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Purpose: To utilize volumetric analysis to quantify volumetric changes in choroidal
vessels and stroma after photodynamic therapy (PDT) and focal laser photocoagulation
(PC) for central serous chorioretinopathy (CSCR).

Methods: This retrospective, comparative study included 58 eyes (58 patients) with
CSCR (PC, 33 eyes; PDT, 25 eyes) followed up with swept-source optical coherence
tomography at 3 months after treatment. Three-dimensional (3D) choroidal vessel and
stromal volumes in each area of the central 1.5-mm-diameter circle, the torus-shaped
areawith6-mm-diameter circle excluding theareaof the central 1.5-mm-diameter circle,
and the treated area of the Early Treatment Diabetic Retinopathy Study (ETDRS) grid
centered at the fovea were analyzed using a deep learning–based method. Changes in
volume at baseline and 1 and 3 months after treatment were compared.

Results: The mean patient age was 49.3 ± 10.5 years. In the central 1.5-mm-diameter
circle, the mean vessel and stromal volume rates significantly decreased after the treat-
ment in both the PDT and PC groups (P = 0.00029 and P = 0.0014, respectively),
and significant differences between the PDT and PC groups of continuous variables
within times were observed in both volumes (P = 0.024 and P = 0.037, respectively).
In the torus-shaped area and treated area, the PDT and PC groups both showed similar
decreases in vessel and stromal volume over time.

Conclusions: In the 3D optical coherence tomography volumetric analysis, both PDT
and focal PC reduced choroid vessel volume in eyes with CSCR.

TranslationalRelevance: This newfinding is useful in elucidating thepathogenesis and
healing mechanisms of CSCR.

Introduction

Central serous chorioretinopathy (CSCR) is a
chorioretinal disorder that causes serous retinal
detachment.1 Although its pathogenesis is not fully
understood, it involves a thickened choroid, hyperper-
meability of choroidal vessels, large choroidal vessel

dilatation in the middle and Haller’s layer, and conse-
quent decompensation of the retinal pigment epithe-
lium (RPE).2–6 Treatments for CSCR include laser
photocoagulation (PC)7,8 and photodynamic therapy
(PDT). PC is applied at the leak spot away from
the fovea,8,9 whereas PDT is indicated in cases with
foveal leakage.10–13 Previous studies have reported that
the central choroidal thickness significantly reduced
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after PDT10–14 but not after PC.6 However, most
of these studies analyzed choroidal thickness under
the fovea on one cross-sectional B-scan on optical
coherence tomography (OCT). As the choroid is
a three-dimensional (3D) tissue containing various
diameters of blood vessels and stroma, cross-sectional
OCT alone does not represent the entire pathology
of CSCR. In addition, hyperpermeable choroidal
vessels and leakage spots are present not only in
the subfoveal region but also in various extrafoveal
regions. Therefore, analysis of the subcentral choroid
alonemay be insufficient to analyze the pathogenesis of
CSCR.

Various methods of 3D analysis have revealed clini-
cally relevant structural details, including choroidal
volumes, that two-dimensional (2D) analysis could
not reveal. Recently, we reported the quantitative 3D
volume analysis of healthy and diseased choroids using
an artificial intelligence (AI) processing method.15 This
method can be applied to pre-obtained OCT images,
thereby offering widespread applicability, and OCT
images can be utilized for quantitative analysis of
the choroidal structure, including vessel and stromal
volume. Thus, this method might elucidate the patho-
genesis of CSCR and the treatment responsiveness of
the choroid after treatment.

Here we investigated the quantitative changes of
choroidal structure in eyes with CSCR before and
after laser photocoagulation and PDT using this new
method.

Methods

This retrospective study was conducted at the Osaka
University Hospital. The study was approved by the
Institutional Review Board of the Osaka Univer-
sity Graduate School of Medicine (Project #09260-
5, 17279-3) and followed the tenets of the Declara-
tion of Helsinki. This is a retrospective case series
study; thus, the requirement for informed consent was
waived.

This study included 58 eyes of 58 patients with
CSCR who were treated by PC or PDT at the leak
points associated with CSCR and were evaluated
with DRI OCT swept-source optical coherence tomog-
raphy (SS-OCT) (Topcon, Tokyo, Japan) at the 3-
month follow-up. All patients underwent SS-OCT,
which acquires 12 × 9-mm OCT volumes (512 A-
lines per B-scan and 256 B-scans per volume) over
the macular area to provide 3D volumetric informa-
tion at pretreatment and at 1 month and 3 months
after treatment. The following patients were excluded:

(1) cases in which the presence of choroidal neovas-
cularization could not be ruled out on multimodal
imaging; (2) cases with other retinal diseases, includ-
ing diabetic retinopathy, retinal venous occlusion, and
ocular inflammation; (3) cases with high myopia (>
−6 diopters); and (4) those who had SS-OCT images
of the choroid that were indistinct due to large
pigment epithelium detachment and subretinal fibrin.
The patients who had previously been treated with PC
or PDT and developed subretinal fluid recurrence were
included. Ophthalmic examinations, including best-
corrected visual acuity (BCVA) using the Landolt C
chart, fundus examination, color fundus photography,
and SS-OCT, were performed for all patients at all
visits. Fluorescein and indocyanine green angiogra-
phy was performed in all patients before treatment.
Central retinal thickness (CRT) was defined as the
distance between the internal limiting membrane and
the presumed RPE at the fovea and was assessed
using SS-OCT. Central choroidal thickness (CCT) was
defined as the distance between the presumed RPE and
chorioscleral interface at the fovea and was evaluated
using SS-OCT.

Diagnosis and Treatment

Diagnosis of CSCR was based on multimodal
imaging analysis, including leakage on fluorescein
angiography (FA), permeability of choroidal vessels
on indocyanine green angiography (ICGA), and
serous retinal detachment (subretinal fluid) on OCT.16
Decisions regarding treatment approaches were made
in accordance with standard therapeutic practice.17
When FA showed pinpoint leak spots away from the
fovea, the eyes were treated with conventional focal PC
(PC group). If the leak point on FA was diffuse or
near (<200 μm) or at the fovea, the eyes were treated
with PDT (PDT group). Conventional focal PC in the
PC group was performed using a yellow laser (561 μm;
ZEISS Group, Dublin, CA) with a spot size of 50 to
100 μm at a power of 80 to 100 mW, with an applica-
tion time of 0.15 seconds. The endpoint of the PC was
a grayish color change in theRPE. PDTwas performed
using 6 mg/m2 verteporfin (Visudyne; Novartis, Basel,
Switzerland). The verteporfinwas infused over a period
of 10 minutes, and a ZEISS 689-nm laser system was
used at an irradiance of 600 mW/cm2 over a 70-
second exposure time, which is shorter than the normal
exposure time (83 seconds), starting 15 minutes after
the start of the infusion. The PDT spot size was the
largest circle determined by the region of the leakage
area on the FA image or the area of hyperpermeability
on indocyanine angiography, or both, which did not
include an additional margin. The actual irradiated

Downloaded from iovs.arvojournals.org on 04/25/2024



Choroid Volumetric Analysis in CSCR for PC or PDT TVST | November 2023 | Vol. 12 | No. 11 | Article 26 | 3

circle was recorded on the FA image; thus the Early
Treatment Diabetic Retinopathy Study (ETDRS) grid
centered at the fovea was superimposed on it to deter-
mine the treated area.

Quantitative Visualization of the Choroidal
Structure

Details regarding the image enhancement and vessel
segmentation processes have been provided in a previ-
ous report.15 The SS-OCT images of 12 × 9-mm B-
scans over the macular area were used to generate the
3D vascular structure within the choroid for quantita-
tive analysis. First, to enhance the image quality and
aid accurate choroidal vessel segmentation, the origi-
nal volumetric OCT scans were subjected to a series
of preprocessing methods. Noise reduction was first
implemented by a custom deep learning–based noise
reduction algorithm,18–20 which used a U-Net model
trained on noisy images from the Topcon DRI OCT
Triton. Shadow reduction was then applied on each
A-line to neutralize the dark appearance of shadow
artifacts in the deep layers. In order to improve the
vessel visualization, especially in the deep choroid,
attenuation compensation and contrast enhancement
with a local Laplacian filter21,22 were applied at the end
of preprocessing.

The preprocessed OCT scans were then segmented
using the Topcon Advanced Boundary Segmenta-
tion (TABS) algorithm23 (version 10.16.003.02) with
manual correction for errors if required, and choroidal
vessels were segmented using a fully automated
approach via a composite method that utilizes the
contrast difference between the choroidal vessels and
stroma.24–27 A fully automated composite segmen-
tation method was utilized that fused both local
and global thresholding techniques. In terms of local
thresholding, B-scans and C-scans provide distinct
perspectives that are crucial for effective segmentation
of choroidal vessels. B-scan segmentation,24,28 recog-
nized for its simplicity, is routinely employed, whereas
C-scan segmentation26 enhances vessel connectiv-
ity, given that shadows from retinal vessels have
been mitigated during preprocessing. Moreover, global
thresholding techniques29 surpass local ones when it
comes to segmenting large, dilated vessels in patho-
logical conditions. Our combined approach facilitates
more precise and resilient choroidal vessel segmen-
tation. The composite segmentation results yield a
detailed 3D depiction of the choroidal vessel archi-
tecture. Volume measurements are ascertained by
multiplying pixel resolution with the number of
pixels.

Segmented information about the choroidal vessels
was then fed directly into imaging software (VisIt),30

Figure 1. Overlay of an ETDRS grid on a 3D segmentation map.
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the 3D vascular structure of the choroid was visual-
ized, and a 3D segmentation map was created. This 3D
segmentation map also provides quantification of the
total choroid and choroidal vessels, and the choroidal
stromal volume can be calculated by subtracting the
vascular volume from the total choroidal volume. The
overlay of an ETDRS grid centered at the fovea on a
3D segmentation map can be applied to derive regional
quantifications and reveal focal changes in vessel and
stromal pathology (Fig. 1).

Analysis of Acquired Data

The vessel and stromal volumes were measured in
the central 6-mm-diameter circle of the ETDRS chart.
Each volume was calculated for the entire circle and
each of the nine individual areas (Fig. 1). We evaluated
the volume of the 1.5-mm-diameter central circle, the
torus-shaped area (the area with 6-mm-diameter circle
excluding the area of the central 1.5-mm-diameter
circle), and the treated area. The treated areas were
determined to be those where photocoagulation was
performed or PDT was irradiated. The most widely
irradiated area was selected when it covered two or
more areas. The change in volume was evaluated as the
ratio from pretreatment.

Statistical Analysis

BCVA was converted to logarithm of the minimum
angle of resolution (logMAR) units for statistical
analysis. A generalized liner mixed-effects model was

used to assess the differences between PDT and PC
and changes over time (pretreatment and 1 month and
3 months posttreatment). The model was fitted with
treatment (PDT and PC) and time as fixed effects and
time and an individual as the random effects. For all
analyses, P < 0.05 was considered statistically signifi-
cant when adjusting for multiple comparisons.

Results

Overall, 58 eyes of 58 patients were included in this
study; 42 patients were male (72%), and 16 patients
were female (28%). The mean age was 73.9 ± 8.8 years.
Six patients (10.3%) received systemic administration
of steroids. Further, 33 eyes (57%) were treated with
conventional PC (PC group), and the remaining 25 eyes
(43%) were treated with PDT (PDT group). For the
duration of CSCR, based on self-reports and existing
data, 19 eyes in the PC group were diagnosed within
6 months (minimum 1 month), three eyes within 6
months to 1 year, and nine eyes over 1 year later. In the
PDT group, three eyes were diagnosed within 6months
(minimum 2 months), nine eyes within 6 months to 1
year, and 10 eyes over 1 year later.

Baseline characteristics of each group are presented
in Table 1. Significant differences were observed in sex,
but no significant differences were noted between the
two groups in other variables, including age, systemic
steroid administration, BCVA, mean CRT, or CCT.
As it has been reported that no sex-related difference
exists in choroidal thickness, we do not believe the

Table 1. Patient Characteristics at Pretreatment

Total PC PDT P (PC Group vs. PDT Group)

Eyes/patients, n 58/58 33/33 25/25
Age (y), mean ± SD 49.2 ± 10.5 46.9 ± 7.8 52.3 ± 12.8 0.0516
Male eyes, n (%) 42 (72.4) 28 (84.9) 14 (56.0) 0.0197*

Systemic steroid administration, n (%) 6 (10.3) 3 (9.1) 3 (12) 1.00
BCVA (logMAR), mean ± SD 0.09 ± 0.20 0.07 ± 0.14 0.12 ± 0.25 0.36
CRT (μm), mean ± SD 419.7 ± 176.4 444.2 ± 188.3 387.2 ± 157.2 0.23
CCT (μm), mean ± SD 393.2 ± 97.9 407.7 ± 97.3 374.0 ± 97.1 0.196
Vessel volume (mm3), mean ± SD
Central 0.14 ± 0.05 0.14 ± 0.05 0.13 ± 0.043 0.497
Torus-shaped area 14.16 ± 4.01 14.16 ± 3.53 12.64 ± 4.50 0.155
Treated area 0.55 ± 0.39 0.70 ± 0.34 0.35 ± 0.36 0.0004*

Stroma volume (mm3), mean ± SD
Central 0.14 ± 0.04 0.15 ± 0.04 0.13 ± 0.04 0.093
Torus-shaped area 13.35 ± 4.15 13.66 ± 2.85 12.62 ± 4.46 0.280
Treated area 0.53 ± 0.36 0.67 ± 0.31 0.34 ± 0.34 0.0003*

*P < 0.05.
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Figure 2. Time course of mean BCVA (A) and CCT (B) in all eyes after laser PC or PDT.

baseline difference had any effect.31 For the vessel and
stromal volumes at baseline of the central 1.5-mm-
diameter circle and the torus-shaped area no signif-
icant difference was observed between the PDT and
PC groups. However, these volumes at the treated area
in the PC group were significantly greater than those
in the PDT group because the measurement area was
originally larger in the peripheral area than in the
center circle. Moreover, more eyes were treated near
the center circle in the PDT group, and more eyes
were treated near the peripheral area in the PC group
(Table 1).

Changes in the mean BCVA and CCT are shown
in Figure 2. The logMAR BCVA improved from 0.07
± 0.14 at baseline to 0.009± 0.13 at 1 month and –0.06
± 0.16 at 3 months in the PC group. In the PDT group,
the logMAR BCVA values were 0.12 ± 0.25, 0.13 ±
0.25, and 0.06 ± 0.20 at baseline and at 1 month and
3 months after treatment, respectively. The logMAR
BCVA was significantly better in the PC group than in
the PDT group (P = 0.014) (Fig. 2A).

CCT decreased from 408 ± 97 μm at baseline to
393 ± 92 μm and 394 ± 110 μm at 1 month and 3
months after treatment, respectively, in the PC group
and decreased from 374 ± 97 μm to 345 ± 106 μm
and 347 ± 114 μm at 1 month and 3 months after the
treatment, respectively, in the PDT group. Significant

decreases were noted in the PDT group compared to
the PC group (P = 0.0065) (Fig. 2B).

Changes in Vessel and Stromal Volume of the
Choroid

The time course of changes in vessel and stromal
volumes are shown in Figure 3 and Table 2. In the
central 1.5-mm-diameter circle of the ETDRS chart,
the mean vessel and stromal volume rate significantly
decreased after treatment in both PDT and PC groups
(P < 0.0001 and P < 0.0002 for vessel and stroma,
respectively). Significant differences between the PDT
and PC groups of continuous variables were observed
in both vessel and stromal volume (P = 0.024 and
P = 0.037, respectively) (Figs. 3A, 3B). In the torus-
shaped area, the PDT and PC groups both showed a
similar decrease in vessel and stromal volume over time
(time: P < 0.0001 and P < 0.0001, respectively; treat-
ment: P = 0.177 and P = 0.209, respectively) (Figs.
3C, 3D). In the treated area of the ETDRS chart,
no difference between the PDT and PC groups was
observed, similar to the torus-shaped area; both vessel
and stromal volumes decreased over time. (time: P <

0.0001 and P < 0.0001, respectively; treatment: P =
0.166 and P = 0.233, respectively) (Figs. 3E, 3F, 4, 5).
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Figure 3. Time course of the mean ratio of vessel volume (A, C, E) and stromal volume (B,D, F) to pretreatment in the central circle, torus-
shaped area, and treated area in all eyes after laser PC or PDT.

Discussion

To the best of our knowledge, at the time of this
writing, this is the first report of 3D analysis to evalu-
ate choroidal vascular and stromal volumes separately
in the eyes of patients with CSCR who received PC
or PDT. The noteworthy findings obtained with our
3D analysis revealed that choroidal vessel volume in
eyes with CSCR decreases after not only PDT but also
PC. These new findings were obtained using our novel

methods of analyzing choroidal vessels and stroma
separately and using 3D information in areas of partic-
ular interest.15 Vessel volume maps that can be format-
ted to scrutinize small, selected quadrants allowed us to
detect focal pinpoint changes in the choroidal vascula-
ture.

Many previous studies have reported choroidal
changes in CSCR using cross-sectional (2D) OCT
images. According to these studies, CCT decreases
to 80% to 90% compared with baseline following
PDT,6,12,14,32 whereas CCT does not decrease after PC.
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Table 2. Changes in Vessel and Stroma Volume After Treatment

Ratio to Pretreatment

PDT PC

1 Month 3 Months 1 Month 3 Months P
P (Time: Pretreatment,
1 Month, 3 Months)

P (Treatment:
PDT vs. PC)

1.5-mm-Diameter Central Circle
Vessel 0.90 0.88 0.96 0.94 0.192 <0.0001* 0.024*

Stroma 0.92 0.95 0.98 0.98 0.307 0.0002* 0.037*

Torus-Shaped Area (1.5–6 mm)
Vessel 0.94 0.93 0.96 0.95 0.528 <0.0001* 0.178
Stroma 0.93 0.95 0.96 0.95 0.928 <0.0001* 0.303

Treated Area
Vessel 0.90 0.90 0.93 0.93 0.356 <0.0001* 0.166
Stroma 0.92 0.94 0.95 0.96 0.580 <0.0001* 0.233
*P < 0.05.

In accordance with these reports, our study showed
that the CCT was significantly reduced to 92% in
the PDT group, although there was no significant
reduction in CCT in the PC group. However, notably,
with the 3D analysis of our study, both vessel and
stromal volume significantly decreased in the PC group,
although no significant difference in CCTwas observed
in the 2D images. CCT is usually measured at only
one point, the fovea. In this study, the rate of decrease
in vessel volume in the PC group was significantly
lower than that in the PDT group. Therefore, CCT
measurement alone may not be useful for detecting
potential changes in the choroid in the PC treatment
group. In the torus-shaped area and treated area of
the PC group, both vessel and stromal volumes signifi-
cantly decreased, similar to the degree observed in the
PDT group. More eyes underwent treatment35 in the
central region in the PDT group. This may account
for the lower rate of reduction in vessel volume in the
central region in the PC group than in the PDT group,
and PC is also thought to decrease vessel volumes
similar to PDT. This may be related to the fact that the
largest choroidal volume anatomically was observed
at the fovea, and, therefore, the vessel and stromal
volume are larger. The mechanism of the SRF resolu-
tion after PC treatment remains unclear, although it
has been postulated that PC may close the rip of
the RPE and stimulate the pump function of the
RPE near the rip.7,33,34 Our findings may add some
insights into the PC-induced resolution of CSCR. The
mechanism of PDT in CSCR is presumably based
on the formation of free radicals on the irradiated
area, which leads to vascular endothelium remodel-
ing and decreased choroidal vessel dilation. Previously,
the mechanism of PC had been thought to only close
the rip of the RPE; however, PC may also have the

effect of vascular remodeling and the reduction of
choroidal hyperpermeability or congestion associated
with CSCR. It was thought that PDT is more effec-
tive in improving the pathogenesis of CSCR because
it reduces choroidal thickness, but a similar effect can
be expected with PC. Therefore, if the leakage point
is far from the central fovea, PC may be a good
option.

In a recent study that analyzed choroidal volume
change using the 3D method, carried out using the
choroid quantification program provided by ZEISS
after PDT for CSCR,35 the choroidal volume in the
irradiated area significantly decreased, but not in non-
irradiated peripheral areas with PDT. In the PDT
group in the present study, vessel volume significantly
decreased in all areas, but the vessel volume decreased
at a higher rate in the treated area than in the torus-
shaped area. This result suggests that the decrease
was more pronounced in the treated area and less
pronounced outside the treated area. Some previous
studies quantitatively analyzed the vessel and stroma
of the choroid separately, as in the present study,24,36–38
and examined their changes after PDT treatment.39,40
However, these studies reported choroidal vascular-
ity in 2D without the visualization of vasculature,25
or they obtained only 3D visualizations in normal
subjects.29,41–44 Although two studies26,29 reported a
significant decrease in the luminal area, the stromal
area did not decrease in their studies. In our study, the
stromal volume significantly decreased in the central
and treated areas, potentially due to our novel and
accurate measurement of vessel and stromal volumes
using 3D analysis. These results suggest the advantage
of measuring choroidal vessel and stromal volumes
separately when evaluating the response to treatment
in patients with CSCR.
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Figure 4. A 49-year-old man was treated with laser PC for CSCR. Fluorescein angiography (A, early phase; B, late phase) showed leakage
superior to the macula, and indocyanine green angiography showed hyperpermeability (C). Subretinal fluid was observed at baseline (D)
and resolved at 1 month (G) and 3 months (J) after laser PC at the leakage spot. Color maps show choroidal volume (E, H, K) and vessel
volume (F, I, L) at baseline and at 1 month and 3 months after treatment. Clear decreases in choroidal and vessel volumes were observed
around the irradiated area (outside superior) at 1 month and 3 months after treatment. The vessel and stroma volume in the central circle
at 3 months after treatment deceased to 0.80 and 0.80, respectively, compared to pretreatment. In the treated area (outside superior), the
vessel and stroma volumes at 3 months decreased to 0.85 and 0.95, respectively, compared to pretreatment.
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Figure 5. A 70-year-old man was treated with PDT for chronic CSCR. Fluorescein angiography (A, early phase; B, late phase) shows leakage
near the macula, and indocyanine green angiography shows hyperpermeability near the macula (C). Subretinal fluid was observed at
pretreatment (D) and resolved at 1 month (G) and 3 months (J) after photodynamic therapy for a circle with a diameter of 1000 μm in
the central 1.5-mm-diameter circle. Color maps show choroidal volume (E, H, K) and vessel volume (F, I, L) at baseline and at 1 month and
3 months after treatment. A clear decrease in choroidal and vessel volumes was observed around the irradiated area at 3 months after
treatment.
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The limitations of this study include its retrospec-
tive design, relatively small sample size, and a short
observation period after treatment. In addition, our
current methods require manual inspection to obtain
layer segmentation in some cases. In this study, manual
correction for layer segmentation was required in only
two cases (3.4%), so we believe that the impact of
manual correction bias on CSC analysis was not signif-
icant. However, our research to overcome the current
methodological limitations is ongoing, and further
development toward fully automated segmentation is
expected in the near future. Most importantly, the
ability to observe detailed choroidal changes with this
method increases the likelihood of elucidating the
pathophysiology and clarifying whether or not PC and
PDT, which have been used in the treatment of CSCR,
are helping to improve the pathophysiology. Addition-
ally, this newmethod of detailed choroidal analysis can
elucidate the pathogenesis of CSCR, as well as other
choroidal diseases.

In conclusion, our study determined that the
choroidal vessel volume in patients with CSCR
decreased in response to PDT and PC, especially
in the treated area, due to our 3D analysis of the
choroid. These results may provide new insights into
the response to CSCR treatment.
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