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Purpose: To examine the association of baseline choroidal sublayers metrics with the risk of diabetic reti-
nopathy (DR) progression over 2 years, with adjustment for confounding factors that affect choroidal
measurements.

Design: Prospective, observational cohort study.
Participants: One hundred three eyes from 62 patients with diabetes mellitus (DM).
Methods: Patients were followed up at 6-month intervals for at least 2 years. Choroidal metrics including

choroidal area, choroidal thickness (CT), and choroidal vascularity index were measured for both (1) the cho-
riocapillaris plus Sattler’s layer and (2) the Haller’s layer within the subfoveal and parafoveal region. Cox pro-
portional models were constructed to estimate the relationship between baseline choroidal metrics and DR
progression, adjusted for intereye correlation, established risk factors (i.e., duration of DM, glycated hemoglobin
[HbA1c] level, body mass index [BMI], use of insulin, and mean arterial blood pressure [MABP]) and confounding
factors of choroidal measurements (i.e., age and axial length). Additional predictive value of choroidal metrics was
assessed using the C-statistic.

Main Outcome Measures: Hazard ratios (HRs) calculated by Cox proportional hazards model to demon-
strate the associations between baseline choroidal metrics and DR progression.

Results: After adjusting for age, axial length, and intereye correlation, choroidal metrics in Haller’s layer at
baseline that were associated with a higher risk of DR progression included increases in subfoveal choroidal
area (HR, 2.033; 95% confidence interval [CI], 1.179e3.505; P ¼ 0.011), subfoveal plus parafoveal choroidal
area (HR, 1.909; 95% CI, 1.096e3.326; P ¼ 0.022), subfoveal CT (HR, 2.032; 95% CI, 1.181e3.498; P ¼ 0.010),
and subfoveal plus parafoveal CT (HR, 1.908; 95% CI, 1.097e3.319; P ¼ 0.022). These associations remained
statistically significant after additionally adjusting for duration of DM, HbA1c level, BMI, use of insulin, and
MABP. Addition of these choroidal metrics significantly improved the discrimination for DR progression when
compared with established risk factors alone (e.g., duration of DM and HbA1c; increase in C-statistic ranged
from 8.08% to 9.67% [P < 0.05]).

Conclusions: Eyes with a larger choroidal area and CT in Haller’s layer at baseline were associated with a
higher risk of DR progression over 2 years. Ophthalmology Science 2022;2:100130 ª 2022 by the American
AcademyofOphthalmology. This is anopenaccess article under theCCBY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).

Supplemental material available at www.ophthalmologyscience.org.
Diabetic retinopathy (DR) is the leading cause of preventable
blindness1 and is the most common microvascular
complication of diabetes mellitus (DM).2 The pathogenesis
of DR has been attributed primarily to the dysregulation of
the retinal vasculature and subsequent destruction of the
blooderetinal barrier.3,4 However, recent evidence also
suggests an additional role of the choroid,5e9 which pro-
vides the major blood supply to the outer layers of the retina
and the avascular fovea, responsible for nourishing the highly
ª 2022 by the American Academy of Ophthalmology
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metabolically active photoreceptor cells as well as removing
metabolic waste from the retinal pigmented epithelium.10

Previous histopathologic studies have already revealed
choroidal changes in diabetes, including microaneurysms,
choriocapillaris loss, drusenoid deposits on Bruch’s
membrane, and choroidal neovascularization.11e13 These
findings were further confirmed using indocyanine green
angiography, which showed reduced blood flow and vascular
compromise in the subfoveal choroid.14
1https://doi.org/10.1016/j.xops.2022.100130
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Given the important role of choroidopathy in diabetic
eyes, different studies have evaluated the choroidal
changes in patients with DR in vivo using spectral-domain
OCT and enhanced depth imaging OCT. When compared
with patients without DM, patients with DM but without
DR showed significant reductions in choroidal vascularity
index (CVI),15 choroidal thickness (CT),16e18 and
choroidal blood flow9 (refer to a recent meta-analysis by
Endo et al19). However, regarding choroidal changes in
different stages of DR, most of the previous studies are
of cross-sectional design and yielded heterogeneous re-
sults, as shown in Table S1.5,15e18,20e46 Although some
studies reported an increase in CT with DR severity, other
studies reported a decrease in CT or a lack of significant
correlation between CT and DR. One of the potential
sources of the discrepancy is that most of the previous
studies did not adjust for the confounding factors that
affect CT. Recent studies have shown that CT reduces with
older age and elongated axial length47e49 in healthy eyes.
In DM, several studies also found that choroidal thinning
is associated with higher glycated hemoglobin (HbA1c)
level,22,50 longer duration of DM,31 and previous treatment
by panretinal photocoagulation.34 These observations
indicate the importance of the adjustment when
researchers compile data on CT. Also, the role of
choroidal metrics in predicting the progression of DR
remains unknown.

In addition, changes in choroidal sublayers in diabetic
eyes remain unclear. Anatomically, the choroidal vascu-
lature comprises small vessels in the superficial chorioca-
pillaris, medium vessels in Sattler’s layer consisting of
mostly choroidal arterioles, and large vessels in the
deepest Haller’s layer composed of mostly choroidal
veins.51 Given the role of choroidopathy in DR and the
extensive damage of DM to the vasculature, more
detailed evaluation of the choroidal sublayer changes in
diabetic eyes is warranted. However, this knowledge gap
was not addressed by most of the previous studies,
because enhanced depth imaging spectral-domain OCT
used in these studies has limited ability in visualizing the
choroidesclera interface (CSI) and the choroidal sub-
layers, particularly in Asian eyes.52,53 The development of
state-of-the-art swept-source (SS) OCT provides much
better visualization of the choroid, especially the CSI and
the choroidal sublayers (i.e., choriocapillaris plus Sattler’s
layer and Haller’s layer).52 This can be attributed to the
different light source (wavelength-tunable laser) and
longer laser wavelengths (1040e1060 nm) in SS OCT,
which enhances penetration into the choroid and reduces
scattering and dispersion from the retinal pigment
epithelium and the choroid.54,55 Swept-source OCT also
results in higher reliability and repeatability in the mea-
surement of CT.56e58

Therefore, this study aimed to evaluate the association
between the choroidal sublayers metrics at baseline using
SS OCT and the risk of DR progression, with adjustment
for the confounding factors that affect choroidal mea-
surements. We hypothesized that choroidal sublayers
measured with SS OCT are associated with the risk of DR
progression.
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Methods

Participants

This was a prospective, observational cohort study with partici-
pants recruited consecutively from the Chinese University of Hong
Kong Eye Centre, Hong Kong Eye Hospital, from July 2015
through January 2019. The study design adhered to the tenets of
the Declaration of Helsinki and was approved by the research
ethics committee of Hong Kong Eye Hospital. Written informed
consent was obtained from all participants or their respective pri-
mary caregivers after a detailed explanation of the study.

Patients were eligible for the study if they fulfilled all of the
following inclusion criteria: (1) age � 18 years, (2) having a
diagnosis of type 1 or 2 DM as defined by the American Diabetes
Association, (3) spherical refractive error within the range of e8.5
to þ4.0 diopters with < 5.0 diopters of the cylinder, and (4) visual
acuity (VA) not worse than Snellen 20/200. Exclusion criteria for
study eyes included: (1) proliferative DR (PDR) at baseline; (2)
eyes with prior retinal surgery, intravitreal injection, macular laser
photocoagulation, or panretinal laser photocoagulation; (3) eyes
with pathologic features that interfere with imaging (e.g., dense
cataract or corneal ulcer); (4) eyes with ungradable SS OCT im-
ages; (5) diabetic macular edema (DME); and (6) glaucoma. We
excluded participants with DME because previous studies have
shown that CT was associated with DME.15,16,18,21,22

All participants were followed up consecutively for at least 2
years. All participants attended the second visit 6 months after the
baseline examination. Whereas participants without DR and those
with only mild nonproliferative DR (NPDR) were followed up
annually afterward, those with moderate or severe NPDR were
followed up every 6 months. In each visit, all participants under-
went comprehensive ophthalmic and general medical examina-
tions, including mean arterial blood pressure (MABP), weight, and
height measurement; measurement of Snellen VA, intraocular
pressure, autorefraction, axial length, and central corneal thickness;
slit-lamp biomicroscopy; and dilated fundus examination. The
MABP was measured according to the local guideline using a
digital automatic blood pressure monitor (Avant 2120; Nonin
Medical, Inc). Visual acuity was assessed for both eyes using a
Snellen chart at a distance of 6 m, with the nontested eye covered.
The best VA for each eye was recorded using metric notation from
the Snellen chart and converted into the logarithm of the minimum
angle of resolution units. Optical biometry was used to assess the
axial length, and a mean value was calculated based on 5
measurements.

We also reviewed the latest medical record of the study par-
ticipants to assess DM-associated factors, including the duration of
DM, results of fasting lipid profile, and HbA1c level. History of
associated systemic diseases and other DM complications were
elicited from interview-based questionnaires, and the information
was checked further and confirmed from each patient’s medical
records by physicians.

Choroidal OCT Image Acquisition

After pupil dilatation, all study eyes underwent OCT examination
with a commercially available SS OCT (Triton DRI-OCT; Top-
con), which has a central wavelength of 1050 nm, a scanning speed
of 100 000 A-scans/second, and a depth resolution of 8 mm. The
choroid was imaged using the radial scanning protocol, which
captures a 12 � 9-mm cross-sectional scan centered at the fovea.

Image quality control was performed independently by 2
readers (E.W.T.K. and V.T.T.C.) in the Chinese University of
Hong Kong Ocular Reading Centre. The readers were masked to
all patient characteristics, including DR severity and other retinal
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pathologic features. OCT images with significant image artifacts
and poor image quality were excluded from subsequent analysis,
including (1) a quality score of < 80, (2) motion artifacts, (3) signal
loss, and (4) noncentration (i.e., the fovea was not at the center of
the image). When both graders determined that the boundaries of
the choroidal sublayers were clearly distinguishable, the image was
deemed gradable and used for the subsequent analyses.

Measurement of Choroidal Vascular Parameters

Eligible raw SS OCT images were loaded on a public domain
software, Image J version 1.53 (National Institutes of Health,
Bethesda, MD). Investigators who conducted the choroidal mea-
surements were masked to all participants’ clinical information.
The horizontal B-scan image passing through the fovea horizon-
tally was chosen for each eye. Using the segmented lines tool in
ImageJ, 3 structures were delineated manually and outlined on
each image, including the retinal pigment epitheliumeBruch’s
membrane interface, the lower border of Sattlers’ layer, and the
CSI (Fig 1). By this method, the choroid was segmented into 2
layers. The inner choroidal layer includes the region between the
Bruch’s membrane and the lower border of Sattler’s layer and
corresponds to the choriocapillaris and Sattler’s layer (small to
medium choroidal vessels). The choriocapillaris layer and the
Sattler’s layer were analyzed together as a complex because the
choriocapillaris layer forms only 5% to 10% of the choroid59 and
delineation of this layer individually is difficult. The outer
choroidal layer includes the region between the lower border of
the Sattler’s layer and the CSI, which corresponds to Haller’s
layer (large choroidal vessels). The border between Sattler’s and
Haller’s layer was demarcated based on the morphologic features
(mainly difference in choroidal vessel diameter between 2
layers). The mean diameter of the smallest large choroidal
vessels in the Haller’s layer was reported to be 100 mm and has
been used as a cutoff for defining Haller’s layer in choroidal
vasculature analysis.60

Eligible raw SS OCT images were also processed using the
protocol as previously described with modifications (Fig 2).53,61e64

Briefly, the images were converted to 8-bit images and binarized by
modified Niblack auto local thresholding, which gave the mean pixel
value with standard deviation for all points. Whereas the dark pixels
represented the luminal or vascular area, the light pixels corre-
sponded to the stromal or interstitial component of the choroid. The
annotated OCT images were then loaded on a custom-written
application in Python (Python Software Foundation) that enabled
automatic measurement of 3 types of choroidal metrics: (1) CT, (2)
choroidal area, and (3) CVI using a similar method to one mentioned
by Wang et al.65 Choroidal metrics were measured for (1) the
choriocapillaris plus Sattler’s layer and (2) the Haller’s layer
within the subfovea, as well as the parafoveal region. We
intentionally separated the measurements over the subfoveal
region because it has been shown that the choroid is thickest
subfoveally and thins out nasally and temporally in healthy
eyes.60,66 The subfoveal region is defined as 500 mm from both
sides of the center of the fovea, whereas the parafoveal region is
defined as the 2-mm area from both sides of the subfoveal region.
The thickness of the choriocapillaris plus Sattler’s layer was defined
as the shortest vertical distance from the hyperreflective line of
Bruch’s membrane to the inner border of Haller’s layer, which is
defined as the innermost point of the large choroidal vessel as
mentioned above. The thickness of Haller’s layer was defined as the
shortest vertical distance from its inner border to the CSI, which is
defined as the outermost hyperreflective line in the Niblack-filtered
image. Instead of using a single-point measurement as in the pre-
vious study, CT was calculated based on the average obtained from
measurement points at a 100-mm interval to better estimate the actual
CT and to reduce the variability. The choroidal vascularity index
was defined as the proportion of the luminal area to the total cir-
cumscribed choroidal area.

To assess the reliability of measurements or intraobserver
variability, the same grader (V.T.T.C.) graded a set of 33 SS OCT
images twice, 3 months apart, to assess the intraclass correlation
coefficient. The intraclass correlation coefficient between the first
and second gradings was > 0.75 for all Haller’s layer measure-
ments, demonstrating that the reliability was good. The reliability
of the choroid segmentation method used in the present study was
also previously shown to be good in a separate study.65

Definition of End Points

Digital retinal fundus photographs centered on the macula, and
centered photographs of the optic disc were obtained using a
nonmydriatic retinal camera (TRC 50DX; Topcon, Inc) after pupils
dilated by 0.5% tropicamide and 0.5% phenylephrine. Diabetic
retinopathy severity was graded at each visit according to the
modified Airlie House classification scale as applied in the
ETDRS.67 Two masked graders (Z.H.S. and F.Y.T.) determined
the DR status and the presence of other ocular conditions (e.g.,
dese cataract) by retinal photographs throughout the follow-up
examinations. The interreliability assessments compared with a
senior grader by using a weighed k static were 0.901 and 0.872,
and intrareliability were 0.981 and 0.977, respectively. During
grading, the uncertain cases were read further by ophthalmologists
for final adjudication.

Progression of DR was defined as a 2-step or more increase in
severity level at follow-up when compared with baseline, such as
from level 21 to level 37 or more, from level 31 to 43 or more,
from level 37 to 47 or more, from level 43 to 53 or more, from 47
to 60 or more, and from level 53 to 60 or more. The modified Airlie
House classification scale has been validated for objective quan-
tification of retinopathy severity. Even worsening of just 1 step or
more was shown to be associated with a 5- to 6-fold increased risk
of PDR development and a 3- to 4-fold risk of clinically significant
macular edema developing with a high likelihood of vision loss
over a period of 4 years.68 However, considering the intergrader
variability associated with this scale, the current study adopted
the worsening of � 2 steps on the scale as the outcome variable
for predictive modeling.

Measurement of Other Risk Factors

Age was defined as the age at the time of the baseline examination.
The duration of DM was defined as the period between the baseline
examination, and the date of diagnosis was first recorded by a
physician on the patient’s chart or in a hospital record system.
Mean arterial blood pressure estimates were calculated as diastolic
pressure plus one-third pulse pressure. The level of HbA1c was
obtained from the most updated blood tests documented within
each patient’s medical record.

Sample Size Justification

We estimated that approximately 18% of study participants would
demonstrate DR progression over 2 years. A sample size of 101
eyes at baseline would allow us to have > 80% power (a ¼ 0.05)
to detect a hazard ratio (HR) of 2.1 for DR progression.

Statistical Analysis

All statistical analyses were performed using R software version
3.5.3 (R Foundation for Statistical Computing, Vienna, Austria).
Each eye was regarded as the unit of analysis. For all statistical
analyses, P < 0.05 was considered to be statistically significant.
3



Figure 1. Annotated OCT image showing normal anatomic features of the choroid. The choroid was grossly segmented into 2 layers in this study. The inner
choroidal layer includes the region between Bruch’s membrane and the lower border of Sattler’s layer and corresponds to the choriocapillaris and Sattler’s
layer (small to medium choroidal vessels). The outer choroidal layer includes the region between the lower border of the Sattler’s layer and the choroid-
sclera interface, which corresponds to Haller’s layer (large choroidal vessels). In the present study, a spectrum of swept-source OCT metrics were measured for
each layer within both the subfoveal and parafoveal regions. The subfoveal region (blue shaded region) is defined as 500 mm from both sides of the center of
the fovea, whereas the parafoveal region (orange shaded region) is defined as the area 2 mm from both sides of the subfoveal region.
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Generalized linear mixed models were used to compare baseline
characteristics and choroidal metrics between eyes with different DR
severity, adjusted for intereye correlation. Cox proportional hazards
models were performed to estimate the relationship of baseline
choroidal metrics with the risk of 2-step DR progression. A shared
frailty model following g distribution was used to adjust for corre-
lation between fellow eyes to account for the fact that participants
contributed 2 eyes to the study, which are more likely to share
similar characteristics to each other than to other patient eyes,
violating the assumption that each eye is independent. The first
model adjusted only for the confounders of choroidal measurement,
including age and axial length.69e72 The second model additionally
adjusted for risk factors of DR progression, including duration of
DM, HbA1c levels, body mass index (BMI), MABP, and use
of insulin.73,74 Evaluation of the additional predictive value of
choroidal vascular parameters was carried out by computing the C
statistic (change in area under the receiver operating characteristic
curve) when choroidal metrics were added to the full model based
on traditional DR risk factors using the method previously
described by DeLong et al.75

Results

Participants’ Demographic and Clinical
Characteristics

A total of 103 eyes from 62 participants were included in the
study, including 42 diabetic eyes without DR, 32 eyes with
mild NPDR, and 29 eyes with moderate to severe NPDR.
Table 1 summarizes the demographic and baseline
characteristics of the included participants. No significant
difference was found in age, sex, duration of DM, baseline
HbA1c level, MABP, BMI, logarithm of the minimum angle
of resolution VA, axial length, or intraocular pressure across
4

all groups. Over a mean follow-up period of 34.3 months, 19
eyes (18.4 %) demonstrated a 2-step progression of DR.

Associations of Baseline Choroidal Metrics with
Diabetic Retinopathy Severity

Table S2 and Figure S1 present the associations of baseline
choroidal metrics with DR severity. In both univariate and
multivariate analyses adjusting for within-participant inter-
eye correlation, none of the choroidal metrics were associ-
ated with the severity of DR.

Cox Regression Models

Table 2 and Figure 3 show the relationships between baseline
choroidal metrics and the risk of 2-step DR progression. After
adjusting for age, axial length, and intereye correlation, several
choroidal metrics in Haller’s layer were associated with a
higher risk of DR progression, including subfoveal choroidal
area (HR, 2.033; 95% confidence interval [CI], 1.179e3.505;
P ¼ 0.011), subfoveal plus parafoveal choroidal area (HR,
1.909; 95% CI, 1.096e3.326; P¼ 0.022), subfoveal CT (HR,
2.032; 95% CI, 1.181e3.498; P¼ 0.010), and subfoveal plus
parafoveal CT (HR, 1.908; 95%CI, 1.097e3.319;P¼ 0.022).
The statistical significance remained (i.e., P < 0.05) after
additionally adjusting for duration of DM, HbA1c level, BMI,
use of insulin, and MABP.

Similar associations with higher hazard of DR progres-
sion were observed for choroidal metrics of the entire
choroidal layer after adjusting for age, axial length, and
intereye correlation, including subfoveal choroidal area
(HR, 1.858; 95% CI, 1.019e3.388; P ¼ 0.043), subfoveal
plus parafoveal choroidal area (HR, 1.778; 95% CI,



Figure 2. Annotated images showing measurement of choroidal metrics. The choroid was first imaged using swept-source (SS) OCT. A 9-mm SS OCT scan
image passing through the fovea horizontally was chosen for each eye. The raw SS OCT image was binarized using Niblack autolocal thresholding. Then, the
choriocapillariseSattler’s layer complex and Haller’s layer were identified by manually delineating the Bruch’s membrane, the lower border of Sattler’s layer,
and the choroid-sclera interface. The annotated images were then fed into a customized Python program, which corrected the image tilting and identified the
region of interest (ROI; i.e., the subfovea and the subfoveal plus parafoveal region). Finally, 3 choroidal metrics were measured in each ROI, including
choroidal area, choroidal thickness, and choroidal vascularity index.

Table 1. Baseline Characteristics of Subjects

Characteristics Unit DM without DR (n [ 42) Mild NPDR (n [ 32) Moderate to Severe NPDR (n [ 29) P value [1]

Age Year 65.21 � 8.52 67.79 � 7.42 63.48 � 7.98 0.929
Gender F/M 28/14 16/16 13/16 0.583
Duration of DM Year 11.01 � 7.86 19.32 � 8.90 13.06 � 6.82 0.458
Baseline HbA1c % 6.92 � 0.80 7.60 � 1.02 7.35 � 0.87 0.452
MABP mmHg 102.80 � 12.88 96.91 � 11.00 99.99 � 13.99 0.901
Body mass index kg/m2 25.91 � 5.12 25.97 � 4.38 26.30 � 4.55 0.552
LogMAR N/A 0.652 � 0.211 0.703 � 0.164 0.745 � 0.211 0.220
Axial length Mm 23.79 � 1.46 23.93 � 1.13 24.00 � 1.21 0.889
IOP mmHg 16.80 � 3.07 15.33 � 3.01 16.87 � 2.34 0.714

Demographic and clinical characteristics between different groups were compared using generalized linear mixed model adjusting for within-subject inter-eye
correlation.
DM ¼ diabetes mellitus; DR ¼ diabetic retinopathy; F/M ¼ female to male ratio; IOP ¼ intraocular pressure; MABP ¼ mean arterial blood pressure; NPDR
¼ non-proliferative diabetic retinopathy; SD ¼ standard deviation.

Kung et al � Choroidal Metrics and DR Progression
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Table 2. Cox Regression Models assessing the Relationship of Choroidal Changes with 2-Steps Progression of Diabetic Retinopathy

Model 1 Model 2

HR (95% CI) P value HR (95% CI) P value

Choroidal area (per SD increase)
CC þ Sattler’s layer

Subfoveal 0.705 (0.383 e 1.295) 0.260 e e
Subfoveal þ parafoveal 0.976 (0.563 e 1.691) 0.930 e e

Haller’s layer
Subfoveal 2.033 (1.179 e 3.505) 0.011* 2.463 (1.286 e 4.718) 0.0066*
Subfoveal þ parafoveal 1.909 (1.096 e 3.326) 0.022* 2.455 (1.247 e 4.834) 0.0093*

All three layers
Subfoveal 1.858 (1.019 e 3.388) 0.043* 2.239 (1.080 e 4.642) 0.030*
Subfoveal þ parafoveal 1.778 (0.996 e 3.173) 0.051 2.213 (1.058 e 4.627) 0.035*

Choroidal thickness (per SD increase)
CC þ Sattler’s layer

Subfoveal 0.700 (0.380 e 1.291) 0.250 e e
Subfoveal þ parafoveal 0.963 (0.555 e 1.673) 0.890 e e

Haller’s layer
Subfoveal 2.032 (1.181 e 3.498) 0.010* 2.445 (1.285 e 4.653) 0.0065*
Subfoveal þ parafoveal 1.908 (1.097 e 3.319) 0.022* 2.448 (1.246 e 4.809) 0.0094*

All three layers
Subfoveal 1.867 (1.026 e 3.397) 0.041* 2.244 (1.089 e 4.626) 0.028*
Subfoveal þ parafoveal 1.779 (0.998 e 3.172) 0.051 2.209 (1.058 e 4.612) 0.035*

CVI (per SD increase)
CC þ Sattler’s layer

Subfoveal 1.284 (0.785 e 2.101) 0.320 e e
Subfoveal þ parafoveal 1.186 (0.734 e 1.916) 0.490 e e

Haller’s layer
Subfoveal 1.233 (0.764 e 1.988) 0.390 e e
Subfoveal þ parafoveal 1.507 (0.897 e 2.533) 0.120 e e

Model 1: Multivariate cox regression models adjusted for age and axial length.
Model 2: Multivariate cox regression models adjusted for baseline severity of diabetic retinopathy, age, axial length, duration of diabetes, glycated hae-
moglobin level, body mass index, use of insulin, and mean arterial pressure.
In all analyses, inter-eye correlation was resolved using frailty model with gamma distribution.
CC ¼ choriocapillaris; CI ¼ confidence interval; CVI ¼ choroidal vascularity index; HR ¼ hazard ratio.
*P value was < 0.05 and hence statistical significance.
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0.996e3.173; P ¼ 0.051), subfoveal CT (HR, 1.867; 95%
CI, 1.026e3.397; P ¼ 0.41), and subfoveal plus parafoveal
CT (HR, 1.779; 95% CI, 0.998e3.172; P ¼ 0.051). The
statistical significance remained (i.e., P < 0.05) after addi-
tionally adjusting for duration of DM, HbA1c level, use of
insulin, BMI, and MABP. The CVI was not significantly
associated with DR progression in either model.

We also performed a subgroup analysis to examine
whether choroidal metrics were associated with DR pro-
gression among eyes without moderate to severe NPDR. Of
the 42 diabetic eyes without DR and 32 eyes with mild
NPDR at the baseline visit, 16 eyes eventually
demonstrated �2 steps of progression of DR. Similar to our
primary findings, choroidal area and CT of Haller’s layer
were significantly associated with progression of DR after
adjusting for covariates, as shown in Table S3.

Performance Measures of Prediction Models

Table 3 shows the C-statistic for Cox regression models
predicting DR progression before and after choroidal
metrics were added into the model using established risk
factors alone (i.e., duration of DM, HbA1c level, BMI,
6

MABP, use of insulin, and axial length). Based on the
findings from Table 2, outer choroidal area and outer CT
of subfoveal and subfoveal plus parafoveal regions were
added in the calculation of C-statistic for the Cox
regression models of DR progression. Models with the
inclusion of outer choroidal area and outer CT of
subfoveal and subfoveal plus parafoveal regions
significantly improved the predictive discrimination for
DR progression compared with models using established
risk factors alone, with increases in C-statistic ranging
from 8.08% to 9.67% (P < 0.05).
Discussion

In the current study, we examined a spectrum of choroidal
metrics in choroidal sublayers using SS OCT and assessed
their associations with the severity of DR and the risk of DR
progression, respectively. To summarize, eyes with a larger
choroidal area and CT in Haller’s layer at baseline were
associated with a higher risk of DR progression over 2 years
of follow-up. Such associations were independent of age,
axial length, and established risk factors, including duration



Figure 3. Baseline swept-source OCT images comparing a participant who demonstrated diabetic retinopathy (DR) progression and a participant who did
not. This figure illustrates the association of baseline choroidal thickness with the risk of DR progression. The participant (participant 152) with DR
progression harbored a significantly thinner choroidal layer after 2 years when compared with the participant who did not show DR progression (participant
146). HbA1c ¼ glycated hemoglobin; NPDR ¼ nonproliferative diabetic retinopathy.
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of DM, HbA1c level, BMI, use of insulin, and MABP. The
addition of these choroidal metrics significantly improved
the discrimination for DR progression when compared with
the models using established risk factors alone.

Our findings provide new longitudinal evidence to
demonstrate the predictive value of choroidal metrics, which
are indicative of diabetic choroidopathy, for progression of
DR. Despite the technological advancements in studying
retinal structure and function, the underlying pathophysio-
logic features of DR are not yet fully understood. Choroid-
opathy has been suggested to play a pivotal role in
the pathogenesis of DR5 in both histopathologic and
clinical studies. Histopathologic studies have shown that
DR is associated with atrophy and dropout of the
choriocapillaris,7,76,77 leading to functional impairment of
Table 3. Predictive Discrimination for DR Progression with and wit
Established Ri

Models C-Statistic

Established risk factor* 0.755
þ Macular choroidal area of Haller’s layer 0.816
þ Macular choroidal thickness of Haller’s layer 0.818
þ Subfoveal choroidal area of Haller’s layer 0.828
þ Subfoveal choroidal thickness of Haller’s layer 0.828

*Established risk factors include duration of diabetes, glycated haemoglobin level, b
the avascular fovea. The dropout of the choriocapillaris
could also increase vascular resistance, leading to decreased
choroidal blood flow even before the clinical manifestations
of DR.9 Damage to the choroidal layer at the fovea may
also cause tissue hypoxia and subsequently increase the
level of vascular endothelial growth factor (VEGF), causing
neovascularization, and leading to the breakdown of the
blooderetina barrier and hence the development of macular
edema.78e80 Subsequent clinical studies with modern imag-
ing techniques have further elucidated the details of diabetic
choroidopathy clinically and have reaffirmed the findings
from histopathologic studies. For instance, it has been shown
that the choroidal vascular abnormalities in diabetic eyes are
similar to those of DR, including microaneurysms, dilatation
and obstruction of the choriocapillaris, vascular remodeling
hout Choroidal Metrics in the Cox Regression Models Based on
sk Factors

Change in C-Statistic P value (ANOCA)

Reference –

0.061 (8.08%) 0.0023*
0.063 (8.34%) 0.0023*
0.073 (9.67%) 0.0012*
0.073 (9.67%) 0.0016*

ody mass index, mean arterial pressure, use of insulin, and axial length.
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with increased vascular tortuosity, vascular dropout, areas of
vascular nonperfusion, and choroidal neo-
vascularization.5,7,8,77 Diabetic eyes also showed a significant
amount of choriocapillary degeneration8 and reduction in
choroidal blood flow.81

In our subgroup analyses, we further illustrated that the
association of larger choroidal area and thickness in Hal-
ler’s layer with the risk of DR progression was statistically
significant only among eyes with mild NPDR or no DR,
but not among eyes with moderate to severe NPDR. Our
findings are in agreement with previous studies that
observed total choroidal thickening in the early stage of
DR.20,24,26,38 Consistently, Kim et al18 also showed an
initial phase of choroidal thickening in eyes with mild
NPDR before its thinning in more advanced stages of
DR. A longitudinal study by Tavares Ferreira et al24 also
observed an increase of CT in diabetic patients without
DR after 1 year, while a trend for choroid thinning was
observed in diabetic patients with DR when compared
with patients without DR.

Interestingly, previous studies found that one of the
protective factors against DR is high myopia82; eyes with
high myopia show thinner CT than healthy control
eyes.83 The mechanism underlying the protective effect
of high myopia may be related to the lower level of
VEGF.84,85 Some studies postulated that excessive axial
elongation of the eyeballs in high myopia leads to greater
intraocular volume and neurodysfunction of the outer
retina, both of which result in a reduced concentration of
VEGF and hence a lower risk of DR.86e89 This sheds in-
sights on the potential pathophysiologic features underly-
ing diabetic choroidopathy.

Given that the choroidal area and thickness in Haller’s
layer could predict the 2-year risk of DR progression,
choroidal metrics could be used with traditional DR prog-
nostic factors to identify patients with a higher risk of DR
progression. These patients can then receive earlier treatment
and closer monitoring to delay or possibly prevent progres-
sion to PDR. As funduscopic examination may show no
visible retinopathy in patients with a long duration of DM,
assessment of outer CT may also serve as a valuable pre-
dictive marker for the risk of DR progression. Future research
may further explore the temporal relationship between retinal
and choroidal microvascular changes in DR and validate
whether choroidopathy precedes retinopathy in DM. Studies
to assess whether choroidal metrics could predict the devel-
opment of PDR and DME, and even visual outcome and
treatment response, are also warranted.90

Although a thicker choroid is associated with a higher risk
of DR progression, we did not find any cross-sectional as-
sociation of the baseline choroidal metrics with the baseline
severity of DR. This discrepancy may be the result of a
nonlinear relationship between choroidal thickness and
severity of DR, in which CT may first increase in the early
stage of DR, and then decrease with DR progression.38 In line
with our findings, several studies also found no statistical
difference of CT between eyes with different levels of
NPDR severity.16,29 We also did not find any associations
of CVI with the DR severity and the risk of DR
progression. Choroidal vascularity index has been proposed
8

as an indirect measurement of choroidal vascularity with
the aim of overcoming the physiologic variation of CT.91

However, the estimation of luminal areas may be
confounded by the presence of fluid which is also
represented as a hyporeflective area,92 or the caption of
tangentially aligned vessels.61 In addition, CVI is a
combined measurement of both luminal area and stromal
area of the choroid. As illustrated in a previous study by
Tan et al,63 when the magnitude of increase in luminal area
was less than that of total choroidal area, it could manifest
mathematically as no change or a reduction in CVI.

Themechanism underlying the association of larger CT and
choroidal area with a higher risk of DR progression remains
largely unknown. This may be related to VEGF production,
which is secreted by retinal pigmented epithelium to the
choroidal vasculature in response to ischemia or hypoxia
resulting fromvascular dropout.80,93,94 TheVEGF then acts on
receptors in both the choriocapillaris and large choroidal blood
vessels in a paracrinemanner.94,95 In addition to trophic action,
VEGF also leads to vasodilatation of middle and large
choroidal vessels and increases vascular permeability,96

leading to increased CT. Consistently, previous studies also
attributed decreased choroidal blood flow after laser
panretinal photocoagulation to the downregulation of
VEGF.97,98 Furthermore, a thicker choroid is also associated
with potential exudative complications, which in turn
contribute to the greater rate of progression of DR.18

The strengths of our study include the prospective study
design, longitudinal follow-up, use of SS OCT, and adjust-
ment of multiple confounding factors that affect the choroid.
Swept-source OCT has a longer wavelength, faster scanning
speed, and invisible scanning light. This achieves biopsy-like
visualization of the choroid, allowing better evaluation of the
choroidal sublayers. Our analyses also adjusted for multiple
confounding factors that affect CT, including age,47 axial
length,48 HbA1c level,

22,30,50 use of insulin,and duration of
DM.20 However, we acknowledge several limitations in this
study. First, we included only eyes with good-quality im-
ages, which may have introduced selection bias and limited
the generalizability of results. Second, the follow-up period of
this study was relatively short. Third, the small sample size of
our study limited the statistical power of our analyses. Future
studies are required to further evaluate the role of CVI in
predicting DR progression.

In conclusion, the choroidal area and CT of the Haller’s
layer at baseline are associated with the risk of DR pro-
gression, and the addition of these choroidal metrics further
improves predictive discrimination of DR progression.
Choroidal thickening in the Haller’s layer at baseline, or the
lack thereof, may help to identify diabetic patients with
greater risk of DR progression, who require closer moni-
toring and more aggressive DM control. Our findings also
offer new insights into the role of diabetic choroidopathy in
DR progression and support the consideration of choroidal
metrics in the routine assessment of DR.
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