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Quantification of cone loss after surgery for retinal
detachment involving the macula using
adaptive optics
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C Schwartz, B Delbosc

ABSTRACT

Aims To image the cones in eyes with anatomically
successful repair of retinal detachment (RD) involving the
macula and in healthy fellow eyes using an adaptive
optics (AO) camera and to correlate the results to clinical
outcomes.

Methods Twenty-one patients (42 eyes) operated for
macula-off RD were imaged 6 weeks after surgery using
an AO camera (RTX 1, Imagine Eyes, Orsay, France).
Cone density (cells/mm?), spacing between cells (jum)
and the percentage of cones with six neighbours were
measured. Best-corrected visual acuity (BCVA) and
thickness of the inner segment ellipsoid (ISe) band
imaged by SD-optical coherence tomography were also
measured.

Results The parafoveal cone density was decreased in
eyes operated for RD (mean+SD 14 576+4035/mm?)
compared with fellow eyes (20 589+2350/mm?)
(p=0.0001). There was also an increase in cone spacing
(10.3£2.6 vs 8.0£1.0.9 um, respectively, p<0.0001).
The nearest-neighbour analysis revealed a reduction in
the percentage of cones with six neighbours (36.5+4.2
vs 42.7+4.6%, p=0.0003). The ISe thickness, thinner in
the operated eyes, was correlated to the cone density
(r=0.62, p<0.0001). BCVA was significantly correlated
to cone density (r=0.8, p<0.001).

Conclusions There was a decrease in the cone density
after RD with an estimated loss of one-third of the
cones. Postoperative visual acuity was highly correlated
with the cone density. AO may be a valuable prognostic
tool after RD surgery.

INTRODUCTION

Despite excellent surgical success rates, visual out-
comes after rhegmatogenous retinal detachment
(RD) involving the macula may still be disappoint-
ing.! To date, the precise cellular mechanisms that
underlie the vision loss associated with RD are not
completely understood.”> However, the cone cell
loss seems to be one of the major causes of poor
vision in these patients. Photoreceptor apoptosis
after RD has been reported in humans® and in a
variety of experimental models.*® Nevertheless,
retinal cells are invisible using current standard
imaging technologies, including optical coherence
tomography (OCT) and scanning laser ophthalmos-
copy (SLO).” ® Instead, adaptive optics (AO) retinal
imaging, which uses movable mirrors to compen-
sate for aberrations in the optical path between the
retina and the camera, allows direct visualisation of
the living retina at a microscopic resolution.
Recently, AO  technology  migrated from

fundamental research to various fields of clinical
applications including imaging of epimacular mem-
brane” and macular hole.'"® The development of
commercially available compact devices is accelerat-
ing this transfer.'' '* In this study, we investigated
cone loss ratio using AO in patients operated for
RD and correlated the findings with postoperative
clinical outcomes.

METHODS

Twenty-one adult patients (42 eyes) who underwent
surgery for primary RD between July and
November 2012 at the University Hospital of
Besangon were studied. They all underwent
23-gauge vitrectomy with retinal tear cryoapplica-
tion and gas tamponade (20% SF6). Lens surgery
with an aspherical intraocular lens was performed
when needed. All patients underwent comprehen-
sive ophthalmologic examinations at baseline and
6 weeks after the surgery, including best-corrected
visual acuity (BCVA) (log-MAR), indirect ophthal-
moscopy and axial length (IOL Master, Carl Zeiss
Meditec, Dublin, California, USA).

In order to optimise image quality, patients with
a known history of maculopathy, tear film disorder,
opacities of the anterior segment and insufficient
pharmacologically induced mydriasis (<35 mm)
were excluded. The macula was examined to
exclude patients displaying persistent subretinal
fluid, macular oedema, epimacular membrane and
large macular fold. Patients with spherical equiva-
lent refractive error exceeding the spherical ametro-
pia compensation range of the AO device (—12;
+6D) were also excluded.

The protocol was approved by the local ethics
committee and adhered to the tenets of Declaration
of Helsinki. The nature of the study was explained
to study candidates, after which written informed
consent was obtained from all participants.

THE AO SYSTEM SPECIFICATIONS

Eyes were imaged using the RTX-1 AO device from
Imagine Eyes (Orsay, France). This commercial clin-
ical prototype is based on a non-coherent flood-
illuminated design with an 850-nm central illumin-
ation wavelength with a 4°x4° imaging field of
view (1.2x1.2 mm on the retina) and a focusing
range of 600 wm, allowing high-resolution imaging
of cones. Its low-noise CCD camera has a pixel
resolution of 1.6 wm and a frame rate of 9.5 fps.
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IMAGE ACQUISITION PROCEDURE

AO imaging sessions were conducted after the pupils were
dilated with one drop each of 0.5% tropicamide. The area of
the retina to image was chosen by adjusting the position of the
fixation target horizontally, and the imaging depth was chosen
within the range of 0 to —80 pm (—800 and +800 pm corre-
sponded to the anterior and posterior retina, respectively). In
the device’s control panel, a numerical value informed the oper-
ator on the level of AO correction. The acquisition lasted on
average 1 min per eye.

IMAGE PROCESSING AND ANALYSIS
Each series of 40 images was processed using software programs
provided by the system manufacturer (CK V.0.1 and AOdetect
V0.1, Imagine Eyes, France). These images were registered using
a cross-correlation method'® and averaged to produce a final
image with improved signal-to-noise ratio. The raw images that
showed artefacts due to eye blinking and saccades were automat-
ically eliminated before averaging. For display and printing pur-
poses, the background of the resulting image was subtracted
using a Gaussian filter and the histogram was stretched over a
16-bit range of grey levels.

The positions of photoreceptors were computed by automat-
ically detecting the central coordinates of small circular spots
whose brightness was higher than the surrounding background

Figure 1 Patient who underwent macula-off retinal detachment
repair in the right eye at the 6-week visit with a best-corrected visual
acuity of 0.1 (logMAR). Top: adaptive optics (AO) image centred at 2°
nasally from the centre of fovea showing a conservation of cone
density (ie, 21 153 cells/mm?) and normal cone packing. Bottom:
infrared image (IR) showing a small amount of extrafoveal subretinal
fluid (blebs) and a normal spectral-domain optical coherence
tomography (OCT) profile displaying a preservation of the
photoreceptor inner and outer segment layers.

level. First, the averaged image, as obtained before background
removal and histogram stretching, was further processed using
adaptive and multiple-scale digital filters. Then, the local
maxima of the resulting filtered image were detected and their
pixel coordinates were recorded. The spatial distribution of
these point coordinates was finally analysed in terms of inter-cell
spacing, local cell density and number of nearest neighbours
using Delaunay triangulation and Voronoi diagrams.'* The area
of analysis corresponded to two 90-pm squares (0.3°x0.3°)
placed at a fixed distance from the fovea (2°), respectively,
nasally and temporally along the horizontal axis of the eye
studied (see online supplementary material 1). The data pre-
sented correspond to the mean of these two measurements.

INNER SEGMENT ELLIPSOID (ISE) BAND THICKNESS
MEASUREMENTS

Spectral-domain OCT was performed using the Spectralis OCT
(Heidelberg Engineering, Dossenheim, Germany). The protocol
consisted of a 30° (length) horizontal line through the fovea
with 1536 A-scans/B-scan. Twenty B-scans per image were aver-
aged by the Tracking ART software with a resulting
signal-to-noise ratio >25 dB. Images were evaluated independ-
ently by two readers (MS and GD), both unaware of clinical
information. When the evaluations did not agree (difference
>2 pm), the opinion of a third author (BD) was requested. In
practice, on the Spectralis viewing module, the calliper were
manually moved to the borders of the ISe band previously
called inner and outer segment junction (IS/OS) (see online sup-
plementary materials 2 and 3). Recognising that, drawing the
limits of the ISe layer on white on black images, lacked precision
given the difficulty in differentiating subtle shades of grey, we
selected the colour spectrum mode with a brightness set on 10
and a zoom to 225% (ISe corresponding to the red and/or
white band). The thinnest point of the band in the correspond-
ing AO area was determined. The reproducibility of the mea-
surements was assessed. Data presented correspond to the mean
of the ISe thickness measured nasally and temporally in each
eye.

STATISTICAL ANALYSIS

All values represent the mean=SD. Wilcoxon matched-pairs
signed-ranks test was used for statistical comparisons between
groups, with the two-tail p value <0.05 considered significant.
The non-parametric correlation with calculation of the
Spearman’s r was performed.

The degree of agreement between the two readers was
assessed by the Bland-Altman method. Linear regression was
performed with calculation of Pearson’s correlation coefficient
(r). The significance of Pearson’s r was tested, with p<0.05 con-
sidered significant. A multivariate stepwise linear regression was
performed to determine which factors had a statistically signifi-
cant effect (defined as p<0.05) on cone density. The significant
level at entry was 0.15 and for staying in the model was 0.05.
Statistics were calculated using GraphPad InStat (GraphPad
Instat, Inc, San Diego, California, USA). Linear and nonlinear
regression graphs were obtained using Graph Prism 5
(GraphPad Instat, Inc).

RESULTS
All patients underwent anatomically successful RD repair.
Exploitable AO images (figure 1) were obtained from all eyes
except from two fellow eyes that displayed cataract.

The median time from onset of visual symptoms to RD
surgery was 5 days, and median preoperative log-MAR visual
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acuity was 2. (Baseline characteristics of eyes with RD with
macular involvement and 6 weeks after surgical repair are sum-
marised in online supplementary materials 4 and 5.)

A p<0.05

at 2° eccentricity (x1 OOO/mmZ)

Mean parafoveal cone density

Eyes after RD Fellow eyes

B p<0.05

15-

Intercone spacing (um)

Eyes after RD Fellow eyes

C p<0.05

60+

Percentage of cones
with 6 neighbors

0-

Eyes after RD

Figure 2 (A) Mean parafoveal cone density at the 6-week visit
(mean=SD). Eyes that underwent retinal detachment (RD) surgery
displayed a decrease in cone density compared with fellow eyes
(matched-pairs test, p=0.0001). (B) Mean parafoveal spacing between
cones at the 6-week visit (mean+SD). Eyes that underwent RD surgery
displayed an increase in intracellular spacing compared with fellow eyes
(matched-pairs test, p<0.0001). (C) Mean percentage of cones with six
neighbours calculated on Voronoi diagrams (mean+SD). Eyes that
underwent RD surgery displayed a disorganisation of the cone mosaic
compared with fellow eyes (matched-pairs test, p=0.0003).

Fellow eyes

Surgical treatment of RD significantly improved mean visual
acuity (matched-pairs test, p<0.0001). At the 6-week visit, the
AO imaging revealed decreased cone density in all operated eyes
but one compared with fellow eyes (p=0.0004). The mean
decrease reached 31%. There was also an increase in cone
spacing (p<0.0001) in these eyes of 30.9% in average. The
results of the nearest-neighbour analysis revealed that eyes with
a history of RD also had fewer cones with six neighbours,
which is a sign of the cone mosaic disorganisation (p=0.0015)
(figure 2).

Structural changes took place in a similar proportion in the
nasal and temporal areas (p>0.05) (see online supplementary
material 6).

SD-OCT analysis revealed ISe band defects (thinning, hypore-
flectivity and/or pigment migrations) in the parafoveal area of
eyes operated for RD in 80.9% of cases (Fisher’s exact test t,
p<0.0001). Despite the difficulty encountered in some cases to
delineate the boundaries of the ISe band, regardless of the
display mode of the OCT scan (either in black and white or in
colour), the reproducibility of the ISe thickness measurements
appeared to be acceptable for the purpose of the study with an
excellent agreement between the two readers (difference<2 pum)
in 41% of the cases (linear regression, r>=0.72) (see online sup-
plementary material 7) and an average bias provided by the
Bland—Altman analysis of —0.64 pm ( 95% CI -6.15 to
4.85 pm) (see online supplementary material 8). The ISe thick-
ness median was 17 wm in the operated eyes and was overall
correlated to cone density in the corresponding foveal area
(Spearman’s r=0.58, p=0.0005) (see online supplementary
material 9). Foveal thickness was comparable in both groups at
the 6-week visit. The different pattern of cone loss is shown in
figure 3.

BCVA was strongly correlated to cone density
(| Spearman’s r | =0.8, p<0.0001) (see online supplementary
material 10) and inversely correlated to intercone spacing, and
in a lesser proportion to the percentage of cones with six neigh-
bours (see online supplementary material 11). Multivariate
regression analysis showed a significant correlation of the cone
density with several factors (see online supplementary material
12): in this model, preoperative VA, foveal height, presence and
duration of RD explained 70.1% of the cone density variability.

DISCUSSION

Because of the scarcity of human tissue samples, much of the
knowledge concerning the histological features and pathophysi-
ology of RD comes from animal studies. AO technology opens a
new frontier for the research in retinal pathology in human
eyes. According to a Medline search, this is the first report to
use AO to quantify, qualitatively and quantitatively, changes in
the macular cones and to correlate the results with visual acuity,
a macular task, after anatomically successful repair of rhegmato-
genous RDs.

Cones were imaged at 2° of eccentricity and not closer to the
centre because cells appear blurred in the foveola due to reso-
lution limitation of the AO camera (see online supplementary
material 1). At that distance, the intersubject variability in
photoreceptor density is reduced, which makes comparisons
between patients more relevant. It should be also noted that
photoreceptors in this area are still mostly cones,"® reducing the
risk of confusion with rods during the automated detection of
cones by the software. Taking into account that it is not possible
to count photoreceptors before surgery in the presence of sub-
retinal fluid (see online supplementary material 13), we took the
fellow eye as a reference to investigate cone loss ratio after RD.
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Figure 3  Progressive pattern of cone
loss observed in eyes operated for
retinal detachment and comparison
with the normal fellow eyes (top to
down). Arrows pointing at
spectral-domain-optical coherence
tomography (OCT) profiles correspond
to the areas of adaptive optics (AO)
imaging. Cone density, packing and
spacing maps provided by ‘AO detect
0.1" software are shown with the
corresponding colour scale for
interpretation. Incremental loss of
cones was associated to various
defects of the 1Se band on SD-OCT
(#5: normal ISe; #9: thinned 1Se; #10:
thinned and hyporeflective ISe; #14:
disrupted 1Se). Overall, in operated
eyes, there was a decrease in cone
density, an increase in intercellular
spacing and a decrease in the rate of
cones with six neighbours
(disorganisation of the cone mosaic)
(matched-pairs test, p<0.05). RE, right
eye; LE, left eye.

Patient/eye

#5 LE (fellow eye)

# 9 RE (fellow eye)

Cone Cone

AO  Density Voronoi Spacing

#5 RE (after RD surgery)

# 9 LE (after RD surgery)

W I
Raadd S0V o
SIS

“‘:’,0:":? )

¥ |3 SR 2aRaa 10 5

PR
o %
n{‘—ﬁ'., 2
Pl

#14 LE (after RD surgery) — T

[y
AL
ywSing

# 14 RE (fellow eye)

A histological study has shown that variation in two normal
fellow eye cone and rod numbers is usually within 8%.'°
Lombardo et al'” also showed that the cone density followed a
symmetrical distribution between fellow eyes and that despite
significant intersubject variability, the intrasubject variation of
cone density was moderate (coefficient of variation <13% in
95% of the subject variability). In this study, one patient dis-
played a higher cone density in the operated eye. In fact,
although the intrasubject SD in the Lombardo et al study was
overall reduced (1600 cones/mm? at 760 wm), one of their 20
healthy volunteers showed a greater interocular asymmetry (of
approximately 5000 cones/mm?). Thus, a pre-existing cone
density asymmetry within normal range and exceeding the cone
loss caused by the RD, even if it is still possible, seems
infrequent.

x 1000 mm-2
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Imaging with AO after RD surgery has overall demonstrated a
loss of cones, an increase in spacing between cells and a modifi-
cation of the cone packing.

In experimental models, the photoreceptor loss has been cor-
related to the retinal functional changes including impairment
of the ERG responses.'® In the current study, we found a high
correlation between the cone density and the postoperative
visual acuity. Patients who presented a clinically measurable
visual loss after RD repair (defined as a difference of more than
0.1 logMAR between both eyes) are those who lost, at least,
one-third of their cones (figure 4). Strikingly, a recent work on
AQ after macular hole closures also underlines a ratio of cone
loss exceeding one-third in order to observe a decrease in visual
acuity.’” Most of the apoptotic changes observed after RD are
limited to the outer nuclear layer with a relative conservation of

Saleh M, et al. Br J Ophthalmol 2014;0:1-6. doi:10.1136/bjophthalmol-2013-304813
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Figure 4 Comparison between eyes that presented retinal
detachment (RD) and fellow eyes. There was a linear relationship
between the difference in cone density and the difference in visual
acuity (r’=0.56, p=0.0003). Patients who presented a clinically
measurable visual loss after RD repair (defined as a difference of more
than 0.1 logMAR) are those that lost at least one-third of their
parafoveal cones (square).

Figure 5 Patient who underwent macula-off retinal detachment
repair in the left eye at the 6-week visit with a final best-corrected
visual acuity of 0.4 (logMAR). Top: adaptive optics (AO) image centred
at 2° nasally from the fovea showing a cone loss (ie, 12 052 cells/mm?)
and a modification of the cone packing compared with the fellow eye
(not shown). Cell polymegathism is also observed. Bottom: infrared
image (IR) showing an extensive retinal scar. The B-scan on
spectral-domain optical coherence tomography (OCT) shows severe 1Se
band disruption.

the other layers.”® ' This is corroborated by OCT studies’ ®
that suspected dropout of the foveal photoreceptor inner and
outer segment layers to be a key feature responsible for incom-
plete postoperative recovery of visual acuity. Considering that
OCT ISe band and AO retinal imaging are based on the reflect-
ivity of the cone outer segment tips, it is not surprising that we
observed a good correlation between both measures. This
finding confirms the previously reported prognostic value of
outer retinal layer integrity in macular conditions.”> ** Similarly,
it has been shown recently that foveolar cone loss on AO-SLO
correlated also with thinner ISe band after surgical closure of
macular hole."”

On a qualitative note, cone packing modifications were
observed in operated eyes. One eye with extensive postoperative
retinal scarring also showed increased cell size (figure 5). Even if
polymegathism has been reported in RPE,** this is not a
common feature of apoptotic cones. One possible explanation
could be that cone pedicles lose some of the complex synaptic
invaginations that populate their base, resulting in a flattened
appearance,” with a resulting greater reflectance on AO.
However, this study was not designed to investigate cellular
morphology. Ooto et al*® studied the pathological changes in
photoreceptors in eyes with resolved central serous chorioreti-
nopathy (CSC) using an AO-SLO device. They observed abnor-
mal cone mosaic patterns and reduced cone densities in eyes
with resolved CSC, and these abnormalities were associated
with VA loss and disruptions in the ISe band or in the inter-
mediate line on SD-OCT images. They also observed in some
patients, but not all, highly reflective irregular patches of mosaic
and dark regions where cones were missing or damaged. Such
dark regions were present, at various levels, in all the operated
eyes of this study (figure 5), probably contributing to the poorer
visual prognosis after macula-off rhegmatogenous RD.

This study has limitations. The device did not allow to prop-
erly investigate the foveola, where the relationship between
structure and function, highlighted in the parafoveal area, may
be reinforced. Another major concern was to underestimate the
cone density by including AO images of poor quality. To avoid
this pitfall, a number of constraints were observed: the index of
live correction of aberrations displayed during the image acqui-
sition was taken into account. In addition, several images were
taken and the one displaying the sharpest central area was
selected for measurement. We also relied on the OCT
signal-to-noise ratio to select the patients with the clearest
media. As a result, only half of the potential candidates were
eventually included. Another limitation includes the cross-
sectional design. AO imaging before 6 weeks was not possible
due to the presence of gas that compromised signal acquisition.
Apoptosis is an evolutive process, and a cellular count at a single
time point could miss changes that could appear later.
Nevertheless, most of the photoreceptor loss has already taken
place at this time limit.?® Long-term follow-up would add valu-
able information on the natural history of cone death. Recently,
potential therapeutic targets for rescuing the photoreceptors,
such as oxygen supplementation, delivery of neurotrophic
factors and blockage of protein activity,” were developed. In the
future, AO imaging, alone or combined with another technique
of imaging,”” could help monitoring the results in humans.

CONCLUSION
AO allowed objective assessment of cone loss after RD surgery.
Further studies are needed to define potential applications in a
clinical setting.
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