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Purpose: To assess the clinical resolution capacities of a novel high-resolution optical
coherence tomography (High-Res OCT).

Methods: Eight healthy volunteers were included in this observational study. Using
the SPECTRALIS High-Res OCT device (Heidelberg Engineering, Heidelberg) macular b-
scans were taken and compared with b-scans acquired with a SPECTRALIS HRA+OCT
device (Heidelberg Engineering, Heidelberg). High-Res OCT scans were also compared
with hematoxylin and eosin–stained sections from a human donor retina.

Results: High-Res OCT allowed identification of several retinal structures at the cellu-
lar and subcellular levels, namely, cell nuclei of ganglion cells, displaced amacrine cells,
cone photoreceptors and retinal pigment epithelial cells compared with the commer-
cial device. Rodphotoreceptor nucleiwere partially detectable. Localizationof cell type–
specific nuclei were confirmedby histological sections of humandonor retina. Addition-
ally, all three plexus of the retinal vasculature could be visualized.

Conclusions: SPECTRALIS High-Res OCT device provides improved resolution
compared with the conventional SPECTRALIS HRA+OCT device and allows to identify
structures at the cellular level, similar to histological sections.

Translational Relevance: High-Res OCT shows improved visualization of retinal struc-
tures in healthy individuals and can be used to assess individual cells within the retina.

Introduction

An understanding of the structural changes in the
choroidal and retinal layers at cellular and subcellular
level is important for comprehension of retinopathies
such as age-related macular degeneration or retini-
tis pigmentosa.1–3 The localization of cell nuclei
is an important marker to monitor developmental
processes and pathologic states in the retina.4 Previ-
ous technologies are mostly invasive or performed ex
vivo. Consequently, in vivo imaging of cell state and
microscopic changes is an important current research
topic.5

Optical coherence tomography (OCT) images are
comparable to histological sections. To achieve cell-

level imaging, axial resolution greater than 5 μm
is required.6 Noninvasive spectral domain OCT
(Spectralis HRA-OCT), generating high-resolution
cross-sectional images of the retina, is the gold
standard in retinal diagnostics and follow-up of
diseases.7 According to the International Nomen-
clature for Optical Coherence Tomography INOCT
2014, the ganglion cell layer, nuclear layers, Henle’s
nerve fiber layer, the protein-rich (myoid) zone of
photoreceptor inner segments, and outer segments of
the photoreceptors show low reflectivity signals. The
rest of the retinal layers appear high in reflectivity.8
Nevertheless, there remains debate and controversy
about the origin of reflectivity, especially in the outer
retina.9 To our best knowledge, it has not been possible
to differentiate reflectance patterns that correspond
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with cell nuclei in conventional Spectralis HRA-OCT
up to now.

So far, only a few studies show visualization of
cellular features by using enhanced technology such
as visible light OCT or adaptive optics OCT.10,11
However, both systems have their limitations and
challenges when it comes to implementation in clinical
practice.

In March 2021, a new investigational research
device called the SPECTRALIS High-Res OCT, devel-
oped by Heidelberg Engineering GmbH, was intro-
duced. With increased axial resolution of down to
3 μm and a fast image acquisition time, High-Res OCT
provides more information about anatomical features
whose reflection sources need to be evaluated and could
yield important clinical information.12

The aim of our study was to determine the resolu-
tion capacities of High-Res OCT in vivo and compare
these with histology. To the best of our knowledge,
this study is the first to address this topic with the
SPECTRALIS High-Res OCT.

Methods

Study Design

In this single-center, prospective, observational
study, subjects were recruited from the Department
of Ophthalmology at the University Hospital in Bern,
Switzerland, in April 2022. Participants were given
detailed information about the investigation by a physi-
cian and gave written informed consent to partici-
pate in the study. The study was conducted in accor-
dance with the Swiss Human Research Act, the ICH
guidelines of Good Clinical Practice, the Declaration
of Helsinki and was authorized by the local ethics
committee (BASEC-ID. 2021-D0038). Only partici-
pants without history of retinal disease were included.

Clinical Assessments

The improved High-Res OCT device
(SPECTRALIS High-Res OCT- DMR001; Heidel-
berg Engineering, Heidelberg), which is a device under
investigation, was used to obtain OCT images. It is
a Spectral Domain OCT as the regular Spectralis
HRA-OCT (Heidelberg Engineering, Heidelberg),
except that the axial resolution in the tissue has been
improved to reach a 3 μm instead of the 7 μm in
the standard platform. In OCT, the axial resolution
depends on two parameters: the central wavelength
and the bandwidth of the light source.13 To be more
precise, it is proportional to the central wavelength

square and inversely proportional to the bandwidth of
the source. In the High-Res OCT device, the central
wavelength was lowered from 880 nm to 853 nm and
the bandwidth was enlarged from 50 nm to 137 nm.
Owing to the larger bandwidth, the laser power on the
eye was increased from 1.2 mW to 2.2 mW, which is
still within safety limits. The lateral resolution remains
unchanged compared with the regular Spectralis
HRA-OCT and is equal to 14 μm.14 automatic real
time (ART) numbers were carefully fixed to ensure that
the patient fixation skills are not impacting the sharp-
ness of the image. To guarantee the fair comparison
between devices, we used another functionality called
“follow-up,” which allows the transfer of position
and scan parameters (number of a-scans, b-scans, and
ART) between both platforms.

All eyes (n = 16) were scanned with the High-Res
OCT. We measured the signal-to-noise ratio (SNR) of
each macular b-scan within a scanned volume of a
subject’s eye (n = 1) acquired with Spectralis HRA-
OCT and High-Res OCT. Therefore, we used the
ImageJ plugin written by D. Sage and M. Unser at the
Biomedical Image Group, EPFL, Switzerland.15 For
comparison, we transferred the same settings for eye
tracking and ART from the Spectralis HRA-OCT to
theHigh-ResOCTdevice. First, we compared the SNR
of both devices in neutral pupil size and additionally we
measured the SNR after medical dilation of the pupil.

In all of the following examinationsmedical dilation
of the pupils was not required. In four of eight subjects
(eyes n = 8), we first acquired images with commercial
Spectralis HRA-OCT. The Spectralis HRA-OCT has
a central wavelength of 880 nm, a spectral bandwidth
of 50 nm, and an axial resolution of down to 7 μm.
Subsequently, a follow-up scanwith theHigh-ResOCT
was performed in these four subjects on the same day
and at the same macular location.

The scan protocol included a 20°× 20°OCTvolume
scan in high-resolution mode centered on the fovea
with 49 b-scans and 25 ART frames (1024 a-scans per
b-scan). With eye tracking and ART frames, average
images were produced automatically, decreasing noise
and improving image quality.

Each b-scan within a scanned volume of High-
Res OCT and Spectralis HRA-OCT was evaluated
individually by three reviewers and analyzed for differ-
ences. Reviewers included a senior clinical retinal scien-
tist and first- and fifth-year ophthalmology residents.
Scans with hyporeflective dots that might correspond
with cellular components were chosen. Afterward, the
selected b-scans were compared with hematoxylin and
eosin–stained sections from a human donor retina to
identify the structures by location. For histology, fixed
eyes were dehydrated, paraffin wax-infiltrated (Logos
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J, Milestone, Sorisole, Italy), embedded (DPH800
Embedding Center; Diapath, Martinengo, Italy), and
cut in 5-μm sections (Leica RM2245microtome; Leica,
Heerbrugg, Switzerland). Sections passing through the
optic nerve head were collected on Menzel micro-
scope glass slides (Thermo Scientific, Waltham, MA),
air dried overnight, and stained with hematoxylin
and eosin (Carl Roth, Karlsruhe, Germany). Stained
sections were digitalized in a fully automated PANNO-
RAMIC 250 slide scanner (3D HISTECH, Budapest,
Hungary; software version 2.2.0) and the caption was
taken with CaseViewer 2.3 image analysis software (3D
HISTECH).

To create the figures, the High-Res OCT and
Spectralis HRA-OCT files were transferred to the
Adobe Photoshop program. No image processing was
performed.

Results

SNR of Images Taken by Spectralis HRA- and
High-Res OCT

In a healthy woman’s eye aged 32 years, each b-
scan within a scanned volume of the macula was

analyzed with respect to SNR. At natural pupil size, we
measured a mean SNR of 1.67 ± 1.34 dB in Spectralis
HRA-OCT images and 3.06 ± 1.07 dB in High-Res
OCT images. After medical dilatation of the pupil, a
mean SNR of 2.14 ± 1.2 dB was measured in High-
Res OCT images.

General Findings by High-Res OCT as
ComparedWith Spectralis HRA-OCT

A total of 16 healthy eyes of 8 participants
(7 females and 1 male) with an average age of 29.63
years (range, 23–47 years) underwent retinal imaging
with the High-Res OCT. In addition, eight eyes of four
individuals were imaged with Spectralis HRA-OCT for
comparison.

We observed a marked difference in image quality
of cross-sectional b-scans between the two devices
Spectralis HRA-OCT (Figs. 1A, 1A′) and High-
Res OCT (Figs. 1B, 1B′). Supplementary Figure S1
illustrates a detailed perimacular cross-section of
a b-scan acquired by the High-Res OCT showing
all retinal layers for guidance. The optimized OCT
technology with improved axial resolution provides
additional details of the retina, which we could
describe from the vitreous toward the choroid as

C Spectralis HRA-OCT D High-Res OCT

A A´Spectralis HRA-OCT

B High-Res OCT B´

Sattler's layer

BM
CC

Outer deeper plexus
Inner deeper plexus

Primary plexus

Outer deeper plexus
Inner deeper plexus

Primary plexus

Figure 1. Comparison of OCT b-scans between Spectralis HRA- and High-Res OCT devices. Macular cross-sectional b-scan taken with
spectral domain OCT (Spectralis HRA-OCT) (A) and High-Res OCT (B) and close-up view corresponding to the parafoveal white box
(A′, B′) showing the retinal vascular plexus. (C, D) Close-up view of BM, choriocapillaris (CC) (inner border, black line; outer border, white
line) and Sattler’s layer corresponding to the grey box in the foveal area. Scale bars, white, 200 μm; gray, 50 μm.
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follows (Figs. 1B, 1B′, 1D, Supplementary Fig. S1).
(1) Reduced noise is best seen in the vitreous
area. (2) In general, increased resolution allows
for more precise delimitation of posterior hyaloid
membrane and all retinal layers, especially hyper-
reflective ones (internal limiting membrane, retinal
nerve fiber layer, inner plexiform layer (IPL), outer
plexiform layer, external limiting membrane (ELM),
ellipsoid zone, interdigitation zone, retinal pigment
epithelium–Bruch’s membrane (RPE–BM) complex.
(3) Sublayers of the IPL and RPE–BM complex
can be identified. (4) Hyper-reflective vessel cross-
sections of the retinal vascular plexus are more
sharply imaged. (5) The choriocapillaris is demarcated
more noticeably from BM (black line) and Sattler’s
layer (white line) (Figs. 1C, 1D). In Spectralis HRA-

A OPL

ONL

ELM

B

Figure 2. Cone photoreceptor nuclei identified by High-Res OCT.
Both images (A, B) show an area of the outer Early Treatment
Diabetic Retinopathy Study ring. (A) OCTb-scan capturedwithHigh-
Res OCT: Hyporeflective dots (arrowheads) in the ONL piercing the
ELM representing the cone photoreceptor nuclei. Scale bar, 200 μm.
(B) Hematoxylin and eosin–stained histological section of a human
donor retina: with basophilic nuclei of rod (black and white arrow-
heads) and cones (black arrowheads). Scale bar, 100 μm; original
magnification ×34.1.

OCT image, only the inner border of the chori-
ocapillaris is clearly visible (Fig. 1C, black line).
(5) The retinal vasculature is observable in high detail.
(6) Nuclear retinal layers (ganglion cell layer, inner
nuclear layer (INL), outer nuclear layer (ONL)) show
subtle variations in reflectivity that were visible with
much lower contrast and clarity using Spectralis HRA-
OCT. All listed features were detected in scans from all
subjects.

Identification of Retinal Cell Nuclei by
High-Res OCT

We observed oval-shaped hyporeflective dots within
the at the outer border (Fig. 2A, arrowheads). In
some cases, the spots were even abutting the ELM.
In a next step, we compared High-Res OCT images
with histological specimens. In histology, cone nuclei
(Fig. 2B, black arrowheads) are localized closely to
the ELM owing to the shorter outer segments, when
compared with rod photoreceptors (black and white
arrowheads). The nuclei of the rods, in contrast, are
distributed along the entire length of the ONL layer.16
When comparingHigh-ResOCT images to histological
sections, the oval hyporeflective spots can be found at
the same location as the nuclei of cone photoreceptors
in histology. Putative cone nuclei adjacent to the ELM
were visible in 89.5% of High-Res OCT and in 24.2%
of Spectralis HRA-OCT macular b-scans (Table 1).
Thereby, the pairs of eyes show similar results.

Similarly, we were able to detect nuclei of RPE
cells in High-Res OCT b-scans as hyporeflective dots
at the basal site of the highly hyper-reflective RPE
layer (Fig. 3A, Supplementary Fig. S2, arrows). The
sizes of the five RPE nuclei highlighted with arrows
in Figure 3A are listed in Table 2. We measured an

Table 1. Putative Cone Nuclei Near the ELM Are More Commonly Detectable in High-Resolution OCT Images

Number of B-Scans of a Volume Scan Detected With Putative Cone Nuclei Adjacent to the ELM

Subject Eye High-Res OCT Spectralis HRA-OCT

1 OD 49/49 100% 13/49 26.5%
1 OS 49/49 100% 17/49 34.7%
2 OD 57/61 93.4% 22/61 36.1%
2 OS 46/61 75.4% 19/61 31.1%
3 OD 41/49 83.7% 10/49 20.4%
3 OS 38/49 77.6% 10/49 20.4%
4 OD 44/49 89.8% 7/49 14.3%
4 OS 47/49 95.9% 5/49 10.2%

Mean 46.4/49.5 89.5% 12.9/49.5 24.2%

Right (OD) and left (OS) eyes of four subjects (eyes n = 8) were imaged by spectral domain OCT (Spectralis HRA-OCT) and
High-Res OCT. Scanned volume consisting of 49 or 64 b-scans.
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Sattler's layer

CC

ELM
EZ
IZ
RPE-BM complex

A

B

High-Res OCT

Spectralis HRA-OCT C

Figure 3. RPE nuclei identified by High-Res OCT. (A) OCT b-scan acquired with High-Res OCT showing the foveal area: Hyporeflec-
tive dots at the level of RPE correspond with RPE nuclei (arrows). Mononucleated RPE cell (black arrows), probably binucleated RPE cell
(white arrow). The ELM, ellipsoid zone (EZ), interdigitation zone (IZ), RPE–BM complex, choriocapillaris (CC), and Sattler’s layer are listed
for guidance. (B) OCT b-scan acquired with spectral domain OCT (Spectralis HRA-OCT) representing the same area. Scale bars, 50 μm.
(C) Hematoxylin and eosin–stained perifoveal histological section of a human donor retina with basophilic RPE nuclei (magenta; arrows)
and underlying BM. Melanosomes and/or phagolysosomes show brown pigmentation and apical microvilli appear transparent. Original
magnification ×40.

Table 2. RPE Nuclei Size in High-Resolution OCT
Images

RPE Nuclei Size

RPE Nucleus
Vertical Diameter

[Pixels]
Horizontal Diameter

[Pixels]

1 5 6
2 7 6
3 6 7
4 7 10
5 6 7
Mean 6.20 ± 0.84 7.20 ± 1.64

Size of the five RPE nuclei in the foveal area marked
in Figure 3A. Horizontal and vertical diameter weremeasured
in Adobe Photoshop program [pixel].

average diameter of 6.2 ± 0.84 pixels vertical and 7.2
± 1.64 pixels horizontal. Based on the striking larger
horizontal diameter in nucleus number 4, these could
be two adjacent nuclei in a binucleated RPE. These
hyporeflective areas are not or barely visible on the b-
scan captured with Spectralis HRA-OCT (Fig. 3B).

RPE cells in the histological section (Fig. 3C) show a
typical characteristic organelle distribution. RPE cells
are single layered and contain an oval magenta-stained
basophilic nucleus (Fig. 3C, arrows) placed basally.
Numerous pigmented granules are aggregated apically.
They represent organelles such as phagolysosomes and

melanosomes. The whitish to transparent structures in
the apical region correspond to the microvilli of the
RPE. The position of the nucleus in the histological
section is consistent with the images in the High-Res
OCT b-scans (Fig. 3A, Supplementary Fig. S2).

Nuclei of different cell types are identifiable within
ganglion cell layer, INL, and ONL (Figs. 4A, 4 A′, 4B,
4B′). In the ganglion cell layer adjacent to the retinal
nerve fiber layer, a chain of hyporeflective dots are
detectable and match ganglion cell nuclei (Fig. 4A,
black arrowheads). Within the IPL dispersed hypore-
flective areas could represent displaced amacrine cell
nuclei (Fig. 4A, black and white arrowheads). In the
INL, at the border to the IPL, a row of round amacrine
cell nuclei are visible (Fig. 4A, white arrowheads). The
hyporeflective dots marked in the central INL are most
likely bipolar cell nuclei (Fig. 4A, black arrows). In the
INL next to the outer plexiform layer, a series of oval
shaped hyporeflective areas most likely represent the
horizontal cell nuclei (Fig. 4A, white arrows). Round
hyporeflective rod nuclei can be identified in the inner
ONL (Fig. 4B, arrowheads). Figures 4A′ and 4B′ are
the corresponding unlabeled images.

Detailed Imaging of Retinal Vasculature by
High-Res OCT

Compared with Spectralis HRA-OCT, the three
retinal vascular plexus can be clearly identified by
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B

A

OPL

ONL
ELM

RNFL

GCL

IPL

INL

OPL

A´

B´

Figure 4. Cell nuclei within ganglion cell layer and ONL. OCT
b-scan imaged with High-Res OCT showing a parafoveal area:
(A) Hyporeflective roundish shaped areas interpreted as ganglion
cell nuclei (black arrowheads) in the ganglion cell layer (GCL),
displaced amacrine cell nuclei (black and white arrowheads) in the
IPL, amacrine cell nuclei (white arrowheads), bipolar cell nuclei
(black arrows) and horizontal cell nuclei (white arrows) in the INL.
(B) Hyporeflective dots in the inner ONL (arrowheads) interpreted as
rod cell nuclei. Retinal nerve fiber layer (RNLF), outer plexiform layer
(OPL) and ELM are listed for guidance. Corresponding unlabeled
images (A′, B′). Scale bars, 200 μm.

High-Res OCT in high detail (Figs. 1A′, 1B′, 5A, 5B).
Hyper-reflective round structures represent vessel
cross-sections (Fig. 5B, arrows). The primary plexus

Outer deeper plexus
Inner deeper plexus

Primary plexus

Spectralis
HRA-OCT

A B High-Res
OCT

Figure 5. Retinal vascular plexus. OCT b-scan captured with
spectral domain OCT (Spectralis HRA-OCT) (A) and High-Res OCT
(B) showing the retinal vascular plexus in a foveal area. Scale bars,
200 μm.

can be imaged by both Spectralis HRA and High-
Res OCT devices. In the Spectralis HRA-OCT b-scans,
the delineation of the IPL and outer plexiform layer
is challenging, so the inner and outer deeper plexus
cannot be detected. Artifactual shadow projections
from large blood vessels are clearly delineated by High-
Res OCT when compared with Spectralis HRA-OCT
images.

Discussion

This study provides the first cellular and subcellu-
lar descriptions of retinal structures in human cross-
sectional macular b-scans acquired with the nonin-
vasive SPECTRALIS High-Res OCT. A quantitative
comparison of b-scans showing cone nuclei piercing
the ELM was performed between the two instruments
Spectralis HRA-OCT and Spectralis HRA-OCT. As
a quantitative reproducibility marker, we expected
that the number of b-scans showing putative cone
nuclei near the ELM to be similar in all pairs of
eyes. This finding was confirmed, as shown in Table
1. Compared with regular Spectralis HRA-OCT, we
observed improved image quality of the anatomi-
cal features of the human retina in High-Res OCT
images owing to the higher axial resolution of 3 μm
and higher SNR. A clearer differentiation of retinal
layers, especially hyper-reflective ones, was noted, and
even sublayers were observed in the IPL and RPE–
BM complex. Additionally, we were able to detect
black hyporeflective dots in the nuclear layers, such as
putative cone photoreceptors and RPE nuclei. These
dots were observed much more frequently in b-scan
images obtained with High-Res OCT than in Spectralis
HRA-OCT images.

Previous studies have reported that OCT images
are reminiscent of histological sections.17–19 In a
porcine retina, anatomically resembling the human
one, hyporeflective zones detected with Spectralis
HRA-OCT along the outer half of the ONL were
correlated with cell nuclei after comparison with histo-
logical and electron microscopic images.20 The local-
ization of the cone photoreceptor nuclei in the outer
(apical) side of the ONL is preserved in the verte-
brate retina.16 Linkers of the nucleoskeleton to the
cytoskeleton complexes are responsible for this distri-
bution.21 Cone nuclei differ from those of rods by
the peripherally distributed chromatin of the nucleus.
In rod nuclei, the chromatin is aggregated.22 Using
this histochemical discrimination and known local-
ization, we were able to identify the cone nuclei in
the donor retina and matched them based on their
location near the ELM, their hyporeflective and oval
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appearance, and their arrangement in a row on the
High-Res OCT image. Of note, we detected hypore-
flective spots within the ELM, in line with microscopy
studies identifying cone nuclei that pierce the ELM.23
OCT images visualize anatomical information result-
ing from the backscatter of light from different layers
in the retina. Cell nuclei appear hyporeflective owing to
their low refractive index of n ∼ 1.4 when compared
with that of the surrounding organelles (n ∼ 1.7).24
In one study, a three-dimensional reflectance profile
of single RPE cells was obtained. The basal hypore-
flective zone of the RPE with the black spots therein
was attributed to presumed cell nuclei. Similar results
were obtained in other studies on photoreceptor nuclei
using different combined OCT methods and histologi-
cal comparisons.10,25–27 Owing to the improved resolu-
tion and lower speckle noise of High-Res OCT, dark
spots within hyporeflective bands can be discovered
more frequently and clearly compared with Spectralis
HRA-OCT.

In addition to the visualization of cone nuclei,
nuclei of the RPE could also be identified in High-
Res OCT. Interestingly, 3.0% to 5.3% of human RPE
cells are binucleated and this number increases with
age.28,29 MultinucleatedRPE cells have been associated
with cellular stress, increased reactive oxygen species
production, and decreased DNA repair.28 A three-
dimensional reconstruction of the RPE monolayer
to detect the amount of multinuclear RPE cells
could be, therefore, a useful marker to assess RPE-
associated pathologies.30 Further pathologies where
cell nuclei localization could be a useful marker
to evaluate cell vitality include retinitis pigmentosa,
age-related macular degeneration, and geographic
atrophy.31,32

Limitations of this study include the small sample
size, the subjective visual detection of hyporeflective
points, no detailed quantitative evaluation, and the
rather young average age of the subjects. However, the
findings on High-Res OCT were highly consistent, and
we obtained histology to corroborate our findings.

As expected, the SNR was lower in images taken
by Spectralis HRA-OCT than with High-Res OCT. In
our healthy subject, mydriasis did slightly decrease the
SNR. This result could be caused by an increase in
chromatic aberrations owing to the wider bandwidth.
Factors influencing the SNR should be investigated
further in a follow-up study. In conclusion, this pilot
study demonstrates examples of High-ResOCT images
identifying retinal cell nuclei in multiple layers in real
time in vivo with a device that can be used in clini-
cal everyday routine. In the future, objective quantita-
tive measurement of hyporeflective points and analysis
of High-Res OCT image quality in more challenging

cases, such as elderly patients with age-related macular
degeneration and media opacity, would be interesting
to prove the superiority of the system over Spectralis
HRA-OCT.
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