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Purpose: The purpose of this study was to image and investigate the foveal microstruc-
ture of human cone and Müller cells using adaptive optics-optical coherence tomogra-
phy.

Methods: Six healthy subjects underwent the prototype adaptive optics-optical coher-
ence tomography imaging, which allowed an axial resolution of 3.4 μm and a transverse
resolution of approximately 3 μm. The morphological features of the individual retinal
cells observed in the foveola were qualitatively and quantitatively evaluated.

Results: In the six healthy subjects, the image B-scans showed hyper-reflective dots
that were densely packed in the outer nuclear layer. The mean number, diameter, and
density of hyper-reflective dots in the foveola were 250.8 ± 59.6, 12.7 ± 59.6 μm, and
6966 ± 1833/mm2, respectively. These qualitative and quantitative findings regarding
the hyper-reflective dots were markedly consistent with the morphological features of
the foveal cone cell nuclei. Additionally, the images showed the funnel-shaped hypore-
flective bodies running vertically and obliquely between the inner and external limiting
membranes, illustrating the cell morphology of the foveal Müller cells.

Conclusions:Using adaptive optics, we succeeded in visualizing cross-sectional images
of the individual cone and Müller cells of the human retina in vivo.

Translational Relevance: Adaptive optics-optical coherence tomography would help
to improve our understanding of the pathogenesis of macular diseases.

Introduction

The human retina contains three main types of
neuronal cells: photoreceptor, bipolar, and ganglion
cells. These convert light into visual signals transmit-
ted to the brain.1 In the retinas of primates, includ-
ing humans, the photoreceptors are classified into
cones and rods, and the cones are densely packed
in the fovea, also known as a rod-free zone. The
cones permit perception at a higher spatial resolution
than the rods and respond differently to the differ-
ent wavelengths of light; thus, they are responsible
for color vision.2 In contrast, Müller cells are the
principal retinal macroglial cells in primates, including
humans.3,4 The nucleus of a Müller cell is located in
the inner nuclear layer of the retina, whereas the cell
bodies extend from the inner limitingmembrane (ILM)

to the external limiting membrane (ELM), which were
described by Heinrich Müller as “radial fibers.”5 The
major role of Müller cells is thus regarded as provid-
ing anatomic, metabolic, and functional support to the
retinal neurons.4

Optical coherence tomography (OCT) is an essential
imaging device that can provide cross-sectional images
of the human eye in vivo. Its noninvasiveness and
high axial resolution enable depicting the nucleus of
photoreceptor cells as an outer nuclear layer (ONL),
and the structure of the outer aspects of the photore-
ceptors as an ellipsoid zone band.6 However, in conven-
tional spectral domain (SD)-OCT, the aberration of the
ocular surface is not efficiently corrected, and the trans-
verse resolution is currently no more than 15 μm,7,8
which makes it extremely difficult to resolve individual
cone and Müller cell bodies having a lateral width of
approximately 10 μm.9,10
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Adaptive optics (AOs) is an approach that was
originally developed for correcting atmospheric fluctu-
ation, which can obscure astronomic observations.11
AO systems with ophthalmic imaging modalities have
been able to achieve a transverse resolution of approx-
imately 3 μm by correcting the aberration existing at
the ocular surface,12 thereby providing enface images
of the retinal microstructures.13–16 More recently, the
AO system has been incorporated into OCT, and the
AO-OCT approach has made it possible to obtain
cross-sectional images of the retina at a microscopic
level.9,17–20 Moreover, the characteristics of individual
cone mosaics of human eyes were previously examined
by two-dimensional images of phase-sensitive AO-
OCT.21,22 However, the cross-sectional OCT images of
the nuclei of cone cells and Müller cell bodies have not
been extensively studied by AO-OCT.

Thus, the purpose of this study was to investigate
whether the ultrastructures of foveal cone and Müller
cells could be individually depicted with our proto-
type AO-OCT in vivo and clarify their morphological
features in the human retina if such a depiction was
possible.

Methods

This observational study was approved by the Insti-
tutional Review Board of Kyoto University Gradu-
ate School of Medicine (Kyoto, Japan) and adhered
to the tenets of the Declaration of Helsinki. It
was performed at the Department of Ophthalmol-
ogy of Kyoto University Hospital between June 2019
and September 2020. Written informed consent was
obtained from each subject before any study proce-
dures or examinations were performed. To clarify the
characteristic features of foveal cone and Müller cells
on the AO-OCT images, six healthy volunteers (4 men
and 2 women; aged 32, 36, 40, 60, 61, and 61 years)
were enrolled in this study. To minimize the effect of
the refractive error, individuals with severe myopia and
hyperopia were excluded.

Evaluation of the FoveaWith Conventional
SD-OCT

We examined the OCT images of the right eye of
each subject. Each studied eye was fully dilated before
imaging by administering one dose of tropicamide
(0.5%) and phenylephrine hydrochloride (0.5%) drops.
Each subject was instructed to direct their gaze toward
an internal fixation target and was then examined for
approximately 10 min in a seated posture.

We first obtained a vertical B-scan of the
fovea by using a conventional SD-OCT (Spectralis
HRA + OCT, Heidelberg Engineering, Heidelberg,
Germany) for each eye in the high-resolution mode.
A total of 100 B-scans were averaged. The A-scan
rate was 40 kHz, which was translated to a B-scan
(comprising 1536 A-scans) rate of 25 Hz. The scan
width was 30 degrees. The axial and transverse optical
resolutions of the SD-OCT were 7 μm and 14 μm,
respectively. The OCT image was exported with a
size of 1536 × 496 pixels. The axial and transverse
pixel resolutions were 3.5 μm/pixel and 6 μm/pixel,
respectively.

AO-OCT Imaging

Wedeveloped a prototypeAO-OCT system (Canon,
Inc., Tokyo, Japan) that was capable of the real-time
correction of ocular aberrations during imaging, with a
high wavefront correction efficiency using a deformable
mirror (Fig. 1).

The AO-OCT system used a superluminescent
diode having a center wavelength of 855 ± 50 nm
and bandwidth of 100 nm, and it achieved an axial
resolution of 3.4 μm at the retina. The beam diame-
ter was 6.7 mm at the pupil of the eye, thus producing
a diffraction-limited transverse resolution of approxi-
mately 3 μm, and the depth of field was approximately
44 μm within the retina. The imaging light was set
to 270 μW by calculating the incident power of the
light source in accordance with the safety limits set
by the American National Standards Institute (Lasers
ANSftSUo; American National Standard for the Safe
Use of Lasers, ANSI Z136.1-2007. American National
Standards Institute; 2007).

The AO-OCT system was operated with an A-scan
rate of 24 kHz, which was translated to a B-scan
(comprising 448 A-scans) rate of 45 Hz. A total of
100 B-scans were acquired in 2.2 seconds. The scan
width was 2.5 degrees. To improve the signal-to-noise
ratio, we averaged 100 consecutive AO-OCT B-scans.
The recorded AO-OCT B scan lines were stabilized
to correct for eye motion by using custom software
(Canon, Inc., Tokyo, Japan). The eye motion in Z
(depth) direction was corrected, and a rigid registration
was performed by translating and rotating the second
and subsequent B-scan images, which were registered
to the first reference B-scan image.

Using the AO-OCT system, we obtained vertical B-
scan images centered on the foveola, strictly focusing
from the vitreoretinal interface to the top and bottom
of the photoreceptor layers. The field of view at the
fovea was 2.5 degrees (approximately 728 μm). The
AO-OCT image was exported at a size of 448 × 896
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Figure 1. Schematic representation of the optical structure of adaptive optics-optical coherence tomography. Collimated near-infrared
light from a superluminescent diode light source propagates through the spherical mirrors, beam splitters, and dichroic mirror to the
subject’s eye. Two scanners are used to scan the imaging light two-dimensionally on the retina. A 97-actuator deformable mirror is used
to compensate for the eye’s aberration, which is measured using a Shack–Hartman wavefront sensor. The returning light from the retina is
combined with the reference light, which is reflected by the reference mirror and detected by the spectrometer.

pixels. The axial and transverse pixel resolutions were
1.16 μm/pixel and 1.63 μm/pixel, respectively.

Quantitative Evaluations of Morphology of
Foveola Hyper-Reflective Dots

The foveola is the center of the fovea, and it is
histologically approximately 350 to 400 μm in diame-
ter.10,23 The foveola lacks retinal vessels, and the retinal
parenchyma only consists of the cone and Müller
cells. In this study, we obtained AO-OCT images that
vertically sectioned the foveola. The ONL area in the
foveola was defined as the area bound by the ILM and
ELM at the center 400 μm on the vertical AO-OCT
image.

On the AO-OCT sections in the foveola, we detected
dense hyper-reflective dots that were packed in the
ONL. We measured the number and diameter of the
hyper-reflective dots. First, to detect the points of the
hyper-reflective dots efficiently, a Gaussian filter was
applied to all the images. The software plugin, Find
Maxima... (https://imagej.net/Find_Maxima...), which
can determine the local maxima in images and segment
particles in a binarized image per maximum, was used
to detect hyper-reflective dots and to create binarized
images (Figs. 2B, 2C). After the segmentation of the

Figure 2. Representative pre- and postprocessed images illus-
trating the automated quantitative analysis algorithm of hyper-
reflective dots. (A) Original image of adaptive optics–optical coher-
ence tomography visualizing hyper-reflective dots. (B) Detecting
hyper-reflective dots. (C) Segmentation of each hyper-reflective dot.
(D) Counting and measuring the segmented area.

https://imagej.net/FindMaxima..
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hyper-reflective dots within the ONL in the foveola,
the mean diameter of each hyper-reflective dot was
measured using the software plugin Particle Analy-
sis (https://imagej.net/Particle_Analysis; Fig. 2D). All
the processes were executed automatically using a
macro that automated a series of ImageJ version
1.52b (National Institutes of Health, Bethesda, MD;
https://imagej.nih.gov/ij/index.html) commands. We
also measured the density of the hyper-reflective dots
observed in the ONL by dividing the number of hyper-
reflective dots by the area of the ONL in the foveola
400 μm.

Statistical Analyses

We performed statistical analyses using JMP 14
(SAS Institute Inc., Cary, NC, USA). The Mann-
Whitney U test was used to compare the results
between the two groups. We considered P values less
than 0.05 to be statistically significant.

Results

We obtained high-quality AO-OCT images from all
six subjects. In the healthy eyes of six subjects, we
observed hyper-reflective dots that were densely packed
in the ONL in the foveola, and these could not be
visualized using conventional SD-OCT (Figs. 3, 4).
The Table shows the quantitative measurements of the
hyper-reflective dots in the healthy subjects. The ELM

was depicted as a highly reflective line having a set of
small pores at regular intervals of approximately 3 μm,
which were not delineated with the conventional SD-
OCT (see Figs. 3D, 3E).

In addition to the hyper-reflective dots, the AO-
OCT delineated funnel-shaped hyporeflective bodies
running vertically and obliquely between the ILM and
ELM in the healthy subjects (see Fig. 4B, marked by
an asterisk), suitably representing the morphologies of
foveal Müller cells.

Discussion

In the current study, we succeeded in obtaining
cross-sectional images of individual cone and Müller
cells in the human retina in vivo by using an AO
approach to OCT imaging.

AO systems equipped with a scanning light
ophthalmoscope can provide enface images of retinal
microstructures.Most recently, theAO systemhas been
incorporated into OCT. However, cross-sectional OCT
images of the cone and Müller cell bodies have not
been fully analyzed, even by using the AO approach.
The reason for this is not clearly understood; however,
we speculate that it may be related to the difficulty for
examiners to precisely focus on the microstructures of
these cells. In this study, considering the arrangement
of the cellular components from the inner to outer
retinal layers of the neuroglial cells, we succeeded in
imaging the individual cone and Müller cells in the

Figure 3. Photoreceptor images of the human retina depicted by optical coherence tomography (OCT). (A) Conventional spectral domain
(SD)-OCT image of the fovea. (B) Adaptive optics (AO)-OCT image of the fovea, and (C) hematoxylin-eosin staining of the human fovea.
(D, E) Magnified images of panelsA and B, respectively. The AO-OCT system visualizes numerous hyper-reflective dots (white arrow) densely
packed in the outer nuclear layer (B, square) and pores in the external limiting membrane (B, yellow arrow), neither of which are delineated
with SD-OCT A. SD-OCT and AO-OCT images were obtained from a 32-year-old woman. Histological image courtesy of Michael Hortsch,
PhD, professor of Cell and Developmental Biology and of Learning Health Sciences, University of Michigan, Medical School.

https://imagej.net/ParticleAnalysis
https://imagej.nih.gov/ij/index.html
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Figure4. FovealMüller cells elucidatedbyadaptiveoptics (AO)-optical coherence tomography (OCT). (A,B) TheAO-OCT imageandmagni-
fied image of the human foveaB obtained froma 60-year-oldman. The AO-OCT systemdelineates funnel-shaped bodies running diagonally
from the inner limiting membrane to the external limiting membrane (ELM; asterisk). (C) Illustration of the AO–OCT image of the fovea. The
illustration shows the characteristic features of the foveal Müller cells in addition to the hyper-reflective dots in the outer nuclear layer B
(white arrow) and pores in the ELM B (yellow arrow). ELM, external limitingmembrane; EZ, ellipsoid zone; IZ, interdigitation zone; RPE, retinal
pigment epithelium.

Table. Morphological Evaluation of the Hyper-Reflective Dots in the Foveola Using Adaptive Optics-Optical
Coherence Tomography

Total Subjects (n = 6)

Age (y) 48.7 ± 14.1
Refractive error (diopter) 0.53 ± 0.78
Mean axial length (mm) 23.7 ± 1.1
Central foveal thickness (μm) 204.3 ± 8.7
Area of outer nuclear layer (μm2) 36234 ± 1833
Number of hyper-reflective dots 250.8 ± 59.6
Diameter of hyper-reflective dots (μm) 12.7 ± 4.2
Density of hyper-reflective dots (n/mm2) 6966 ± 1833

fovea by strictly limiting the focus of the AO-OCT to
the foveola. Our study showed that hyper-reflective
dots in the ONL were well visualized by using AO-
OCT, whereas they were not detected by conventional
SD-OCT. In the AO-OCT used in this study, the focus
range in the Z-axis direction was 44 μm, which is
considerably narrower than the approximately 350
μm of the SD-OCT.24 Hence, it is assumed that the
AO-OCT can more easily focus on the imaging target
tightly, and that the brightness and contrast in the
AO-OCT images can be often superior to those in the
SD-OCT images.9 Additionally, the high transverse

resolution of 3 μm in the AO-OCT may contribute to
the enhancement of the image contrast. Contrarily,
the transverse resolution in the SD-OCT is 15 μm.
Therefore, we speculate that both the shallow depth of
field and high transverse resolution in AO-OCT have a
favorable effect on enhancing the image contrast.

In several AOSLO studies on conemosaic in healthy
human eyes, the density of the foveal cone mosaic was
approximately 20,000 to 300,000 cones/mm2,16,25,26
whereas the density of the cone mosaic in human
histology was 199,000 cones/mm2;27 both values were
markedly larger than the density of hyper-reflective
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dots in this study. It should be noted that the “cone
mosaic” in previous reports represents the junction of
the inner and outer segments (IS/OS) or ellipsoid zone
of the photoreceptors. In contrast, the highly reflec-
tive dots depicted by AO-OCT in this study repre-
sent the nuclei of cone photoreceptors. In another
perspective, researchers quantified the cone mosaic
density in the adaptive optics scanning light ophthal-
moscopy (AOSLO) images parallel to the retinal plane
(sometimes referred to as C-scan). In contrast, we
quantified the density of cone cell nuclei in the
AO-OCT images perpendicular to the retinal plane
(referred to as B-scan). The discrepancies between the
results of previous reports and those of our current
study are attributable to the differences in the obser-
vation targets and dimension imaged between the
imaging modalities. Previous histological examination
of the human retina has shown that approximately
230 cone cells are accumulated in a convex arrange-
ment in the foveola.1 The current study using AO-OCT
also showed that the overall appearance of the hyper-
reflective dots represented a convex shape, and the
mean number of hyper-reflective dots was 251, which
was highly consistent with the results of previous histo-
logical studies.1,28 Because the mean diameter of the
hyper-reflective dots was 12.7 μm, the hyper-reflective
dots on the AO-OCT images appeared to be slightly
larger than the size of the nuclei of the cone cells in the
histological sections, which was reported to be 5 to 7
μm.10 However, the human fovea is known to shrink
by approximately 29% in histological sections of the
retina because of tissue processing.29 If wemultiply the
mean diameter of the hyper-reflective dots by 0.7, we
get a value of 8.9 μm, which is close to the value of the
size of cone nuclei in the retinal histology.10 Consider-
ing the crucial difference in the methodology between
AO-OCT and histology, it remains unclear whether
the hyper-reflective dots in the ONL are the nuclei of
cones or the nuclei and round parts of the cell bodies.
However, we speculate that the hyper-reflective dots are
most likely nuclei of cone cells rather than cone cell
bodies.

Under a light microscope, the ELM appears as an
extremely thin and fenestrated membrane.10 Arey et al.
showed that the ELM was not merely a membrane,
but it was composed of a terminal bar or desmosome
connecting the rod and cone cells to the terminal end
of the Müller cells.30 To date, several electron micro-
scopic studies have supported the findings of Arey et
al.31,32 In a study using primate eyes, Cohen et al.
correctly interpreted the ELM as zonulae adherens
joining the inner segments of the rod and cone cells
to the Müller cells.31,32 Fenestration is observed in the
inner segments of the rod and cone cells in the ELM.33

In the present study, the AO-OCT system detected the
fenestrated structure in the ELM,whichwas not clearly
delineated on the conventional SD-OCT images. The
ELM is considered a part of the retinal barrier,33,34 and
the discontinuity of the ELM may be important for
the development of intraretinal and subretinal fluid in
chorioretinal vascular diseases.34–36 Therefore, observ-
ing the ELM at a high resolution may be useful for
elucidating the mechanisms underlying the exudative
changes.

It is markedly challenging to detect Müller cells
in healthy eyes using conventional SD-OCT, although
structures suggestive of Müller cells may be detected in
pathological conditions.37–39 In the current study, the
AO-OCT system detected funnel-shaped bodies in the
foveola running vertically and obliquely from the ILM
to ELM lines, even in healthy eyes (see Fig. 4B, aster-
isk). Histologically, the ONL in the foveola consists
of cone and Müller cells only.3,28 We therefore believe
that the funnel-shaped structure depicted the morphol-
ogy of an individual Müller cell.3,10 Müller cells are
considered important macroglial cells for stabilizing
the foveal structure.40 Moreover, Müller cells are also
thought to be involved in the exchange of substances
with retinal neuronal cells, and the vascular perme-
ability and absorption of exudates through communi-
cation with retinal vascular cells.41,42 Visualization of
Müller cells, which is not possible using conventional
SD-OCT imaging, is expected to be useful for inves-
tigating unknown pathologies and physiology of the
retina.

Our study has several limitations that should be
considered when interpreting its findings. First, the
sample size was very small. Second, no subjects over
70 years of age were included in this study, because
the AO correction of ocular aberrations is consid-
ered a challenge for such subjects. As subjects get
older, it is inevitable to obtain lens and/or vitre-
ous opacities, and poor eye fixation. In such cases,
it is difficult to adequately resolve cones or Müller
cells owing to insufficient AO correction, even if they
are healthy. Moreover, backscattered lights from lens
and/or vitreous opacities might degrade the image
quality. Therefore, the number of hyper-reflective dots
in aged subjects (over 50 years old) in this study might
have been underestimated because they are suscep-
tible to signal degradation caused by media opaci-
ties. However, the quality of images for the relatively
aged subjects of this study was considered adequate
to visualize each hyper-reflective dot in the ONL.
Third, neither horizontal AO-OCT sections nor en
face evaluation from volume rendering were available
because of the specifications of our current AO-OCT
system. Therefore, it may not be feasible to evaluate
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the three-dimensional structure of hyper-reflective dots
and Müller cells in detail based on the findings of this
study.

However, by using AO-OCT, we were able to visual-
ize foveal photoreceptors and Müller cells in vivo,
which had been impossible using conventional OCT
imaging. This will be of considerable significance
for elucidating the unknown pathophysiology of the
macula that these cells may be involved in, developing
new treatment protocols, and determining the efficacy
of such treatments.Moreover, as the nuclei of cone cells
contain genomic information, imaging of nuclei of
photoreceptors would help develop novel gene thera-
pies targeting genetic abnormalities.43 It would also
help to evaluate the severity of macular degenera-
tive diseases, such as age-related macular degenera-
tion, retinitis pigmentosa, and Stargardt disease, and
parts of pathologies involving photoreceptor atrophy.
However, if visual acuity is severely deteriorated in
diseased eyes, image registration, which is essential for
enhancing the image quality, can be substantially diffi-
cult and less reproducible because of the possible poor
eye fixation. Therefore, the robustness of eye tracking
by an AO-OCT device should be considered in cases of
diseased eyes.

In conclusion, we succeeded in visualizing cross-
sectional images of the individual cone andMüller cells
of the human retina in vivo by using AO-OCT, which
is expected to help improve our understanding of the
pathogenesis of macular diseases.
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