
Eye (2021) 35:3389–3396
https://doi.org/10.1038/s41433-021-01441-0

ARTICLE

Study of retinal structural–functional relationship in choroideremia
using fundus autofluorescence and optical coherence tomography

Ramesh Venkatesh 1
● Nikitha Gurram Reddy1 ● Ram Snehith1

● Jophy Philip Cherry1 ● Arpitha Pereira1 ●

Akhila Sridharan1
● B. Poornachandra1 ● Rohit Shetty2 ● Naresh Kumar Yadav1 ● Jay Chhablani 3

Received: 25 August 2020 / Revised: 8 January 2021 / Accepted: 27 January 2021 / Published online: 16 February 2021
© The Author(s), under exclusive licence to The Royal College of Ophthalmologists 2021

Abstract
Objective The objective of this study was to assess the structural–functional relationship in choroideremia (CHM) patients
using optical coherence tomography (OCT) and autofluorescence (AF) images.
Methods In this study, 53 eyes of 28 CHM patients were included. Demographic, ocular and clinical fundus features were
recorded. Fundus AF and OCT images were analysed. Patients were classified into two groups based on AF features: group
1, CHM patients where the foveal island was present and group 2, CHM patients where the foveal island was absent. Inner
and outer retinal layer thicknesses, retinal pigment epithelium (RPE) and subfoveal choroidal thickness (SFCT) were
measured and correlated with visual acuity (VA).
Results There were 26 eyes in group 1 and 27 eyes in group 2. Mean age in groups 1 and 2 were 51.7 ± 13.4 and 63.6 ± 11.6
years, respectively. Age (p= 0.001) and VA (p < 0.001) between the two groups were significantly different. The retinal and
SFCT showed significant differences that were analysed for each eye between the two groups. Reduced VA was noted with
increasing age (r= 0.483; p ≤ 0.001), thin total retina (r=−0.378; p= 0.005), inner (r=−0.512; p < 0.001), outer (r=
−0.59; p < 0.001) retinal thicknesses and thin RPE (r=−0.653; p < 0.001). Multivariate analysis showed RPE thickness
(p= 0.001) as the most important index that affected VA.
Conclusion RPE thinning contributes to poor VA in patients with advanced CHM. Further studies are needed to evaluate the
role of retinal thickness and SFCT and its relationship to VA.

Introduction

Choroideremia (CHM) is an X-linked recessive condition
that primarily affects males. It is characterised by night
blindness in early childhood, progressive constriction of
peripheral fields, vision loss and finally blindness in late
adulthood [1]. It is caused by mutations in the CHM gene,
which codes for REP-1 (Rab-escort protein-1) [2, 3].
The lack of functional REP-1 prevents Rab proteins from

reaching and binding to the organelle membranes, as
a result of which the cells of the photoreceptor layer,
retinal pigment epithelium (RPE) layer and choroid/
choriocapillaris die prematurely. This gives a characteristic
atrophic fundus appearance. It is still not very clear whether
the loss of each layer occurs sequentially due to inter-
dependent cell survival, or independently. This question has
now become clinically relevant as it would determine which
layer could be the primary target for gene replacement
therapy for CHM.

Fundus autofluorescence (AF) imaging, near-infrared AF
imaging and visual field testing are routinely used to
monitor the progression in CHM [4–7]. Currently, blue AF
(B-AF) imaging, using a 488-nm laser excitation light, is
most frequently used in clinical practice [4, 5]. B-AF ima-
ging in CHM has shown that centripetal RPE degeneration
occurs along with early loss of peripheral AF leading to the
formation of a small residual ‘island’ of preserved AF with
sharply demarcated scalloped edges, usually centred around
the fovea [4]. This island shrinks over time and eventually
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encroaches the fovea, resulting in a sharp decline of visual
acuity generally during the fifth decade of life [4]. Changes
in the size of the AF island over time could be used to
monitor disease progression [5]. However, it is unclear how
the changes in AF, which is a marker for RPE health,
correlate with the state of the photoreceptors and choroid/
choriocapillaris and visual acuity.

Functional changes in CHM, mainly visual acuity, is a
result of the structural changes in the retina, RPE and
choroidal layers at the fovea seen on optical coherence
tomography (OCT) and the extent of residual island of
preserved AF. Xue et al. [5] studied the relationship
between RPE, photoreceptor, and choroidal degeneration in
CHM. They found a correlation between the quality of AF
and integrity of ellipsoid zone within islands of the sur-
viving retina. They showed reduced subfoveal choroidal
thickness (SFCT) in eyes with CHM compared to controls,
but it did not undergo significant thinning until end-stage
retinal degeneration. However, in this study, the correlation
of preserved island on AF with the visual acuity was not
evaluated. A study by Heon et al. [6] has shown thinner
central retinal thickness (CRT) to be associated with poor
visual acuity. However, there is very limited literature
correlating the inner and outer retinal layers thicknesses,
RPE and the choroid with visual acuity [5, 6]. Also, in eyes
with advanced CHM, identified by the loss of the island
of preserved AF, the contribution of the choroid and/
or photoreceptors towards the visual acuity needs to be
investigated.

The recent success of gene therapy in the treatment of
CHM has generated a lot of hope and enthusiasm in the

management of this condition [8–11]. However, in order to
achieve desirable results, a proper selection of candidates
for gene therapy is a must.

With this background, the primary aim of this study was
to assess the structural–functional relationship in CHM
patients by correlating the structural changes visible on
OCT and AF images with visual acuity. Specifically, the
thickness of the different retinal layers and the choroid in
patients with and without advanced CHM and its correlation
with visual acuity was investigated. A better understanding
of the changes in the structural and functional features of the
retina in CHM would help in identifying the right candidate
for gene replacement therapy.

Methods

This work was approved by our Institutional Review
Board and ethics committee (C/2020/07/009) and respec-
ted the tenets of the Declaration of Helsinki. In this ret-
rospective non-interventional image analysis of enhanced
depth imaging OCT (EDI-OCT) and AF images, patients
of CHM identified through our internal database from July
2015 to June 2020 were included in the study. The study
was carried out at the Narayana Nethralaya super speci-
ality eye hospital, Bangalore, India. The diagnosis of CHM
was suspected in a patient presenting with characteristic
symptoms of nyctalopia and progressively reduced per-
ipheral vision and fundus showing peripheral pigmentary
changes and chorioretinal atrophy, which later involve
the posterior pole and peripapillary region (Fig. 1) [12].

Fig. 1 Optomap, Daytona
ultra-widefield fundus images
in patients with advanced
choroideremia. A–D Fundus
images of patients diagnosed
with advanced choroideremia
showing the presence (white
arrow) and absence of normal
viable retinal and choroidal
tissue at the fovea.
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Inclusion criteria were male patients with either straight-
forward clinical diagnosis of CHM with or without
molecular diagnosis of CHM when possible. Cases who
presented with early-onset night blindness, rapid dete-
rioration to legal blindness and presence of bony spicules,
arteriolar attenuation and waxy disc pallor were clinically
diagnosed as X-linked retinitis pigmentosa (XLRP) and
were excluded [13]. Also, cases of XLRP confirmed on
genetic testing were excluded from the study.

Genetic testing

After obtaining the detailed family and pedigree history, 5 ml
of blood was withdrawn to isolate the DNA by salt pre-
cipitation method [14]. Targeted next-generation sequencing
was carried out using a method described previously, which
included sample preparation, target enrichment, exome
sequencing data analysis and variant calling [15]. For the
variant interpretation, CHM (for choroideremia) and RPGR
and RP2 genes (for XLRP) were included for the annotation,
prioritisation and reporting following the ACMG (American
College of Medical Genetics and Genomics) guidelines. The
PCR products were sequenced (3500 DX, Lifetech Inc.,
USA) by Sanger sequencing method. The sequence electro-
pherogram was visualised using the FinchTV software
(Geospiza, USA), and the presence of the variation in genes
was evaluated by comparing the patient’s sequence with the
reference sequence.

The medical records of all the eligible patients
were reviewed and the following data were collected: age,
gender, involved eye, best-corrected visual acuity,
refractive error, axial length and clinical features on ret-
inal examination. The fundus features of all the patients
were documented with ultra-widefield colour fundus

photograph using the Optos Optomap Daytona Panoramic
200Tx (Daytona, Optos®, UK). A blue-wavelength laser
fundus AF 30° or 55° image centred at the fovea was
captured according to the manufacturer’s standard oper-
ating procedure. The macular AF image was analysed to
check for a residual island of preserved AF with sharply
demarcated scalloped edges, usually centred around the
fovea. In case the fovea was not clearly visualised, the
brightness and contrast settings of the image were adjus-
ted to correctly identify the optic disc and then the exact
location of the macula would be ascertained.

In the same sitting, a high-resolution spectral-domain
OCT was obtained using the Spectralis HRA OCT system
(Heidelberg Engineering, Heidelberg, Germany) with 25-
line horizontal volume scans covering the area centred over
the fovea. EDI mode was activated during OCT capture and
a simultaneous infrared confocal scanning laser ophthal-
moscope image was captured automatically. Outer retinal
tubulations over the areas of degeneration if present were
noted. Quantitative measurements regarding the CRT and
SFCT were recorded using the automated measurement tool
with the proprietary machine software in the Spectralis
machine.

Image analysis

AF analysis

Based on the identification of the features on AF by a single
observer (JPC), patients were classified into two groups:
group 1, CHM patients where the foveal island of preserved
AF was present and group 2, CHM patients where the
foveal island of preserved AF was absent (advanced CHM)
(Fig. 2).

Fig. 2 Ultra-widefield fundus images, fundus autofluorescence
images and optical coherence tomography images of both eyes in a
patient with advanced choroideremia (CHM). A, B Ultrawide
fundus images acquired using the Optos, Daytona machine showing an
atrophic fundus due to the diffuse degeneration of the photoreceptors,

retinal pigment epithelium and choroidal layer. C, D The 55° blue-
wavelength fundus autofluorescence images of both eyes showing a
small residual island of preserved autofluorescence at the macula.
Optical coherence tomography images of both eyes through the
macula in CHM.
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Retinal analysis

All thickness measurements were made on the SD-
OCT using the automated layer segmentation software.
In cases of automatic layer misalignment, manual align-
ment was possible by the SD-OCT software before auto-
matic measurements. A semiautomated approach was
incorporated into the algorithm to correct for any minor
segmentation errors. In addition, all of the boundaries
were checked by visual inspection performed by two
of the authors (RV and NR). For evaluation of the macular
area, each macular thickness map was divided into
nine regions suggested by the Early Treatment for
Diabetic Retinopathy Study including a 1-mm-diameter
central disc and an inner and outer ring, each divided
into four quadrants, with diameters of 3 and 6 mm,
respectively [16]. OCT delineates every macular layer,
and we measured the thickness of inner retinal layer
(from the internal limiting membrane to external limiting
membrane), outer retinal layer (from external limiting
membrane to RPE layer), RPE layer alone and total
CRT (from the internal limiting membrane to RPE layer)
at the 1-mm-diameter central disc as suggested by the
Early Treatment for Diabetic Retinopathy Study [16].
All these measurements were automatically obtained
using the in-built software in the Spectralis SD-OCT
machine (Fig. 3).

Choroidal analysis

A single-line horizontal raster scan (30° wide) using the
EDI mode extending from the temporal margin of the optic
nerve head and passing through the foveal centre was used
to measure the choroidal thickness. The SFCT was mea-
sured from the outer border of the RPE to the inner border
of the sclera under the fovea.

Main outcome measures

(1) To compare the demographic, clinical and OCT
features between the two groups.

(2) To identify the factors on OCT affecting the visual
acuity of CHM patients.

Statistical analysis

All data were analysed with the GraphPad Prism software
(version 8.4.2 [676] for Windows), San Diego, CA. The
Kolmogorov–Smirnov normality test showed the data sets to
be of the non-parametric variety and hence only non-
parametric statistical tests were used in this study. Visual
acuity data were converted to logMAR for statistical analysis.
For continuous data, Mann–Whitney U test was used to
compare the findings for each eye separately between the two
groups. Contingency analysis was done using the χ2 test for
categorical data between two groups. Correlation between the
age, retinal and choroidal thicknesses and final visual acuity
were analysed using the Spearman’s correlation test. Multi-
variate linear regression analyses were performed between the
visual acuity as the dependent variable and age and retinal and
choroidal thicknesses as independent variables. A generalised
estimating equation model for both eyes was used for esti-
mating the average response over the population to com-
pensate for both eyes’ inclusion of subjects. P values < 0.05
were considered statistically significant.

Results

In this study, 53 eyes of 28 male subjects who met the
inclusion criteria were included. There were 26 eyes of 14

Fig. 3 Retinal layer segmentation on Heidelberg Spectralis SD-OCT machine. A Automated retinal layer segmentation using the Heidelberg
Spectralis machine. B Measurement of individual retinal layers using the 1, 3 and 6 mm ETDRS grid.
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patients who had an island of preserved AF at the macula
(group 1) and 27 eyes of 14 patients who had no island of
preserved AF at the macula (group 2). One eye each having
poor media clarity due to mature cataract, corneal scar and
phthisis bulbi, respectively, and not allowing detailed retinal
examination were excluded from the study. Two patients of
group 2 in the study belonged to the same family. The
demographic and ocular features noted at the time of
examination in the two groups were analysed, compared
and described in Table 1.

The mean age of the participants in groups 1 and 2 were
51.7 ± 13.4 and 63.6 ± 11.6 years, respectively. The retinal
and choroidal thickness was measured for each eye separately
between the two groups and were further compared, analysed
and described in Table 2. Between the two groups, age
(p= 0.001) and visual acuity (p < 0.001) were significantly
different. Spherical equivalent (p= 0.518) and axial length
(p= 0.333) were comparable and not statistically significant.
Outer retinal tubulations were identified in 18 (69%) and 23
(85%) eyes in groups 1 and 2, respectively. The CRT and
SFCT between the two groups were significantly different in
the right eye and left eye, respectively.

Table 3 describes the correlation of the various indices
that could affect the final visual acuity using the Spearman’s
correlation test. Decline in visual acuity was noted with
increasing age (r= 0.483; p ≤ 0.001), low CRT (r=
−0.378; p= 0.005), thin IRL (r=−0.512; p < 0.001), thin
ORL (r=−0.59; p < 0.001) and thin RPE (r=−0.653; p <
0.001). However, multivariate linear regression analysis of
these significant variables identified the thickness of the
RPE as the single most important index which affects the
visual acuity (Table 4).

Discussion

The results of this study suggest that there is a significant
thinning of all the retinal layers and choroid in eyes with
advanced CHM. Multivariate regression analysis identified
the RPE thinning solely responsible for predicting the visual
acuity in eyes with CHM.

In CHM, there is a gradual progressive degeneration of
the RPE, photoreceptors and choroid leading to visual loss
and finally blindness. However, the etiopathogenesis of
CHM is poorly understood. Whether the RPE or photo-
receptors or choroid gets affected first in CHM is not well
known. Animal models have been studied to elucidate the
pathogenesis of CHM. Studies in mice by Tolmachova et al.
[17] have suggested that CHM pathogenesis involves
independently triggered degeneration of photoreceptors and
the RPE, associated with different subsets of defective
Rabs. A few years later, the same group suggested that the
RPE loss accelerates the photoreceptor degeneration in cell-
type-specific knockout mouse models of CHM [18].

The disease expression in the human CHM retinae is
more complex. Early stages show a thickening of the retina
that was otherwise normally laminated. Further, there is loss
of photoreceptors, either independent or associated with
RPE depigmentation, followed by disorganisation and

Table 1 Demographic and ocular features in eyes diagnosed with
choroideremia between the two groups.

Group 1 Group 2 P value

No. of eyes (N/%) 26 (49) 27 (51)

No. of patients (N/%) 14 (50) 14 (50)

Laterality (RE:LE) 14:12 13:14

Age (years) 51.7 ± 13.4 63.8 ± 11.6 0.001

Spherical equivalent (D) −1.64 ± 4.20 −1.16 ± 3.20 0.518

AXL (mm) 24.9 ± 1.68 23.4 ± 0.08 0.333

ORT (N/%) 18 (69) 23 (85)

VA (logMAR) 0.731 ± 0.886 2.11 ± 1.15 <0.001

AXL axial length, VA visual acuity, ORT outer retinal tubulations.

Table 2 Comparison between ocular and OCT features between right and left eye of each group.

Variable Right eye Left eye

Group 1 (n= 14) Group 2 (n= 13) P value Group 1 (n= 12) Group 2 (n= 14) P value

Spherical equivalent (D) −1.65 ± 4.26 −1.42 ± 3.45 0.815 −1.58 ± 3.66 −0.813 ± 2.53 0.518

AXL (mm) 23.7 ± 1.68 23.4 ± 1.78 0.518 22.5 ± 1.32 23.3 ± 1.67 0.333

VA (logMAR) 0.714 ± 0.754 2.37 ± 1.08 <0.001 0.773 ± 0.837 2.22 ± 1.08 <0.001

CRT (µm) 307 ± 88.8 226 ± 37.7 0.001 285 ± 72.4 232 ± 47.2 0.011

IRL (µm) 201 ± 97.1 114 ± 50 0.001 195 ± 75.6 115 ± 48.4 0.001

ORL (µm) 106 ± 35.4 95.9 ± 26.8 0.009 117 ± 27.4 90.2 ± 16 0.007

RPE (µm) 48.8 ± 31.4 30.6 ± 32.1 0.007 53.6 ± 33.1 23.9 ± 16.3 0.007

SFCT (µm) 182 ± 66.2 129 ± 70.3 0.016 180 ± 63.7 132 ± 86.9 0.038

AXL axial length, VA visual acuity, CRT central retinal thickness, IRL inner retinal layer thickness, ORL outer retinal layer thickness, RPE retinal
pigment epithelium, SFCT subfoveal choroidal thickness.
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further thickening of the retina with interlaminar bridges.
Later, the dysmorphic retina undergoes thinning over dec-
ades. Laminopathy affects the more peripheral rod-rich
regions first and later involves the cones at the fovea [19].
Even in the present study, we found the retina to be thicker
in less advanced CHM cases compared to cases that had
advanced CHM. The thickened retina in the early stages
could be explained due to the Müller cell activation and
hypertrophy from photoreceptor stress as suggested by
Jacobson et al. [19]. In advanced cases of CHM, choroidal
thinning was noted in our study. Similar atrophy of the
choroid and choriocapillaris layers were noted in CHM
patients compared to normal controls [5]. The choroid does
not undergo significant thinning until end-stage retinal
degeneration develops. This suggests that choroidal
degeneration identified by the choroidal thinning may be a
secondary phenomenon, which lags significantly behind
photoreceptor and RPE degeneration. Another observation
from this study was the thinning of RPE and outer retinal
layers in cases of advanced CHM. This finding is in sync
with other studies that report RPE loss or atrophy and
photoreceptor thinning in advanced cases of CHM
[5, 6, 19]. Also, the authors noted that the atrophied RPE in
advanced cases correlated with poor visual acuity.

The ellipsoid zone and outer retinal integrity are strongly
linked to visual prognosis [20]. A study by Arepalli et al.
[21] evaluating the thickness of ellipsoid zone, outer retina
and inner retina in eyes without macular disease across a
wide age spectrum suggested that thinning of the inner and
outer retinal layers was associated with reduced visual

acuity. One of the important functions of the RPE is to
provide nutritional and metabolic support to the choroid and
photoreceptors [22]. Thinning of the RPE results in sec-
ondary degeneration of the photoreceptors and choroid/
choriocapillaris, thereby affecting the visual acuity. Further
studies would be required to confirm the author’s observa-
tion. The structural and vascular changes in the retina and
choroid due to CHM can have a bearing on the visual
acuity. In the present study, a decline in visual acuity cor-
related with thinning of the retinal, choroidal and RPE
layers.

The global prevalence of CHM ranges from 1:50,000 to
1:100,000 [23]. The current study showed a high diagnosis
rate of CHM in the hospital population. One could argue
that this could be due to the phenomenon of ‘founder effect’
and genetic drift as reported in Finland and Canada [24]. In
‘founder effect’, the affected allele survives and within a
few generations becomes much more dispersed throughout
the population. The new population experiences an increase
in the frequency of recessive alleles, as well, and as a result,
an increased number who are homozygous for certain
recessive traits. The phenomenon of ‘founder effect’ could
be established when multiple cases of CHM (either affected
or carriers) are identified in the same family, caste, restricted
demographic group or societies practising endogamy.
However, in this study, there were only two patients diag-
nosed with CHM who belonged to the same family. In
addition, our hospital being a tertiary centre in Bangalore
receives patients referred from other centres within the city,
state and country. Hence, we believe that the ‘founder

Table 3 Correlation of the various indices which could affect the final visual acuity using the Spearman’s correlation test.

VA vs. age VA vs. CRT VA vs. IRL VA vs. ORL VA vs. RPE VA vs. SFCT

r 0.483 −0.378 −0.512 −0.590 −0.653 −0.235

95% Confidence interval 0.236 to 0.671 −0.593 to −0.112 −0.691 to −0.272 0.373 to 0.746 0.459 to 0.788 −0.481 to 0.046

P (two-tailed) <0.001 0.005 <0.001 <0.001 <0.001 0.09

VA visual acuity, CRT central retinal thickness, IRL inner retinal layer thickness, ORL outer retinal layer thickness, RPE retinal pigment epithelium,
SFCT subfoveal choroidal thickness.

Table 4 Multivariate linear
regression analysis correlating
the final visual acuity and
different parameters.

Variable Estimate Standard error 95% confidence interval |t| P value

Age 0.016 0.009 −0.001 to 0.034 1.894 0.065

CRT −0.011 0.006 −0.022 to 0.001 1.933 0.059

IRL 0.002 0.005 −0.008 to 0.013 0.454 0.652

ORL −0.001 0.006 −0.013 to 0.011 0.108 0.914

RPE 0.029 0.007 0.015 to 0.044 4.036 0.000

SFCT 0.001 0.002 −0.003 to 0.004 0.493 0.625

CRT central retinal thickness, IRL inner retinal layer thickness, ORL outer retinal layer thickness, RPE retinal
pigment epithelium, SFCT subfoveal choroidal thickness.

Bold values indicate that the variable RPE is statistically significant.
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effect’ would not have played an important role in the high
number of cases of CHM in our study.

This study has many limitations; first, molecular diag-
nosis of CHM was not available for all cases (only in 5 of
the 28 patients). Also, as there is a phenotypic overlap of the
clinical features of CHM and XLRP, there could be a
possible misdiagnosis of CHM in some cases. Second,
female carriers were not included and hence the structural
and functional correlation in these patients were not studied.
In female carriers of CHM, their cone photoreceptor den-
sities and SFCT are well preserved compared to the male
probands [5, 25]. These observations may account for the
good visual acuity and lack of an awareness of visual dis-
turbances. Third, the OCT angiography details were not
available to assess the choriocapillaris damage. Choroidal
thickness alone does not reflect choriocapillaris loss and
thus it would not be possible to comment whether the RPE
damage is more in comparison to choriocapillaris damage.

In conclusion, RPE is primarily affected in CHM, which
correlates with the photoreceptor and choroidal/chor-
iocapillaris degeneration; a finding that may have implica-
tions on future gene therapies. The RPE thinning is one of
the major contributors to the poor visual acuity in patients
with advanced CHM. Larger studies are required to further
evaluate the role of the retinal and choroidal thickness and
its relationship to visual acuity in CHM using more
sophisticated imaging modalities such as OCT angiography
or adaptive optics.

Summary

What was known before

● CHM is an X-linked recessive condition that primarily
affects males. It is characterised by night blindness in
early childhood, progressive constriction of peripheral
fields, vision loss and finally blindness in late adulthood.

● The cells of the photoreceptor layer, retinal pigment
epithelium layer and choroid/choriocapillaris die pre-
maturely. It is still not very clear whether the loss of
each layer occurs sequentially due to interdependent cell
survival, or independently.

● In CHM, there is thinning of the CRT and choroidal
thickness compared to the controls.

● What contributes to the poor vision in advanced CHM is
not very clear.

What this study adds

● RPE is primarily affected in CHM, which correlates
with the photoreceptor and choroidal/choriocapillaris

degeneration; a finding that may have implications on
future gene therapies.

● The RPE thinning is one of the major contributors to the
poor visual acuity in patients with advanced CHM.

● Study of retinal structural–functional relationship in
choroideremia using fundus AF and OCT.
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