (AOPL)
in the retina during a 10-ms laser pulse allow detection of the
temperature rise with a precision less than 1 °C, which is suffi-
cient for calibration of the laser power for patient-specific non-
damaging therapy. We observed a significant difference in con-
finement of the retinal deformations between the normal and
the degenerate retina: in wild-type rats, thermal deformations
are localized between the retinal pigment epithelium (RPE) and
the photoreceptors’ inner segments (IS), as opposed to a deep
penetration of the deformations into the inner retinal layers in
the degenerate retina. This implies the presence of a structural
component within healthy photoreceptors that dampens the tis-
sue expansion induced by the laser heating of the RPE and pig-
mented choroid. We hypothesize that the thin and soft cilium
connecting the inner and outer segments (IS, OS) of photore-
ceptors may absorb the deformations of the OS and thereby
preclude the tissue expansion further inward. Striking differ-
ence in the confinement of the retinal deformations induced by
a laser pulse in healthy and degenerate retina may be used as
a biomechanical diagnostic tool for the characterization of pho-
toreceptor degeneration.
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Introduction

Precise control of the temperature rise in tissue during laser
therapy is essential for predictable and reproducible out-
comes. The energy absorption and associated temperature
rise depend on the irradiation parameters (wavelength, power,
duration, spot size, etc.) and on tissue properties (light scat-
tering and absorption, thermal conductivity, heat capacity,
etc.). In retinal laser treatments (1), light delivered to the
retina is absorbed primarily by melanin, which is highly con-
centrated in the retinal pigmented epithelium (RPE) and pig-
mented choroid (2, 3). Melanin concentration varies signifi-
cantly between individuals, as well as across the retina within
the same subject, up to a factor of four (4). Moreover, the
transmittance of the transparent ocular tissues (cornea, lens,

vitreous and inner retina) decreases with age and might be
affected by diseases, hence reducing the temperature rise in
the retina (5, 6). If such variations are not accounted for, they
can result in over- or under-treatment of the retina.

The dosimetry of hyperthermia can be quantified assum-
ing that cells respond to a decrease in concentration of
biomolecules due to thermal denaturation. Based on the Ar-
rhenius equation and assuming first-order reaction kinetics
(7), the integration of the reaction rate over time yields the
total fraction of the denatured biomolecules during hyper-
thermia. This value is further normalized to {2 = 1 to define
the threshold of tissue damage. It has been established that
retinal response to hyperthermia becomes noticeable when
@ > 0.1, thereby defining the therapeutic window of non-
damaging thermal therapy to 0.1 < < 1 (8-10).

In current clinical practice, retinal laser damage threshold is
often determined by subjective evaluation of the test lesions
in the periphery of the retina by a physician (11). Recently,
a photoacoustic system was introduced, which uses a pulsed
laser to induce thermoelastic expansion of melanosomes, and
measures the pressure transients to determine the tempera-
ture and optimize the laser power or exposure duration for a
desired treatment outcome (12). This technique was not yet
accepted in clinical practice due to the need for a more expen-
sive and complex laser system and photoacoustic detection.
Mapping of the retinal temperature rise in response to low-
power laser pulses by phase-sensitive optical coherence to-
mography (pOCT) prior to laser treatment has been proposed
as a non-invasive alternative (13, 14). In the future, when
OCT machines will be upgraded to phase-sensitive detection,
such mapping could be performed by the same tool as the
structural OCT, and laser settings could be adjusted automati-
cally during treatment according to these maps using systems
such as PASCAL or Navilas (15, 16). Optical path length
changes (AOPL) in OCT provide high sensitivity in detect-
ing minute thermal responses in tissue, and have been shown
to correlate with temperature measurements (17, 18). In
our previous work, we have demonstrated how pOCT allows
for precise detection of laser-induced thermal transients ex-
vivo (19). Tissue parameters and temperature profiles were
extracted using a thermo-mechanical modeling (20), which
was subsequently validated by a temperature-sensitive fluo-
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rescence imaging (19).

In this study, we demonstrate that a similar approach can
be reproduced in vivo, utilizing a subpixel registration al-
gorithm for compensating bulk tissue motion due to heart-
beat, breathing cycle, and eye movements. Our results reveal
an unexpected difference in the thermal deformation patterns
between normal and degenerate retina: the OPL changes in
healthy retina are confined within the photoreceptor outer
segments, as opposed to a much deeper penetration of the
tissue expansion in the degenerate retina. These findings
indicate the presence of a soft structural element between
the photoreceptors’ outer segments (OS) and inner segments
(IS), which we hypothesize to be the interconnecting cil-
ium, that dampens the thermal expansion of the OS driven
by laser heating of underlying pigmented layers: RPE and
choroid. We tested the validity of this hypothesis by thermo-
mechanical modeling. This phenomenon may provide diag-
nostic insight in evaluating the health of photoreceptors.

Results and Discussion

Measuring the thermally induced OPL change with
pPOCT Animal preparations and the retinal heating experi-
ments were conducted under room light conditions. Two
strands of pigmented rats have been used: wild-type Long
Evans (LE) rats and Royal College of Surgeons (RCS) rats
having retinal degeneration. To prevent optoretinographic
(ORG) responses (21), the wild-type (WT) rat retinas were
fully bleached using a full-field illumination from a green
LED (CW, 50 uW, centered at 565 nm, illumination area
about 6 mm?, bleached for 3 minutes). RCS rats exhibit
photoreceptor degeneration due to RPE’s inability to phago-
cytose rod outer segments (22), and their light-insensitive
retinas were used to validate that thermal deformations are
not induced by ORG responses. Animals were imaged by
a custom-built high-speed line-scan spectral-domain optical
coherence tomography (LS-SD-OCT) system (see Materials
and Methods). Retinal cross-sectional scans were captured
at 10 kHz frame rate. Heating laser beam at 532 nm wave-
length was applied for 10 ms at 10.8 mW of power measured
in front of the eye. To minimize motion caused by heartbeat
and breathing, rat’s head was stabilized using a custom-built
stage equipped with a bite bar and ear bars.

An averaged B-scan of a 6-month-old WT rat is shown in Fig.
1A. The labeled IS/OS line is commonly attributed to the el-
lipsoid zone (EZ) of the inner segments, which is rich in mi-
tochondria (23, 24). The connecting cilium, a narrow bridge
linking the inner and outer segments of photoreceptors, is
also suggested to be part of the hyperreflective IS/OS band
(25). This structure is crucial for the transport of proteins and
other molecules necessary for the function and maintenance
of the photoreceptor outer segments (26). The thick hyper-
reflective band between the IS/OS junction and the Bruch’s
membrane (BrM) is composed of the rod outer segments and
RPE, including the RPE microvilli interdigitating with the
rod outer segment tips (ROST) (27). As shown in the aver-
aged B-scan (Fig. 1B) of the same age RCS rat retina, the
degenerated rod outer segments have formed a hyperreflec-
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tive layer (HRL) above the RPE. The imaging quality of the
WT retina is generally better than RCS retina due to healthier
eye optics.

To correct for bulk tissue motion between repeated B-scans,
a custom image registration algorithm, called phase-restoring
subpixel motion correction (PRSMC) was employed (28). To
map the tissue deformations induced by heating, we calcu-
lated pixelwise phase changes between subsequent frames
and the first frame. To eliminate the residual phase changes
induced by the rigid motion of the retina, such as eye rotation,
edges of the OCT B-scan were used as the lateral reference
region (see Materials and Methods and Supplementary Infor-
mation, Fig. S3). Doing so, we obtained the tissue dynamics
with respect to the edges of the OCT B-scan (Figs. 1C-D).
As expected, during the laser heating (Figs. 1E-F), thermal
expansion of tissue leads to a negative change in OPL from
the combined effects of tissue moving anteriorly and decrease
in refractive index as the temperature rises. After the laser
pulse, heat diffuses away and tissue cools down, gradually
returning to its initial state.

A significant difference was observed between the AOPL
maps of RCS and WT retinas. In RCS retina, the OPL change
decreases from its maximal value in the HRL to about half of
it in the NFL (Figs. 1D, F). However, in WT retina, the OPL
changes of a similar magnitude are consistently confined
between BrM and IS/OS junction, with negligible changes
above it (see Fig. S4 in Supplementary Information for re-
peatable signal patterns from different WT rats). This pro-
nounced localization implies that the WT retina has a partic-
ularly soft structural element within the photoreceptor layer
that effectively absorbs the thermal strain originating from
the heating of RPE and pigmented choroid layers below.

Thermo-mechanical modeling of the retina Thermally
induced OPL changes can be attributed to tissue expansion
and to changes in refractive index. To extract the tissue tem-
perature, a model of AOPL should be computed, based on
the temperature fields and the vertical displacements of reti-
nal layers, which are both solutions to a thermo-mechanical
problem with coupled equations of elasticity and heat diffu-
sion. Here, we briefly describe the model setup, following
(19, 20).

The retina is modeled as an axisymmetric multi-layered
medium composed of isotropic elastic solid layers. Thermal
stress arises from the heat generated by the laser energy ab-
sorbed in the RPE and in pigmented choroid. We define the
optical transmittance through the eye to the RPE layer as 7,
the spatio-temporal profile of the heat flux at the RPE layer
along the depth z can be written based on the Beer-Lambert
law:

qree(T,2,t) = an;(D(T,t)/taef(”a+“;)z, @®
TR

where P;;, denotes the input power measured in front of the

eye, R is the heating spot radius, ®(r, ) is the spatiotemporal

profile of the laser pulse with r and ¢ denoting radial and tem-

poral components respectively, u, is the absorption coeffi-

cient, and ), = p5 (1 — g) is the reduced scattering coefficient
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Fig. 1. Phase-sensitive OCT imaging of the retinal deformations. (A) Averaged B-scan of a 6-month old wild-type (WT) rat retina. SNR at BrM: 30 dB. Scale bar: axial -
90 um; lateral - 50 ym. (B) Averaged B-scan of a 6-month old RCS rat retina. SNR at RPE: 30 dB. Scale bar: axial - 70 um; lateral - 50 ym. (C-D) Laterally referenced
phase maps for WT and RCS rats at t = 10 ms. (E-F) AOPL change over time at beam center for WT and RCS rats. NFL: nerve fiber layer. IS/OS: inner segment and outer

segment. BrM: Bruch’s membrane.

with ps being the scattering coefficient and g the anisotropy
factor. The local heat flux at the pigmented choroid layer can
be written in a similar fashion, taking into account that the
incident laser power is attenuated by the RPE layer above.
For modeling purposes, all volumetric heat sources were dis-
cretized into surface heat sources that are sufficiently close
to each other, so the characteristic heat diffusion time across
them is much shorter than the 10-ms laser pulse duration (19).
For instance, heat diffusion time across 1-um thick RPE api-
cal layer is about 2.5 ps. Magnitude of the surface heat source
at the top of the RPE apical layer was set to be equal to the
total heat deposited in it (see Supplementary Information).
The 20-um thick pigmented choroid layer was discretized
into five 4-um thick layers, and a surface heat source was
applied at the top of each layer.

In cylindrical coordinates, assuming quasi-static conditions,
the governing partial differential equations of motion in equi-
librium for an elastic layer are:

do, 0T,  Op—0p
or 0z ro 0, )
Orr, 0o,  Tro
o "o Ty 0 3)

where o, 0y, and o, are the normal stress components, 7., 1S
the shear stress in the  — z plane. The isotropic stress-strain
constitutive relations including the thermal stress are:

o+ 5O = Aey +2G Duy , @)
or
ae+ﬁ@=Aev+2G%, (5)
0, + 5O = Aey +2G Ou, , (6)
0z
ou, Ou,
Trz—G(aZ“Far)y (7)

where u denotes displacements, G is the shear modulus, ) is
the Lamé’s first parameter, €, denote the volumetric strain,
and O denotes the temperature rise. The thermo-mechanical
coupling parameter (3 is linear to the thermal expansion coef-
ficient aTg, i.€.,
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1+v
1—2v’
where v is the Poisson’s ratio. The heat transfer is described
by the Fourier’s heat conduction law:

B =2Gatg

®

q=—rVO, 9)

and the heat diffusion equation:

96 _ 1 g2, (10)
ot pcp
where q = [g,,q.]T is the heat flux vector, V and V2 denote
gradient operator and Laplacian operator, respectively. « is
the thermal conductivity, p is the material density, and c,, is
the material specific heat capacity. The heat flow in the z-
direction can be computed by:

t
Q:/ qdr. (11
0

All above equations are coupled to form the complete
thermo-mechanical problem of a single layer.

The solution to the thermo-mechanical problem of a multi-
layered medium with several absorptive layers is fully de-
rived in the Supplementary Information. In brief, by
transforming the above equations into the Hankel-Laplace
(HL) domain, i.e., transforming from the primal domain
(r,z,t) to HL domain (§,z,s), a stress vector V(§,z,s) =

[%T(?,&QO),Q@)]T is related to a state vector A(&,z,s) =
[a&”,a?),é(O)]T by a transfer matrix K(¢, 2, s) for a single
elastic layer (29-32), i.e.,

V(gazvs) :K(6727S)A(€727S) (12)

The superscript denotes the order of HL transform. Matrix
equations at different depths can be arranged together for the
multi-layered retina model. The state vector can be solved
by simple matrix multiplication. The numerical inverse HL
transform converts the solution back into the primal domain.
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Fig. 2. Thermo-mechanical simulation results with parameters: n = 50%,C,, = 0.5, R = 45 pym. (A) Simulated temperature map at ¢ = 10 ms. Scale bar: axial -
20 pm; lateral - 20 um. (B) Simulated displacement map at ¢ = 10 ms with the CCL layer (left) and without it (right). To determine the reference OPL change similarly
to the experimental phase processing (see Materials and Methods), the OPL changes within the lateral referencing region were averaged (yellow rectangle). (C) Tissue
displacement profile showing the effect of the CCL layer. (D) Time course of displacements, temperature, and OPL change at the beam center for various layers. CCL:

connecting cilium layer.

Retinal temperature derived from this analytical model de-
pends on the assumed biomechanical properties. Various
methods have been employed to measure mechanical prop-
erties of ocular tissues, including atomic force microscopy
(AFM) (33, 34) and optical coherence elastography (OCE)
(35-37). In this study, we use the biomechanical properties
listed in Table S1 (see Supplementary Information), which
are based on values reported in the literature and determined
in our previous ex-vivo studies (19).

Temperature rise and displacement fields in thermo-
mechanical model of the WT retina are shown in Fig. 2.
AOPL can be calculated at any point in space and time based
on the temperature and tissue displacements (Fig. 2D, Ma-
terials and Methods). To account for the strongly confined
OPL change observed in Fig. 1C, we added a soft elastic
layer, corresponding the connecting cilium layer (CCL), be-
tween the IS/OS line and the rod outer segments. The con-
necting cilium (CC) is a thin, 0.3-0.5 pm wide, 1-2 um long
structure that forms the only physical connection between
the IS and OS (26, 38). Surrounding the CC areas are rel-
atively devoid of cellular structures, often referred to as the
periciliary membrane space (39, 40). Vertical placement of
this junction varies between cells, forming a thicker hyper-
reflective line in the OCT B-scan. Note that addition of this
layer does not change the temperature field (Fig. 2A), but the
displacement field becomes drastically different (Figs. 2B-
O).

Thickness and stiffness (Young’s modulus) of this soft layer
are strongly correlated to maintain the same level of mechani-
cal damping. With its thickness assumed to be equal to that of

IS/OS line (about 10 um), to match the OPL change above the
IS/OS line up to NFL to experimental values (Fig. 1C), we
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adjusted the Young’s modulus to 20 Pa. Such a low Young’s
modulus was reported in some neuronal cells (41, 42). Thin-
ner layer would have to be even softer to provide a similar
extent of mechanical damping.

Fitting the model parameters The model fitting parame-
ters include the ocular optical transmittance, absorption coef-
ficient (proportional to the local melanin concentration) and
eye magnification, which affects the heating laser spot size.
Denoting a scaling factor C), relative to the literature value
of the absorption coefficient, i.e., 9.976 x 103 cm~! for RPE
and 2.494 x 103 cm ™! for the pigmented choroid layer (43),
the list of the fitting parameters chosen for this study is: 7,
Cy, and R. Note that, C), scales the absorption coefficient
of both the RPE layer and the pigmented choroid layer. The
tissue thermal expansion coefficient was taken from our pre-
vious work (19) and all other tissue properties were listed in
Table S1. The initial heating laser radius is chosen based on
the geometrical optics approximation of the rat eye (44). The
optimization objective is to minimize the squared Frobenius
norm of the difference matrix between the experimental and
model-derived AOPL data:

min H ( AOPL®EXP) _ AOPL(Sim)) H

i 13)
s

2
F k)
where the subscript F' denotes the Frobenius norm. The plane
near the upper boundary of the ROST-RPE complex was ex-
tracted as the AOPL®*P (shown as the blue line in Fig. 3A).
The distance between the center of the IS/OS line and the se-
lected plane was measured via the structural OCT image and
set in the model such that the AOPL®™ plane is the same
distance away from the IS/OS line. Good agreement was ob-
tained between the model and the experimental AOPL data
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blue plane where the OPL change was extracted was set the same in simulation and in experiment. (B) Spatio-temporal lateral-referenced AOPL map compared between
the best-fit simulation (top) and experiment (bottom). (C) An example trace of AOPL showing the heating and cooling dynamics. (D) Temperature time courses at the RPE
computed with parameters collected from the last 10 iterations of the optimization process. (E) Contour plot showing the correlation between the absorption coefficient and

optical transmittance via the bootstrapping analysis.

both radially and temporally (Figs. 3B-C). The best-fit pa-
rameters and the peak temperature predictions are summa-
rized in Table 1.

For parameter fitting optimization, the Nelder-Mead algo-
rithm was utilized (45), which sometimes overshoots the pa-
rameters to avoid trapping in a local minimum. To ensure
robustness of the solution, 3 or 4 different initial points were
tested, and the one which converges to the lowest objective
function value was selected. The last 10 iterations of the op-
timization process near the minima were then used to com-
pute parameter uncertainties and the peak temperature vari-
ations at the RPE layer (Fig. 3D). The derived temperature
has uncertainty less than 1 °C, as listed in Table 1. Natu-
rally, the optical transmittance and the absorption coefficient
(equation 1) are strongly coupled, with the product of the two
(i.e., n x C,) representing the absorbed energy.

Using the model-predicted temperature profiles (Fig. 3D), it
is possible to compute the associated Arrhenius integral and
its uncertainty (Table 1). Heating of LE 1 retina was within
the therapeutic window (0.1 < £2 < 1), whereas the heating
of LE 2-3 was performed at lower input power and resulted
in sub-therapeutic Arrhenius integral 2 < 0.1.

Table 1. Parameter fitting and temperature estimation results

Rat# Pip(mW) n* xC; R*(um) AT (°C) Anh. integral

LE 1 10.8 0308  33.0(1.0)  21.9(0.8)  0.199(0.055)
LE2 9.2 0286  31.9(09)  18.6(0.7)  0.064(0.015)
LE3 9.12 0300  324(13)  18.0(0.6)  0.050(0.010)

Arrh. integral: Arrhenius integral.

Temperature uncertainties can also be evaluated using a boot-
strapping method (46, 47), and the animal LE 1 was randomly
selected for this analysis. By adding 50 sets of noise to the
best-fit model-predicted AOPL data, the model was then re-
fit to these noisy data to obtain the new best-fit parameters
and associated peak temperature (see Supplementary Infor-
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mation). The 50 tuples of (1,C),)* obtained from fitting the
bootstrapping data shows a highly eccentric elliptical shape
in the contour plot (Fig. 3E) confirming that these param-
eters are strongly and negatively correlated. The resulting
temperature courses had lower standard deviation of the peak
temperature (see Fig. S5C) than values listed in Table 1.

Conclusions

Measurements of the phase changes in OCT induced by sub-
therapeutic tissue heating enables precise and safe tempera-
ture calibration for retinal laser therapy. In the future, when
OCT machines will be upgraded to phase-sensitive detection,
such mapping could be performed by the same tool as the
structural OCT, and laser settings could be adjusted automat-
ically during the treatment according to these maps using
computer-guided scanning laser systems. Highly confined
OPL change in WT retina, unlike the degenerate retina, sug-
gests that cilium connecting the IS and OS in photoreceptors
absorbs mechanical deformation induced by the thermal ex-
pansion. This feature might have diagnostic value.

Materials and Methods

Phase-sensitive OCT imaging The high-speed line-scan
spectral-domain OCT was assembled according to the opti-
cal layout shown in Fig. 4. The output of the supercontinuum
laser (NKT FIR-9) was collimated (CL1, AC254-060-B) and
filtered by two spectral filters (Semrock: FF01-776/LP-25,
Thorlabs: FESH0900) yielding a bandwidth with a full-width
at half-maximum (FWHM) of about 120 nm, centered at 840
nm.

A cylindrical lens (CYL1) focuses the beam along the z-axis
forming a line along the y-axis at its focal plane. After opti-
cal conjugation of the afocal telescope LO-L1, the beam was
split into reference and sample paths using a 30:70 (R:T) non-
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Fig. 4. Phase-sensitive OCT setup. (A) Top view (y-z plane) including the line-scan spectral-domain OCT (red path) and the heating laser (green path). CL: collimating lens.
SPF: short pass filter. LPF: long pass filter. CYL: achromatic cylindrical lens doublet. L: achromatic lens doublet. M: mirror. RM: reference mirror. BS: beamsplitter. GS: galvo
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planes. (P): conjugate pupil planes. Not to scale. (B) Unfolded x-z view of the OCT illumination path showing line-field on the final retinal plane.

polarizing beamsplitter (Thorlabs, BSS11). In the sample
arm, a one-dimensional galvo scanning (GS) mirror (8310K
Series Galvanometer, Cambridge Technology), which steers
the beam in the y-direction, was aligned at the system pupil
plane followed by two afocal telescopes, L2-L.3 and L4-LS5.
The lens L5 and the animal stage were placed together on
the Badal platform to adjust beam focus on the retina. In the
reference arm, a cylindrical lens (CYL1R) re-collimated the
elliptical beam into a circular beam followed by an afocal
telescope (L1R-L2R). A prism pair (#43-649, Littrow Dis-
persion Prism, Edmund Optics) was used to empirically bal-
ance the dispersion mismatch between the two arms during
the experiment. For the detection path, the image plane was
anamorphically conjugated to the slit using two cylindrical
lenses (CYL2 and CYL3) and L2. The back-scattered light
was diffracted by a 600 I/mm grating (WP-600/840-35x45,
Wasatch Photonics) and finally focused on to the detector of
the high-speed camera (Phantom v641) with an image size
of 768 x512 pixels (spectral x spatial). Note that the scanning
laser ophthalmoscope (SLO) camera was aligned to be parfo-
cal with the OCT camera and it was used to find a focal plane
in the retina using Badal stage before the pOCT imaging.
The heating beam path was coupled with the OCT illumina-
tion path using a dichroic mirror (DCM, NFDO01-532-25x 36,
Semrock) and was aligned to be coaxial with the OCT illu-
mination. The heating beam source was a 532-nm diode-
pumped solid-state laser (DPSS, 85-GHS-305-042, Melles
Griot) coupled into an optical fiber (NA=0.22, diameter = 400
um). The output of the fiber was collimated by CL2 and the
tip of the fiber was conjugated to a pinhole with a diameter
of 500-um. The pinhole was demagnified and conjugated to
OCT system image planes via the afocal telescope L2H-L4.

Animal preparation All experimental procedures were ap-

proved by the Stanford Administrative Panel on Laboratory
Animal Care and conducted in accordance with the institu-

6 | bioRxiv

tional guidelines and conformed to the Statement for the Use
of Animals in Ophthalmic and Vision research of the Asso-
ciation for Research in Vision and Ophthalmology (ARVO).
LE rats (P60 - P180) were used as a model of healthy retina
and RCS rats were used as a model of outer retinal de-
generation (22). All RCS rats were aged until P120 to al-
low for complete photoreceptor degeneration, as validated
by OCT (HRA2-Spectralis; Heidelberg Engineering, Heidel-
berg, Germany). Animal colonies were maintained at the
Stanford Animal Facility in 12-hour light/dark cycles with
food and water ad libitum. Animals were anesthetized with
a mixture of ketamine (75 mg/kg) and xylazine (5 mg/kg) in-
jected intraperitoneally. The pupils were dilated with a mix-
ture of 2.5% Phenylephrine Hydrocloride and 0.5% Tropi-
camide (Bausch & Lomb, Rochester, NY) ophthalmic solu-
tion and a zero power contact lens (base curvature 3.00 mm,
diameter 6.00 mm, optical power 0.00 D; Lakewood, CO
80226) was placed on the eye for imaging. Animals were
placed on a custom animal stage and secured with a bite-bar
and ear-bars to minimize movement.

Experimental AOPL data processing We reconstructed
complex-value OCT images from raw interferometric signals
using k-linearity and discrete Fourier transform. To minimize
decorrelation noise between repeated B-scans, we corrected
bulk tissue motion with subpixel precision. Specifically,
we estimated subpixel-level bulk displacements between first
and the subsequent B-scans by locating the peak of upsam-
pled cross-correlation maps (48). Each B-scan was then reg-
istered to the first B-scan using the phase-restoring subpixel
image registration algorithm, which shifts the complex-value
OCT image over arbitrary displacements (28). The registered
B-scans were subsequently flattened along the BrM.

To further enhance phase stability, we self-referenced the
phase changes to a region least affected by the stimulus - the
edges of the B-scan and extracted the OPL change in tissue
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following the laser pulse relative to the edges (14, 20).

To cancel out the arbitrary phase offset at each pixel, we first
computed the multiplication of each B-scan with the complex
conjugate of the first B-scan

170, 2,8) = (a, 2,6) 1 (2,2, o), 14

where I(x,z,t) is the complex-valued OCT signal after im-
age registration and flattening. ITref (z, z,t) is the correspond-
ing time referenced signal where x, z, and ¢ denote the in-
dices along the lateral, axial and temporal dimensions, re-
spectively. g denotes the time of the first frame, * represents
complex conjugate. The time referenced signal was further
averaged across certain depth range to enhance the signal-to-
noise ratio (SNR). In this study, we averaged the complex-
valued signal from NFL to the BrM and then extracted the
phase component

Gla,t) =2y 1" (x,2,1), (15)

Z=2z1

where z; and 29 are the axial indices of the upper bound-
ary of NFL and the lower boundary BrM, respectively. Note
that ¢(x,t) consisted of both phase changes following laser
heating and residual phase fluctuations due to bulk tissue mo-
tion. In ex vivo studies, a single reference point far from the
heating beam was commonly selected to remove undesired
phase fluctuations (14, 19, 20). However, this strategy can-
not be directly applied in vivo, as the rotational movement
of the tissue resulted in varying phase along the lateral di-
rection. Assuming the bulk motion, including both rotational
and translational components, was rigid, the phase fluctua-
tions should be linear along the lateral dimension (17). Ac-
cordingly, phase signals ¢(x,,t) from a sequence of lateral
positions xy, at the boundary of the OCT image (50 pix-
els on each side), which were least affected by the heat-
ing process, were selected to characterize the lateral phase
shift. Specifically, ¢(x,t) was first unwrapped along the lat-
eral direction, resulting in ¢*(z,t). We then conducted a lin-
ear fitting between ¢"(zr,t) and z, to extract phase shift
" (xz,t) = po(t)x +p1(t), where po(t) and py(t) are coeffi-
cients of the linear fitting. Hence, the lateral-referenced OCT
signal can be found as

i (@,2,t) = 72, 2,t) exp {‘W’(:v,t)} . (16)

where j is the imaginary unit. We applied a Gaussian filter
(kernel size: 5 x 7 pixels) on the complex-valued signal to
enhance the SNR and then extract lateral-referenced phase
signals,

Tre FTr

laféfral(x727t) =4 [Ilatiial(x"z’t) ® G(‘rvz):| ) (17)
where G is the Gaussian kernel and ® denotes the convolu-
tion operation. Finally, the laterally referenced AOPL can be
computed as

lateral

AOPL(®) (g 2 1) = ¢ (x,zi)i—c, (18)
I
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where A\, = 840 nm denotes the central wavelength of the
OCT imaging beam.

Model-derived AOPL computation For the axisymmetric
model, we denote the lateral dimension as r. The variables of
interest for AOPL computation from the model are u(r, z,t)
and ©(r, z,t). For simplicity, we assume that the refractive
index of the retinal tissue follows the same temperature de-
pendence as of water. Hence, the single-pass OPL change at
any point in space and time can be approximated as

z

AOPL(r, 2,t) & nrr - u, (7, 2,1) —|—/ atoO(r, z,t)dz,

20

a9
where ngr is the refractive index of tissue at room temper-
ature, and ago is the thermo-optic coefficient. Within the
temperature range of interest, 37 ~ 60°C, the temperature
dependence of nyaer(T') varies between —1.4 x 10~* and
—1.8x 1074 K~ (43) . For simplicity, a linear variation
with a slop of ato = —1.6 x 107* K~! was used in this
work. Refractive index at ambient temperature was taken to
be 1.37 (49). As in the experimental data processing, the
model-derived OPL changes were laterally referenced to the
boundaries of the OCT B-scan.
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