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Abstract

Aim

To determine choroidal thickness in healthy Indian subjects using Swept source optical
coherence tomography (SS-OCT).

Methods

In this prospective, observational, cross-sectional study; healthy Indian subjects (n = 230)
with no history of ocular and/or systemic disorders were enrolled in the study. Choroidal
thickness was measured for 230 eyes using SS-OCT. Subjects were divided into six age
groups. Main outcome measures were subfoveal choroidal thickness (SFCT) and macular
choroidal thickness (MCT) up to 3 mm at 500-micron interval from the fovea was measured
in eight different quadrants.

Results

The mean SFCT was 307£79 ym and mean MCT was 285+75 um. No difference in the cho-
roidal thickness was found among genders. Mean SFCT of the different age groups was
327468 uym (12—-18 years), 364170 um (18.1-30 years), 321178 ym (30.1-40 years), 304+
79 um (40.1-50 years), 283169 um (50.1-60 years) and 262+72um (above 60 years; p <
0.001; One way ANOVA). Mean macular choroidal thickness was 305+60 ym, 342+61 um,
306472 um, 282+79 um, 261166 um, 238+68um respectively (p<0.001; one way ANOVA).
A significant weak negative correlation was found between age with SFCT (r = -0.368,
p<0.001) and MCT (r = -0.40, p<0.001). No significant correlation was found with refractive
error, axial length and ocular perfusion pressure.

Conclusion

This study showed that mean SFCT and MCT was 307+79um and 28575 um, respectively,
among healthy Indian subjects. Mean CT was found to decrease with age, although there
was no difference in CT between genders.
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Introduction

The choroid, with metabolic support of retinal pigment epithelium (RPE), provides nourish-
ment and blood supply to the outer retina, and pre-laminar portion of the optic nerve.[1,2]
Abnormalities of choroid have been a major concern in the pathophysiology of chorio-retinal
diseases [3,4] such as central serous chorioretinopathy (CSC), [5,6] Vogt-Koyanagi-Harada
(VKH) disease, [7] polypoidal choroidal vasculopathy (PCV), age-related macular degenera-
tion (AMD)), [8,9] high myopia, [10] and diabetes mellitus (DM). [11] An advanced, non-inva-
sive and quick method used in structural analysis of choroid is Optical coherence tomography
(OCT) which works on the principle of low coherence interferometry.[12] Spaide et al, intro-
duced a technique of “Enhanced Depth Imaging” (EDI) using spectral domain (SD) OCT by
capturing inverted images in which choroid is placed near zero delay, providing clear visuali-
zation of the choroidal structure.[13] However in EDI OCT, improved visualization of choroid
is achieved by compromising resolution of retinal layers.

Swept source (SS) OCT has the potential of simultaneous imaging of the retina and choroid
without EDI. It uses high penetration OCT probe with wavelength of 1050 nm and improved
resolution compared to SD-OCT.[14] SS-OCT can reproducibly measure Choroidal thickness
(CT) in 100% of eyes with an acquisition rate of 100,000 A scans/sec whereas SD-OCT can
measure the same, only in 74.4% of eyes at a rate of 27,000 A scans/sec.[15] As the reproduc-
ibility and penetration is higher in SS-OCT, it can provide more accurate measurement of cho-
roidal thickness compared to SD-OCT.

There have been a few studies reporting choroidal thickness in normal subjects.[16-19]
However, contradictory results have become known through literature about the influence of
ocular and systemic parameters on choroidal thickness. This study provides normative data
for choroidal thickness in healthy Indian subjects of different age groups using SS-OCT, and
its relationship to other ocular and systemic parameters.

Materials and methods

Ethics subcommittee of Vision Research Foundation granted the permission to conduct this
study. This study led to the award of M.Phil (optometry) for the first author. The study was
approved by Institutional Review Board (IRB) and followed the principles of Declaration of
Helsinki. However, IRB did not approve of contact procedures (corneal thickness, Ap-plana-
tion tonometry) in subjects younger than 18 years of age, and these procedures were not per-
formed on this group of participants. A duly signed informed consent was obtained from all
the participants after explaining the nature and possible consequences of the study. Written
informed consent was obtained from parents or guardians of the participants under age 18
included in the study. A prospective, observational, cross-sectional study was performed
between July 2015 and September 2016. Healthy Indian subjects (n = 230) aged 12-80 years
with no history of ocular and/or systemic disorders were enrolled in the study. All subjects had
best corrected visual acuity (BCVA) of 6/9 or better in one or both eyes. Exclusion criteria
included subjects with refractive error >+6 D, any abnormality detected during OCT scan,
poor image quality due to dense cataract or unstable fixation, and any history of ocular surgery
in the last 3 months. Sample size (n = 229) was calculated using specified precision method
and 95% confidence interval.

All participants underwent comprehensive ophthalmic evaluation including visual acuity
testing using Snellen’s acuity chart, slit lamp biomicroscopy, intraocular pressure (IOP) using
Goldmann applanation tonometer, and dilated fundus evaluation using indirect ophthalmo-
scope. Central corneal thickness (CCT) was measured using DGH ultrasonic Pachymeter
Pachette 2® (DGH Technology Inc., 110 Summit Drive, Suite B, Exton, PA 19341, USA),
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axial length (AXL) measurement was performed using ultrasound biometry (OcuScan® RxP,
Alcon Laboratories, 6201 South Freeway, Fort Worth, TX, USA).

Blood pressure measurement

Blood pressure (BP) was recorded in the right arm in sitting position after 5 minutes of rest
using a mercury sphygmomanometer (Diamond® Industries, Pune, India). Two readings
were recorded to ensure stable hemodynamics and average readings were used for analysis.
Ocular Perfusion Pressure: Ocular perfusion pressure (OPP) was calculated using the follow-
ing formula; Mean ocular perfusion pressure (OPP) = 2/3mean arterial pressure (MAP)-IOP,
where MAP = diastolic BP + 1/3 (Systolic BP-Diastolic BP). Systolic and diastolic OPP were
calculated using the following equation: Systolic OPP = systolic BP—IOP. IOP used in the for-
mula was adjusted for CCT using Ehler’s formula.

Choroidal thickness

OCT scans were obtained using SS-OCT (Deep Range Imaging, OCT -1, Atlantis, Topcon,
Tokyo, Japan). Scan used for imaging is a 12-mm horizontal, vertical and radial scan (x2) cen-
tred on fovea. Measurements were taken at fovea and at 500 microns interval nasal, temporal,
superior, inferior, infero-nasal, supero-temporal, infero-temporal and supero-nasal up to 3000
microns from fovea (Fig 1). Choroidal thickness was measured from the base of hyper-reflec-
tive RPE-Bruch’s membrane to the choroid-scleral interface. Six measurements were taken for
each quadrant and average values were used for analysis. For each eye, choroidal thickness was
measured at 52 different points. A mean choroidal thickness for each quadrant (Temporal,
Nasal, Superior, Inferior, Supero-nasal, Infero-temporal, Supero-temporal and Infero-nasal)
was obtained by calculating the average value of 6 points for each quadrant. All measurements
were manually recorded. Variability in the manual measurement was assessed for 15 random
eyes using a horizontal line scan. Measurements were repeated by two masked observers for 13
different locations including subfoveal and 6 different locations nasal and temporal to fovea.
Inter observer variability was assessed by comparing the values between two observers. Repeat-
ability of the manual measurements was assessed by repeating the measurements twice at 13
different locations by the same observer using the horizontal line scan with minimum time
gap of one week. All examination procedures were conducted between 11:00 am to 3:00 pm to
control for diurnal variation. The statistical tests used in the study are listed in SI Table.

500 500 500
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Fig 1. OCT scan showing choroidal thickness measurement at 13 different locations.

https://doi.org/10.1371/journal.pone.0197457.9001
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Table 1. Choroidal thickness in normal Indian subjects using SS-OCT: Details of ocular parameters in different age groups.

Age Groups
(years)

Group 1 (12.1-18) (n =30
Group 2 (18.1-30) (n =35
Group 3 (30.1-40) (n = 33
Group 4 (40.1-50) (n = 41
Group5 (50.1-60) (n = 51)

Group 6 (>60)
(n = 40)

p value
Total (n = 230)

— = =

RE 1 (0) 4 C_IOP AXL CCT (um)

(Diopter) (mm Hg) (mm Hg) (mm) (MeantSD)
(MeantSD) (Mean+SD) (Mean+SD) (MeantSD) (n =200)

(n =230) (n =230) (n =200) (n =200)
-0.12+1.81* 12.70+1.68 — — —
-0.25+2.25* 12.71£2.09 12.10+2.59 23.27+0.86 528.5+34.7
-0.12+1.18* 13.45+1.93 12.63+2.74 23.20+1.14 531.5+£35.4
0.00+0.31* 13.39+2.13 12.80£3.10 23.00+0.68 528.2+33.6
0.87+2.12* 13.0£3.0* 13.3£3.0 22.9+0.76 521.1£35.3

0.00£1.75 14.0+3.0* 13.6£3.3 22.8+0.62 519.0£33.1

<0.0011 0.2% 0.1% 0.04% 0.4%
0.00+1.25* 13.0£3.0* 12.9£3.0 22.98+0.82 525.0£31.4

RE = Refractive error, IOP = Intra ocular pressure, AXL = Axial Length, C_IOP = IOP corrected for CCT, CCT = central corneal thickness.

*Median+IQR
tKruskal Wallis
$+ ANOVA

https://doi.org/10.1371/journal.pone.0197457.t001

Results

A total of 236 subjects were screened for the study, of which two hundred and thirty eyes of
230 healthy subjects (125 male & 105 female subjects) were included. Six subjects were
excluded due to poor image quality (n = 3), glaucoma suspect (n = 1), and retinal pathologies
(n =2). The median age was 44.0£29.0 years, ranging between 12 and 80 years. Details of the
ocular and systemic parameters are shown in Tables 1 and 2, respectively.

Systolic and Diastolic Blood pressure, and mean arterial pressure was significantly different
between the six groups (Kruskal Wallis test, p <0.001). Ocular perfusion pressure (C_OPP)
was also different between the five groups (One way ANOVA 0.02). Group 1 showed a signifi-
cantly lower systolic and diastolic blood pressure, mean arterial pressure and ocular perfusion
pressure than groups 3, 4, 5 and 6 (Post hoc Mann-Whitney, p <0.008). Groups 5 and 6 had

Table 2. Choroidal thickness in normal Indian subjects using SS-OCT: Details of systemic parameters in different age groups.

Age Groups

Group 1
Group 2
Group 3
Group 4
Group 5
Group 6
p value
TOTAL

SYS_BP
(n =230)

110.0£20.0*
110.0+10.0*
120.0+20.0*
120.0+20.0*
130.0+20.0*
130.0+20.0*
<0.001F
120.0+20.0*

DIA_BP MAP OPP C_OPP
(n=230) (n =230) (n = 230) (n = 200)
70.0+13.0* 83.33+16.6" 42.18+5.49 —
70.0+10.0* 86.66+10.0* 45.75+5.80 46.36+5.85
80.0+10.0* 91.81+8.25 47.7546.00 48.58+6.27
80.0+10.0* 91.32+7.91* 47.49+5.37 48.07+5.74
80.0+10.0* 95.06+7.62 49.92+4.83 50.045.52
80.0+10.0* 96.66+6.66* 50.2245.49 50.1545.63
<0.001% <0.001t <0.001% 0.02+

80.0+10.0* 93.33+13.3* 47.58£5.99 48.76+5.88

SYS_BP = systolic blood pressure, DIA_BP = Diastolic blood pressure, MAP = Mean arterial pressure, OPP = ocular perfusion pressure, C_OPP = ocular perfusion

pressure calculated using CCT corrected.

* Median + IQR
tKruskal Wallis test
+ One Way ANOVA.

https://doi.org/10.1371/journal.pone.0197457 1002
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higher systolic blood pressure and mean arterial pressure than group 2. It also showed signifi-
cantly lower systolic BP than Group 3 & 4. Group 3 revealed lower systolic BP when compared
to Groups 5 and 6. Group 6 was found to have higher systolic BP and mean arterial pressure
(MAP) than group 4 (post hoc Mann Whitney <0.008). The choroidal thickness among differ-
ent age groups for all quadrants including SFCT and MCT is represented (across rows) in
Table 3 (ANOVA p value <0.05).

Groups 5 and 6 showed a significantly lower CT in all the quadrants including SFCT and
MCT when compared to Group 2; Group 6 shows lower CT in temporal, inferior, infero-tem-
poral, infero-nasal, MCT and SFCT than group 1. Group 3 was found to have thicker choroid
in MCT, temporal, inferior, infero-nasal and infero-temporal quadrants than Group 6. Group
4 revealed lower choroidal thicknesses in superior, inferior, temporal and infero-temporal
quadrants including SFCT & MCT when compared to Group 2 (conservative p value <0.008).
The difference between the quadrants for different age groups is represented (across columns)
in Table 3. CT was found to be thickest in superior quadrant and thinnest in nasal quadrant.
Significant difference was observed between quadrants in only group 1 and 2 (one way
ANOVA p value <0.05). CT in nasal quadrant was lesser than superior quadrant in group 1
and 2 (Post Hoc p value <0.005) whereas no difference was noted between other quadrants.
Intra-observer reproducibility and inter-observer repeatability was greater than 0.9 at all loca-
tions. There was a gradual decrease in choroidal thickness with increasing age in all quadrants.
The trend of choroidal thickness with mean and confidence interval in different age group is
shown in Fig 2.

Choroidal thickness was compared between males and females in all quadrants. The SFCT
was 301.10 + 75.25 microns in males and 314.01 + 83.74 microns in females whereas MCT was
279.50 + 74.02 microns and 292.83 + 77.67 microns in males and females respectively (Inde-
pendent t test, p> 0.05). No statistically significant difference in CT was found between males
compared to females in any of the quadrants, although females were found to have slightly
thicker choroid then males in all the quadrants (Fig 3).

Table 3. Choroidal thickness in normal Indian subjects using SS-OCT: Mean choroidal thickness (microns) in different quadrants amongst various age groups.

Fundus Quadrant
(Mean%SD)

SECT
Temporal
Nasal
Superior
Inferior
IT
SN
ST
IN
p value”
MCT

Group 1
(n=30)

327+68
316+69
265+75
332+62
311+60
305+57
298+65
323163
288+67
0.003
305+60

Group 2 Group 3 Group Group 5 Group P Mean
(n=35) (n=33) 4 (n=51) 6 value® (n =230)
(n=41) (n =40)

364+70 32178 304+79 283+69 26272 <0.001 307+79
349+80 299+85 284+79 260+63 238+63 <0.001 287+81
295£59 277£78 260£79 242472 21688 0.003 257£79
382+82 33171 312482 288+73 270+89 <0.001 315+84
350+67 320+82 279+87 261+68 232476 <0.001 288+82
337168 294+73 268+84 243+68 216+66 <0.001 272+80
340+72 30676 288+85 269+70 250+82 0.001 289+80
355467 316£76 295+86 274+75 259+103 <0.001 300+86
328+64 302+81 274489 250+75 221+79 <0.001 273+83
<0.001 0.2 0.1 0.007 0.01 <0.001
342+61 306+72 282+79 261+66 238+68 <0.001 285+75

SECT = Subfoveal choroidal thickness, MCT = Macular choroidal thickness, IT = Infero-temporal, SN = Supero-nasal, ST = Supero-temporal, IN = Infero-nasal.

p value §# (across rows in blue) shows difference among the groups. p value # (across columns in green) shows difference between the quadrants for different age

groups.

§ One way ANOVA (Bonferroni p <0.01).
# One way ANOVA (Bonferroni p <0.005)

https://doi.org/10.1371/journal.pone.0197457 1003
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Fig 2. Graph showing choroidal thickness profile with mean and confidence interval among different age groups.

https:/doi.org/10.1371/journal.pone.0197457.9002

The relationship between age with SFCT and macular choroidal thickness (MCT) was
assessed using Spearman’s correlation. We found a significant negative correlation between
age with SECT (r = -0.368, p = <0.001, Fig 4) & MCT (r = -0.40, p = <0.001, Fig 5) whereas no
significant correlation was found with other parameters such as refractive error, axial length
and ocular perfusion pressure. SFCT and MCT multiple regression analysis including age,
refractive error, axial length and ocular perfusion pressure was performed. The equation pre-
dicted SFCT is as follows:

(SECT = —2.496(age) + 6.095(RE) — 3.882(AXL) — 0.245(OPP) + 521.745,R2 = 0.194, p
=< 0.001)

The equation predicted MCT is as follows:

(MCT = —2.665(age) + 6.968(RE) — 5.039(AXL) — 0.195(OPP) + 532.570,R2 = 0.238, p
=< 0.001)

375
350

325 i -M
300 N T | —

275 A T
250 I =
225

2 0 0 1 ] 1 1 L] 1 1 1 1
SFCT T N S I IT SN ST IN
Fig 3. Graph with mean choroidal thickness with confidence interval amongst male and female subjects.

https://doi.org/10.1371/journal.pone.0197457.9g003
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Fig 4. Scatter plot showing negative correlation between SFCT and age.

https://doi.org/10.1371/journal.pone.0197457.9004

Relationship of axial length (20.50 to 25.29 mm) with choroidal thickness (SEFCT and MCT)
was assessed using Pearson correlation (Fig 6). A weak negative correlation was found between
axial length and choroidal thickness (SFCT & MCT) which was not statistically significant.
Pearson SFCT (r =-0.018, n = 200 p = 0.80), MCT (r = -0.034, n = 200, p = 0.63).

Correlation between Ocular perfusion pressure (OPP) and choroidal thickness was assessed
using Pearson correlation. Though not statistically significant, poor negative correlation was
noted between OPP with SECT (r = -0.123, n = 200, p = 0.08), borderline correlation was
found between MCT and OPP (r = -0.130, n = 200, p = 0.066, Fig 7). Table 4 gives the repeat-
ability measures of the manual measurements of the choroidal thickness. Intra-class correla-
tion coefficients (ICC) of choroidal thickness measured at different points are given in the
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Fig 5. Scatter plot showing negative correlation between MCT and age.
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table. It was found that choroidal thickness measurement at different points was highly repeat-
able with high ICC values. Inter-observer variability: Agreement between two observers in
manual measurement of choroidal thickness was assessed for 15 eyes using Bland Altman Plot
(Fig 8). A good agreement was found between two observers for 13 different point locations.
Table 5 shows the mean difference with 95% CI (confidence interval) for 13 different points

between two observes.

Discussion

To the best of our knowledge, there is no previously published study across all age groups
including subjects below 18 years in Indian ethnicity that include all possible factors affecting
choroidal thickness. The choroidal thickness reported in our study are comparable to those
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https://doi.org/10.1371/journal.pone.0197457.9006

reported by Agawa et al and Ikuno et al using SS OCT. [16,20] They have found choroidal
thickness to be thickest in superior quadrant followed by inferior, temporal and nasal quad-
rants with a similar trend as we found in current study. The values in our study were approxi-
mately 50 microns thinner than those reported by Agawa et al and Ikuno et al. However, the
differences in the choroidal thickness may result due to diurnal variation and difference in the
subject’s profile such as age, axial length and refractive error.

In our study of healthy subjects, age has a significant negative association with choroidal
thickness. The association between choroidal thickness and age was also reported by Wen Bin
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Fig 7. Scatter plot showing the correlation between ocular perfusion pressure and SFCT (left) and MCT (right).

https://doi.org/10.1371/journal.pone.0197457.g007
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Table 4. Repeatability measures of choroidal thickness at different point locations.

Point of Measurement

ICC (95% CI)

TEMPORAL 6 (T6)

0.999 (0.996-1.00

TEMPORAL 5 (T5)

0.999 (0.998-1.00

TEMPORAL 4 (T4)

0.999 (0.997-1.00

TEMPORAL 3 (T3)

===

0.999 (0.997-1.00

TEMPORAL 2 (T2)

0.999 (0.997-1.00)

TEMPORAL 1 (T1)

0.998 (0.994-0.999)

SFCT

0.990 (0.969-0.997)

NASAL 1 (N1)

0.999 (0.997-1.00)

NASAL 2 (N2)

0.914 (0.744-0.971)

NASAL 3 (N3)

0.999 (0.997-1.00)

NASAL 4 (N4)

0.999 (0.998-1.00)

NASAL 5 (N5)

1.00 (0.999-1.00)

NASAL 6 (N6)

0.999 (0.998-1.00)

https://doi.org/10.1371/journal.pone.0197457 1004

et al and Ding et al, they found a significant decline in choroidal thickness by 3.3 microns and
5.4 microns respectively per year of age. [19,21] Ding et al has found a significant decrease in
CT only in subjects above 60 years of age. However, in our study we found a 1.66 microns
decrease in SFCT per year of age which was comparable to 1.18 microns in a study by Chha-
blani et al in Indian subjects. [17] It has been reported that choroidal thickness decreases with
increasing axial length. [14,19] However, this was more prominent in subjects with axial length
>25 mm. Studies performed on axial length less than 25 mm did not report any effect of axial
length on choroidal thickness. [16,17] However, in current study we did not find any signifi-
cant relationship between SFCT & MCT with axial length. This finding can be attributed to
the inclusion of subjects with axial length ranging between 20.50 mm and 25.29 mm to assess
the normal variation of choroidal thickness in healthy subjects. Studies have reported that
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Fig 8. Bald-Altman plot showing inter-observer variability between two observers.
https://doi.org/10.1371/journal.pone.0197457.9008
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Table 5. Mean difference between the two observers for CT measurements.

Point of measurement Mean Difference (95% CI)
TEMPORAL 6 (T6) -17.6 (28.6 to -63.8)
TEMPORAL 5 (T5) 22.1 (34.0 to -78.3)
TEMPORAL 4 (T4) -17.6 (31.7 to -66.9)
TEMPORAL 3 (T3) -14.7 (29.9 to -59.4)
TEMPORAL 2 (T2) -12.5 (31.1 to -56.0)
TEMPORAL 1 (T1) -9.9 (18.5 to -38.2)

SECT -1.00 (15.4 to -17.4)
NASAL 1 (N1) -3.6 (25.7 to -32.9)
NASAL 2 (N2) -6.1 (31.4 to -43.6)
NASAL 3 (N3) -11.1 (22.7 to -45.0)
NASAL 4 (N4) 5.1 (23.6 to -33.9)
NASAL 5 (N5) -7.1(58.6 to -72.7)
NASAL 6 (N6) 3.1 (41.7 to -35.6)

https://doi.org/10.1371/journal.pone.0197457 1005

choroidal thickness increases with increase in refractive error (<+6 Diopters). [16,22]
Whereas few studies have reported a negative correlation between CT and Refractive error.
[18,19] Current study did not find any relationship between refractive error and CT as major-
ity of participants were emmetropic or mild myopic or hyperopic.

Considering the vascular nature of choroid, OPP can influence the normal CT. Rishi et al
reported that high MOPP (mean ocular perfusion pressure) could be one of the etiologic
mechanisms for structural change in choroid. [8] However, in current study no significant cor-
relation was found between ocular perfusion pressure and choroidal thickness.

The normal choroidal thickness has also been reported in younger population (below 18
years) using SS OCT. In the present study, the mean SFCT and MCT were 327 and 305
microns respectively. Our finding of SFCT was approximately 10 to 15 microns greater than
reported by other studies using SS OCT in subjects below 18 years. [23,24] We found the cho-
roidal thickness was significantly different between teenagers’ and elderly aged group (>60
years). These results were found to be similar as findings of Ruiz Mareno et al using SS OCT.
According to our results, the choroidal thickness decreases with increasing age, predominantly
with subjects above 50 years of age. No difference was found between genders.
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