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PURPOSE. To determine the tomographic, angiographic, and histologic changes in the
choroid and retina of cynomolgus monkeys after systemic adrenaline and verteporfin
photodynamic therapy (vPDT).

METHODS. Six cynomolgus monkeys (12 eyes) were treated with vPDT only (n = 2),
adrenaline only for eight weeks (n = 2), adrenaline for eight weeks with vPDT at week
4 (n = 4), and adrenaline for 12 weeks and vPDT at week 8 (n = 4). Spectral-domain
optical coherence tomography, angiography, and autofluorescence were performed at
baseline and every 14 days thereafter until 28 days after adrenaline therapy or vPDT.
Choroid parameters included choroidal thickness (CT) changes and structural changes
using semiautomated image binarization. Histology with light and electron microscopy
was performed.

RESULTS. Adrenaline resulted in subfoveal CT increase at week 4 compared with baseline
(3.4%, P = 0.010), with further increase at week 8 (3.9%, P = 0.007). This correlated with
choroidal luminal area increase (16.0% at week 8 compared with baseline, P = 0.030).
Outer retinal changes included subretinal fluid, ellipsoid zone (EZ) disruption, photore-
ceptor elongation, and sub/intraretinal bright dots. Hypocyanescent spots surrounded
by leakage was observed. Histology showed dilated choroidal vessels, intracytoplasmic
vacuoles, and retinal pigment epithelium (RPE) enlarged basal infoldings. The vPDT
decreased subfoveal CT at four weeks after vPDT (−7.5%, P = 0.007). This correlated
with choroidal stromal area decrease (−18.0%, P < 0.010). Within the treatment spot,
there was outer retinal atrophy, EZ disruption, irregular RPE thickening, intense hypoaut-
ofluorescence, hyperfluorescence, and hypocyanescence. On histology, there were outer
retina, RPE, and choroid changes.

CONCLUSIONS. Adrenaline induces choroidal vessel dilation and CT increase. The vPDT
decreases CT because of a reduction in choroidal stromal component.

Keywords: central serous chorioretinopathy, adrenaline, photodynamic therapy, retina,
choroid

Central serous chorioretinopathy (CSCR) is a chorioreti-
nal condition that is characterized by detachment of

the neurosensory retina caused by leakage of fluid into the
subretinal compartment through the retinal pigment epithe-
lium (RPE).1–4 CSCR is classically described to occur in
young males with no underlying systemic conditions5 and is
often ascribed to several risk factors related to corticosteroid
use,6–7 high serum cortisol and catecholamine levels,8 Heli-
cobacter pylori infection,9 genetic predisposition,10 stress,11

and type A personality.12 Although the clinical character-
istics of CSCR are well described, the pathophysiology is

not as well understood.1–3 Current evidence implicates a
congested and hyperpermeable choroid that elevates tissue
hydrostatic pressure beneath the RPE.13,14 The barrier func-
tion of the RPE is thought to be overwhelmed under such
circumstances, which in turn causes neurosensory detach-
ments.13,14

Verteporfin (Visudyne; Novartis, Basel, Switzerland)
photodynamic therapy (vPDT) is one of the treatment
modalities for CSCR. Clinical studies have demonstrated
accelerated resolution of subretinal fluid in response to
vPDT.15,16 As opposed to full-fluence vPDT, which was
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TABLE 1. Study Schedule

Group Number Monkey(s) Adrenaline vPDT Imaging Time Points

1 1 No. 6681 — Baseline Baseline
After vPDT weeks 2 and 4

2 1 No. 6738 Day 1 to week 8 — Baseline
After administration of adrenaline weeks 2, 4, 6 and 8

3 2 No. 4824 Day 1 to week 8 Week 4 Baseline
No. 6756 After administration of adrenaline weeks 2 and 4

After vPDT weeks 2 and 4
4 2 No. 6177 Day 1 to week 8 Week 8 Baseline

No. 6181 After administration of adrenaline weeks 2, 4, 6 and 8
After vPDT weeks 2 and 4

initially advocated for treating choroidal neovascularization,
half-fluence vPDT is believed to lead to less occlusive
effect on the choriocapillaris.17 However, the therapeutic
mechanisms of vPDT in the context of CSCR are not well
understood. Observations of reduced choroidal thickness
(CT) on optical coherence tomography (OCT) and reduced
hyperpermeability on indocyanine green angiography
(ICGA) have led to suggestions that choroidal vascula-
ture remodeling and choroidal congestion reduction are
potential mechanisms.18–20

The lack of an animal model is one of the key chal-
lenges in achieving a better understanding of the pathophys-
iology of CSCR and the therapeutic mechanisms of vPDT.
Previously, Yoshioka et al.21–24 reported successful induc-
tion of fluorescein angiography (FA) leakage that is simi-
lar to that in CSCR after the intravenous (IV) administra-
tion of adrenaline in a non-human primate model. However,
that study predated the development of OCT, and OCT was
not performed. Therefore in this study we aim to eluci-
date the tomographic, angiographic, and histologic changes
of the choroid and retina in cynomolgus monkeys after
systemic adrenaline and vPDT. We specifically focused on
spectral-domain OCT (SD-OCT) findings, which included
microstructural changes within the outer retina and choroid.
The current study incorporated evaluation of the choroidal
structure represented by stromal or interstitial area of the
choroid (SA), luminal or vascular area in the choroid (LA),
and choroidal vascularity index (CVI) derived from the total
choroidal area (TCA) and LA. This enabled us to further
examine changes within the luminal versus stromal compo-
nents of the choroid.

METHODS

All procedures were carried out in the SingHealth Experi-
mental Medicine Centre, which is licensed by the Agri-Food
and Veterinary Authority of Singapore and is fully accred-
ited by the Association for Assessment and Accreditation of
Laboratory Animal Care International. The study adhered
to the Association for Research in Vision and Ophthal-
mology Statement for the Use of Animals in Ophthalmic
and Vision Research and the National Advisory Commit-
tee for Laboratory Animal Research guidelines in Singapore.
Ethical approval was obtained from the SingHealth Institu-
tional Animal Care and Use Committee (Approval Reference
Number: 2018/SHS/1443).

Animals and Protocol

Six adult male cynomolgus macaque monkeys (Macaca
fascicularis) of age three to six years and weight 3 to

7 kg were included into the study. All animals were given
a comprehensive ocular examination, including that of the
anterior segment and fundus, to exclude ocular disease.

The six animals representing 12 eyes were divided into
four groups: group 1: vPDT (n = 2); group 2: systemic
adrenaline for eight weeks (n = 2); group 3: systemic
adrenaline for eight weeks and vPDT at week 4 (n = 4);
and group 4: systemic adrenaline for 12 weeks and vPDT at
week 8 (n = 4) (See Table 1).

General anesthesia was used during examination, imag-
ing, and procedures, as described in previous studies.21–24

This included intramuscular (IM) ketamine hydrochloride
(20 mg/kg), IM acepromazine maleate (0.25 mg/kg), and IM
atropine sulfate (0.125 mg/kg). The animals were euthanized
at four weeks after the last procedure with IV phenobarbital
(50 mg/kg) while under general anesthesia.

Systemic Adrenaline

In a previous experiment using systemic adrenaline,
neurosensory detachment was noted on day 59.21–24 Based
on this, the duration of systemic adrenaline administration
for groups 2, 3, and 4 were 60 days, 60 days, and 90 days,
respectively. Adrenaline was administrated with the follow-
ing protocol: day 1 to 7: IV 0.125 mg/kg; day 8 to 10: IV
0.125 mg/kg and IM 0.125 mg/kg, and Day 11 to end of
follow-up: IV 0.375 mg/kg.

vPDT

The vPDT was performed at prespecified timepoints in
groups 1, 3, and 4. Verteporfin (3 mg/m2) was adminis-
trated intravenously to the animals through the saphenous
vein. The settings were as follows: wavelength: 689 nm, light
dosimetry: 300 mW/cm2, fluence: 25 J/cm2, treatment dura-
tion: 83 seconds. A 3000 μm spot was centered on the fovea.

Imaging

Imaging was performed at baseline and every 14 days
thereafter until 28 days after adrenaline therapy or vPDT.
See Table 1 for the protocol and imaging time points. At
each imaging session, each animal underwent SD-OCT, FA,
ICGA, and fundus autofluorescence (FAF).

SD-OCT was performed under standardized mesopic
lighting conditions using Spectralis OCT (Heidelberg Engi-
neering, Heidelberg, Germany). After adequate pupil dila-
tion, a 25-line horizontal raster scan (20° × 20°, 6.0 mm ×
6.0 mm) centered on the fovea was performed, with nine
frames averaged in each OCT B-scan and enhanced-depth
imaging mode enabled. SD-OCT images were obtained by
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trained optometrists, and acquisitions were repeated to
obtain high-quality images. Images with a signal strength
of six or less were excluded.

FA, ICGA, and FAF (excitation wavelength of 488 nm
and a barrier filter at 500 nm) were performed with
the Heidelberg Retina Angiograph 2 with confocal scan-
ning laser ophthalmoscope (HRA+OCT Spectralis; Heidel-
berg Engineering). IV injections of 10% Sodium Fluorescein
(0.1 ml/kg) and Indocyanine green (0.75 mg/kg) via the
saphenous vein were performed. FA images were obtained
every two to three seconds for the first 30 seconds, then at
45 seconds, and at one and five minutes. ICGA images were
obtained every two to three seconds for the first 30 seconds,
then at 45 seconds, and at one, five, 10, and 20 minutes.

Images were graded in duplicate by trained retinal
specialists, who were masked to the treatment received by
each animal. Where there were discrepancies, adjudication
was overseen by a senior retinal specialist (CMGC).

Choroidal Thickness and Choroidal Vascularity
Index

Wemeasured CT and CVI18,25–28 at three locations: subfoveal,
superior to fovea, and inferior to fovea. The superior and
inferior CT and CVI were measured at 10 OCT B-scans above
and below the B-scan that corresponded to the fovea, respec-
tively. The mean of the two extrafoveal locations of measure-
ment was calculated. CT was measured using the caliper tool
in the Heidelberg Explorer from the outer border of the RPE-
basement membrane complex to the choroid-scleral inter-
face.

To measure the CVI, image binarization was performed
using public domain software ImageJ (version 1.53c;
National Institutes of Health, Bethesda, MD, USA)29,30 using
the technique described by Agrawal et al.25 and Nivison-
Smith et al.31 The polygon tool was used to select the TCA,
which was added in the region of interest (ROI) manager.
After the images were converted into eight bit, Niblack’s
auto local thresholding was applied that gave the mean pixel
value with standard deviation for all the points. On the SD-
OCT scans, the LA was highlighted by applying the color
threshold. To determine the LA within the selected polygon,
both the areas in ROI manager were selected and merged
by the “AND” operation of ImageJ. The composite third area
was added to the ROI manager. The first area represents the
total of the choroid selected, and the third composite area is
the LA. SA, which corresponds to the interstitial or stromal
component of the choroid, was obtained by calculating the
difference between TCA and LA. The CVI was calculated by
dividing LA by TCA.

Histopathology and Immunohistochemistry

Enucleation was performed at five minutes postmortem,
which was conducted at the end of the follow-up for all
animals. Whole eyes were fixed in 10% neutral buffered
formalin solution (Leica Surgipath; Leica Biosystems Rich-
mond, Inc., Richmond, IL, USA) for 24 hours. The whole eye
was then dissected to produce upper and lower halves of
the posterior segment. The upper portion was dehydrated in
increasing concentrations of ethanol, subjected to clearance
in xylene, and embedded in paraffin (Leica-Surgipath; Leica
Biosystems Richmond). Four-micron sections were cut with
a rotary microtome (RM2255; Leica Biosystems Nussloch

GmbH, Nussloch, Germany) and collected on POLYSINE
microscope glass slides (Gerhard Menzel; Thermo Fisher
Scientific, Waltham, MA, USA). The sections were dried in an
oven at 37°C for at least 24 hours. To prepare the sections for
histopathologic and immunohistochemical examination, the
sections were heated on a 60°C heat plate, deparaffinized
in xylene, and rehydrated in decreasing concentrations of
ethanol. Hematoxylin and eosin staining was performed
according to a standard procedure. A light microscope (Axio-
plan 2; Carl Zeiss Meditec GmbH, Oberkochen, Germany)
was then used to examine the slides and capture the images.

In parallel, immunohistochemistry staining was
performed using the BOND-III automated IHC Stainer
with vascular endothelial growth factor primary antibody
at 1:200 concentration (ab46154; Abcam, Cambridge, UK).
For negative controls, the primary antibody was omitted.
After washing the slides twice with 1× phosphate buffered
saline solution (PBS) and once with 1× PBS containing
0.1% Tween for 10 minutes each, corresponding secondary
antibodies (conjugated with Alexa 594; Molecular Probes,
Eugene, OR, USA) were applied at a concentration of 1:1000
in 1× PBS and incubated for 90 minutes at room tempera-
ture. The slides were then washed twice with 1× PBS and
once with 1× PBS containing 0.1% Tween for five minutes
each. The slides were mounted with Prolong Diamond
Antifade Reagent and DAPI (Invitrogen, Carlsbad, CA, USA)
to visualize cell nuclei. A light microscope (Axioplan 2;
Carl Zeiss Meditec GmbH) was used to examine the slides
and images were captured. Experiments were repeated in
duplicates for antibody staining.

Transmission Electron Microscopy

The lower portion of the posterior segments were fixed
in a mixture of 2.5% Glutaraldehyde (EM Sciences, Penn-
sylvania, USA) and 2% Paraformaldehyde (PFA) (Sigma-
Aldrich, Missouri, USA) in 1X PBS for two hours at 4°C
and rinsed in 1X PBS thrice. Rinsed samples were post-
fixed in 1% aqueous Osmium Tetroxide (OsO4; EM Sciences,
Pennsylvania, USA), dehydrated in increasing concentra-
tion of Ethanol, subjected to clearance in Acetone, and
processed for Aradite resin infiltration and embedding. Semi-
thin sections (0.5μm thick) were collected on POLYSINETM

microscope glass slides and stained in a solution of 0.5%
Toluidine Blue O (Sigma-Aldrich, Missouri, USA) and 1%
Sodium Borate (Sigma-Aldrich, Missouri, USA) dissolved in
distilled water. The solution was filtered with hydrophobic
membrane filter of a 25μm pore size prior to staining for light
microscopy. Ultrathin sections (90nm thick) were contrast
stained with Lead Citrate and examined under transmission
electron microscopy (Tecnai Spirit G2 120kv; FEI Company,
Thermo Fisher Scientific, Hillsboro, OR, USA).

Comparisons

To evaluate the effects of systemic adrenaline and vPDT,
we performed quantitative comparisons between different
timepoints for CT and CVI. The remaining assessments and
comparisons were qualitative in nature. Furthermore, for SD-
OCT, FA, ICGA, and FAF images, observations at various time
points were made against the baseline. Because histologic
images were only available from a single time point after
animal sacrifice and eye enucleation, all qualitative compar-
isons were between groups.
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TABLE 2. Changes in CT, LA, SA, and CVI After Systemic Adrenaline

Choroidal Thickness µm (SD) Luminal Area mm2 (SD) Stromal Area mm2 (SD) CVI (SD)

Subfoveal Extrafoveal Subfoveal Extrafoveal Subfoveal Extrafoveal Subfoveal Extrafoveal

Baseline 207.60 (5.03) 194.00 (20.91) 32412 (2571) 44971 (8708) 21465 (2261) 26848 (9213) 0.602 (0.04) 0.607 (0.02)
% Change at week 4* 3.4% 2.2% 2.3% −1.1% 4.3% −3.1% −4.2% 0.0%
P* 0.010 0.014 1.000 0.865 0.540 0.210 0.414 0.609
% Change at week 8† 3.9% 2.9% 16.0% −1.7% 10.5% 1.1% 1.0% 0.5%
P† 0.007 0.009 0.030 0.886 0.080 0.650 0.820 0.800

* Week 4 data are compared against baseline data from 10 eyes of all five monkeys from Groups 2, 3, and 4.
† Week 8 data are compared against baseline data from six eyes of three (out of five) monkeys from Groups 2 and 4.

Statistical Evaluation

Statistical analyses were performed using R (Version 3.6.2).
Continuous variables were summarized using means and
standard deviations and categorical variables with counts
and percentages. Comparisons across time points were
performed using repeated measures analysis of variance.

RESULTS

Effects of Systemic Adrenaline

We included observations of imaging studies from 10 eyes
of five animals (groups 2, 3, and 4), sans group 1, which
only received vPDT. In the animals which were assigned
to vPDT and adrenaline (groups 3 and 4), only images
obtained before the vPDT was performed were included in
this section. The baseline and week 4 observations were
obtained from all 10 eyes. The weeks 6 and 8 data were
obtained from six eyes from groups 2 and 4. Observations
of SD-OCT, FAF, FA, and ICGA at various time points were
made against the baseline.

CT significantly increased at week 4 compared with
the baseline in both the subfoveal (3.4%, P = 0.010) and
extrafoveal regions (2.2%, P= 0.014). The increase was more
marked after eight weeks of adrenaline therapy (subfoveal:
3.9%, P = 0.007; extrafoveal: 2.9%, P = 0.009) (Table 2).
Within the choroid, the increase was seen predominantly in
the subfoveal LA (16.0%, P = 0.030 at week 8 compared
with baseline), whereas the increase in subfoveal SA was
not statistically significant (10.5%, P = 0.080). There was no
significant change in the CVI (Table 2).

The qualitative observations are as follows. On examina-
tion of the neurosensory retina, there was disruption and
effacement of the ellipsoid zone (EZ) from week 6 onward
and shallow subretinal fluid at week 8. Elongation and
protrusion of photoreceptor outer segments, together with
subretinal and intraretinal bright dots were also observed
(Fig. 1).

None of the eyes developed leakage on FA. On ICGA,
round hypocyanescent spots and surrounding leakage devel-
oped from week 4 onwards in three eyes (Fig. 2).

Histology. Only eyes that did not receive vPDT (Group
2) were used to evaluate the qualitative histologic effects
of systemic adrenaline therapy and were compared against
groups 1, 3, and 4. This captured a single time point after
eight weeks of systemic adrenaline therapy after animal
sacrifice and eye enucleation. The choroidal venules and
choriocapillaris were dilated. There were also intracytoplas-
mic vacuoles and enlarged infoldings at the basal aspect of
the RPE cells. The RPE cells were not noted to be signifi-
cantly irregular in size and shape. No loss of tight junctions
between RPE cells was observed (Fig. 3).

Effects of vPDT

SD-OCT, FAF, FA, and ICGA images that were obtained
at two and four weeks after vPDT from 10 eyes of five
monkeys (Groups 1, 3, and 4) were compared with the
pre-vPDT images that were obtained immediately before
vPDT. Therefore the pre-vPDT images that were used as
baseline in groups 1, 3, and 4 were taken from base-
line, post-adrenaline week 4, and post-adrenaline week 8,
respectively.

Within the vPDT treatment zone (subfoveal region), there
was a statistically significant reduction in CT in the subfoveal
region at four weeks after vPDT compared with base-
line (−7.5%, P = 0.007). Within the choroid, there was a
more significant reduction in the SA (−18.0%, P < 0.010)
compared with in the LA (−6.7%, P = 0.150) at week 4
after vPDT. As a result, there was a significant increase in
the CVI after vPDT relative to the baseline at four weeks
after vPDT (6.5%, P < 0.010). In the neurosensory retina,
marked outer retinal changes were observed at two weeks
after vPDT on SD-OCT. These included atrophy of outer reti-
nal layers, severe EZ disruption, and irregular hyperreflective
RPE thickening. These changes remained at four weeks after
vPDT (See Table 3).

Outside the vPDT treatment zone (extrafoveal region),
there was a borderline decrease in CT at week 4 compared
with baseline (−6.0%, P = 0.050), which was accompanied
by mild reduction in both LA and SA not reaching statis-
tical significance. See Figure 4 for a comparison of SD-
OCT changes between within and outside the vPDT treat-
ment zone. Similar effects were observed after vPDT in eyes
with (groups 3 and 4) and without (group 1) prior systemic
adrenaline administration (See Table 3).

The qualitative observations are as follows. The treatment
zone showed intense hypofluoresence on ICGA and FAF at
two weeks after vPDT, which was surrounded by a ring of
hyperfluorescence. This area appeared hyperfluorescent on
FA. At four weeks after vPDT, the hypofluorescence on ICGA
and FAF and the hyperfluorescence on FA partially resolved
(Fig. 5).

Histology. Post-vPDT histologic changes in groups 1, 3,
and 4 were evaluated in comparison to that in group 2,which
received only systemic adrenaline. The qualitative histology
findings included subretinal pigment-laden macrophages,
pyknosis, and a monolayer of regenerated, flat, and hypopig-
mented RPE cells. In the outer retina, the outer nuclear
layer was disrupted, and most of the photoreceptor cells
were lost. The choroidal venules and choriocapillaris were
narrow. In addition, the choroid had marked vascular
endothelial growth factor staining. Likewise, similar histo-
logic changes were observed after vPDT in eyes with (groups
3 and 4) and without (group 1) prior systemic adrenaline
(Fig. 6).
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FIGURE 1. SD-OCT changes after systemic administration of adrenaline (group 4). (A) Longitudinal changes from baseline to eight weeks
after administration of adrenaline in two eyes. From week 6 onward, disruption of the EZ was noted (indicated with white arrowheads). At
eight weeks, in comparison with the baseline, there was elongation and protrusion of photoreceptor outer segments and intraretinal and
subretinal bright dots (indicated with solid white arrows). There was also shallow subretinal fluid (indicated with interrupted white arrow).
The areas of interest in the left eye at baseline and at week 8 are further demarcated with interrupted white outlines and are magnified in (B).
(B) Magnified images comparing the left eye at week 8 after administration of adrenaline with baseline. (C) Binarization technique applied
to the choroidal stromal and luminal components on the SD-OCT B-scan of the same eye at baseline and eight weeks after administration
of adrenaline.
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FIGURE 2. ICGA changes after systemic adrenaline (group 4). (A) On ICGA, round hypocyanescent spots and surrounding leakage developed
from week 4 after administration of adrenaline onward in three eyes (indicated with solid white arrows). Area of interest in the last eye at
week 8 is further demarcated with an interrupted white outline and is magnified in (B). (B) Magnified image of the area of interest in (A)
demonstrating round hypocyanescent spots on ICGA. (C) Magnified SD-OCT B-scan of the region indicated with an interrupted white line
in (B) demonstrating an effaced EZ (outlined in solid white).

FIGURE 3. Histologic findings following systemic adrenaline (group 2). (A) Light microscopy section with toluidine blue stain at magnification
× 40 demonstrating dilated choroidal venules (indicated with black asterisks) and choriocapillaris (indicated with solid black arrows). (B)
Electron microscopy section at magnification × 440 demonstrating dilated choroidal venules (indicated with black asterisks). (C) Electron
microscopy section at magnification × 1900 demonstrating an intracytoplasmic vacuole at the basal aspect of RPE cells (indicated with
interrupted white arrow) and enlarged basal infoldings (indicated with solid white arrows). IS, inner segment; OS, outer segment; BrM,
Bruch’s membrane.
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TABLE 3. Changes in CT, LA, SA, and CVI After vPDT

Choroidal Thickness µm (SD) Luminal Area mm2 (SD) Stromal Area mm2 (SD) CVI (SD)

Subfoveal Extrafoveal Subfoveal Extrafoveal Subfoveal Extrafoveal Subfoveal Extrafoveal

Baseline 190.70 (23.99) 175.50 (38.14) 32459.40 (4302.72) 44462.05 (8107.86) 23860 (2495) 33423 (3943) 0.589 (0.03) 0.610 (0.02)
% Change at week 2 −5.3% −1.9% −4.5% −4.3% −8.6% −3.5% 5.8% −0.3%
P 0.060 0.650 0.480 0.716 0.070 0.430 0.150 0.971
% Change at week 4* −7.5% −6.0% −6.7% −5.7% −18.0% −3.2% 6.5% 0.0%
P 0.007 0.050 0.150 0.560 <0.010 0.620 <0.010 0.636

* Week 4 data are compared against baseline data from 10 eyes of all five monkeys from groups 1, 3, and 4.

FIGURE 4. SD-OCT changes following vPDT (group 1). Comparison of SD-OCT changes within, superior to, and inferior to vPDT treatment
zone at baseline, at two weeks, and at four weeks after vPDT. Near-infrared (NIR) images are shown adjacent to the corresponding SD-OCT
B-scans to indicate the location of the B-scan in relation to the vPDT treatment zone. The boundary of the vPDT treatment zone is highlighted
with an interrupted red circle in the NIR image, whereas the B scan location is indicated by the solid horizontal green line. At two and four
weeks after vPDT, marked outer retinal changes were observed on SD-OCT (indicated with solid white arrows). These included atrophy
of outer retinal layers, severe EZ disruption, and irregular hyperreflective RPE thickening. There were no significant changes observed on
SD-OCT outside the vPDT treatment zone.

DISCUSSION

In this study, we documented retinal and choroidal changes
with multimodal imaging and histology after short-term
systemic administration of adrenaline and subsequently
vPDT. We elected to use a reduced dose of verteporfin 3
mg/m2, which is half the recommended dose in humans
with neovascular macular degeneration32,33 and in the origi-
nal experimental studies of verteporfin.34,35 We also reduced
the fluence of the infrared laser because this has been previ-
ously recognized as sufficient for the treatment of CSCR.36

In addition to traditional angiography, we incorporated
SD-OCT with enhanced-depth imaging and novel quantita-
tive metrics such as CVI to better understand the impact of
adrenaline and vPDT on the luminal and stromal compo-
nents of the choroid.

After the systemic administration of adrenaline, we
observed several changes within the retina, RPE, and
choroid, which recapitulate clinical findings in CSCR. These
included the development of shallow neurosensory detach-
ment, disruption of EZ, elongation and protrusion of
photoreceptor outer segments, and subretinal and intrareti-
nal bright dots. The earliest detectable change was an
increase in subfoveal CT at week 4, which became more
evident at week 8. Through using the image binariza-
tion technique, we found that changes in CT mainly arose
because of an increase in the luminal component. The histo-
logic finding of dilated choroidal vessels and choriocapillaris
was consistent with the SD-OCT changes. These observa-
tions support previous reports that have proposed that a
thickened choroid arises as a consequence of dilation in the
large choroidal vessels (pachyvessels).37–39

In contrast to Yoshioka et al.,24 we were unable to detect
leakage on FA. On ICGA, we found hypocyanescent spots
with surrounding leakage. Previous studies have reported
similar dark spots in patients with CSCR and proposed
that these may indicate regional choroidal filling delays
and localized hypoperfusion.40–43 Interestingly, Tittl et al.43

demonstrated an abnormal subfoveal choroidal blood flow
regulation and an inadequate vasoconstrictor response in
chronic relapsing CSCR patients.

In the second part of this study, in eyes which were
exposed to vPDT with and without the prior administra-
tion of systemic adrenaline, we observed reductions in CT
both within and outside the treatment zone (albeit with a
smaller change outside the treatment zone). This is concor-
dant with the clinical findings after half-fluence vPDT in
patients with CSCR.2,3,44–46 Using image binarization, we
demonstrated that the reduction in SA was greater than that
of the LA. We propose that reduction in SA and volume may
result from the resolution of exudate and inflammation.47,48

In contrast to previous studies that have reported a reduc-
tion in CVI after vPDT,27 we found a small increase in CVI
of around 6.5%. The CVI is calculated as a proportion of the
vascular component to the overall choroid volume. There-
fore the reduction in the stromal volume without a corre-
sponding change in the vessel volume could account for
this small increase. Figure 7 illustrates the possible hypoth-
esis for our observations. Alternatively, this may have arisen
through differences in the study design because the time-
points selected for investigation after PDT may have resulted
in the assessment reflecting different stages of choroidal
remodeling. In this study, we chose to report the stromal
changes at four weeks, whereas Izumi et al.27 reported
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FIGURE 5. FA, ICGA, and FAF changes after vPDT (group 1). At two weeks after vPDT, the treatment zone showed intense hypofluoresence
on (A) FAF and (C) ICGA, which was surrounded by a ring of hyperfluorescence; (B) This area appeared hyperfluorescent on FA. At four
weeks after vPDT, the hypofluorescence on ICGA and FAF and the hyperfluorescence on FA are partially resolved.

predominant luminal changes at three months after half-
dose PDT in eyes with CSCR.

We also observed marked outer retinal disruption affect-
ing the outer nuclear layer, EZ, and RPE, especially from
the SD-OCT and histologic findings. Intense hypoautofluo-
rescence and hyperfluorescence on FA suggestive of RPE
damage, which were most obvious at two weeks, showed
partial recovery at four weeks after vPDT. These findings
are also consistent with that reported in previous animal49–52

and human studies.53 The histology studies corroborated
imaging findings that suggested damage to the outer retina
and RPE (flat and hypopigmented RPE cells).50

In addition, the hypocyanescence on ICGA within the
laser exposed treatment spot is suggestive of choriocapillaris
nonperfusion, which showed partial recovery at four weeks
along with histologic evidence of regeneration of chorio-
capillaris vascular endothelium. Although the adverse effects
of vPDT including choroidal ischemia, secondary choroidal
neovascularization, and RPE atrophy are known,2,3 the
severity of outer retinal and choriocapillaris damage despite
the use of the reduced dose and fluence vPDT in our study
was unexpected. Such dramatic alterations in retina and CT
have not been observed in humans after vPDT even with
a dose of 6 mg/m2 verteporfin and a light fluence of 50
J/cm2. It is generally believed that choriocapillaris hypop-
erfusion recovers within three months of vPDT, although
some studies have reported hypoperfusion even at nine

months.47 Human studies with ICGA findings up to 24
months after vPDT suggested permanent closure of part of
the choroidal vasculature.54 Previous studies of vPDT in non-
human primate models have mostly been performed after
laser-induced choroidal neovascularization.50,52 In contrast,
the eyes in the current study had no or minimal subreti-
nal fluid. This difference may explain the severe RPE and
choriocapillaris damage in our study. Other studies that
reported vPDT-induced outer retinal damage on primate
models involved the use of higher doses of verteporfin
administered repeatedly.49–52 The retinal response to injury
can involve migration, proliferation, necrosis, and pigmen-
tary alteration of RPE cells.55–58

The key strength of this study is the concomitant evalu-
ation of tomographic, angiographic, and histologic changes
in the animal model of CSCR before and after vPDT. The
cynomolgus monkey eye shares similarities in anatomy,
function, and response to vPDT with the human eye. The
limitations include the relatively small sample size, short
follow-up period, and the absence of matched controls.
The pre-vPDT baseline data represented data from monkeys
that had received varying amounts of systemic adrenaline
before undergoing vPDT. However, we noted that the post-
vPDT effects were similar regardless of prior exposure to
adrenaline. In addition, the intervals between vPDT and
timepoints at which images were captured could have
resulted in an inability to identify early changes in the
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FIGURE 6. Histologic changes after half-dose half-fluence vPDT (groups 1, 3, and 4). (A) Light microscopy section with toluidine blue
stain at magnification × 20 demonstrating the inner retina and choroid close to the laser spot. Pigment-laden macrophages were observed
(indicated with solid black arrows). A monolayer of regenerated RPE cells with few melanin granules was seen. These cells were flatter
in shape and hypopigmented because of the damage induced by vPDT (in contrast to the RPE cells in Figure 3A after administration of
systemic adrenaline). A few pyknotic nuclei were seen in the ONL (indicated with interrupted black arrows). (B) Corresponding electron
microscopy section at magnification × 890 demonstrating a monolayer of depigmented regenerating RPE cells after vPDT and pigment-laden
macrophages (indicated with solid black arrows). (C) Composite image of light microscopy section with toluidine blue stain at magnification
× 40 of the central part of the vPDT laser spot. The outer nuclear layer was disrupted. Most of the photoreceptor cells were lost. Few residual
cone cells with the inner segments were seen at the foveal center. Pigment-laden macrophages were attached to the retina (indicated with
solid black arrows). The RPE layer was composed by flat cells with few melanin granules. The lumens of the choriocapillaris were narrow
(indicated with interrupted black arrow), and choroidal venules had narrow lumens (indicated with black asterisks). (D) Corresponding
electron microscopy section at magnification × 1900 demonstrating a subretinal pigment-laden macrophage. (E) Light microscopy section at
magnification × 20 as negative control for vascular endothelial growth factor (VEGF) staining of central area of vPDT. (F) Light microscopy
section with VEGF antibody stain at magnification × 20 demonstrating marked VEGF staining in the choroidal stroma. There was positive
staining of the subretinal macrophages (indicated with solid black arrows). There were also many round-shaped and spindle-shaped cells
in the choroidal stroma compared with the control specimen. GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer;
OPL, outer plexiform layer; ONL, outer nuclear layer; OLM, outer limiting membrane; PRL, photoreceptor layer; CC, choriocapillaris; PLM,
pigment-laden macrophage.
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FIGURE 7. Schematic of histologic changes after vPDT. Systemic administration of adrenaline resulted in an increase in CT. This was predom-
inantly the result of an increase in LA and, to a lesser extent, an increase in SA. After vPDT, marked decrease in CT within the vPDT treatment
spot resulted mainly from a reduction in SA and a less marked reduction in LA.

outer retina, RPE, and choroid because these may have been
missed with recovery. We also have no longer-term data. We
also did not examine functional effects using electroretinog-
raphy to assess their relationship with anatomic changes.

Notably, the absence of FA leakage in this study calls
into question whether a true CSCR model was created in
this study. Although there was no FA leakage, the observed
features as described are suggestive of outer retinal changes,
RPE dysfunction, and choroidal congestion. This would
constitute a pachychoroid model at the very least. CSCR
resides in the pachychoroid disease spectrum. Multimodal
imaging in other studies have demonstrated that RPE disease
occurs at locations that coincide with regional choroidal
hyperpermeability and focal choroidal thickening.59–61 We
further postulate that had the monkeys been kept for a
longer time, the observed choroidal changes would have
progressed to FA leakage.

In summary, this study has provided valuable information
regarding the tomographic, angiographic, and histologic
changes in the choroid and retina of cynomolgus monkey
eyes after induction of experimental CSCR by systemic
administration of adrenaline and subsequent treatment with
vPDT. The characterization of changes in the outer retina,
RPE, and the choroidal angioarchitecture show that this
model is relevant to the study of CSCR, therapeutic effects of
vPDT, and potential therapeutic interventions affecting the
choroid.
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