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Abstract

Background With the advent of enhanced depth imaging op-
tical coherence tomography (EDI-OCT), detailed visualisa-
tion of the choroid in vivo is now possible. Measurements of
choroidal thickness (CT) have also enabled new directions in
research to study normal and pathological processes within
the choroid. The aim of the present study is to review the
current literature on choroidal imaging using EDI-OCT.
Methods Studies were identified by a systematic search using
Medline (http://www.ncbi.nlm.nih.gov/pubmed). Papers were
also identified based on the reference lists of relevant
publications. Papers were included in the review if the focus
of the study involved imaging of the choroid using EDI-OCT.
Results Recent studies have demonstrated successful imaging
of the choroid and high reproducibility of measurements of
CT using EDI-OCT. There are much data confirming that
abnormalities in choroidal structure and function contribute
to major ocular diseases and patterns of CT variation may be
observed in certain disease states and may be influenced by
treatment. However, it is not clear whether these variations are
a contributing factor or a consequence of the disease.
Conclusion While more invasive methods such as indocya-
nine green (ICG) angiography remain the gold standard for
detecting abnormalities of the choroidal vasculature in normal
eyes and disease states, EDI-OCT has become an important
adjunctive clinical tool in providing three-dimensional ana-
tomical information of the choroid.
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Multifunctional role of the choroid

With the advent of enhanced depth imaging (EDI) optical
coherence tomography (OCT), more detailed visualisation of
the choroid in vivo is now possible. However, the exact role
and mechanisms of the choroid in normal eyes and in patho-
logical conditions are not completely understood. The princi-
ple role of the choroid is to supply oxygen to the outer retina
up to the level of the inner nuclear membrane and, therefore,
the neurosensory retina in the foveal avascular zone derives
blood from the choroid [1]. However there is evidence to
suggest that the choroid has multiple roles including thermo-
regulation via heat dissipation, positional adjustment of the
retina by changes in choroidal thickness (CT), modulation of
intraocular pressure via vasomotor control of blood flow,
secretion of growth factors and drainage of aqueous humour
via the uveoscleral pathway [2—7].

Most anatomical information regarding the choroid has
been gained through histological post-mortem studies.
Histologically the choroid can be subdivided into five layers:
Bruch’s membrane, choriocapillaris, two vascular layers
(Haller’s and Sattler’s), and the suprachoroidea [1]. Prior to
the advent of OCT, clinical evaluation of the choroid has
involved fundus fluorescein angiography (FFA), indocyanine
green (ICG) angiography, and ultrasound [8]. While these
methods are useful in detecting vasculature abnormalities,
they do not provide cross-sectional anatomical information
and poorly identify the depth of vascular pathology [8]. OCT
involves a concept known as interferometry and utilises light
waves to create high-resolution cross-sectional images of the
retinal layers [9]. Recent developments in OCT have
employed a longer wavelength than conventional OCT which
has enabled penetration of the deeper ocular tissues such as the
photoreceptor and retinal pigment epithelium layers, and vi-
sualisation of the choroid. The image of the choroid can be
further enhanced by a technique first described by Spaide et al.
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known as EDI-OCT. By placing the OCT device closer to the
eye and inverting the retinal image, the choroid is placed
closer to the zero-delay line which results in higher depth of
field and higher resolution of choroidal detail [9].
Measurements of CT in vivo have enabled new directions in
research regarding the normal and disease states of the cho-
roid. EDI-OCT is non-invasive and easy to use in the assess-
ment of CT; however, image resolution does not enable accu-
rate discrimination of the choriocapillaris. A detailed review
of choroidal imaging using OCT was published by Mrejen and
Spaide in 2013 [10]. The present article focuses on the clinical
role of EDI-OCT imaging in relatively common conditions.
Figure 1 presents an EDI-OCT image of a normal choroid.

Methods of literature search

Studies were identified by a systematic search using Medline
(http://www.ncbi.nlm.nih.gov/pubmed). Terms searched were
as follows: “Choroidal thickness,” “Enhanced depth imaging
optical coherence tomography,” “Age related macular
degeneration,” “Glaucoma,” “Retinal detachment,” Central
serous chorioretinopathy,” “Retinitis pigmentosa,” “Diabetic
retinopathy,” “Panretinal photocoagulation,” “Refractive
error,” “Choroidal nevi,” “Choroidal tumours,” “Choroidal
blood flow.” Papers were also identified based on the
reference lists of relevant publications. Papers were included
in the review if the focus of the study involved imaging of the
choroid using EDI-OCT.

Reproducibility

In light of this new technique and due to the limitations
inherent in taking manual and subjective measurements, var-
ious studies have recently assessed the repeatability of CT

Fig. 1 EDI-OCT image of the
choroid demonstrating choroidal
thickness measurements relative
to the fovea (1,000 um
Temporally = 176 pum, 500 um
Temporally = 170 pm,
Subfoveally = 196 um, 1,000 um
Nasally = 164 pm, and 500 pm
Nasally = 160 pm)
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measurement. Studies have demonstrated that inter-observer
and intra-observer correlation has been high for manual mea-
surements as well as being highly reproducible [11-13]. A
large study by Shao et al. assessed inter-observer reproduc-
ibility in 3,233 subjects and found an insignificant mean inter-
observer difference of 3.14+13.1 um. The authors also found
an excellent intra-observer reproducibility in 21 subjects with
an intra-class correlation coefficient of 1.00 (P<0.001) and a
mean coefficient of variation of 0.85+£1.48 % [14].

OCT system comparison

Studies have also demonstrated a high level of agreement
among the different instruments when using the optimal im-
aging techniques specific to each instrument [15, 16].
Variation in optimal image acquisition and enhanced imaging
techniques may vary between instruments due to the drop in
sensitivity from the zero-delay line. Lin et al. reported that the
most favourable modes to visualise the choroidal-sclera junc-
tion and outer-choroidal vessels were to invert the Heidelberg
Spectralis and Bioptigen SD-OCT images and to use the
upright images produced by the Zeiss Cirrus OCT instrument
[15].

Branchini compared reproducibility of CT measurements
in 28 normal subjects on three SD-OCT instruments including
the Zeiss Cirrus HD-OCT (Carl Zeiss Meditec Inc., Dublin,
CA, USA), Heidelberg Spectralis (Heidelberg Engineering,
Germany) and Optovue RTVue (Optovue Inc. Fremont, CA,
USA) [16]. The choroid was measured subfoveally, 750 um
temporally and 750 um nasally to the fovea. The authors
reported good reproducibility for CT measurements acquired
with Cirrus, Spectralis, and RTVue [16]. Another study by
Yamashita (N=43 healthy eyes) compared the Heidelberg
Spectralis-OCT, Cirrus HD-OCT, and Topcon 3D OCT-1000
Mark-II and found a high inter-machine correlation coefficient
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and no trend on the Altman-Bland graphs indicating that all 3
instruments could be used interchangeably [17].

Trends in non-pathological choroidal imaging and healthy
individuals

The choroid is a highly vascular structure and similar to any
microvasculature in the body, it is likely to undergo structural
and functional alterations with increasing age. This generally
involves a reduction in perfusion to the outer retina, which
may have an impact on visual function.

According to histological studies, the human subfoveal CT
is approximately 194 pum at birth and decreases to approxi-
mately 80 pm by the age of 90 years [18]. In vivo studies have
demonstrated that CT varies topographically within the pos-
terior pole and is inversely correlated with age, which de-
creases by approximately 16 um for each decade of life
[19]. The study reviewed 54 eyes and demonstrated that CT
was thinnest nasally, thickest subfoveally, and thinner
temporally [19].

The Beijing Eye Study reviewed subfoveal CT in 3,233
subjects and found a number of associations. Hence, this study
also highlights some of the potential confounders that should
be considered when carrying out CT studies. Multivariate
analysis found that subfoveal CT increased significantly with
younger age, shorter axial length, deeper anterior chamber
depth, thicker lens, and flatter corneas [20]. However, CT
was not significantly associated with blood pressure, ocular
perfusion pressure, intraocular pressure, cigarette smoking,
alcohol consumption, serum concentrations of lipids and glu-
cose, diabetes mellitus, and arterial hypertension [20]. There
have also been gender differences reported, with CT being
18 % thicker in men than women [21]. It has been proposed
that this may contribute to the prevalence differences in certain
ocular conditions amongst males and females such as myopia,
central serous chorioretinopathy, and age-related macular
degeneration (AMD) [21].

Studies that have reviewed diurnal variation have demon-
strated contrasting results although study numbers have been
low. Tan et al. reported on 12 healthy individuals and found
that CT was greatest in the morning compared to the evening
[22]. Lee et al. reviewed 100 healthy volunteers and demon-
strated that men, as well as those with a shorter axial lengths
and thick baseline CT, had a greater pattern of diurnal varia-
tion with significantly greater amplitude [23].

Variations in choroidal imaging in pathology
Abnormalities in choroidal structure and function are well

known contributors to major ocular diseases including central
serous retinopathy and AMD, amongst others. However, what

is unclear is whether choroidal thinning is a risk factor or a
consequence of disease. While Yin et al. in 1997 demonstrated
histologically that generalised choroidal thinning is associated
with vessel loss, there is limited research evaluating the rela-
tionship between CT, choriocapillaris density and choroidal
blood flow in vivo [24, 25]. It is biologically intuitive to
consider that CT reduces with reduced blood flow; however,
only one small cross-sectional retrospective study (N=25
eyes) has been carried out and found no correlation between
subfoveal CT and total and subfoveal choroidal blood flow in
healthy young subjects [25].

Refractive error

Histological studies have demonstrated choroidal thinning,
reduction in vessel density, and thinning of the choriocapillaris
in high myopia [26, 27]. Various animal studies of myopia
have reported a decrease in choriocapillaris density and diam-
eter and demonstrated a decrease in choroidal circulation
using various techniques including angiography, colour
Doppler ultrasonography, and ocular pulse amplitude [28-31].

More recent studies with the aid of EDI-OCT have con-
firmed the correlation between refractive error and CT [20, 32,
33]. The Beijing study demonstrated a significant increase in
subfoveal CT with shorter axial lengths and better best
corrected visual acuities. Mean subfoveal CT was 253.8 pm
(+/-107.4 wm) in the whole population; mean age was
64.3 years (+/— 9.6 years) and mean refractive error was
—0.18 D (+/—1.98 D). The authors found that in the myopic
refractive error range of greater than 1.00 diopter, subfoveal
CT decreased by 15 um for every diopter of myopic shift, or
by 32 um for every mm increase in axial length [20].

However, Fujiwara et al. found a mean subfoveal CT of
93.2 um (+/— 62.5 um) in 55 eyes of 31 patients with a mean
refractive error of —=11.9 D (+/— 3.7D) and a mean age of
59.7 years (+/— 17.6 years). In this series, regression analysis
indicated a reduction in subfoveal CT by 8.7 um for every
diopter of myopic shift and 1.27 pm for each year of age [32].
Flores-Moreno et al. used the Topcon 3D-2000 SD OCT in
eyes with myopia greater than 6 D without image inversion
technique, but used the reference position “choroid” and im-
age averaging 50, which moves the zero delay line behind the
RPE to better image the choroid. The authors found a mean
subfoveal CT of 131.3 um (+/— 98.4 um) in 120 eyes of 110
patients with a mean refractive error of —14.3 D (+/— 5.4D)
and a mean age of 54.4 years (+/— 18.2 years). In this series,
regression analysis indicated a regression of CT by 1.9 um for
each year of age [33].

In pathological myopia, elongation of the globe can result
in posterior staphyloma due to scleral thinning and progres-
sive scleral ectasia. Further complications include breaks in
Bruch’s membrane, choroidal atrophy and lacquer lines.
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These dehiscences are associated with an increased risk for
choroidal neovascularization (CNV). EDI-OCT studies have
reported that posterior staphyloma formation was a key fea-
ture of choroidal thinning in highly myopic eyes [34]. A study
by Yamagishi suggested a possible association with the de-
velopment of serous retinal detachment; however, study num-
bers were low (N=5) and there is a lack of literature regarding
the relationship between retinal detachment and CT [34].

Age related macular degeneration (AMD)

The pathogenesis of AMD is thought to involve abnormalities
of the choroidal circulation which, combined with poor cho-
roidal perfusion, may lead to retinal pigment epithelium
(RPE) hypoxia and ischaemia with the subsequent production
of vascular endothelial growth factor (VEGF), angiogenesis,
and formation of CNV [35-37].

The early stages of AMD can be defined by the presence of
drusen, focal hyperpigmentation, and focal
hypopigmentation, whereas late AMD is defined by the de-
velopment of geographic atrophy (GA) or CNV [38]. In eyes
with GA, loss of the RPE results in increased illumination of
the choroid and subsequently a higher reflectivity signal to the
choroid [39]. Image segmentation is the process of dividing an
image into multiple parts in order to identify relevant parts in a
digital image, which enables the identification of arcas of RPE
loss or atrophy [40]. Choroidal imaging using EDI-OCT has,
therefore, been suggested as a possible method for monitoring
GA [39]. In contrast, exudative AMD is characterised by the
presence of CNV, the growth of new blood vessels from the
choroid into the region underlying the RPE, or extending into
the subretinal space.

Spaide et al. coined the term age-related choroidal atrophy,
a condition which affects older individuals in whom there is a
pronounced thinning of the choroid beyond the normal range
of thinning with age. A tessellated fundus appearance with
reduced CT are present and although a separate entity to
AMD, it is associated with typical features of AMD [41, 42].

Histological studies have suggested that there are multiple
morphological changes in the choroid and the choroidal vas-
culature in AMD. There is some evidence to suggest that there
is a reduction in the density larger choroidal vessels, thinning
of the choriocapillaris, and narrowing of the choriocapillaris
lumen [43].

A number of EDI-OCT studies have documented a nega-
tive correlation between CT and AMD [44—46]. A study by
Sigler et al. investigated the effects of early non-exudative
AMD without GA and/or soft drusen on subfoveal CT in 150
eyes using EDI-OCT [44]. They found a decrease in mean
macular CT compared to patients with no chorioretinal
pathology.
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Lee et al. assessed 176 eyes with non-exudative AMD
changes and found a negative correlation between subfoveal
CT, best corrected visual acuity, the severity of AMD in
addition to the rate of GA progression [45]. The authors failed
to find a significant decrease in CT in the early stages of non-
exudative AMD and suggested that there may be a possible
time lag from when the choroidal blood flow decreases to the
subsequent thinning of the choroid in the later stages of the
disease [45]. Switzer et al. studied 90 eyes with early AMD,;
although the study lacked a control group, they noted a cor-
relation between CT and a number of the anatomical charac-
teristics which have been associated with the progression of
AMD [42]. Subfoveal CT was found to be significantly thin-
ner in eyes with fundus tessellation, subretinal drusenoid
deposit, lack of conventional drusen, or an absent band on
OCT corresponding to overlap between outer segment and
RPE apical processes [42]. In contrast, Jonas et al. compared
50 eyes with exudative AMD with 154 eyes with non-
exudative eyes after excluding eyes with GA, and 228 healthy
eyes. After adjusting for age and refractive error, AMD, in
neither its non-exudative form nor exudative form, was sig-
nificantly associated with a marked variation in CT in the
foveal and parafoveal region [46]. While it is not entirely clear
why these studies have had conflicting results, it is noteworthy
that there is histological evidence of choriocapillaris atrophy
in addition to reduced choroidal blood flow both in non-
exudative AMD and exudative AMD the extent of which
increases with progression of disease [35, 43, 47]. There
may also be distinctions in the timing of choriocapillaris loss
when considering non-exudative and exudative AMD relative
to RPE loss [48]. However, as discussed previously there are a
number of variables to consider when researching CT and
indeed interpreting CT studies including age, gender, axial
length, refractive error, anterior chamber depth, thicker lens,
corneal diameter, smoking status, and diurnal variations
[20-23, 49, 50].

EDI-OCT has also been a useful tool in differentiating
between AMD and polypoidal choroidal vasculopathy
(PCV) based on a thicker CT in eyes with PCV, which has
been a consistent finding throughout studies [51-54]. PCV is
characterized by a branching vascular network of subretinal
polypoidal dilations arising from the choroidal vasculature. A
study by Jirarattanasopa et al. reviewed 58 patients with AMD
and 63 patients with PCV. They also found that subfoveal CT
was greater in eyes with choroidal vascular hyperpermeability
in eyes with either AMD or PCV where choroidal permeabil-
ity was assessed using ICG angiography [51]. Koizumi et al.
confirmed these findings when they compared 21 eyes with
typical AMD to 23 eyes with PCV. They suggested that the
choroidal vascular lesion seen in PCV may not be just the
CNV accompanied by saccular capillary dilations, but may
have a significant structural difference compared to typical
AMD [52]. Chung et al. studied 25 eyes with PCV and 14
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fellow eyes, 30 eyes with exudative AMD, 17 eyes with early
AMD, and 20 eyes of age-matched normal subjects, and
similarly propose that different pathogenic mechanisms in
PCV are involved when compared to exudative AMD [53].
In addition, Yang et al. found that the choroid was thicker in
eyes with PCV when they compared 18 eyes with PCVand 19
controls eyes. They further described the EDI-OCT character-
istics of PCV which included dilated choroidal vessels, a
double-layer sign at the level of the RPE-Bruch’s mem-
brane—choriocapillaris complex, hyperreflectivity between
the RPE and Bruch’s membrane and the association of cho-
roidal macular swelling with vascular dilatation [54].

In a similar vein, whilst differentiating between central
serous chorioretinopathy (CSCR) and AMD should be rea-
sonably easy based on angiographic features, the diagnosis of
CSCR in patients over the age of 50 years should be made
carefully and OCT may be particularly helpful if eyes with
chronic CSCR and diffuse leakage. Furthermore, CSCR may
be complicated by secondary CNV. Thus, EDI-OCT can be a
helpful additional tool to differentiate between AMD and
CSCR based on a thicker CT in CSCR [55, 56].

Coscas et al. also compared AMD with adult onset
foveomacular vitelliform dystrophy (AOFVD) [57]. The
study was divided into five groups of 38 eyes and included
AOFVD eyes with fluid accumulation; AOFVD fellow eyes
without fluid (early stage); advanced exudative (wet) AMD;
advanced dry AMD; and healthy normal eyes. The study
found a significantly thicker choroid in the AOFVD group
compared to the advanced AMD group which would suggest
different pathogenic mechanisms in the two conditions [57]. It
is, therefore, possible that CT measurements could also aid to
differentiate AOFVD from AMD clinically.

The possible role of OCT imaging in monitoring the re-
sponse to treatment to anti-VEGF therapy has also been
studied; however. study numbers are small and studies are
non-randomised [58—60]. Whilst three studies showed a re-
duction in CT using EDI-OCT after treatment, this effect was
not observed in another study [58—60]. Rahman et al. com-
pared patients with neovascular AMD in one eye which had
received at least three anti-VEGF injections (n=15) with
patients with newly diagnosed neovascular AMD in one eye
which had not received any treatment (N=15) and demonstrat-
ed no significant reduction in CT following treatment [58].
However, Yamazaki et al. compared 40 eyes with neovascular
AMD which were treated with ranibizumab and 40 untreated
fellow eyes and found a significant reduction in CT in the
treated group [59]. Kang et al. also noted a significant reduction
in subfoveal CT in eyes with a favourable response (N=22) to
treatment with intravitreal Ranibizumab for neovascular
AMD, but no significant change in non-responders (N=18)
where a favourable response to treatment was defined as a
100 um reduction in subretinal fluid. The authors suggested
that CT may be predictive of visual outcome and treatment

response in exudative AMD [60]. Conversely, Ellabban et al.
studied 20 with AMD, 20 with PCV and 20 with myopic CNV
and found that Ranibizumab had a minimal effect on CT. The
later study used EDI for imaging eyes with CNV and PCV
only, on the basis that the sclera-choroidal interface is easily to
identify in highly myopic eyes [61].

Glaucoma

Many earlier histological and angiographic studies have sup-
ported the vascular theory in glaucoma in that the choroidal
supply to the papillary area may be compromised [62—67].
The anterior region of the optic nerve can be divided into four
portions: The superficial nerve fibre layer and prelaminar,
laminar, and retrolaminar portions. The prelaminar and lami-
nar regions receive blood via the short posterior ciliary arteries
which course through the choroid, but are not directly derived
from the choroid [68]. However, Hayrey et al. in 2001 sug-
gested that once the posterior ciliary arteries and the branches
of the circle of Haller and Zinn penetrate the sclera, they then
become part of the choroid and are no longer considered to be
branches of their original arteries [69]. In support of the
vascular theory, the Early Manifest Glaucoma Trial demon-
strated that lower systolic perfusion pressure, lower systolic
pressure, and cardiovascular disease emerged as predictors of
disease progression [70].

Two recent studies by Mwanza et al. found no difference in
macular CT between eyes with unilateral advanced primary
open-angle glaucoma (POAG) (36 subjects) when compared
to the fellow eye and found no difference in CT between eyes
with POAG, normal tension glaucoma (NTG), and control
eyes [71, 72]. The later study included 20 subjects with NGT,
56 subjects with POAG, and 38 control subjects [72]. Similar
negative associations between glaucoma severity and macular
and peri-papillary CT were found in another study which
reviewed 74 glaucoma patients and glaucoma suspects [73].
In contrast, a study by Hirooka et al. compared 45 eyes with
NGT with 62 control eyes and found a significant decrease in
CT 3 mm nasal to the fovea when compared to the control
group, as well as a significant correlation between CT 3 mm
nasal to the fovea and the mean deviation slope based on
Humphrey 30/2 visual field tests, and suggested a possible
association between CT and visual field loss progression [74].
A further study by Hirooka, in 52 NTG subjects and 50
controls, found a significantly thinner inferior peripapillary
CT in the NTG eyes, but no correlation between peri-papillary
CT and retinal nerve fibre layer (RNFL) thickness by peri-
papillary location [75].

Studies carried out to assess CT in patients with angle
closure subtypes have found an increase in CT. Huang et al.
compared 87 normal control eyes with 210 angle closure
subtypes: 73 eyes with primary angle closure suspects, 46
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eyes with acute primary angle closure, 35 eyes with primary
angle closure, and 56 eyes with primary angle closure glau-
coma [76]. After controlling for age and axial length, they
found an increased subfoveal CT in all angle closure subtypes
compared to control eyes and suggested that choroidal expan-
sion may be a contributing factor to the development of angle
closure. Similarly, Zhou found an increase in CT in the fellow
eye of those that had experienced acute primary angle closure
(44 eyes) compared to 43 control eyes [77].

Whilst EDI-OCT measurement of CT would be an attrac-
tive addition to the armamentarium of diagnostic and moni-
toring tools in glaucoma, the potential role of CT as a risk
factor requires further investigation. The relatively higher
proportion of patients with glaucoma in a series with age-
related choroidal atrophy would support the role of impaired
blood supply to the prelaminar optic nerve head in glaucoma,
but CT is unlikely to prove to be the major variable in the
context of a glaucoma diagnosis [41]. Furthermore, several
confounders may bias measurements including blood pres-
sure, refraction, diurnal variation, and operating software [73,
78, 79].

Diabetes

Diabetic retinopathy is in part characterised by capillary non-
perfusion and ischaemic retinopathy. Hypoxia stimulates the
production of cytokines including VEGF, resulting in retinal
neovascularisation and intraretinal oedema [80, 81]. The ret-
ina, however, has a dual blood supply, the outer third being
supplied by the choroidal capillaries and the inner two thirds
being supplied by branches of the central retinal artery [82].
A number of studies have reported on the retinal and
choroidal circulation in diabetic retinopathy using various
methods including pulsatile ocular blood flow (POBF) and
laser Doppler flowmetry. POBF determines the summed vol-
ume of blood entering the retina, choroid, and remaining uveal
tract by measuring increases in intraocular pressure with each
heart pulse. The choroidal circulation is responsible for 85 %
of the POBF [83, 84]. Savage demonstrated that POBF was
unaffected early in diabetic retinopathy, but increases signifi-
cantly in eyes with moderate to severe non-proliferative dia-
betic retinopathy (NPDR), and Mackinnon reported that
POBF increased as the severity of diabetic retinopathy pro-
gresses [84, 85]. The authors suggested this may be due to
VEGEF, released locally by the ischemic retina, resulting in
vasodilation and increased blood flow. Geyer also demonstrat-
ed an initial decrease in POBF, which subsequently increased
as the DR worsened [86]. However, Langham reported de-
creasing POBF with severity of diabetic retinopathy due to
increased vascular resistance and increased ocular perfusion
pressure [87]. POBF generally reflects the entire choroidal
circulation, whereas laser Doppler flowmetry allows

@ Springer

evaluation of the foveal region which may be more relevant
to the current review of DR as CT measurements are generally
taken subfoveally or parafoveally. Using this technique, a
number of studies have demonstrated a significant decrease
in choroidal blood flow and choroidal volume in the foveal
region both in patients with NPDR and proliferative diabetic
retinopathy (PDR) [88, 89].

There has been similar controversy in recent studies over
the effects of diabetes and DR on CT. Some studies using
conventional OCT have reported that in diabetic eyes there is
an overall thinning of the choroid possibly due to
choriocapillaris atrophy [90, 91]. Esmaeelpour, using
longwave OCT (1,060 nm), also demonstrated a reduction in
CT in diabetic eyes [92].

Two recent EDI-OCT studies have also demonstrated re-
duced subfoveal CT in eyes with DR compared to control
eyes, but no pronounced thinning was found in the PDR group
or, indeed, any significant difference between DR groups [93,
94]. This would be in keeping with the finding of decreased
choroidal blood flow and choroidal volume in the foveal
region in patients with DR. However, Kim et al. studied 195
treatment-naive eyes, which were divided into no DR, mild/
moderate NPDR, severe NPDR, and PDR in addition to 40
eyes with a history of panretinal photocoagulation. In contrast
they found that subfoveal CT was slightly greater in eyes with
PDR compared to eyes with no DR or with mild-severe
NPDR [95]. Although the exact mechanism is unknown, the
authors suggested that the increased CT could be a reflection
of increased POBF due to the production of VEGF or other
cytokines mediating choroidal vasodilation. Furthermore,
Kim et al. found that the subfoveal choroid was thicker in
eyes with macular oedema than in those without and was
thickest in eyes with a foveal serous retinal detachment and
postulated a possible association with choroidal ischae-
mia, RPE dysfunction and increased vascular permeabil-
ity [95].

Other studies have reviewed patients with diabetes
mellitus, but without DR and results have been equally con-
trasting. Xu et al. in the Beijing Study reported on 246 subjects
with diabetes mellitus, 23 of whom had DR [96]. They dem-
onstrated a thicker subfoveal choroid in those with diabetes,
whereas the presence and stage of DR were not associated
with a variation in subfoveal CT after adjusting for various
confounders. Yuluk et al. classified type-2 diabetic patients
without DR into three groups according to duration of diabe-
tes Group I (5-9 years, N=63); Group II (10—14 years, N=37);
Group III (15-40 years, N=34). While foveal retinal thickness
was significantly decreased in patients with longer duration of
diabetes, the duration of diabetes did not seem to be related to
subfoveal CT [97].

It has been suggested that panretinal photocoagulation
(PRP) treatment for diabetic retinopathy results in improved
oxygen penetration to the inner retina from the choroidal
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vessels as a result of the direct destruction of the highly
metabolically active photoreceptors in the outer retina [98,
99]. Similarly, studies have demonstrated variations in cho-
roidal blood flow after PRP. Using pneumotonometry, POBF
has been shown to decrease significantly 1, 3, and 9 months
after PRP [100]. It is possible that the general choroidal blood
flow could decrease due to damage to the peripheral choroid
from photocoagulation while leaving the foveal region intact
[84, 100]. According to a number of histological studies, the
choriocapillaris is also compromised beneath the photorecep-
tor layers [101, 102]. Conversely, using laser Doppler
flowmetry, subfoveal choroidal blood flow and volume have
been shown to increase 1 month following PRP [103].
Although the exact underlying mechanisms are unclear, it is
plausible that redistribution of choroidal blood flow is induced
by PRP, both in the peripheral retina and the untreated macular
area.

There is limited research assessing CT before and after
PRP treatment. As previously mentioned, Kim et al. also
assessed 40 eyes with a history of laser-PRP treatment at least
1 year previously and found a significant decrease in
subfoveal CT when compared to the untreated PDR group
[95]. However, Cho et al. noted an increase in CT in those
with severe DR who had undergone three sessions of PRP (28
eyes) with the final session 1 week prior to EDI-OCT assess-
ment [104]. It is, therefore, plausible that the timing of laser-
PRP may influence CT measurements.

Further studies that directly investigate the correlation be-
tween CT, overall choroidal and subfoveal choroidal blood
flow, choriocapillaris density, and vascular diameter would be
particularly useful in the setting of diabetes. If there is an
association, and in particular, if CT can be established as a
proxy measure of choroidal blood flow, then EDI-OCT would
play a significant clinical role in the management of patients
with DR.

Vogt-Koyanagi-Harada disease

Vogt-Koyanagi-Harada (VKH) disease is a granulomatous
inflammatory disorder that affects pigmented structures in
genetically susceptible individuals and the choroid is the
principle site of associated inflammation [105]. Studies have
reported on CT in three or the four phases of VKH; the acute
uveitic phase which is characterised by diffuse choroiditis,
including focal areas of subretinal fluid and/or serous retinal
detachment, the convalescent phase characterised by ocular
fundus depigmentation, peripheral nummular chorioretinal
depigmented scars, and pigmentary changes in the RPE, and
in the chronic recurrent phase which mainly involves anterior
uveitis.

Fong et al. first described the typical EDI-OCT findings of
the acute phase and convalescent phase of VKH [106]. The

authors used EDI-OCT to compare six eyes with VKH with
six age- and gender-matched controls and demonstrated an
increased CT in the acute phase and loss of focal hyper-
reflectivity in the inner choroid leading to the suggestion that
this may represent a permanent structural change to the cho-
roid. Although study numbers have been low, studies have
also found a reduction in CT in the convalescent phase, which
correlated with the degree of depigmentation, and in
longstanding recurrent disease was found to be associated
with disease duration [107, 108]. The former studies assessed
19 eyes with VKH and 30 eyes with VKH compared with 32
control eyes, respectively. Furthermore, the acute uveitic
phase of VKH with associated thickening of the choroid has
been attributed not only to inflammatory infiltration, but also
to increased exudation.

Thickening of the choroid was subsequently shown to
reduce following treatment with corticosteroids in two sepa-
rate studies which analysed 16 eyes each with VKH [109,
110]. EDI-OCT, therefore, appears to be of value in the
assessment of the degree of choroidal involvement in the acute
stages of VKH and may have a role in the assessment of
response to therapy.

Behcet disease

The cause and the pathogenesis of Behget disease remain
unknown. Both genetic and environmental factors have been
implicated, resulting in different manifestations of this multi-
system inflammatory disorder. The ocular manifestations of
Behget disease are characterised by severe recurrent attacks of
bilateral non-granulomatous panuveitis and retinal vasculitis
[111]. While fundus fluorescein angiography remains the gold
standard in monitoring inflammatory activity, the
hyperfluorescent spots and hypofluorescent plaques, leakage
from choroidal vessels, and irregular filling of choriocapillaris
detected with ICG angiography suggest choroidal involve-
ment [111, 112].

Kim et al. reported retrospectively on 30 eyes of 30 patients
with Behget’s posterior uveitis [113]. Subfoveal CT was mea-
sured using EDI-OCT in the active and quiescent phases of
Behget’s uveitis and compared with an age-, sex-, and spher-
ical equivalent-matched healthy population. This study found
choroidal thickening during the active phase of Behcet’s pos-
terior uveitis. Subfoveal CT during the quiescent phase was
also significantly greater than in normal eyes. The degree of
reduction in choroidal thickening was significantly correlated
with improvement in retinal vascular leakage as revealed by
fluorescein angiography [113]. This, however, is in contrast to
Coskun et al. who studied 35 patients with posterior uveitis
(PU) associated with Behget disease, 35 patients with Behget
disease without ocular involvement, and 30 healthy controls.
They found that the choroid was thinner in those with Behget
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disease-associated posterior uveitis and no significant differ-
ence between those with active disease (N=26) and those in
remission (N=9) [114]. The above differences in CT could not
be explained on the basis of disease duration as one would
expect a thinner choroid in eyes with longer disease duration.
As study numbers are low and the evidence is conflicting, the
potential benefit of EDI-OCT in assessing choroidal morphol-
ogy in Behget disease remains unclear.

Choroidal naevi and choroidal tumours

EDI-OCT of the choroid enables evaluation of the thick-
ness and reflective quality of both choroidal naevi and
tumours. Shah et al. reviewed images of 51 eyes with
choroidal naevi. They demonstrated that EDI-OCT mea-
surements of tumour thickness were comparatively re-
duced relative to ultrasonography measurements [115].
Subretinal fluid was also identified more reliably with
EDI-OCT (16 %) compared to ophthlamoscopic (8 %)
and ultrasound evaluation (0 %). Choroidal naevi were
found to have overlying choriocapillaris thinning in
94 % of cases. Other common features detected using
EDI-OCT included partial (59 %) or complete (35 %)
choroidal shadowing deep to the naevus, RPE atrophy
(43 %), RPE loss (14 %), RPE nodularity (8 %), pho-
toreceptor loss (43 %), and irregularities in the inner
segment-outer segment junction, external limiting mem-
brane, outer nuclear, outer plexiform, and inner nuclear
layers [115].

Similarly EDI-OCT has demonstrated an over-
estimation in small choroidal melanoma tumour thick-
ness when using ultrasound. Characteristic features
when compared with choroidal naevi include an increase
in tumour thickness, subretinal fluid, subretinal
lipofuscin deposition, and retinal irregularities [116]. A
study by Torres et al. reported a series of EDI SD-OCT
of 23 choroidal tumours, including small choroidal me-
tastases that were visualized on examination, but unde-
tectable by ultrasound. EDI SD-OCT was able to distin-
guish between the features of amelanotic and melanotic
nevi, choroidal melanomas, hemangiomas, and metasta-
ses. Amelanotic naevi demonstrated a homogenous and
medium reflective band with visible choroidal vessels;
melanotic naevi and choroidal melanomas featured a
highly reflective band in the anterior choroid with
shadowing, but non-visualization of choroidal vessels
and inner sclera; choroidal hemangiomas featured a
medium/low reflective band without shadowing and
choroidal metastasis showed a low reflective band in
the deep choroid with enlargement of the suprachoroidal
space [117].
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Idiopathic macular hole (IMH)

Although the pathogenesis of IMH principally involves
vitreomacular traction, a number of other factors are now
considered to play a role such as degenerative macular thin-
ning, macular cyst, intrinsic RPE disease, and systemic vas-
cular disease. Studies have also suggested a contributing role
of choroidal perfusion with an associated decrease in foveolar
choroidal blood flow [118]. To date, however, EDI-OCT
studies have demonstrated variable results. One small study
of 12 eyes with IMH found no choroidal thinning and no
change in CT following vitrectomy surgery [119]. Two other
studies including Reibaldi et al. (22 eyes with IMH and 22
control eyes) and Zeng et al. (50 eyes with IMH and 50 control
eyes) found a significant reduction in subfoveal CT in eyes
with IMH compared to the unaffected fellow eyes, suggesting
that reduced choroidal macular perfusion may contribute to
the pathogenesis of IMH [120, 121]. While study numbers
were low, the unaffected fellow eye also had reduced
subfoveal CT compared to control eyes. The observed differ-
ences did not reach statistical significance in one study, thus
further study is necessary to evaluate if fellow eyes with a
thinner choroid may be prone to IMH [120, 121].

Central serous chorioretinopathy (CSCR)

The pathogenesis of CSCR is thought to involve serous de-
tachment of the neurosensory retina over an area of leakage
from the choriocapillaris due to hyperpermeability and
distruption of the RPE causing functional loss. EDI-OCT
studies have noted an increase in CT in patients with CSCR
[56, 122, 123]. Imamura et al. studied 28 eyes of 19 patients
with CSCR and suggested that the CT findings provide further
evidence that CSCR is caused by focally increased hydrostatic
pressure in the choroid [56]. Furthermore, Jirarattanasopa
et al. (N=44) also noted that thickening of the choroid was
associated with leakage from the RPE, vascular
hyperpermeability, and punctate hyperfluorescent lesions on
angiography, and Spaide et al. noted that bilateral involvement
is more common in patients over the age of 50 years [122,
123]. Kim et al. compared 30 eyes with unilateral CSCR with
30 controls and demonstrated an increase in CT in CSCR eyes
as well as in the unaffected fellow eyes supporting the view
that CSCR is a bilateral disorder [124].

Various treatment strategies have been used in the manage-
ment of CSCR including laser photocoagulation and photo-
dynamic therapy aimed at the underlying zone of choroidal
hyperpermeability [125, 126]. A study by Maruko et al. ob-
served 13 patients 1 year after half-dose photodynamic thera-
py with verteporfin and reported a reduction in CT with
associated reduced vascular hyperpermeability on angiogra-
phy [125]. If these findings are confirmed, then it is



Graefes Arch Clin Exp Ophthalmol (2014) 252:1871-1883

1879

conceivable that CT assessment using EDI-OCT would be
useful for monitoring treatment response. A similar effect,
however, was not observed with laser photocoagulation,
which would suggest that the two treatment modalities have
differing mechanisms as shown by the reduced choroidal
hyperpermeability in PDT-treated eyes only [126].

Retinitis pigmentosa (RP)

RP refers to a group of hereditary retinal disorders character-
ized by the loss of photoreceptors. The exact pathogenesis is
not fully understood, and currently there is no curative treat-
ment. Ocular vascular perfusion has been shown to be
disrupted in RP and atrophy of the choriocapillaris has been
described. While the reduction in the choroidal perfusion may
be secondary to loss of demand associated with retinal atro-
phy, the exact pathogenic role of the choroid is unclear
[127-129]. However, based on ocular pulsatile blood flow
and using a mathematical model described by Silver et al. and
confocal laser Doppler flowmetry, choroidal blood flow and
velocity have been shown to be markedly reduced in RP and
to correlate with the severity of RP [129-131].

EDI-OCT studies have demonstrated a reduction in CT in
RP[132, 133]. Dhoot et al. compared 21 patients with RP and
25 age-matched controls, and while they found a reduction in
CT in the RP group, the correlation with visual acuity was
inconsistent [132]. Conversely, Ayton et al. reported on 44
patients with RP compared with 22 controls and found that RP
eyes with poorer visual acuity or longer duration of symptoms
tended to have thinner choroid and proposed that knowledge
of the CT profile in RP is important for the field of restorative
vision research [133].

Conclusions

The advent of EDI-OCT imaging of the choroid has enabled
new directions in research relating to the normal and patho-
logical roles of the choroid. There are much data confirming
that abnormalities in choroidal structure and function contrib-
ute to major ocular diseases and patterns of CT variation may
be observed in certain disease states and may be influenced by
treatment. However, it is not clear whether these variations are
a contributing factor or a consequence of disease. There is
much speculation regarding the relationship between CT and
choroidal blood flow; however, studies that directly investi-
gate the correlation between CT, choroidal blood flow, and
choriocapillaris density and vascular diameter are lacking.
While invasive methods such as ICG angiography remain
the gold standard for detecting abnormalities of the choroidal
vasculature, EDI-OCT has become an important adjunctive

clinical tool in providing 3-dimensional anatomical informa-
tion of the choroid.
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